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Preface to ”Scaffolds and Surfaces with Biomedical
Applications”

The engineering of scaffolds and surfaces with improved properties for biomedical applications

represents an ever-expanding field of research that is continuously gaining momentum. As

technology and society evolve, the golden standard of autografts has been contested due to their lack

of availability. Tremendous efforts have been dedicated to developing nature-inspired materials that

are able to either undertake the functions of damaged tissues or significantly contribute to their repair.

To this end, multidisciplinary research aiming at designing new or improved materials has been

conducted with the purpose of finding suitable candidates that can replicate the characteristics of

natural tissues with regard to their functions, mechanical behaviors, and micro-architectural features,

among others. The present reprint, entitled “Scaffolds and Surfaces with Biomedical Applications”,

published 13 papers (10 research and 3 review papers) that describe the synthesis of new materials for

biomedical applications and their thorough characterization using conventional and state-of-the-art

techniques.

Andrada Serafim and Stefan Ioan Voicu
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Scaffolds and Surfaces with Biomedical Applications
Andrada Serafim and Stefan Ioan Voicu *

Advanced Polymers Materials Group, University Politehnica of Bucharest, Gheorghe Polizu Str. 1-7,
011061 Bucharest, Romania; andrada.serafim0810@upb.ro
* Correspondence: stefan.voicu@upb.ro

The engineering of scaffolds and surfaces with enhanced properties for biomedical
applications represents an ever-expanding field of research that is continuously gaining
momentum. As technology and society evolve, the golden standard of autografts has been
contested due to their lack of availability, and tremendous efforts have been dedicated
to developing nature-inspired materials that are able to either undertake the functions of
damaged tissues or significantly contribute to their repair. To this end, multidisciplinary
research that aims to design novel or upgraded materials has been conducted with the pur-
pose of locating suitable candidates that replicate the characteristics of natural tissues with
regard to their function, mechanical behavior, microarchitectural features, etc. The present
Special Issue entitled ‘Scaffolds and Surfaces with Biomedical Applications’ published
13 papers (10 research and 3 review papers) that describe the synthesis of new materials
with biomedical applications and their thorough characterization using conventional and
emerging techniques.

Istratov et al. [1] synthesized new biodegradable implants, starting with the poly-
merization of L-lactide, catalyzed by tin (II) 2-ethylhexanoate in the presence of 2,2-
bis(hydroxymethyl)propionic acid, and an ester of polyethylene glycol monomethyl ester
and 2,2-bis(hydroxymethyl)propionic acid; these were accompanied by the introduction of
a pool of hydrophilic groups, which minimize the contact angle that leads to the formation
of branched pegylated copolylactides with a narrow molecular weight distribution.

Soria et al. evaluated the cytotoxic capacity of a new instillation technology via a
biodegradable ureteral stent/scaffold coated with a silk fibroin matrix for application in
the controlled release of mitomycin C as an anti-cancer drug [2]. They concluded that the
coating of a biodegradable ureteral stent with a silk fibroin matrix impregnated in layers of
mitomycin C allows the release of the cytostatic into artificial urine; this finding is crucial
to the treatment of patients with a urothelial tumor of the upper urinary tract.

A 3D scaffold structure, comprising thermoplastic polyurethane and maghemite
(γ-Fe2O3) nanoparticles mixed with ultra-hard and tough bio-resin, was reported by Fal-
lahiarezoudar et al. [3]. Lastly, the presence of γ-Fe2O3 in the structure enhanced the
proliferation rate of HSF1148 due to the ability of numerous magnetic nanoparticles to
integrate with the cellular matrix.

Filipov et al. [4] presented the development of antimicrobial surfaces that combat
implant-associated infections and simultaneously promote the host cell response; this was
performed in order to enhance current therapies for orthopedic injuries. The authors re-
ported the modification of 3D-printed polycaprolactone scaffolds with a femtosecond laser
and their applicative potential in the production of patterns that resemble microchannels or
microprotrusions. The parallel microchannels enabled successful guidance and enhanced
the osteogenic potential of MG63 cells. In combination with the improved cytocompati-
bility, the same microtopography exhibited potent antibacterial effects against S. aureus.
By developing a biodegradable scaffold that has the potential to simultaneously promote
bone tissue regeneration and prevent bacterial biofilm formation, we come a step closer to
overcoming the current problems encountered in bone tissue engineering.
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Olaret et al. [5] proposed a simple method that can be utilized to obtain nanostructured
hydrogels with enhanced mechanical characteristics and relevant antibacterial behavior for
application in articular cartilage regeneration and repair; this method was based on low
quantities of silver-decorated carbon-nanotubes that were used as reinforcing agents in the
semi-interpenetrating polymer network. The main challenge encountered when utilizing
hydrogels in applications related to tissue regeneration is represented by their inadequate
mechanical properties; although hydrogels are usually soft, most of them are not able
to withstand high values of stress. This research aimed to design nanocomposites that
exhibit both elasticity and toughness by simultaneously employing two distinct approaches:
(1) embedding the linear polyacrylamide in the 3D network of the corresponding monomer
and cross-linker with the aim of improving the dispersion of carbon nanotubes in the
precursor and the scaffolds’ elasticity, and (2) using low ratios of nanoparticles as fillers,
with the aim of providing toughness to the obtained nanostructured system.

Morales-Guadarrama et al. [6] reported the ability of diffusion tensor imaging to
evaluate the evolution of spinal cord injuries in nonhuman primates via a fraction of
anisotropy analysis and the diffusion tensor tractography calculus. The results revealed
that the interrupted nerve fibers can be differentiated from intact regions and that the
method can be applied as a qualitative indicator of spinal cord injury in order to represent
nerve fibers and to observe the spinal cord evolution after an injury.

Hu et al. [7] evaluated the adult human smooth muscle cell release of angiogenic/growth
factor-enriched exosomes in the coronary artery when cultured on Bombyx mori 3D silk
fibroin nonwoven scaffolds in vitro.

In addition, Neto et al. [8] reported the development of multifunctional biphasic cal-
cium phosphate scaffolds coated with two biopolymers—poly(ε-caprolactone) or poly(ester
urea) —loaded with the antibiotic drug Rifampicin, which possesses antibacterial proper-
ties, for application in bone regeneration.

Martinez-Garcia et al. [9] presented the synthesis of hydrogels based on the decellu-
larized proteins and polysaccharides of the extracellular matrix that can replicate in vivo
functions. Their results revealed that the elasticity of extracellular matrix hydrogels, but
also their viscoelastic relaxation and gelling behavior, are organ dependent. Some these
physical features are correlated with their biochemical composition and ultrastructure.

Lu et al. [10] presented a facile fabrication method for application in the protection of
respiratory masks via electrospinning and the utilization of a nontoxic polyvinyl butyral
polymeric matrix with the antibacterial component Thymol, a natural phenol monoterpene.
Based on the results of Japanese Industrial Standards and American Association of Textile
Chemists and Colorists methods, the maximum antibacterial values of the mask against
Gram-positive and Gram-negative bacteria were 5.6 and 6.4, respectively.

This Special Issue also contains three review papers. The first, contributed by
Arifin et al. [11], one aims to review the applicative potential of the photo-polymerization
3D printing technique in the fabrication of tissue engineering scaffolds. The review also
highlights the comprehensive comparative study of photo-polymerization 3D printing and
other scaffold fabrication techniques. Various parameter settings that influence mechanical
properties, biocompatibility and porosity behavior are also discussed in detail. The second
review paper, contributed by Radu et al. [12], is related to functionalized polysulfone mem-
branes with enhanced hemocompatibility and applicative potential in hemodialysis. The
final review paper, reported by Mustafa et al. [13] provides an overview of the utilization
of a computational method in designing a unit cell of a bone tissue engineering scaffold.
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Data Availability Statement: Not applicable.

2



Polymers 2023, 15, 2126

Acknowledgments: We acknowledge all the authors and reviewers who have contributed to com-
pleting this Special Issue. In addition, we would like to thank the technical support team for their
assistance in preparing this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Istratov, V.; Gomzyak, V.; Vasnev, V.; Baranov, O.V.; Mezhuev, Y.; Gritskova, I. Branched Amphiphilic Polylactides as a Polymer

Matrix Component for Biodegradable Implants. Polymers 2023, 15, 1315. [CrossRef] [PubMed]
2. Soria, F.; Martínez-Pla, L.; Aznar-Cervantes, S.D.; de la Cruz, J.E.; Fernández, T.; Pérez-Fentes, D.; Llanes, L.; Sánchez-Margallo, F.M.

Cytotoxicity Assessment of a New Design for a Biodegradable Ureteral Mitomycin Drug-Eluting Stent in Urothelial Carcinoma Cell
Culture. Polymers 2022, 14, 4081. [CrossRef] [PubMed]

3. Fallahiarezoudar, E.; Ngadiman, N.H.A.; Yusof, N.M.; Idris, A.; Ishak, M.S.A. Development of 3D Thermoplastic Polyurethane
(TPU)/Maghemite (γ-Fe2O3) Using Ultra-Hard and Tough (UHT) Bio-Resin for Soft Tissue Engineering. Polymers 2022, 14, 2561.
[CrossRef] [PubMed]

4. Filipov, E.; Angelova, L.; Vig, S.; Fernandes, M.H.; Moreau, G.; Lasgorceix, M.; Buchvarov, I.; Daskalova, A. Investigating Potential
Effects of Ultra-Short Laser-Textured Porous Poly-ε-Caprolactone Scaffolds on Bacterial Adhesion and Bone Cell Metabolism.
Polymers 2022, 14, 2382. [CrossRef] [PubMed]

5. Olăret, , E.; Voicu, S, .I.; Oprea, R.; Miculescu, F.; Butac, L.; Stancu, I.-C.; Serafim, A. Nanostructured Polyacrylamide Hydrogels
with Improved Mechanical Properties and Antimicrobial Behavior. Polymers 2022, 14, 2320. [CrossRef] [PubMed]

6. Morales-Guadarrama, A.; Salgado-Ceballos, H.; Grijalva, I.; Morales-Corona, J.; Hernández-Godínez, B.; Ibáñez-Contreras, A.;
Ríos, C.; Diaz-Ruiz, A.; Cruz, G.J.; Olayo, M.G.; et al. Evolution of Spinal Cord Transection of Rhesus Monkey Implanted with
Polymer Synthesized by Plasma Evaluated by Diffusion Tensor Imaging. Polymers 2022, 14, 962. [CrossRef] [PubMed]

7. Hu, P.; Chiarini, A.; Wu, J.; Wei, Z.; Armato, U.; Dal Prà, I. Adult Human Vascular Smooth Muscle Cells on 3D Silk Fibroin
Nonwovens Release Exosomes Enriched in Angiogenic and Growth-Promoting Factors. Polymers 2022, 14, 697. [CrossRef]
[PubMed]

8. Neto, A.S.; Pereira, P.; Fonseca, A.C.; Dias, C.; Almeida, M.C.; Barros, I.; Miranda, C.O.; de Almeida, L.P.; Morais, P.V.; Coelho, J.F.J.; et al.
Highly Porous Composite Scaffolds Endowed with Antibacterial Activity for Multifunctional Grafts in Bone Repair. Polymers 2021,
13, 4378. [CrossRef] [PubMed]

9. Martinez-Garcia, F.D.; de Hilster, R.H.J.; Sharma, P.K.; Borghuis, T.; Hylkema, M.N.; Burgess, J.K.; Harmsen, M.C. Architecture
and Composition Dictate Viscoelastic Properties of Organ-Derived Extracellular Matrix Hydrogels. Polymers 2021, 13, 3113.
[CrossRef] [PubMed]

10. Lu, W.-C.; Chen, C.-Y.; Cho, C.-J.; Venkatesan, M.; Chiang, W.-H.; Yu, Y.-Y.; Lee, C.-H.; Lee, R.-H.; Rwei, S.-P.; Kuo, C.-C.
Antibacterial Activity and Protection Efficiency of Polyvinyl Butyral Nanofibrous Membrane Containing Thymol Prepared
through Vertical Electrospinning. Polymers 2021, 13, 1122. [CrossRef] [PubMed]

11. Arifin, N.; Sudin, I.; Ngadiman, N.H.A.; Ishak, M.S.A. A Comprehensive Review of Biopolymer Fabrication in Additive
Manufacturing Processing for 3D-Tissue-Engineering Scaffolds. Polymers 2022, 14, 2119. [CrossRef]

12. Radu, E.R.; Voicu, S.I. Functionalized Hemodialysis Polysulfone Membranes with Improved Hemocompatibility. Polymers 2022,
14, 1130. [CrossRef]

13. Mustafa, N.S.; Akhmal, N.H.; Izman, S.; Ab Talib, M.H.; Shaiful, A.I.M.; Omar, M.N.B.; Yahaya, N.Z.; Illias, S. Application
of Computational Method in Designing a Unit Cell of Bone Tissue Engineering Scaffold: A Review. Polymers 2021, 13, 1584.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3





Citation: Istratov, V.; Gomzyak, V.;

Vasnev, V.; Baranov, O.V.; Mezhuev,

Y.; Gritskova, I. Branched

Amphiphilic Polylactides as a

Polymer Matrix Component for

Biodegradable Implants. Polymers

2023, 15, 1315. https://doi.org/

10.3390/polym15051315

Academic Editors: Andrada Serafim

and Stefan Ioan Voicu

Received: 21 December 2022

Revised: 2 March 2023

Accepted: 2 March 2023

Published: 6 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Branched Amphiphilic Polylactides as a Polymer Matrix
Component for Biodegradable Implants
Vladislav Istratov 1,2,* , Vitaliy Gomzyak 3, Valerii Vasnev 1, Oleg V. Baranov 1, Yaroslav Mezhuev 1,4,*
and Inessa Gritskova 3

1 A.N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences,
Vavilov Street, 28, 119991 Moscow, Russia

2 Bauman Moscow State Technical University, Baumanskaya 2-ya Str., 5/1, 105005 Moscow, Russia
3 Department of Chemistry and Technology of Macromolecular Compounds, MIREA—Russian Technological

University (RTU MIREA), Vernadskogo Avenue 78, 119454 Moscow, Russia
4 Department of Biomaterials, Mendeleev University of Chemical Technology of Russia, Miusskaya Sq., 9,

125047 Moscow, Russia
* Correspondence: slav@ineos.ac.ru (V.I.); valsorja@mail.ru (Y.M.)

Abstract: The combination of biocompatibility, biodegradability, and high mechanical strength has
provided a steady growth in interest in the synthesis and application of lactic acid-based polyesters for
the creation of implants. On the other hand, the hydrophobicity of polylactide limits the possibilities
of its use in biomedical fields. The ring-opening polymerization of L-lactide, catalyzed by tin (II)
2-ethylhexanoate in the presence of 2,2-bis(hydroxymethyl)propionic acid, and an ester of polyethy-
lene glycol monomethyl ester and 2,2-bis(hydroxymethyl)propionic acid accompanied by the in-
troduction of a pool of hydrophilic groups, that reduce the contact angle, were considered. The
structures of the synthesized amphiphilic branched pegylated copolylactides were characterized by
1H NMR spectroscopy and gel permeation chromatography. The resulting amphiphilic copolylac-
tides, with a narrow MWD (1.14–1.22) and molecular weight of 5000–13,000, were used to prepare
interpolymer mixtures with PLLA. Already, with the introduction of 10 wt% branched pegylated
copolylactides, PLLA-based films had reduced brittleness, hydrophilicity, with a water contact angle
of 71.9–88.5◦, and increased water absorption. An additional decrease in the water contact angle,
of 66.1◦, was achieved by filling the mixed polylactide films with 20 wt% hydroxyapatite, which
also led to a moderate decrease in strength and ultimate tensile elongation. At the same time, the
PLLA modification did not have a significant effect on the melting point and the glass transition
temperature; however, the filling with hydroxyapatite increased the thermal stability.

Keywords: amphiphilic block copolymers; polylactide; thermal properties; mechanical properties;
hydrophilicity; hydroxyapatite

1. Introduction

One of the most urgent problems of bioengineering is the development of new
biodegradable polymeric devices. Despite intensive research in recent decades, the number
of polymers available for this application is extremely limited. One of their most promi-
nent representatives is poly(L-lactide) (PLLA). It is an aliphatic semi-crystalline polyester,
that can be produced from renewable sources such as corn or sugar cane [1]. Due to its
biocompatibility, biodegradability up to lactic acid, and sufficiently high mechanical char-
acteristics, as well as a biodegradation rate comparable in time to the healing of damaged
human tissues, products made from this polymer are of great interest for use in regenerative
medicine [2–5]. Unfortunately, due to the fragility and hydrophobicity of PLLA [6], its use in
medicine is limited [7]. One possible way to vary the properties of PLLA devices, including
the rate of their biodegradation, is to manufacture these devices from PLLA plasticized with
other polymers [8–12]. A promising component of PLLA matrices for biodegradable devices
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are amphiphilic copolyesters, in most cases represented by block copolymers of polylactide
or polycaprolactone with polyethylene oxide [13–16]. They have been used to create capable
biomedical devices such as stents, films, thermosensitive polymer hydrogels, electrospun
fibers, etc. [17–22].

Despite the wide variety of polymers used to modify PLLA, the vast majority of them
have a linear structure. At the same time, in recent decades [23–27], interest has been
growing in the synthesis and study of the properties of biocompatible, biodegradable,
branched and hyperbranched polymers, the properties of which differ significantly from
linear, star-shaped, and crosslinked analogs. As a rule, their main feature is a smaller
size of molecules compared to linear analogs, a higher density of the structure of macro-
molecules, in combination with a spatially unloaded core, as well as a large number of
free functional groups located on the surface [28–30]. All these types of macromolecular
substances differ significantly in properties from their linear counterparts, and their main
feature lies in the possibility of consistent regulation of the structure and, accordingly,
properties. From this point of view, branched and hyperbranched polymers are of great
interest; by modifying their free reactive functional groups, one can change the properties
of polymers over a very wide range [31–34], and obtain biodegradable amphiphilic copoly-
mers for targeted drug delivery [35–38]. An additional modification of functionalized
polymers makes it possible to obtain copolymers with controlled colloidal chemical prop-
erties [39,40]. The use of amphiphilic branched polymers as a component of the polymer
matrix in hydroxyapatite-containing systems also leads to a significant improvement in
the properties of composite materials. In these systems, branched amphiphilic polylactides
act not only as PLLA plasticizers, which change the mechanical properties of the poly-
mer matrix, but also as compatibilizers, which increase adhesion between the polymer
matrix and the mineral filler. The latest advances in the field of regulation of mechanical
properties, and the use of branched polylactides in biomedical fields, were summarized in
review [41].

Ring-opening polymerization of lactones (ROP), catalyzed by tin carboxylates in
the presence of dihydroxycarboxylic acids as co-initiators and branching agents of the
AB2 type, were discussed in the literature in connection with the synthesis of branched
copolyesters [42–45]. Kinetic data indicate that ROP proceeds via the sequential insertion
of lactones into the –Sn–OR bond, after the formation of tin alcoholates from the starting
tin carboxylates [42]. Bis(hydroxymethyl)butyric acid is traditionally used as an AB2
agent [44,45].

In the present paper, in order to introduce long-chain hydrophilic fragments and
reduce the wetting angle of the surface of the resulting branched copolylactides, an ester
obtained by esterification of 2,2-bis(hydroxymethyl)-propyonic acid and poly(ethylene
glycol) monomethyl ethers, was used as a macroinitiator. The synthesized pegylated
branched copolylactides were compatible, when mixed with linear PLLA, providing its
hydrophilization, which also contributed to the good compatibility of the prepared inter-
polymer mixtures with a hydrophilic filler, i.e., hydroxyapatite. The filling of polylactide
interpolymer blends with hydroxyapatite contributed to an additional decrease in the water
contact angle; however, this effect was achieved at the cost of a decrease in strength and
ultimate tensile elongation (Figure 1). At the same time, the mechanical characteristics of
the obtained materials were acceptable for use in biomedical fields, in particular, for bone
tissue regenerative surgery.
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Figure 1. The preparation and development of properties of polylactide composite materials filled 

with hydroxyapatite. 
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nous (II) 2-ethylhexanoate (Sn(Oct)2, 95%, Aldrich Chemical Co., St. Louis, MO, USA), 1,1′-

carbonyldiimidazole (CDI, 98%, Aldrich Chemical Co., St. Louis, MO, USA), and hydrox-

yapatite (HA, particle size ~1 micron, “R&P” “POLYSTOM”, Moscow, Russia) were used 

as received. L-lactide (98%, ABCR, Karlsruhe, Germany) was recrystallized from ethyl ac-

etate before use; 2,2-bis(hydroxymethyl)propyonic acid (BHP, 98%, Aldrich Chemical Co., 

St. Louis, MO, USA), poly(ethylene glycol) monomethyl ethers, with Mn ~1900 and 5000 

Da (MPEG1900 and MPEG 5000, respectively, Merck, Darmstadt, Germany) were dried 

in a vacuum (10 Pa, 30 °C) for 24 h prior to use. Methylene chloride, THF, and DMSO 

(“Himmed”, Moscow, Russia) were purified by standard methods [46]. 

2.2. Polymerization 

Linear copolylactide was prepared by copolymerizing L-lactide and MPEG 1900; 

synthesis was carried out at 140 °C for 24 h in bulk, using Sn(Oct)2 as a catalyst (molar 

ratio L-lactide:catalyst = 2000:1) according to Scheme 1 [47]. 

CH3

O
O

H

n

+
O

O

O

O

CH3

CH3

m
CH3

O
O

O

O

CH3

H
n

2m

Sn(Oct)2

 

Scheme 1. Synthesis of linear copolylactide. 

Branched copolylactides were prepared by ROP of L-lactide in the presence of BHP, 

as well as the esterification product of BHP and MPEG [48,49], as per Scheme 2. 
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2. Materials and Methods
2.1. Materials

Polylactic acid (PLLA, Mw ~60 kDa, Aldrich Chemical Co., St. Louis, MO, USA),
stannous (II) 2-ethylhexanoate (Sn(Oct)2, 95%, Aldrich Chemical Co., St. Louis, MO, USA),
1,1′-carbonyldiimidazole (CDI, 98%, Aldrich Chemical Co., St. Louis, MO, USA), and
hydroxyapatite (HA, particle size ~1 micron, “R&P” “POLYSTOM”, Moscow, Russia) were
used as received. L-lactide (98%, ABCR, Karlsruhe, Germany) was recrystallized from ethyl
acetate before use; 2,2-bis(hydroxymethyl)propyonic acid (BHP, 98%, Aldrich Chemical
Co., St. Louis, MO, USA), poly(ethylene glycol) monomethyl ethers, with Mn ~1900 and
5000 Da (MPEG1900 and MPEG 5000, respectively, Merck, Darmstadt, Germany) were
dried in a vacuum (10 Pa, 30 ◦C) for 24 h prior to use. Methylene chloride, THF, and DMSO
(“Himmed”, Moscow, Russia) were purified by standard methods [46].

2.2. Polymerization

Linear copolylactide was prepared by copolymerizing L-lactide and MPEG 1900;
synthesis was carried out at 140 ◦C for 24 h in bulk, using Sn(Oct)2 as a catalyst (molar ratio
L-lactide:catalyst = 2000:1) according to Scheme 1 [47].
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Scheme 1. Synthesis of linear copolylactide.

Branched copolylactides were prepared by ROP of L-lactide in the presence of BHP, as
well as the esterification product of BHP and MPEG [48,49], as per Scheme 2.

Thus, to obtain linear copolylactide 1, the Sn(Oct)2 catalyst (0.008 g, 0.01 mmol) was
placed in a two-necked glass flask in the form of a 10% solution in THF, after which the
solvent was distilled off under reduced pressure. Then, 2.883 g, 20.0 mmol of L-lactide
and 0.150 g, 0.40 mmol of MPEG 1900 were added to the flask. The flask was equipped
with a mechanical overhead stirrer and heated to 140 ◦C using a heating mantle, for
24 h. The resulting crude product was dialyzed in CHCl3 (Roth “ZelluTrans” membrane,
MWCO = 1000 Da, Karlsruhe, Germany) for 48 h. Then, the solvent was evaporated and
the polymer was dried under vacuum for 48 h [47].
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For the synthesis of branched copolylactides in the first stage (Scheme 2A), MPEG
(10 mmol) and CDI (16.21 g, 10 mmol) were reacted in 50 mL of THF, for 30 min at room
temperature, after which this solution was slowly added to BHP (14.75 g, 11 mmol) in
50 mL THF, at 30 ◦C, and reacted for 2 h. The resulting crude product was purified by
column chromatography on silica gel (eluent—THF) with a yield of 68%. At the next
stage, an ester of BHP and MPEG was introduced into copolymerization with L-lactide
and BHP (Scheme 2B, Table 1). The reaction was carried out at 140 ◦C, as described in arti-
cle [47]. The resulting crude product was dialyzed in CHCl3 (Roth “ZelluTrans” membrane,
MWCO = 1000 Da, Karlsruhe, Germany) for 48 h. Then the solvent was evaporated and
the polymer was dried under vacuum for 48 h [47].
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Table 1. Molecular parameters for PEG-co-PLLA copolylactides (BHP was used in an equimolar
amount with respect to PEG units).

Copoly-
Lactide PEG Mn

Yield PEG/PLLA Units
Mn * Mn ** Mw/Mn **

Calculated Measured *

1 1900 92 30:70 31.2:68.8 8640 8400 1.17
2 1900 87 30:70 30.3:69.7 9540 8700 1.22
3 1900 84 50:50 51.5:48.5 5030 4600 1.14
4 5000 85 50:50 51.8:48.2 13,220 12,400 1.20

*—Obtained from 1H NMR spectra of the polymers; **—Obtained by GPC.

2.3. Characterization

The 1H NMR spectra were recorded on a Brucker spectrometer, with operating fre-
quency 1H—400.22 MHz at 25 ◦C, using CDCl3 as solvent and TMS as an internal standard.

FTIR spectra were recorded on a Nicolet 380 spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

Size exclusion chromatography (SEC) of the copolymers was carried out on a “Waters 150”
chromatograph (eluent—THF (1 mL/min), column—PL-GEL 5u MIXC (300 mm × 7.5 mm)
(“Waters”, Milford, MA, USA).

The differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
were performed using a NETZSCH STA 449F3 Jupiter thermal analyzer (Selb, Bavaria,
Germany). The Tg was determined as the peak or midpoint of the heat capacity increase at
the second heating cycle, and Tm as the endothermal peak in the DSC curve of the second
heating cycle. From the TGA curves were obtained the temperature required for a 5%
weight loss (T5%), which is representative of the onset of decomposition, the temperature
of maximum decomposition rate (Tdeg), and the amount of residual mass at 600 ◦C.

Copolymer films were prepared by the solvent casting method, from polymer com-
position samples dissolved in methylene chloride. Polymer samples were prepared at
10% (w/v) concentration. HA was added to the polymer solution at 20% (w/v) concen-
tration, with respect to the contents of the polymer composition. Polymer compositions
were blended by a magnetic stirrer at room temperature and cast on the glass flat sur-
face by a manual film applicator, then allowed to evaporate in a desiccator, to obtain a
homogeneous film.

The tensile test was performed using an Instron-3366 universal mechanical testing
machine. Samples were cut into rectangular pieces, about 0.15 mm thick, 10 mm wide, and
30 mm long. The sample gauge length was 10 mm and the testing speed was 1 mm/min.
The results were taken as an average of five tests.

The SEM were obtained on a Hitachi TM300 electron microscope (Hitachi, Tokyo, Japan).
Water contact angle (WCA) measurements, between the polymer films and MilliQ

water drops, were measured by the sessile drop method, on a “Tracker” automatic drop
shape analyzer (Teclis-Scientific, Civrieux-d’Azergues, France), for drops of 100 s age, at a
temperature of 25 ◦C and about 100% relative humidity. All measurements were repeated
at least four times for each polymer sample.

The water absorption studies were performed in MilliQ water (pH = 7.00), at
25 ◦C. The amount of fluid absorbed through time was monitored gravimetrically. Dry
20 mm × 20 mm film samples (approximately 40 mg) were immersed in 50 mL of water
and at regular time intervals were removed, dried with filter paper, weighed, and placed in
the same bath. The water absorption (q) was calculated by the following equation:

q = (mt −m0)/m0 (1)

where mt is the weight of the absorbed polymer film at the time of measuring, and m0 is
the initial weight of the polymer film [50].
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3. Results
3.1. The Structure of Linear and Branched Pegylated Copolylactides

In this work, a number of MPEG-containing amphiphilic copolylactides were obtained;
PLLA blocks were either linear (for copolylactide 1) or branched containing BHP monomer
units (for copolylactides 2–4). The polymerization of L-lactide was carried out at 140 ◦C,
as recommended in [51]. By systematic variation of composition and molecular weight of
the polylactide block, a series of oligomeric amphiphilic copolymers, with varied ratios
of PEG and PLLA molecular units, were prepared. The synthesized branched pegylated
copolylactides are waxy substances, soluble in CH2Cl2, DMSO, and THF.

The structure of the synthesized linear and branched pegylated copolylactides was
confirmed by 1H NMR spectroscopy; the assignment is shown in Figure 2 and is consistent
with the literature data [28,44,52].
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designations of the polymers in Table 1.

The incorporation of the MPEG was confirmed by the 1H NMR spectroscopy for
both the linear and branched copolylactides. The ratio of incorporated PEG and PLLA
units was determined from the respective 1H NMR signal intensity: thus, PEG units show
characteristic signals at 3.56–3.70 ppm, that can be used to quantify their fraction, by
comparison with the signals of the (>CH–) group of the lactide monomer units located at
5.1 ppm [47].

The synthesized copolylactides, the molecular parameters of which are summarized
in Table 1, were characterized by narrow unimodal MWDs, with dispersity indices in
the range of 1.17–1.22. According to the GPC data, the values of the average molecular
weights of the copolylactides were in the range 8400–12,400 (Table 1), and this is probably
somewhat on the low side, since polystyrene standards were used to calibrate the columns.
It is important that in polymers changed either structure of PLLA block (linear or branched),
or ratios of PEG/PLLA units (30:70 or 50:50), or molecular weight of the PEG block (1900
or 5000Da). The agreement between the calculated and experimental ratios of PEG and
PLLA blocks was satisfactory. A decrease in the yield of pegylated copolylactides, with an
increase in the amount of BHP in the reaction mixture, was observed (Table 1).
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3.2. The Properties of PLLA Films Plasticized with Branched Pegylated Copolylactides Filled
with Hydroxyapatite

Prior to the examination of PLLA plasticized with copolymers, the DSC analysis of
pure polymers was performed. The obtained data are listed in Table 2.

Table 2. Characteristics of polymer materials used.

Polymer
PEG PLLA

Tg Tm Tg Tm

PLLA - - 60.5 163.8
Copolylactide 1 45.3 48.7 46.8 153.6
Copolylactide 2 45.1 47.6 46.2 154.0
Copolylactide 3 45.4 39.7 38.4 148.5
Copolylactide 4 52.1 57.9 54.7 158.0

All the studied copolylactides had a wide bimodal peak at 38.7–54.7 ◦C, the maxima of
which corresponded to the Tg of the PEG and PLLA blocks. Along with this, pronounced
monomodal peaks, corresponding to the Tm of PEG and PLA, were observed. While the
Tm peaks of PEG and PLLA did not change significantly for all samples, the temperature
of Tg peaks for PEG and PLLA blocks increased with their molecular weight.

Five PLLA films, plasticized with 10 wt% of different copolylactides, were obtained
by the solvent casting technique. Furthermore, five composite films, containing 20%
by weight of hydroxyapatite, were obtained using polymer matrices with 10 wt% of
different copolylactides.

The IR spectra of the PLLA 1, PLLA 2, and PLLA 3 samples, shown in Figure 3,
contained all the signals characteristic of copolylactides [53], and were close to the IR
spectra of the PLLA 4 and PLLA 5 samples. At the same time, filling with hydroxyapatite
lead to the appearance of characteristic absorption bands in the 500–700 cm−1 region.
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The thermal transitions of the prepared PLLA blends were assessed by DSC exper-
iments. Typical DSC thermograms of PLLA 1, PLLA 1 HA, PLLA 5, and PLLA 5 HA
composites (second heating run), are given in Figure 4. The designations of the obtained
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samples of polyester composites, as well as their compositions and thermal properties, are
given in Table 3.
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Table 3. Thermal properties of PLLA films.

Sample Copolylactide
Composition (%)

Tg
(◦C)

Tm
(◦C)

T5%
(◦C)

Tdeg
(◦C)

Residual
Mass (%)PLLA Copo Lylac

Tide HA

PLLA 1 - 100 0 0 61.2 164.2 279.3 361.4 2.1
PLLA 2 Copolylactide 1 90 10 0 59.8 166.4 280.7 295.3 1.9
PLLA 3 Copolylactide 2 90 10 0 56.2 165.1 254.1 299.1 2.2
PLLA 4 Copolylactide 3 90 10 0 60.3 166.7 257.2 307.5 2.7
PLLA 5 Copolylactide 4 90 10 0 60.7 165.3 255.8 314.7 3.1
PLLA 1 HA - 80 0 20 64.3 158.8 330.5 368.1 24.8
PLLA 2 HA Copolylactide 1 72 8 20 64.4 163.0 350.8 360.2 25.2
PLLA 3 HA Copolylactide 2 72 8 20 63.4 162.3 332.4 365.6 27.7
PLLA 4 HA Copolylactide 3 72 8 20 59.1 163.7 332.7 364.3 26.2
PLLA 5 HA Copolylactide 4 72 8 20 63.1 165.8 336.6 369.7 27.4

The glass transition temperature (Tg) and the melting point (Tm) of the PEG and PLLA
phases, were evaluated for the polyester composites shown in Table 3. The samples of
composite films had a wide glass transition temperature range, that sits between the glass
transition temperatures of pure PLLA and pegylated copolylactides. The monomodal
nature of DSC in the temperature range corresponding to the relaxation transition (glass
transition), indicates good compatibility of pegylated copolylactides and pure PLLA for all
studied compositions [54].

The addition of copolylactides to PLA only slightly changed the Tg and Tmvalues of
neat PLLA; a correlation was observed between the molecular weights of the copolylactide
blocks of PLLA and the Tg of the PLLA films plasticized by them. Addition of HA slightly
increased the glass transition values of the PLA composites, perhaps due to a reduction of
the chain segment mobility of the polymeric amorphous phase around the HA particles [55].

To study the thermal stability of the obtained films, thermogravimetric analysis (TGA)
was performed. The experimental data are summarized in Table 3.

One can observe that HA containing samples underwent thermal decomposition in a
single step, ranging from approximately 260 to 400 ◦C, which correlates well with values
reported elsewhere [56–58]. Interestingly, the films plasticized by linear copolylactide 1
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showed the highest T5% value (Table 3), but faster decomposition, which was reflected in a
lower Tdeg value. In the same case, the addition of copolylactides 2–4 neither caused signif-
icant changes in T5% (for films without HA), nor did they remarkably reduce the thermal
stability (for films containing HA). The temperature of the maximum decomposition rate
for films plasticized with branched copolylactides was generally close to the temperature of
the maximum decomposition rate of neat PLLA films, only the use of copolylactide 4 with
the largest polylactide block led to a slight excess of Tdeg over this value of neat polylactide.

The addition of 20% HA to the PLLA matrix improved the thermal stability of the
polymer, as can be seen in Figure 4. A rise in the T5% and in the Tdeg was observed for all
composite samples (Table 3), suggesting an insulating effect of HA incorporation. We did
not observe an increase in the degradation rate of the polymer matrix with the presence of
the HA, as was stated in [55].

One can also observe that the residual masses for samples without HA, were relatively
low, and progressively increased with the molecular weight of copolylactides up to 3.1%.
For compositions with 20% HA, since the filler is thermally stable at high temperatures
and can also act as a heat barrier, it could enhance the formation of char after thermal
decomposition. Thus, the residual weights of samples containing hydroxyapatite were
higher than those of samples without hydroxyapatite.

The tensile curves of PLLA films plasticized with copolylactides 1–4, as well as films
of composite materials containing HA, are shown in Figure 5, and specific data are also
given in Table 4. Pure PLLA 1 film showed mechanical properties of a hard but brittle
material, with values of tensile modulus (Et) of 1290.8 MPa, tensile strength at break (σb) of
25.4 MPa, and elongation at break (εb) of 4.3% (Figure 5, Table 4).

Table 4. Properties of composite polyester materials: tensile modulus (Et), elongation at break (εb),
tensile strength (MPa) (σb), and water contact angle (WCA) on different PLLA substrates.

Sample Et (MPa) εb (%) σb (MPa) WCA (◦)

PLLA 1 1290.8 4.3 25.4 93.3
PLLA 2 1076.1 5.1 27.4 76.8
PLLA 3 951.1 6.0 18.9 71.9
PLLA 4 672.3 5.4 13.9 88.5
PLLA 5 897.0 8.9 19.1 86.6
PLLA 1 HA 1295.0 2.4 17.9 75.9
PLLA 2 HA 1116.2 2.7 17.3 71.5
PLLA 3 HA 798.5 3.3 13.0 75.8
PLLA 4 HA 691.2 4.0 10.2 66.1
PLLA 5 HA 1042.4 5.9 18.1 66.4

The tensile modulus for blends of PLLA with copolylactides was lower than for pure
PLLA. At the same time, plasticization of PLLA with linear copolylactide 1 led to mixtures
with the tensile modulus only slightly lower than that of unplasticized PLLA. The presence
of copolylactides with a branched PLLA block in mixtures, as a rule, led to a decrease in the
tensile modulus of the polymer mixture. This effect decreased with increasing molecular
weight of the copolylactides.

The filling of polyester films with hydroxyapatite had almost no effect on the elastic
modulus of composite materials; however, the tensile strength and elongation at break
decreased markedly. The low sensitivity of the elastic modulus of polyester materials to
filling with hydroxyapatite indicated high compatibility of the matrix and filler. At the
same time, it can be assumed that the interface between the polyester matrix and the filler
(hydroxyapatite) becomes the center of the formation of defects and cracks under high
mechanical loads. The decrease in the tensile strength of polyester materials when filled
with hydroxyapatite, apparently, limits the achievable ultimate deformation corresponding
to the rupture of composites.
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Figure 5. Tensile test curves for PLLA films without (A) and with (B) addition of 20 wt% of hydrox-
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The addition of copolylactides tended to plasticize the PLA film, resulting in a signifi-
cant increase in flexibility and a decrease in tensile strength, as noted in various previous
studies. Nevertheless, we found that the addition of linear copolylactide 1 caused only a
slight increase in the value of elongation at break, which contradicts previously published
data [59]. The yield point is observed only for copolylactides with high molecular weight
branched PLLA blocks. Since the stage of plastic deformation is due to the parallel align-
ment of PLLA polymer chains, the presence of bulky high-molecular weight branched
PLLA blocks increases the mobility of the polymer chains.

Typically, the addition of hydroxyapatite to PLLA in a 20:80 mix ratio, resulted in a
decrease in ductility in all samples. However, the elongation at break for films plasticized

14
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with copolyesters was always higher than for unplasticized PLLA. Here, copolylactide 4 is
of particular interest: the values of elongation at break for films plasticized with it were
two times higher than for unplasticized films, regardless of the presence of HA in the film.

Tensile strength values for films plasticized with copolylactides were slightly lower
than for pure PLLA films; at the same time, the PLLA 5HA sample plasticized with
copolylactide 4 showed a tensile strength value characteristic of the unplasticized sample.
This may be due to the good miscibility of the PLLA macromolecules and the plasticizer, as
well as to the fact that HA particles are able to interact with the polar groups in branched
PLLA polymer blocks [60,61]. As different polar groups, such as -OH, -CO, -CH2-O-CH2-,
and -COOH, appear in the copolylactide polymer chains, they can react or interact with the
-OH groups in commercial HA, as demonstrated by Zhang et al. [62].

The SEM data indicate the compatibility of the copolylactide matrices with hydroxya-
patite. The SEMs of the PLLA5 and PLLA 5 HA samples, shown in Figure 6, were typical
for all obtained composite materials, and indicate a uniform distribution of the filler in the
matrix volume. On the other hand, the pronounced surface roughness of the mixture of
branched copolylactide 4 and PLLA (sample PLLA5) may be due to microphase separation
of hydrophilic PEG fragments and hydrophobic lactide residues.
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The hydrophilicity of the surface of the material is considered as a paramount require-
ment for its use in living organisms. Various studies have shown that wettability plays a
key role in determining the ability of a polymeric material to serve as a scaffold for bone
osteointegration [63,64]. However, the hydrophobicity of pure PLLA puts a limit on its
compatibility with tissues and body fluids, and requires reduction. In this work, the PLLA
hydrophilization was achieved by introducing hydrophilic polyethylene oxide fragments
and a hydrophilic filler, i.e., hydroxyapatite. As can be seen in Table 4, the introduction of
polyethylene oxide blocks and filling with hydroxyapatite led to a decrease in the water
contact angle. Apparently, the value of water contact angle for the obtained composite
materials is an integral characteristic of intermolecular interactions between hydrophilic
and hydrophobic blocks in the composition of macromolecules, as well as hydrophilic
polyethylene oxide blocks with hydroxyl groups on the surface of hydroxyapatite, used
for filling. It can be assumed that if the main contribution comes from the interactions
of the hydrophilic polyethylene oxide blocks with the hydroxyl groups on the surface
of hydroxyapatite, then the surface layer is enriched with the hydrophobic polylactide
fragments, which leads to an increase in the water contact angle, as was observed in the
case of filling with PLLA3. Nevertheless, in the vast majority of cases, the contribution
of hydrophobic interactions of polylactide fragments and displacement of hydrophilic
polyethylene oxide fragments to the surface, is predominant, which leads to the desired
effect of reducing the water contact angle.
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The WCA observation can be correlated with the data on water absorption by polymer
films shown in Figure 7. It is well known that the wetting and water absorption can play an
important role in the release of a drug from the polymer matrix into an aqueous solution [65].
It is known that upon degradation of PLLA, the hydrophilicity of the polymer increases and
the weight of the polymer decreases. Since these processes can occur simultaneously with
water absorption, a relatively short time of 1 week was used to evaluate water absorption,
in which polymer degradation processes do not have a large effect on the weight of the
samples [66,67].
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The amount of water absorbed by plasticized PLLA films is generally higher than by
non-plasticized ones. The water absorption of all films steadily increased with time as ever
deeper layers of the material became available for water. The water absorption of the films
increased along with the rise in the mole fraction of hydrophilic pegylated fragments in the
compositions of the branched copolylactides, as expected. The PLLA films not plasticized
with copolylactides, as expected, absorbed water at the lowest rate. Among plasticized
films, the sample containing linear copolylactide 1 had the lowest water absorption rate.
Films plasticized with branched copolylactides showed the highest water absorption rates.
Samples containing copolylactide 3, with the lowest molecular weight, showed the fastest
water absorption. This may be due to different accessibility of the interior of the polymer
matrix for water. Whereas linear copolylactides form fairly dense polymeric structures,
branched copolylactides resulted in looser, permeable polymeric structures. In addition,
low molecular weight copolylactide 3 may have the lowest adhesion to the polymer matrix
and be removed from the polymer with water. All samples containing hydroxyapatite ab-
sorbed water faster than samples without hydroxyapatite of the same polymer composition,
perhaps due to the hydrophilic nature of hydroxyapatite. In this case, the same tendences
are observed as for films not containing HA: films plasticized with linear copolylactides
absorb less water than films plasticized with pegylated branched copolylactides. Low
molecular weight copolylactides absorb more water than films containing high molecular
weight copolylactides.

It is known that, unlike linear polylactides, the hydrolytic degradation of which pro-
ceeds in bulk, the hydrolytic degradation of branched polylactides has a surface nature [68].
Although the determination of the dynamics and kinetics of the biodegradation of the
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obtained composite materials will be the subject of subsequent studies, it can be assumed
that the rate of weight loss due to hydrolysis will hardly differ from that characteristic of
linear PLLA, since the minimum content of the latter was 72 wt% at the maximum content
of branched pegylated copolylactides (10 wt%) (Table 3).

4. Conclusions

It was established that the polymerization of L-lactide, catalyzed by tin (II) 2-ethylhexanoate
in the presence of both BHP and BHP ester with MPEG, leads to the formation of branched
pegylated copolylactides with a narrow molecular weight distribution. It was shown
that the introduction of PEG fragments into linear and branched copolylactides leads to a
decrease in the glass transition temperatures and melting points, as compared to PLLA.
The resulting pegylated copolylactides were compatible with PLLA when blended, and
formed films with higher tensile strength, lower strength, and lower tensile modulus. The
introduction of 10 wt% of the synthesized pegylated copolylactides into PLLA did not
have a significant effect on the melting points and the glass transition temperatures of
the resulting interpolymer mixtures, but lead to a decrease in the water contact angle and
increased water absorption. Additional hydrophilization of PLLA interpolymer blends
and pegylated copolylactides can be achieved by filling with hydroxyapatite. In this case,
the strength and ultimate elongation in tension decreased. Since HA-containing scaffolds
are very important for medicine, the presented study will provide more information about
their behavior and may lead to their wider use.
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Abstract: Urothelial tumour of the upper urinary tract is a rare neoplasm, but unfortunately, it
has a high recurrence rate. The reduction of these tumour recurrences could be achieved by the
intracavitary instillation of adjuvant chemotherapy after nephron-sparing treatment in selected
patients, but current instillation methods are ineffective. Therefore, the aim of this in vitro study is
to evaluate the cytotoxic capacity of a new instillation technology through a biodegradable ureteral
stent/scaffold coated with a silk fibroin matrix for the controlled release of mitomycin C as an
anti-cancer drug. Through a comparative study, we assessed, in urothelial carcinoma cells in a human
cancer T24 cell culture for 3 and 6 h, the cytotoxic capacity of mitomycin C by viability assay using
the CCK-8 test (Cell counting Kit-8). Cell viability studies in the urothelial carcinoma cell line confirm
that mitomycin C embedded in the polymeric matrix does not alter its cytotoxic properties and causes
a significant decrease in cell viability at 6 h versus in the control groups. These findings have a clear
biomedical application and could be of great use to decrease the recurrence rate in patients with
upper tract urothelial carcinomas by increasing the dwell time of anti-cancer drugs.

Keywords: ureteral stent; biodegradable stent; cell viability assessment; chemotherapy; UTUC

1. Introduction

Urothelial carcinomas are the sixth most common tumour in developed countries [1].
These carcinomas are mainly located at the bladder level (90–95%), and only 5–10% cor-
respond to upper tract urothelial carcinoma (pyelocaliceal cavities and ureter) (UTUC).
The highest incidence of UTUC is in the age group between 70 and 90 years, and UTUC
is diagnosed in men twice as often as in women [2,3]. In contrast to bladder cancer, two-
thirds of patients at the time of their diagnosis of UTUC have invasive musculo-infiltrative
disease [4].

The gold standard for UTUC treatment is radical nephroureterectomy (RNU), which is
mainly for tumours classified as high-risk. However, one-third of UTUC cases may benefit
from nephron-sparing surgery: those that are classified as low-risk according to the current
European Association of Urology (EAU) guidelines [5]. In addition, selected patients
with high-risk UTUC, such as patients with a solitary kidney or advanced chronic kidney
disease, patients who refuse RNU, or patients with bilateral UTUC, are also candidates for
endoscopic management, as they are not candidates for nephrectomy [6]. Unfortunately,
unlike the well-established protocol for bladder urothelial tumours, the instillation of
chemotherapy as an adjuvant treatment for UTUC in the upper urinary tract following
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endoscopic treatment of UTUC by ureteroscopic laser ablation is uncommon [7]. The aim
of chemotherapy instillation is the reduction of the recurrence rate of UTUC, as evidenced
by some authors in the scientific literature [8]. However, due to the particularities of the
upper urinary tract, intracavitary instillation is very challenging. This is mainly due to the
small volume of the upper urinary tract as well as to the inadequate drug dwell time of
topical agents [7].

Current research seeks to develop new upper urinary tract chemotherapy delivery
systems that can overcome the limitations of traditional techniques, mainly using drug-
eluting stents and thermosensitive polymers [7,9]. The most recent advance has been
UGN-101, a novel formulation of mitomycin C (MMC) containing a reverse thermal gel
designed to increase urinary dwell time and thereby the efficacy of treatment. It showed
a 56% complete response rate after 12 months in its first clinical trial, but with significant
related side effects, including 44% of patients experiencing ureteral stricture [10]. However,
the development of chemotherapy-eluting ureteral stents has not yet made enough progress
due to difficulties in drug-delivery control through the stent coating. In this regard, one
of the possible solutions that could help to overcome some of the biggest shortcomings in
stent technology may be silk fibroin (SF) from Bombyx mori as a carrier and delivery system
for drug-eluting stents due to its biocompatibility and easy processing [11]. SF’s features
make this protein a great candidate for biomaterial-controlled release technology [11].

For these reasons, the aim of our in vitro study is to assess cell viability in a urothelial
carcinoma cell culture using a new design for biodegradable ureteral stents coated with SF
for the controlled release of mitomycin C (BraidStent-SF-MMC) for topical instillation in
the adjuvant treatment of UTUC. We need to confirm whether the MMC released by the
stent maintains its cytotoxic capacity after embedding in the SF polymeric matrix.

2. Materials and Methods
2.1. BraidStent-SF-MMC
2.1.1. Materials for Biodegradable Ureteral Stent Preparation

To perform the in vitro study, 24 fragments of a 10 mm long BraidStent® (JUMISC,
Cáceres, Spain) biodegradable ureteral stent were made by combining biodegradable
polymers and copolymers—Glycomer™ 631 and polyglycolic acid (PGA), at a ratio of 54%
and 46%, respectively [12–14]. Two 0.17 mm thick threads of Glycomer™ 631 and two
0.14 mm thick threads of PGA, all 10 mm long, were used to manufacture the stent. The
threads were then braided together to constitute the central core of the stent. These 24 stent
fragments all underwent coating with SF, and 12 of them subsequently underwent the
addition of a chemotherapeutic agent widely used for the intracavitary instillation in the
UTUC, namely MMC [8].

2.1.2. Materials for Stent SF and MMC Coating

Cocoons of Bombyx mori were obtained from worms reared in the sericulture facilities of
the Imida Instituto Murciano de Investigación y Desarrollo Agrario y Ambiental (IMIDA),
Biotechnology, Genomics and Plant Breeding Department (La Alberca, Murcia, Spain).
Cocoons were chopped up and boiled in 0.02 M Na2CO3 for 30 min to eliminate the sericin.
Then, the raw SF was rinsed with distilled water and dried at room temperature for 3 days.
Subsequently, SF was dissolved in 9.3 M LiBr (Acros Organics) for 3 h at 60 ◦C, yielding
a 20% weight per volume (w/v) dissolution that was dialysed against distilled water for
3 days (Snakeskin Dialysis Tubing 3.5 KDa MWCO, Thermo Scientific, Rockford, IL, USA),
with eight total water changes (at 4 ◦C) [15]. The resultant 7–8% w/v SF solution was
recovered and used for the preparation of the coated stents, adjusting the concentration to
7% w/v before use [16,17].

The coating of the BraidStent-SF-MMC stent was carried out with powdered 70 mg
pure MMC (Mitomycin CRS, Sigma-Aldrich, Darmstadt, Germany). To this end, the
concentration employed for both the fibroin and methanol solutions was 10 mg/mL, and
10 dip-coating cycles were performed by dissolving the drug (10 mg/mL MMC) for 30 min
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under orbital agitation by stirring at 120 rpm. These two solutions were used to alternately
coat the stent fragments by dipping them in the first SF solution for 5 s and then in the
methanol solution for 5 s, allowing them to dry for 1 min before repeating the procedure.
The stents were completely stable in room air. However, the MMC coating needs special
care (i.e., it must be packaged in lightproof packaging) [17].

In previous studies by our research group, stent coating characterisation was per-
formed to determine whether there was adequate SF coating on the BraidStent-SF-MMC
surface by adding a fluorescent aqueous marker (sulforhodamine B). The results of the
fluorescence microscopy study confirmed the homogeneity of the SF coating on the stent
surface [17].

2.1.3. Determination and Assessment of the MMC Release from BraidStent-SF-MMC

To determine MMC release, we tested 10 fragments of BraidStent-SF-MMC that were
10 mm in length and coated as described above in artificial urine (AU) (Human Synthetic
Urine, BioIVT, West Sussex, UK). The stent fragments were incubated in an orbital shaker
incubator under mimicked biological conditions (36.5 ◦C with 5% CO2 at 90 rpm). The
concentration of MMC released in the AU at 3 and 6 h was determined by HPLC-DAD.
Urine from each follow-up was replaced and analysed. The permeability and release
kinetics of the MMC depends on the SF coating and is related to the percentage of beta-
sheet structure, which is controlled by dipping the SF solution in methanol [17].

The HPLC-DAD method is an isocratic method with an acetonitrile mobile phase.
Ultrapure water that was 80:20 volume per volume (v/v) at a flow rate of 1 mL/min was
used, and separation was performed on a LUNA C18 using 250 mm, 4.6 mm, 5 µm columns
at 30 ◦C. The MMC was detected with a diode array detector (DAD) at 365 nm (1260 Infinity
II Prime LC System, Agilent Technologies, Santa Clara, CA, USA) [17].

2.2. T24 Cell Culture Line

Urothelial carcinoma cells from human bladder cancer T24 cells were used as a model
cell line (EP-CL-0227, BioNova científica®, Madrid, Spain) [18,19]. This is a tumour cell
line from human transitional bladder cell carcinoma and is frequently used to assess the
cellular cytotoxicity of chemotherapeutics in the urinary tract in vitro [18–20].

Human T24 cells were seeded in plates containing McCoy’s 5a (Thermo Fisher Scientific®®®,
Madrid, Spain) and supplemented with 10% foetal bovine serum (FBS), 1% penicillin/streptomycin,
and 1% glutamine and were incubated at 37 ◦C at 95% relative humidity and 5% CO2. Cells
were maintained at 37 ◦C in a humidified 5% CO2 atmosphere for 48 h.

2.3. In vitro Cytotoxicity of the BraidStent-SF-MMC

At 80% confluence, adherent cells were detached with Trypsin EDTA solution (Lonza
Bioscience, Pontevedra-Spain) and seeded in four 24-well plates at a final concentration of
20,000 cells per well. Once adherent, four groups of studies were performed. In group 1
(G1), cell viability was assessed after the instillation of pure mitomycin C was added at a
concentration of 0.66 mg/mL, the concentration recommended for the adjuvant treatment
of UTUC in medical practice [8]. Group 2 (G2), the BraidStent-SF-MMC stent group, is the
subject of the current study. The negative controls used were the BraidStent-SF without
MMC coating (group 3, G3) and T24 cells in an MMC-free medium (group 4, G4). The
sample size was six samples per group. All of these groups were assessed at baseline (T0),
at 3 h (T3), and at 6 h (T6) (Table 1; Figure 1).
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Table 1. Experimental study groups.

Groups

G1 (3 h-G13; 6 h-G16) T24 cell culture + Recommended MMC
oce in UTUC (0.66 mg/mL) [8]. No stent. Positive control.

G2 (3 h-G23; 6 h-G26) T24 cell culture + BraidStent-SF-MMC.

G3 (3 h-G33; 6 h-G36) T24 cell culture + BraidStent-SF. Negative control.

G4 (3 h-G43; 6 h-G46) T24 cell culture. No stent. Untreated cells were used as
negative control.

Figure 1. The figure shows the plates that constitute the experimental trial. Each row corresponds to
an experimental group. (A) refers to T3 (3 h), and (B) refers to follow-up at T6 (6 h).

Mitomycin C cytotoxicity was assessed by a viability assay using CCK-8 (Cell Counting
Kit-8, Boster Biological Technology, Pleasanton, CA, USA). The protocol was carried out
according to the manufacturer’s recommendations, and the absorbance at 450 nm was
recorded using a Synergy™ Mx microplate reader (BioTek Instruments, Winooski-Vermont-
USA) [21]. Briefly, after the first 24 h of incubation, the cell viability assay was performed
with CCK-8 at T0 in two wells from each experimental group. Next, 10 µL of CCK-8 solution
was added to each well of the plates together with Gibco™ DMEM complete FBS (10%
FBS, 1% penicillin/streptomycin, 1% glutamine) (ThermoFisher Scientific, Madrid, Spain).
Subsequently, they were kept in the incubator at 37 ◦C for 45 min. Finally, absorbance
was measured using a Synergy™ Mx microplate reader (BioTek Instruments, Winooski-
Vermont-USA) at 450 nm. After ending the CCK-8 assay at T0, the study groups were
maintained in culture on their respective plates for 3 h and 6 h at 37 ◦C in the HeraCell™
150i CO2 incubator (Thermo Scientific™, Waltham, MA, USA), with six replicates per
experimental group [21]. The absorbance of formazan was measured at 450 nm using
the plate reader mentioned above. The percentage (%) of cell viability was calculated as
follows [22]:

Cell viability (%) =
Absorbance of sample
Absorbance of control

× 100%

2.4. Statistical Analysis

Statistical analysis was performed with the SPSS 25.0 program for Windows (IBM,
USA). The variable of study was cell viability expressed as the % of cell viability. The
normality of the data was analysed using the Shapiro–Wilk test. Student’s t-test was used
to compare the concentration of MMC released by the BraidStent-SF-MMC at 3 and 6 h.
A comparison between groups at 3 and 6 h was carried out using the Kruskal–Wallis test,
and, in the case of statistical significance, a corresponding post hoc analysis was carried
out using the Bonferroni test. The trend of % of cell viability over time at 3 and 6 h was
analysed via the Wilcoxon signed-rank test. The confidence interval set at 95% (95% CI),
and significance was determined with p < 0.05.
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3. Results

The results of the artificial urine study for the determination of the concentration
of MMC released by the BraidStent-SF-MMC at 3 and 6 h are shown in Figure 2. No
significance was found between groups (Student’s test). Regarding the percentage of
release with respect to the MMC encapsulated in the stent, 81.7% was released at 3 h, and
100% was released at 6 h. The urine study demonstrated the stability of the SF coating in a
physiological environment.

Figure 2. Concentration of MMC (mg/mL) released by BraidStent-SF-MMC at 3 h and 6 h. No
significance found between the two groups (Student’s test).

Regarding the results of the cell viability % studies according to the determination of
absorbance at T3 and T6, the data do not follow a normal distribution.

As for the comparison of the cell viability % between groups over time, two different
trends were observed. On the one hand, a trend of G3 and G4 corresponding to the non-
MMC groups with BraidStent-SF and T24 cell culture alone (negative control), and on the
other hand, the trend of the cultures in which MMC was present in G1 and G2, with a
lower cell viability % with respect to the two control groups (Figure 3).

From the point of view of the tendency over time within each group, we found
statistical significance between 3 and 6 h regarding the groups with MMC (G1 and G2),
with a decrease in cell viability related to exposure time. In the non-MMC groups, only
G3 showed statistical significance over time, increasing its cell viability % (Figure 3).
In detail, the cell viability of the T24 cells in the presence of G1 and G2 at 3 h were
62.21 ± 2.04% and 65.40 ± 5.26%, respectively. Additionally, at 6 h, it was 52.29 ± 2.42%
and 47.66 ± 3.78%, respectively.

Regarding the inter-group comparison of the percentage of cell viability at T24, G1
showed statistical significance at T3 compared to G3 (p = 0.013) and G4 (p = 0.001), and
G2 only showed statistical significance with G4 (p = 0.012). At T6, significance was found
for the two groups with MMC, G1, and G2 compared to the two negative controls: the G3
(bare BraidStent-SF) culture and G4 (T24 cell culture alone) (p < 0.005) (Figure 3).
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Figure 3. Cell viability % assessment in T24 cell culture (%). T0 (start of study); T3 (3 h); and T6
(6 h). Values indicate mean ± SD. Significance of the values among tested groups within each group
and follow-up was determined via a Wilcoxon signed-rank test. The inter-groups at 3 and 6 h were
carried out using the Kruskal–Wallis test and Bonferroni post hoc analysis. Statistical significance is
depicted as follows: intra-groups (* p < 0.05); inter-groups (** p < 0.05) (T3: G1 vs. G2, G3, and G4);
inter-groups (Ψ p < 0.05) (T3: G2 vs. G3 and G4); inter-groups (*** p < 0.05) (T6: G1 vs. G2, G3, and
G4), and inter-groups (ΨΨ p < 0.05) (T6: G2 vs. G3 and G4).

4. Discussion

The search for new technologies for the instillation of adjuvant chemotherapy in
urothelial carcinoma of the upper urinary tract is one of the current challenges in urological
oncology due to the shortcomings of current systems [3,7]. Therefore, the development of
a ureteral stent that delivers chemotherapy on a scheduled basis may be of great benefit
in patients with low-grade UTUC or in those patients who are not suitable candidates for
radical nephroureterectomy despite their tumours being high-grade [17].

The main advantages of the development of a biodegradable ureteral stent such as
BraidStent-SF-MMC are mainly that it allows the release of anti-cancer drugs such as
MMC into the upper urinary tract; this release system allows a longer dwell time of the
chemotherapy drug with the urothelium, improving its cytotoxic effect [19]. A second
surgical intervention is not required to remove the stent, as it is biodegradable [12–14].
Additionally, it is not related to the possible increases in intrarenal pressure that may cause
urosepsis, which occurs in cases of intracavitary instillation via ureteral catheters. The
latter currently requires prior assessment of renal volume so as not to exceed the intrarenal
pressure that could cause pyelovenous or pyelolymphatic reflux, which is a limiting factor
in achieving the recommended chemotherapy dose [3,7,9].

The preliminary results confirm that the BraidStent coated with the SF matrix and
embedded MMC in its 10 dips (dip-coating technique), called BraidStent-SF-MMC, allows
the controlled release of MMC into the urinary environment at 3 and 6 h (Figure 2). In view
of these results, future studies will be carried out to determine the release rate at earlier
phases, such as 1 h. The aim of the stent is to release the effective dose over a prolonged
period of time to increase the dwell time of the MMC with the urothelium.

The objectives of the current study are very straightforward, as we need to assess
whether the mitomycin C embedded in the SF matrix layers of the BraidStent-SF-MMC
maintain their cytotoxic capacity, as well as to compare its inhibitory effect on cell viability
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versus the dose administered in patients today. The results of the cell viability study show
that the MMC groups (G1, G2) show statistical significance compared to the non-MMC
groups (G3, G4) at 6 h (Figure 3).

From the first follow-up, the MMC in T24 cell culture, regardless of whether the
release is through direct instillation or whether it is impregnated in a SF matrix (G2), shows
cytotoxicity (Figure 3). The results indicate that G3 and G4, the negative control groups,
show no significance between the two groups at the two follow-ups. In addition, there was
no perceptible cytotoxicity exhibited by the non-MMC BraidStent-SF (G3), ruling out any
harmful effects related to the SF matrix, and there was statistical significance compared to
G4. A very important finding in this study is that there is no statistical difference between
G1 and G2, demonstrating that the concentration of MMC released by the BraidStent-SF-
MMC is adequate and comparable to that currently used in patients administered MMC
as adjuvant therapy to UTUC (Figure 3). It is important to highlight that we chose a
suitable test: CCK8. The main characteristics of this test are that it is an easy and sensitive
colorimetric assay for the determination of in vitro cell viability in cytotoxicity assays. It is
also true that it is possible to use other types of cell viability assays, such as flow cytometry,
which allows for a more specific phenotypic quantitative cell viability analysis. Perhaps
the use of more than one cell viability assay in our study would have allowed us to obtain
more precise details regarding cell viability.

Since 1993, when silk fibroin was recognised by the US Food and Drug Administration
(FDA) as a biomaterial, its use has become extremely widespread due to its interesting
characteristics. It has excellent biocompatibility, high strength, mechanical toughness,
robust flexibility, high processability, tuneable degradation, ease of processing, and ease
acquisition [11,23]. Due to its excellent features, SF has been employed in a wide variety
of medical applications, such as in drug-eluting stents [23]. It is the characteristics of its
processability that allow the control of the crystalline state, Beta-sheet content, and use in
biomaterial-controlled-release applications that regulate the kinetics of the incorporated
drugs. The stability of SF coatings can be modified by immersion in methanol, which
allows the Beta sheet content to be modified. This is related to the rate of degradation and
to the release of the drugs embedded in the SF coating. In our case, we used 10 dip-coating
cycles to obtain controlled and early release, with the idea of providing a treatment similar
to that currently used in patients but that increases the exposure time of MMC.

On the other hand, the MMC groups showed a significant association with exposure
time. The longer the exposure time, the greater the cytotoxic effect. This capacity was more
important in the BraidStent-SF-MMC group, but no statistical significance was observed
compared to G1, with a cell viability of 47.66% compared to 52.29% for G1 (Figure 3).
These findings are very encouraging for the use of this stent in patients, as they confirm
that the cytotoxic effects increase when the exposure time of the anti-cancer drugs is
increased. Currently, the few clinical groups using the intracavitary instillation of MMC
for adjuvant therapy for UTUC and to treat carcinoma in situ only provide this therapy
for one hour [7,8]. This limited upper tract dwell time in patients could be the cause of
recurrence and progression after UTUC kidney-sparing surgery and is a strength of the
stent evaluated in this in vitro study [3,7,9].

Our results are consistent with previous studies using the same T24 cell culture and
in which different research groups evaluated biodegradable drug-eluting ureteral stents.
For example, Barros et al. evaluated four different anti-cancer drugs (epirubicin, paclitaxel,
doxorubicin, and gemcitabine) impregnated via a supercritical fluid CO2 technique [19].
Wang et al. also developed an in vitro and animal model study of a new design for
gradiently degraded electrospun polyester scaffolds with an epirubicin coating [18]. The
three in vitro studies are similar despite the different cytostatics evaluated, mainly because
there is currently no consensus as to which is the most suitable—although MMC is the
most widely used as the clinical level [8,9]. Regarding the incubation time of stents in cell
cultures, different ranges are shown: from 3 to 6 h in our study to 24 h in Wang et al. [18]
and from 4 to 72 h in Barros et al. [19]. However, in the assessment of these new stent
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designs, the viability of cancer cells decreases similarly: 62% to 46% [18], 65% [19], and 65%
to 47% in our study. Similar to Barros et al., our study found a greater cytostatic effect in
the cytostatic-eluting stent group (G2) than in the groups where the anti-cancer drug was
instilled in the wells, possibly due to the longer release effect by the SF matrix [19].

5. Conclusions

The coating of a biodegradable ureteral stent with a silk fibroin matrix impregnated in
layers of mitomycin C allows the release of the cytostatic in artificial urine. Cell viability
studies in a human urothelial carcinoma cell line confirm that mitomycin C embedded in
the polymeric matrix does not alter its cytotoxic properties and causes a significant decrease
in cell viability at 6 h. These findings could be of great use to decrease the recurrence rate
in patients with UTUC.
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Abstract: The use of soft tissue engineering scaffolds is an advanced approach to repairing damaged
soft tissue. To ensure the success of this technique, proper mechanical and biocompatibility properties
must be taken into consideration. In this study, a three-dimensional (3D) scaffold was developed using
digital light processing (DLP) and ultra-hard and tough (UHT) bio-resin. The 3D scaffold structure
consisted of thermoplastic polyurethane (TPU) and maghemite (γ-Fe2O3) nanoparticles mixed with
UHT bio-resin. The solution sample for fabricating the scaffolds was varied with the concentration of
the TPU (10, 12.5, and 15% wt/v) and the amount of γ-Fe2O3 (1, 3, and 5% v/v) added to 15% wt/v
of TPU. Before developing the real geometry of the sample, a pre-run of the DLP 3D printing process
was done to determine the optimum curing time of the structure to be perfectly cured, which resulted
in 30 s of curing time. Then, this study proceeded with a tensile test to determine the mechanical
properties of the developed structure in terms of elasticity. It was found that the highest Young’s
Modulus of the scaffold was obtained with 15% wt/v TPU/UHT with 1% γ-Fe2O3. Furthermore, for
the biocompatibility study, the degradation rate of the scaffold containing TPU/UHT was found to
be higher compared to the TPU/UHT containing γ-Fe2O3 particles. However, the MTT assay results
revealed that the existence of γ-Fe2O3 in the scaffold improved the proliferation rate of the cells.

Keywords: soft tissue engineering; bone scaffold; DLP 3D printing; mechanical strength; biocompatibility

1. Introduction

In the human body, soft tissue refers to the tissue that connects, supports, and sur-
rounds other structures. It includes muscles, tendons, ligaments, fascia, nerves fibrous
tissue, fat, blood vessels, and synovial membranes. Regularly, soft tissue damage is caused
by disease, congenital defects, trauma, and aging, which lead to the inability of the tissue
to self-heal [1]. Due to this matter, an alternative technology called tissue engineering was
proposed to help the healing process by regenerating or replacing the damaged tissue [2].
The important part of this method is the development of the scaffold, which is able to
restore, maintain, and improve the function of tissue [3]. A scaffold is a template for tissue
formation that allows the cells to migrate, adhere to, and produce tissue [4]. According to
Li et al. [5], in the development of a successful and well-functioning scaffold, the following
properties should be taken into account: (i) the biocompatibility and biodegradability of the
scaffold in order to match the cell or tissue growth in vitro/vivo; (ii) suitable mechanical
properties to match the tissue at the implantation site; (iii) proper surface chemistry for cell
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attachment, proliferation, and differentiation activity. In addition, the architecture of the
scaffold in terms of porosity is also necessary to consider as it is important for cell growth,
nutrient transportation, and metabolic waste [6,7]. In applying the tissue engineering
method, the scaffold must satisfy these properties.

The digital light processing (DLP) 3D printing technique is one of the best-defined
techniques to produce scaffolds for soft tissue engineering. DLP is based on the basic
principle of stereolithography (SLA), which offers better resolution and is more versatile
than other conventional and additive manufacturing methods [8]. Practically, the DLP 3D
printing process uses ultraviolet (UV) light to project the entire X and Y cross-sectional
layers of the structure to be produced at one time onto a photopolymer resin, which will
change the area exposed to UV light from a liquid to a solid. The solidified layer is formed
on the collector, which is the Z axis, as shown in Figure 1. By using this process, the
production time is reduced, which leads to higher productivity and reproducibility of the
scaffold [9–11]. It is also able to create complex structures with highly accurate internal
architecture as it has a high feature resolution [6]. Thus, this process can be used to develop
the 3D structure of scaffolds with any kind of shape while maintaining good mechanical
strength, and it can create a good environment for enhancing the biocompatibility perfor-
mance [5]. However, it is worth noting that this method lacks resin as the resin must be
capable of a photopolymerization reaction [12]. Therefore, UHT resin is used with the DLP
3D printer system. This resin is one of the standard bio-resins that can solidify quickly in
the presence of a specific light source [11].
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In recent years, researchers have been exploring the use of nanofiber-based scaffolding
systems that can act as a scaffold for tissue engineering applications. This is because the
structures produced by nanofiber scaffolds mimic the structure of natural human tissue and,
thus, enhance the cell growth rate [13]. Considering this, efforts in finding the best materials
and techniques for developing tissue engineering scaffolds that fulfill the requirements are
still ongoing. In this study, biocompatible thermoplastic polyurethane (TPU) was used as it
has been widely used in medical applications. This chosen material has important charac-
teristics required for building bone scaffold, which represents good biocompatibility and
flexibility compared to other types of synthesized polymers. Thermoplastic polyurethane
(TPU) is a class of PU with excellent elastic and tear-resistant properties and moderate
tensile strength. In our previous studies [14–16], TPU has been used as a novel mixture for
fabricating engineered tissue for an aortic heart valve using the electrospinning process.
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As a continuation, this study focused on the adjustment of parameter settings for printing
TPU using a DLP 3D printer before applying it to the various applications of soft tissue
engineering scaffolds. Ultra-hard and tough (UHT) bio-resin acted as a curing agent to
print the TPU. However, the use of the polymer itself with the resin did not meet the
mechanical properties required of the scaffold [17].

Magnetic nanoparticles in the form of maghemite (γ-Fe2O3) have been used in biomed-
ical applications [18–22], such as cell sheet construction, cell expansion, magnetic cell seed-
ing, cancer hyperthermia treatment, and drug delivery. Maghemite (γ-Fe2O3) nanoparticles
have been proven to enhance the mechanical properties of tissue engineering scaffolds.
Maghemite (γ-Fe2O3) nanoparticles were chosen because of their low toxicity and ability
to act as a reinforcing agent to the scaffold due to a larger surface area provided by the very
fine nanoparticles [23–28]. In our previous work [29], the addition of maghemite (γ-Fe2O3)
nanoparticles exhibited good biocompatibility. The presence of magnetic nanoparticles
within scaffolds has also increased their rigidity favorably [30,31]. The material char-
acterization of maghemite (γ-Fe2O3) nanoparticles has also been discussed in our pre-
vious works [10,11,14–17,32–35]. However, an excessive amount of maghemite used
led to a decrease in the mechanical properties as the stiffness of the scaffold increased.
γ-Fe2O3 nanoparticles also offer better cell adhesion properties and enhance the cell growth
rate [11,36,37].

In addition, in a previous study by Fallahiarezoudar et al. [16], for the development
of cardiac tissue engineering scaffold focusing on the aortic portion and using the elec-
trospinning process, they established materials consisting of thermoplastic polyurethane
(TPU) and maghemite (γ-Fe2O3) nanoparticles, and both of the materials showed good me-
chanical properties. However, a limitation occurred because of the process that they used,
which was electrospinning. This process can only develop two-dimensional structures, and
therefore, there is a limit to the strength of the scaffolds produced. Cardiac tissue engi-
neering scaffolds need to be produced with 3D printing in order to obtain the appropriate
mechanical and biocompatibility properties as well as to be implemented clinically.

In this study, a 3D structure of scaffold that consisted of TPU containing γ-Fe2O3
nanoparticles mixed with ultra-hard and tough (UHT) bio-resin was developed using the
DLP 3D printing process. The aim of this study was to evaluate the performance of the 3D
structure in terms of the mechanical and biocompatibility properties.

2. Materials and Methods

Almost all the chemicals used in this research were of analytical purity and no further
purification was applied. The base material used for developing the 3D structure in this
study was thermoplastic polyurethane (TPU). Flexible elastomer TPU granules with Shore
A 60 hardness, an Mw of 90 kDa, and a glass transition temperature of −50 ◦C were
purchased from Wenzhou City Sanho Co., Ltd. Maghemite (γ-Fe2O3) was used as a filler
to enhance the properties of the 3D structure, while ultra-hard and tough (UHT) bio-resin
acted as a resin that bound the TPU to the maghemite. UHT also reacted with the ultraviolet
(UV) light to form the 3D structure. The chemicals used in this study were reagent grade
and included the following: iron (II) chloride (FeCl2) (98% purity, Sigma Aldrich, St. Louis,
MO, USA), iron (III) chloride (FeCl3) (45% purity, Riedel-de Haen), sulfuric acid (H2SO4)
(QRëC), nitric acid (HNO3) (65% purity, QRëC), ammonia solution (NH3) (25% purity,
Merck), hydrochloric acid (HCl) (37% purity, QRëC), thermoplastic polyurethane (TPU),
dichloromethane (DCM),ultra-hard and tough (UHT) resin, HSF-1184 cell line (human skin
fibroblast cell line, ATCC, Manassas, VA, USA), phosphate-buffered saline (PBS, Gibco,
Grand Island, NY, USA), Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand
Island, NY, USA), fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), penicillin (Gibco,
Grand Island, NY, USA), streptomycin (Gibco, Grand Island, NY, USA), and trypsinase
(Sigma, USA).
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2.1. Preparation of Thermoplastic Polyurethane Solution and Maghemite Synthesis

In order to make a 3D scaffold, TPU in a solid state must be first transformed into a
liquid state. So, the TPU was first dissolved with dimethylformamide (DMF). In detail,
for 10% wt/v of the TPU solution, 10 g of TPU granules was dissolved with 100 mL of
DMF, which was constantly stirred using a magnetic stirrer at room temperature for at least
6 h. The procedures were repeated for 12.5% wt/v and 15% wt/v of the TPU solution by
increasing the amount of TPU to 12.5 g and 15 g, respectively.

In addition, the maghemite nanoparticles were synthesized based on the method
described by Idris et al. [38]. Briefly, the co-precipitation method (Massart, 1981) was used
to synthesize the maghemite. Ferrous and ferric chloride were added in stoichiometric
amounts to an ammonium hydroxide solution by alkaline co-precipitation. Magnetite
(Fe3O4), which is a black precipitate, was obtained, and then nitric acid was used to acidify
the precipitate. The solution of the ferric nitrate was used to oxidize it at 100 ◦C to transform
the solution into γ-Fe2O3. Then, citrate anions were used to coat the maghemite solution
to prevent agglomeration between the particles. Later, the precipitate was washed with
acetone and finally dispersed in water, resulting in the final stable state γ-Fe2O3 with a pH
of 7.

2.2. Preparation of TPU/UHT Bio-Resin Mixed with Maghemite (γ-Fe2O3)

Maghemite (γ-Fe2O3) contains nanoparticles that act as filler, which could enhance
the mechanical and biodegradability properties of the developed structure. So, in this
study, three different concentrations of γ-Fe2O3, 1, 3, and 5% v/v, were added to 15% wt/v
TPU solution. In order to prepare the 1% γ-Fe2O3 in the 15% wt/v TPU solution, 1 mL
of γ-Fe2O3 was added to 99 mL of 15% wt/v TPU solution prepared early. This step was
repeated for 3% and 5% γ-Fe2O3, adding 3 mL and 5 mL to the TPU solution, respectively.

2.3. Digital Light Processing (DLP) 3D Printing

In order to fabricate the bone scaffold, a DLP 3D printing approach was used in this
study. A 3D dumbbell-shaped scaffold was designed in computer-aided design (CAD) soft-
ware. The file was converted into STL format and transferred to 3D printer software named
Creation Workshop. Next, the support structure was designed to ensure the connection
between the product and the burn layer. Then, the sample was printed layer by layer and
the TPU/UHT/γ-Fe2O3 was solidified as the UV light was projected onto the mixture.

2.4. Curing Time

It is important to determine the curing time first because the specimen must be cured
perfectly. In this case, the mixed solution of 12.5% wt/v of TPU and UHT resin went through
the DLP 3D printing process. Several curing times were tested in order to determine the
optimum curing time for the process. The 3D structure condition was visually observed
and the optimum curing time was selected when the cured body had a sharp end and
precise structure.

2.5. Mechanical Testing

One of the major requirements of biomaterials for bone tissue engineering is the
mechanical properties of the scaffold that must match the physical demand of the healthy
surrounding bone tissues. Testing of the mechanical properties was conducted according to
BS ISO 37:2011. In this study, the dumbbell-shaped specimen was used for the mechanical
testing. The expected parameter was Young’s Modulus. The tensile test was run using an
LRX Tensile Machine (Lloyd, LRX, Singapore) with a load cell of 0.5 kN at a 5 mm/min
crosshead. Young’s modulus (which is a measurement of the material’s elasticity) was
calculated using Equation (1);

Ee =
σ

ε
(1)

where “Ee” is Young’s modulus, “σ” is the tensile stress, and “ε” is the tensile strain.
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2.6. Biodegradation Testing

A degradation test was run to evaluate the weight loss of the structure over time.
Samples of the scaffold with and without γ-Fe2O3 were weighed at their initial weights
and then immersed in a gradual beaker filled with 40 mL of simulation body fluid (SBF)
at 37 ◦C, in accordance with the optimum body temperature. The samples were weighed
weekly for a month. Next, the degraded samples were rinsed and dried in an oven at 70 ◦C
for 5 min. Then, the dried scaffolds were weighed and recorded. Equation (2) was used to
calculate the degradation rate in terms of weight loss over a month.

Weight loss =
(Initial weight − Weight after)

Initial weight
(2)

2.7. MTT Assay

In this study, an MTT assay was conducted to evaluate the cell proliferation rate of the
human skin fibroblast cell line (HSF1184) on the TPU/UHT and TPU/UHT/γ-Fe2O3 3D
structures. Both the TPU/UHT and TPU/UHT/γ-Fe2O3 were sterilized under UV light
for one hour on both sides of the structures. Then, the HSF1148 was grown in DMEM
that contained 7 g/L of sodium bicarbonate (NaHCO3), 1% penicillin–streptomycin, and
10% fetal bovine serum (FBS). The cells were cultured at 37 ◦C in a humidified atmosphere
containing 5% CO2, dissociated with 0.25% trypsin in PBS (pH 7.4), and centrifuged at
1000 r/min for 5 min at room temperature. A suitable number of normal human skin
fibroblast (HSF1184) cells (5 × 104 cells cm2 seventh passage) were collected and dispersed
into 20 mL of PBS, and then 200 mL of the dispersion was used for seeding the scaffold.
Cell counting by the MTT assay procedure was performed after 72 h from seeding in a
hemacytometer.

3. Results and Discussion

All the tests were performed three times, and three samples were employed for each
test every week. All data are denoted as the mean ± standard deviation (SD). Significant
differences were determined by performing Student’s t test, and a p-value ≥ 0.05 was
indicated to be statistically significant.

3.1. Curing Time

Before printing the 3D scaffold structures, the exact curing times had to be determined
in order to ensure every single layer of the 3D scaffold was burned by the UV laser and
cured perfectly. Different materials and concentrations will have different optimum curing
times. Investigations into the curing times needed to be performed for each formulation
used in the study.

The observations and evaluations were conducted optically. In this study, the curing
time was varied with three sets of experiments. For the first set, the curing time varied
within 12 different periods. From the results, it was observed that the structure started
to develop at 5 s and above. From 1 to 4 s, it was observed that the cured body did not
develop well, as the structure was not clearly seen, as shown in Figure 2.

The experiment progressed by increasing the range of the curing time. The curing time
ranged from 5 to 60 s with increments of 5 s. It was observed that the structures started
to develop at 30 s and were over-cured at 40 s and above, at which point the structure
was observed to melt and destroy other structures. Therefore, the structure could not be
inspected at above 40 s.

After knowing the specific range, the third set of experiments was conducted with
the curing time starting at 30 s, with increments of 2 s, and ending at 40 s, as shown in
Figure 3. From the figure, it can be observed that the best structures were cured at 30 s and
40 s. However, from a closed observation and evaluation, the cured structures at 30 s had a
sharper end structure and precise structure of the inner body compared to the 40 s curing
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time. Thus, the optimum curing time for the TPU mixed with UHT bio-resin was 30 s.
Figure 4 shows the side view of developed structure during investigation of curing times.
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3.2. Mechanical Properties

Dumbbell-shaped scaffolds were printed using a DLP 3D printer for testing the me-
chanical characteristics of the specimen. Figure 5 presents the 3D scaffold printed in a
dumbbell shape. The color of the dumbbell-shaped structures became more yellow and
darker as the nanoparticle loading increased.
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Figure 5. Dumbbell-shaped 3D-printed scaffold (a) 15% TPU + UHT; (b) 15% TPU+ UHT + 1%
γ-Fe2O3; (c) 15% TPU+ UHT + 5% γ-Fe2O3.

The dimensions of the printed scaffold for mechanical testing were as follows: gauge
length of 30 mm, overall length of 60 mm, width of 10 mm of the narrow parallel parts,
width of 20 mm at the end, and thickness of 3 mm. Table 1 and Figure 6 indicate the
results of the mechanical properties in terms of Young’s Modulus for the developed 3D
structure. For the first part, the mechanical test was run for TPU/UHT at three different
concentrations of TPU, which were 10, 12.5, and 15% wt/v.

Table 1. Young’s Modulus of scaffolds at different concentrations with and without γ-Fe2O3.

Sample Label Sample Young’s Modulus (MPa)
1 2 3 Average

A 10% TPU + UHT 35.71 35.73 34.08 35.72 ± 1.001
B 12.5% TPU + UHT 59.70 57.87 60.22 59.04 ± 1.871
C 15% TPU + UHT 87.91 90.69 86.29 88.30 ± 1.032
D 15% TPU+ UHT + 1% γ-Fe2O3 100.65 115.13 121.08 112.28 ± 2.011
E 15% TPU+ UHT + 3% γ-Fe2O3 69.17 65.10 59.05 64.44 ± 2.210
F 15% TPU+ UHT + 5% γ-Fe2O3 54.39 52.29 55.94 54.39 ± 1.171
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In Figure 6, it can be observed that as the concentration of TPU increased, the Young’s
Modulus also increased. Among the three concentrations, the highest Young’s Modulus
resulted in 15% wt/v TPU/UHT with 88.30 ± 1.032 MPa due to the high strength of the
covalent bond of TPU. In addition, the 15% wt/v of TPU was selected to test with three
different concentrations (1, 3, and 5% v/v) of γ-Fe2O3 for further study. As mentioned
before, γ-Fe2O3 acts as a filler, which enhances the mechanical properties of the structure.
However, the correct concentration must be added to ensure the nanoparticles in the
γ-Fe2O3 function well with the other solutions. Hence, in the graph, it can be observed that
the highest Young’s Modulus resulted in 15% wt/v TPU/UHT with 1% γ-Fe2O3, which
was at 112.28 ± 2.011 MPa.

Overall, the Young’s Modulus for the three concentrations of γ-Fe2O3 decreased as
the concentration increased. This was because the materials were disrupted with agglomer-
ations of γ-Fe2O3 nanoparticles. In our previous study [33], excessive nanoparticle loading
in the PVA tended to agglomerate and, thus, form cracks when spun at a very rapid speed,
which subsequently contributed to a decrease in the Young’s Modulus of the electrospun
nanofibrous mats. Similar findings were reported by [39], where it was reported that any
additives tended to agglomerate when present in excessive amounts during mixing with
other materials. An excessive number of nanoparticles in the composition was not suitable
for this study.

3.3. Biodegradation Test

Figure 7 shows the degradation rates of TPU/UHT and TPU/UHT/γ-Fe2O3 in one
month. After a month, the degradation rate of TPU/UHT was 4.60%, which was higher
than the TPU/UHT/γ-Fe2O3 structure, with a 2.12% degradation rate. For both samples,
the graph shows that the weight loss increased non-linearly during the testing period. In
comparison, throughout the month, the degradation rate of the TPU/UHT structure in
the absence of γ-Fe2O3 nanoparticles was lower than the TPU/UHT structure containing
γ-Fe2O3. This was due to the existence of magnetic nanoparticles, which made the degra-
dation rate slower. In addition, the strong Fe-O bonds contained a polymer chain that
triggered a slower degradation rate P [33].
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3.4. MTT Assay

In this study, an MTT assay was also conducted to evaluate the cell proliferation
rate of human skin fibroblast cell line (HSF1184) on the 3D structure of TPU/UHT and
TPU/UHT/γ-Fe2O3 scaffolds. The control group had nothing except the test cells (no
scaffold). Figure 8 shows the results of the relative cell viability with different structure
compositions. According to the plot, the proliferation rate of the HSF1184 by TPU/γ-Fe2O3
was higher than the TPU structure without γ-Fe2O3. This was because the existence
of the magnetic field in the γ-Fe2O3, known as the osteoinductive effect, accelerated
the proliferation rate. This result is in accordance with our previous research and that
of Fallahiarezoudar et al. [15]. In addition, the presence of γ-Fe2O3 developed a great
number of tiny magnetic fields, and each nanoparticle acted as a single magnetic field that
integrated with the matrix. This created a micro-environment on the surface of the blend,
which made a great number of tiny magnetic fields. This situation led to an increase in the
cell proliferation rate. In addition, γ-Fe2O3, which consists of magnetic nanoparticles has a
large surface area-to-volume ratio. Thus, the existence of γ-Fe2O3 in TPU increased the cell
area attachment, which allowed more cells to anchor [40].
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4. Conclusions

In conclusion, the objectives were successfully achieved in this study. Firstly, the curing
time for the composite material of TPU/UHT containing γ-Fe2O3 scaffold developed using
a DLP 3D printer was 30 s. A higher concentration of TPU in the composite materials
provided better mechanical strength and elastic modulus. Furthermore, the addition of
γ-Fe2O3 enhanced the mechanical properties of the 3D structure. However, an excessive
amount of γ-Fe2O3 could decrease the mechanical properties due to the agglomeration of
the γ-Fe2O3 nanoparticles. The degradation rate of the TPU/UHT structure containing
γ-Fe2O3 was lower than that of the TPU/UHT structure without γ-Fe2O3 due to the strong
Fe-O bonds in γ-Fe2O3 nanoparticles. Lastly, the presence of γ-Fe2O3 in the structure
increased the proliferation rate of HSF1148 because of numerous magnetic nanoparticles
that can integrate with the cellular matrix.
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Abstract: Developing antimicrobial surfaces that combat implant-associated infections while pro-
moting host cell response is a key strategy for improving current therapies for orthopaedic injuries.
In this paper, we present the application of ultra-short laser irradiation for patterning the surface
of a 3D biodegradable synthetic polymer in order to affect the adhesion and proliferation of bone
cells and reject bacterial cells. The surfaces of 3D-printed polycaprolactone (PCL) scaffolds were
processed with a femtosecond laser (λ = 800 nm; τ = 130 fs) for the production of patterns resembling
microchannels or microprotrusions. MG63 osteoblastic cells, as well as S. aureus and E. coli, were
cultured on fs-laser-treated samples. Their attachment, proliferation, and metabolic activity were
monitored via colorimetric assays and scanning electron microscopy. The microchannels improved
the wettability, stimulating the attachment, spreading, and proliferation of osteoblastic cells. The same
topography induced cell-pattern orientation and promoted the expression of alkaline phosphatase in
cells growing in an osteogenic medium. The microchannels exerted an inhibitory effect on S. aureus
as after 48 h cells appeared shrunk and disrupted. In comparison, E. coli formed an abundant biofilm
over both the laser-treated and control samples; however, the film was dense and adhesive on the
control PCL but unattached over the microchannels.

Keywords: ultra-short laser processing; biomaterials; 3D printing; cell adhesion; antibacterial surfaces

1. Introduction

As one of the most common types of injury, bone fractures require novel approaches
and constant improvements in order to build on the current tissue-repairing standards.
Such standards include the use of metallic implants (titanium and its alloys, stainless steel,
or cobalt chrome) that exhibit outstanding mechanical properties. However, there are still
some disadvantages that limit the performance of these materials: (i) the stress-shielding
effect that could lead to bone resorption; (ii) the release of ions that could be toxic to the
host cells; (iii) the generally smooth surface of the implants representing a favorable site
for bacterial adhesion; and (iv) the lack of biodegradability concerning non-load-bearing
implants [1,2]. The need for novel materials to overcome these limitations has brought
attention to the degradable biomaterials of either natural or synthetic origin. The chemistry
of such materials (e.g., polymers) can be altered, which allows for the fine-tuning of their
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physical and mechanical properties [3]. An important aspect of the comparison between
metals and polymers is that the latter can be enzymatically degraded to their building
components and excreted or metabolized by the body in the process of tissue regeneration
without the need for secondary surgery for removing the material [4].

Polycaprolactone (PCL) is a synthetic polymer with a wide application in tissue
engineering. It is a semicrystalline polyester with a melting point between 59 ◦C and
64 ◦C [5]. Due to its low glass transition temperature of −56 ◦C, the polymer remains
highly permeable for macromolecules under physiological conditions. Because of this
property, PCL has been used as a material for drug-delivery systems [3]. Similar to PLA,
the high number of methylene groups makes the polymer hydrophobic, which could
affect its interaction with human cells [6]. PCL exhibits a very slow degradation rate
that arises from its hydrophobicity and degree of crystallization. The molecular weight
further influences these two properties of the material [7]. The degradation of PCL mainly
occurs via hydrolysis either in an enzymatic (by esterases and lipases) or a non-enzymatic
manner [8]. The process of polymer degradation yields intermediate products that could
be metabolized via the citric acid cycle and thus eliminated from the body [5]. It has been
investigated that PCL’s mechanical properties are not sufficient to withstand the tension
that, for example, cortical bones could exert on it [9–11]. Thus, different strategies for the
improvement of these properties have been employed, e.g., creating blends with ceramic
materials or producing PCL scaffolds with distinct pore sizes and geometries [11].

The initial attachment of single bacterial cells to the implant’s surface is followed by
the aggregation of microorganisms and the secretion of extracellular polymeric substances
(EPS) [12]. The gradual formation of a thick slime layer represents the bacterial biofilm,
which plays the role of a shelter for the bacterial cells. Thus, they can not only evade
host immune cells but also resist antibiotic treatment that can lead to a major irreversible
infection [13]. Bacteria can sense the surrounding environment via several mechanisms
including chemical, biological, and physical [14]. The ionic concentration and the presence
of biological molecules or antimicrobial peptides can guide the bacterial cells to the appro-
priate site for adhesion. Furthermore, the cells can use mechanosensors in order to make
physical contact with different surfaces. The interactions between cells and surfaces fall
into three main categories: non-specific physiochemical, specific, and surface mechanosens-
ing [14]. On the material’s side, the factors that have a great influence on the bacterial
adhesion include the chemical composition, surface energy, wettability, and surface topog-
raphy [12,15]. The morphological appearance and the roughness of a material at the micro
or nano level could physically hinder the attachment of a cell. Patterns with a distinct
morphology (e.g., pillar-like) can lead to a reduced contact area and points for contact,
thus preventing the cell from properly expanding its mechanosensors and establishing
a physical connection with the material through specific molecules called adhesins [15].
Hence, various strategies for the modification of implants’ surfaces have emerged including
the development of layers that either contain antimicrobial agents or aim to change the
roughness of the implant.

A very prominent solution for developing a physical barrier for the inhibition of
bacterial adhesion onto materials is femtosecond (fs)-laser surface processing [16]. Unlike
the linear absorption of laser energy in metals, in the case of PCL, which is considered a
dielectric, the laser energy is absorbed via non-linear processes, which involve multiphoton
ionization [17]. Since the duration of an ultra-short pulse is less than the time (<ps) required
for the pulse energy to dissipate along the structural lattice after a multiphoton ionization,
the irradiation does not lead to a thermal diffusion that could, in turn, result in unwanted
photomechanical damage to the material [18]. Thus, fs-laser micromachining allows for a
gentle surface patterning that alters the roughness and the morphological appearance of the
irradiated zone without substantially affecting its structural integrity [16]. Several research
groups report the use of an fs-laser for surface texturing of materials [19–21]. Chen et al.
investigated the effects of surface topography by creating parallel microchannels (width
of 1–2 µm) lined with nanopillars (200 nm) (λ = 1040 nm; τ = 375 fs; ν = 20 kHz; E = 80 nJ)
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on borosilicate glass [20]. The study reported that the nanoroughness greatly reduced the
viability of both E. coli and S. aureus by exerting mechanical stress on their membranes.
Jalil et al. studied how the increase in laser fluence (0.1 J/cm2 to 3 J/cm2) with a shorter
pulse width (30 fs) led to the gradual transition of ordered (laser-induced periodic surface
structures; LIPSS) to disordered structures at both micro- and nanoscales on gold [21]. The
authors observed that laser-induced nano topography (LIPSS) inhibited bacterial adhesion
by reducing the contact points and disrupting the bacterial cells. In addition to their
ability to hinder bacterial attachment, such types of superficial modifications could be
used to influence the physiochemical properties of materials such as the wettability degree
without greatly altering their chemical composition. For example, a study employing fs-
laser parameters similar to the ones described in the following sections (λ = 800; τ= 130 fs;
ν = 1 kHz) showed that the patterning of micro trenches with roughness on a nanoscale
led to a significant increase in hydrophobicity (θ = 120◦~156◦) compared to unprocessed
surfaces (θ = 75◦) [22]. This process is mainly attributed to the formed topographies that
influence the contact between liquids and the modified surface [23].

In this paper, we aim at developing antibacterial surfaces for bone tissue engineering.
The novelty behind our approach for achieving this aim includes the use of ultra-short
laser pulses for processing biocompatible polymers, which represents a contactless, highly
precise, and reproducible method for obtaining surface patterns with defined locations
and dimensions. The methodology described in this article involved the production of 3D-
printed PCL scaffolds with pre-defined geometry, whose surface was textured via fs-laser
modification. The antimicrobial potential of the formed patterns was evaluated by using
S. aureus and E. coli. The effects of the modified scaffolds on the viability, proliferation, and
differentiation of osteoblastic cells were further investigated.

2. Materials and Methods
2.1. Fabrication of Polymeric Scaffolds

PCL-based 3D scaffolds, resembling a woodpile construct, were fabricated via extru-
sion 3D printing. The standard operating procedure was already described and established
by Daskalova et al. [24]. In brief, PCL pellets with Mn = 45 kDa (Sigma-Aldrich, St. Louis,
MO, USA) were melted at 70 ◦C in a cartridge unit and extruded through a 250 µm needle at
a pressure of 5 bar and speed of deposition of 95 mm/min. The constructs were fabricated
layer by layer with space between separate fibers of 140 µm and a thickness of the layers of
160 µm. The layer deposition angle was set to 90 ◦C.

2.2. Surface Modification by Femtosecond-Laser Machining

The surface of the PCL scaffolds was processed with a Ti:sapphire fs-laser (Quantronix-
Integra-C, Hamden, CT, USA) emitting at a central wavelength of 800 nm with a pulse
duration (τ) of 130 fs. The repetition rate for (ν) was set at 1 kHz. The number of applied
laser pulses (N) was adjusted by the velocity of a vertical translation stage controlled by
computer software (LabView). All scaffolds were adjusted on the translation stage (moving
in XY directions), which was positioned perpendicular to the direction of the laser beam.
The parameters chosen for material processing for all in vitro experiments were as follows:
N = 2 or 10; laser fluence (F) 0.08 J/cm2 and distance between two adjacent laser spots (dx)
45 or 35 µm. This decision was based on the findings of a previous investigation into this
subject [24]. In addition to these samples, a separate set of PCL scaffolds were modified
with the following fs-laser parameters: N = 1/2/5/10; F = 0.08/0.17/0.42/1.23 J/cm2;
dx= 65 or 75 µm. These samples were used to assess the morphological changes that a
gradual increase in the number of applied laser pulses and laser fluence could induce in
the material.
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2.3. Characterization of fs-Laser-Processed Scaffolds
2.3.1. Assessment of fs Laser Derived Topography Features and Their Effects on the
Morphology and Cell Growth Pattern of S. aureus and MG-63 Osteoblastic Cell Lines via
Microscopic Techniques

Laser-processed matrices were visualized by scanning electron microscopy (SEM)
(SU5000 Hitachi High-Tech Europe). Prior to the analyses, the samples were coated with
a thin layer of platinum (~4 nm). The images were obtained at 15 kV. The morphological
changes on the surface of the materials arising from the increase in applied laser pulses were
investigated by a 3D optical surface metrological system Leica DCM3D (Leica Microsystems,
Wetzlar, Germany). Two- and three-dimensional topographical images in true colors
were obtained by vertical scanning of selected modified or control areas. All images
were obtained at 20× magnification with the field of view being 636.61 × 477.25 µm2

or at 10× (field of view 1.27 × 0.95 mm2). Based on the acquired images in true colors,
the roughness of the modified areas on the material was evaluated in accordance with
ISO 4287. For this purpose, the arithmetical mean height (Ra) was taken into account.
All data obtained by the 3D optical system was processed via ProfilmOnline software
(www.profilmonline.com, accessed on 6 April 2022).

All samples used for in vitro analyses with osteoblast-like and bacterial cells were
fixed in 1.5% glutaraldehyde solution (prepared in 25% cacodylate solution, TAAB labora-
tories equipment Ltd., Aldermaston, England) for 15 min followed by storage in sodium
cacodylate solution. They were serially dehydrated in gradually increasing alcohol concen-
trations (50%, 70%, 90%, 100% ethanol) followed by critical point drying. Samples were
sputter-coated with a thin layer of gold-palladium coating and evaluated using SEM (JEOL
JSM-700, Tokyo, Japan).

2.3.2. Analysis of Wettability and Surface Energy Changes in Relation to
fs-Laser Processing

Wettability studies were performed using a video-based optical contact angle measure-
ment device DSA100 Drop Shape Analyzer (KRÜSS GmbH, Hamburg, Germany). In order
to fully evaluate the wetting state and the total surface energy of the control and modified
surfaces, three types of liquids were used based on their polarity: distilled water (highly
polar), ethylene glycol (medium polarity), and diiodomethane (very low polarity). Static
contact angles were measured at room temperature by the sessile drop method on droplets
of 2 µL. The measurements were performed with a minimum of 3 drops per sample type.
The drop evolution was followed for a total of 3 min as measurements were taken at each
second during the first minute and every minute for the next two. Contact angles and
surface energy were calculated by ADVANCE software (KRÜSS GmbH, Hamburg, Ger-
many) fitting the drop profiles to the Young–Laplace equation. Surface energy (SFE) was
calculated by the software following the Owens–Wendt–Rabel–Kaelble (OWRK) equation
(Equation (1)) [25].

γ12 = γ1 + γ2 − 2
√
(γd

1γd
2)− 2

√
(γ

p
1 γ

p
2 ), (1)

2.4. Degradation Test in Phosphate Buffer Saline

Fs-laser-irradiated (F = 0.08 J/cm2; N = 2) 3D printed PCL scaffold was immersed in
phosphate buffer saline (PBS, pH 7.2, Sigma-Aldrich, St. Louis, MO, USA) for 7 weeks.
The pH was read every week with a pH meter with an external sensor (VAT1011, V & A
Instrument Co., Ltd., Shanghai, China).

2.5. In Vitro Cytocompatibility Assessment

In vitro cytocompatibility assessment was performed on osteoblast-like MG63
(ATCC®CRL-1427™) cells cultured in alpha-MEM medium supplemented with 10% fe-
tal bovine serum (FBS), 100 IU/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL
amphotericin B (all reagents from Gibco, USA) at 37 ◦C, 95% humidity and 5% CO2 at-
mosphere. Cells were seeded over the materials at a density of 2 × 105 cells/cm2 and
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cultured for 7 days in basal (as described above) and osteogenic-induced conditions. On
induced cultures, MG63 cells were pre-treated with 50 µg/mL ascorbic acid and 10 nM
dexamethasone for 48 h. Next, cells were passaged and seeded over the materials in an
osteogenic medium containing 50 µg/mL ascorbic acid, 10 nM dexamethasone, and 10 mM
beta-glycerophosphate (all from Sigma-Aldrich, St. Louis, MO, USA). Cell cultures were
characterized for metabolic activity (Resazurin assay), alkaline phosphatase (ALP) activity,
and SEM analysis.

2.5.1. Resazurin Assay

Metabolic activity of MG63 cells on PCL samples was assessed through the Resazurin
assay on day 1, day 3, and day 7 for both non-induced and induced cell cultures. Briefly, all
samples were transferred to a fresh well plate before incubation for 3 h in 10% Resazurin
solution (Resazurin sodium salt, Sigma-Aldrich R7017) prepared in a complete medium
(alpha-MEM with 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL
amphotericin B) at 37 ◦C. Fluorescence (530 nm excitation/590 nm emission) was measured
in a microplate reader (Synergy HT, Biotek, Winooski, VT, USA) with Gen5 1.09 Data
Analysis Software.

2.5.2. Alkaline Phosphatase (ALP) Activity

The ALP activity of cells was evaluated on day 3 and day 7 of osteoinduction. Cell
lysates were prepared in 0.1% Triton X-100 (in distilled water) for 30 min followed by the
hydrolysis of p-nitrophenyl phosphate substrate (p-NPP, 25 mM, Sigma-Aldrich, USA) in
an alkaline buffer (pH 10.3, 37 ◦C, 1 h). The reaction was stopped with 5 M NaOH and
the product (p-nitrophenol) was measured at 400 nm in a microplate reader (Synergy HT,
Biotek, USA). Results were normalized to total protein content, measured using the DCTM
Protein Assay (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions,
and expressed as nanomoles of p-nitrophenol per microgram of protein (nmol/µg protein).

2.6. Antimicrobial Activity

Antibacterial activity of all samples was assessed against Staphylococcus aureus (ATCC
25923) and Escherichia coli (ATCC 25922). PCL samples were incubated with 10,000 CFU/mL
of bacterial suspension for 6 h, 24 h, and 48 h in tryptic soy buffer. Biofilm forma-
tion/inhibition was assessed using SEM analysis. CFU assay measurements were made
after 24 h of incubation.

2.7. Statistical Analysis

Results for the biological assays are presented as mean ± standard deviation of three
independent experiments, with three replicas for each experiment. One-way analysis of
variance (ANOVA) was used with Bonferroni’s post hoc test for data evaluation. Values of
p ≤ 0.05 were considered significant.

3. Results
3.1. Inducing Morphological Changes in the Surface Profile of the 3D-Printed PCL Scaffolds by
fs-Laser Micromachining

The physical effects that the fs-laser treatment exerted on the surface of the scaffolds
were visualized by a 3D optical system and SEM. As previously seen, the chosen working
parameters F = 0.08 J/cm2 and N = 2 and 10 lead to the formation of surface patterns
resembling protrusions (N = 2) and microchannels (N = 10) (Figure 1) [26]. The average
height of the protrusions was 12.03 µm, whereas the average depth of the microchannels
was 32.87 µm with an average width of 28.7 µm. The surface roughness within the mi-
crochannels ranged between 0.14 and 0.8 µm. A measurement of the arithmetical mean
height (Ra) across the modified areas was obtained in order to observe the variation of
the roughness in relation to the achieved surface morphologies. For N = 2, the Ra value
was 1.15 µm and for N = 10 it was found to be 5.1 µm. In comparison, the control sample
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showed an Ra of 0.08 µm. A study monitoring the attachment and proliferation of MG63
cells on Mg-based metallic glass showed that a surface with a roughness of ~0.22 µm led to
the highest cell attachment, whereas a roughness of ~0.24 µm led to an improved calcium
deposition [27]. The formed microchannels as a result of the increased number of applied
laser pulses, substantially improved the overall roughness of the material, thus providing a
surface that would be suitable for cell adhesion and osteogenic differentiation.
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polymeric scaffold processed with F = 0.08 J/cm2; N = 10.

As an additional assessment, the evolution of the ablation crater on the material in
relation to the number of applied laser pulses and laser fluence was investigated. Regardless
of the laser fluence used in the experiments, with a lower number of applied pulses (1 or 2)
the laser–matter interaction led to a build-up of melted material without any substantial
ablation (Figure 2a,b). However, the increase of N to 5 and 10 caused the formation of
engraved channels (Figure 2c,d). The morphological observations of the 3D true-color
images revealed the transition between the protruding patterns and the microchannels.
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Figure 2. 3D profiles of PCL scaffold treated with the same fluence (0.08 J/cm2) and rising applied
laser pulses. (a) N = 1; (b) N = 2; (c) N = 5; (d) N = 10.

As expected, the highest laser fluence (1.25 J/cm2) formed a laser spot with the largest
diameter with both N = 1 and N = 10 (Figure 3). However, the increase in the fluency in
the range 0.08–0.42 J/cm2 at N = 1 did not lead to a major change in the dimensions of the
physical mark on the material.
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3.2. Hydrophobic Behaviour of fs-Laser-Treated PCL Scaffolds

The water contact angle (WCA) evaluation with a highly polar solvent revealed that
the fs-laser treatment with N = 10 led to an increase in the wettability of the polymeric
scaffolds; however, the material still retained a contact angle of slightly less than 90◦ 180 s
after the drop deployment (Figures 4 and 5). In contrast, the control samples showed a
WCA of 123.3◦ at t = 1 s and 115.8◦ at t = 180 s. When comparing the two types of formed
surface morphologies, it could be clearly seen that the microchannels had a stronger effect
on the improvement in PCL wettability. The reason behind this observation could be that
a part of the water droplet spread along the microchannel while entrapping air in the
valleys of the channels. Thus, a solid–liquid–air interface could be formed that would not
allow the full disruption of the droplet. In this case, the interaction between the liquid and
the roughened surface might follow the Cassie–Baxter wetting state [28]. Potentially, the
microprotrusions had the same impact on the water droplet, in terms of spreading, as they
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resembled continuous channels due to their partial fusion. By observing the laser-induced
patterns and the wettability results, we could hypothesize that the reduction in the water
contact angle values was attributed mainly to the changed surface morphology.
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Figure 5. Evolution of a water droplet on the surface of fs-laser processed and control scaffolds
for a period of 3 min. First-row images (a–d) represent a water droplet on scaffolds irradiated
with F = 0.08 J/cm2; N = 10; second-row images (e–h) represent a water droplet on scaffolds treated
with F = 0.08 J/cm2; N = 2; third-row images (i–l) depict the hydrophobic nature of the control
PCL scaffold.

Contrary to the results with distilled water, ethylene glycol drops fully spread over the
surface of both the laser-treated and the control samples approximately 30 s after deposition
(Figure 6). In the case of the highly dispersive solution (diiodomethane), the drops of the
solvent immediately wetted the whole surface of both the modified and control scaffolds.
Hence, a contact angle could not be measured on either of the two types of samples.
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Both ethylene glycol and diiodomethane possess a higher dispersive component of their
surface energy compared to the polar one, and the same statement has been reported
for polycaprolactone, mostly attributed to its nonpolar CH2 groups [29,30].The complete
spread of both solvents on the scaffold’s surfaces could be explained by the attraction
between the higher dispersive components of surface energies of both the material and the
solvents [30]. The authors implied that a decrease in the polarity of a given surface, leaving
a higher nonpolar component, would have a repelling effect against a polar solvent such as
distilled water but not toward nonpolar solvents.
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Figure 6. Contact angle of ethylene glycol on fs-laser-treated PCL. (a,b) Surface with microchan-
nels (F = 0.08 J/cm2; N = 10); (c,d) Surface with microprotrusions (F = 0.08 J/cm2; N = 2);
(e,f) Control scaffold.

Based on the contact angles of distilled water and ethylene glycol, the surface energy
of the scaffolds was calculated by the software. Overall, it was noted that the fs-laser
irradiation greatly reduced the surface free energy of the material. The analysis of the
control samples showed an SFE of 193.8 mN/m. On the contrary, the samples treated with
N = 10 exhibited an SFE of 20.8 mN/n and the samples patterned with microprotrusions,
18.3 mN/m. These results were in contradiction to the ones regarding the wettability of
the scaffolds. In particular, the higher surface energy would imply that a given surface is
hydrophilic and a reduction in the surface energy would result in a shift to a hydrophobic
state [30]. However, our findings showed the opposite trend—the laser-treated samples
with lower values for SFE were hydrophilic (θ = 82.3◦ for the microchannels pattern and
θ = 88.9◦ for the protrusions pattern), whereas the control scaffolds with a nearly 10-fold
higher SFE were found to be hydrophobic (θ = 115.8◦). Furthermore, the SFE was calculated
by built-in software taking into consideration the contact angles of water and ethylene
glycol. Unlike water, ethylene glycol completely spread over both the treated and control
surfaces 30 s after drop deployment, which could have impacted the overall software
calculation. Based on these observations and together with the presence of surface laser-
induced roughness, it could be concluded that the method used for obtaining SFE values
might induce an error in the overall calculation of SFE. Thus, further optimization of the
experimental procedure is needed, and using alternative methods for the estimation of
surface energy shall be applied.

3.3. Change in pH of PBS in Accordance with PCL Degradation

As a preliminary degradation test, the fs-laser-processed PCL was immersed in PBS
over 7 weeks and the change in the pH of the solution was monitored. There was an overall
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reduction trend from a pH of 7.3 at week 0 to a pH of 6.72 at week 7 (Figure 7). The sharp
peak at week 3 indicated that a slight increase in the pH values was not considered signifi-
cant. Up to this point, no morphological analyses during the degradation test have been
performed; however, no significant changes are expected. Due to its slow degradation rate
(potentially taking up to 4 years), it has been shown that it would take about 12 weeks of
PCL in PBS to exhibit initial slight disruptions in the surface morphology [31,32]. Thus, it
has been assumed that our preliminary degradation test should not have induced any alter-
ations in the laser-induced surface modifications. Further optimization of the experiment
as well as performing it by using simulated body fluid would yield more accurate results.
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Figure 7. Monitoring pH change as a response of fs-laser-treated PCL degradation in PBS over
7 weeks.

3.4. Cytocompatibility

In order to assess the cytocompatibility of human osteoblast-like cells on fs-laser-
induced microtopographies on PCL, cells were cultured for 11 days on the microchannel-
patterned surface along with the non-laser treated controls (Figure 8). The laser-treated
samples demonstrated significantly higher cell viability at all points during cell culture
compared to the control samples. Further, SEM analysis revealed that cells showed a
typical elongated morphology with cytoplasmic extensions and both cell–cell contact and
cell–material interaction. Contrastingly, only a few cells with a round and disrupted
morphology were seen on the non-laser treated controls. The distinct cell growth pattern
and morphological behavior of the laser-treated and untreated samples are clearly seen in
Figure 8e, which shows a representative image of a seeded semi-treated PCL sample.

Next, osteoblast induction with osteogenic growth factors (ascorbic acid, dexametha-
sone, and beta-glycerophosphate) was selectively performed on the two laser-induced
topographies— the microchannels and protrusions (Figure 9). The resazurin assay revealed
that cells demonstrated higher metabolic activity on protrusions compared to microchan-
nels (statistically significant at day 3, ~20%, p ≤ 0.05). The same modification also led to a
higher production of total protein content by the cells in comparison to the microchannels
(not shown). However, the ALP activity (ALP levels normalized to total protein content)
was significantly higher in microchannels (at day 7, ~twice, p ≤ 0.05). This suggests en-
hanced osteogenic differentiation of cells growing on the microchannels. Nevertheless, SEM
analysis revealed cell adhesion and alignment along both microchannels and protrusions
(Figure 9). Furthermore, induction of the cells with osteogenic factors led to the deposition
of nanovesicles and extracellular matrix proteins that are visible at higher magnification,
indicating the osteogenic potential of the cells in both structures.
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Figure 8. Metabolic activity (days 1, 3, 7, and 11) and SEM representative images (day 7) of hu-
man osteoblastic cells cultured over laser-induced microchannel topography on PCL (a,c,e) and
control (b,d,e), in basal conditions. Scale bar: 20 µm (a); 200 µm (b); 10 µm (c); 100 µm (d), and
40 µm (e). * Significant difference from control (unmodified PCL), p ≤ 0.05.
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Figure 9. Metabolic activity (days 3 and 7), ALP activity (days 3 and 7), and SEM represen-
tative images (day 7) of human osteoblastic cells cultured over laser-induced topographies on
PCL microchannels (a–c) and protrusions (d–f), in osteogenic conditions. Scale bar: 100 µm (a,d),
10 µm (b), 20 µm (e), 2.5 µm (c), and 2 µm (f). * Significant difference from protrusions, p ≤ 0.05.
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3.5. Antibacterial Assay

S. aureus adhesion was observed on all PCL surfaces (microchannels, protrusions, and
the non-laser treated control), but colonization appeared relatively limited. Key factors
that could influence bacterial colonization include the physicochemical properties of the
material’s surface as well as its roughness. Taylor et al. demonstrated that although an
increase in surface roughness from 0.04 µm to 1.24 µm stimulated bacterial adhesion, a
further rise in roughness beyond 1.86 µm resulted in reduced bacterial retention [33]. Our
results are in accordance with these reports and show greater bacterial colonization on
protrusions, whereas the surface roughness is below the threshold (Ra = 1.15 µm) compared
to the microchannels (Ra = 5 µm) with a higher surface roughness than the threshold.
On the control PCL samples, the SEM images suggested a slight increase in colonization
from 6 h to 48 h (Figure 10a,b) with the cells maintaining the typical round morphology
(Figure 10c) and size of ~ 0.5–1.0 µm in diameter. In contrast, bacterial cell behavior was
negatively affected by the PCL laser-treated samples. At 48hrs after incubation, the number
of attached cells on the treated samples was clearly lower (Figure 10e,h) than that on
the control (Figure 10b). Laser-treated surfaces induced a significant disruption in the
cell morphology, which was more evident in the microchannel topography (Figure 10f)
compared to the protrusion surface (Figure 10i). Cells lost the typical round morphology,
presenting a rough appearance and evident signs of cell lysis (Figure 10f,i). CFU analysis
further revealed that the microchannels showed potential antibacterial activity compared
to protrusions. The mean size of the surface topographical features has been correlated
with the bacterial adhesion and colonization [34]. It has been established that when the size
of the micron-scale topographies is lower than the size of bacteria, they prevent bacterial
adhesion by limiting the surface area and contact points for the attachment [35]. In our
study, the overall surface roughness within the channels was found between 0.14 and
0.8 µm, which is lower than the dimensions of the bacteria types tested in our study, S.
aureus (0.5–1 µm) and E. coli (1–1.5 µm). This explains the greater inhibition of bacterial
attachment on microchannels.
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Considering the current visual and analytical results on surface morphology, a reason
for this observation could be that the bottom of the microchannels (Figure 10e,f) appeared
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to have lower roughness due to the laser-induced material redistribution resulting in the
partial movement of the surface layers and the subsequent cooling of the material. Thus,
there would be less surface area for the bacterial cells to attach to. In comparison, the
control sample and the one bearing microprotrusions appeared to have a rougher and more-
caressed surface morphology, which could provide for more cells to adhere to. Furthermore,
another factor that could influence the adhesion of bacteria is their motility. S. aureus is
known to be a non-motile bacterium and a lack of motility could affect its successful spread
and adhesion to the bottom part of the microchannels. A similar low adhesion of non-motile
P. fluorescence has been observed by Scheuerman et al. who monitored the attachment of
bacteria to microscale grooves on silicon [36].

The behavior of E. coli on the PCL samples was clearly different. SEM analysis revealed
a significantly higher bacterial coverage compared to that of S. aureus. This resulted from
the very high growth rate from 6 h to 48 h of incubation. At 6 h, adhesion was higher on
the PCL control (Figure 11a) compared to that on the laser-treated surfaces (Figure 11e,i).
In these topographies, cell adhesion was mainly observed in the protected bottom of the
surface channels (Figure 11e) and on the smooth surface around the protrusions (Figure 11i).
The bacteria presented with characteristic rod-like morphology and regular size (~1–2 µm
long). During the incubation period, the high cell growth was associated with the formation
of an extracellular matrix on all surfaces. Nevertheless, evident differences were seen in the
formed biofilm on the untreated (control) and treated PCL surfaces. On the control PCL,
the cells were already deeply embedded within a dense matrix at 24 h (Figure 11c) and
partially buried at 48 h (Figure 11d). In contrast, the cells growing on the lasered surfaces
formed a loose fiber reciprocal connection and were seen as individualized, being unable
to produce a continuous sticky matrix (Figure 11g,h,k,l). Furthermore, anomalies in the cell
division pattern were noted with the formation of long bacterial chains (Figure 11l).
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4. Discussion

Cellular attachment and behavior are influenced by both the surface topography as
well as the wettability of the scaffolds. Polycaprolactone (PCL) is an FDA-approved, hy-
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drophobic polymer, which has been reported to have poor cell attachment. Our study
demonstrated that femtosecond-laser-derived microchannels on the surface of PCL ren-
dered the scaffold more hydrophilic by reducing the water contact angle from 115.8◦ to
82.3◦, thus enhancing cellular adhesion and proliferation. These results are in accordance
with previous studies reporting the enhanced laser-induced wettability of PCL and its
correlation with cellular adhesion [24,37]. As an addition to its surface hydrophilicity,
another important aspect of the behaviour of the PCL scaffold when in contact with the
external environment is its stability over time and more specifically the endurance of the
surface modifications. Due to the polymeric nature of the PCL, the resulting fs-surface
modifications on the 3D constructs would remain solid and permanent as they do not
change their morphology over time when stored at room temperature. The colonization
of the surface with cells participating in the tissue repair process would take on average
between 5 and 15 days, and it has been observed that substantial changes in the surface
morphology of PCL in phosphate buffer saline (PBS) occur after 72 weeks. Thus, it could
be stated that the laser-induced surface modifications would remain stable long after the
initiation of tissue regeneration [32,38].

We generated femtosecond-laser-induced microstructures on PCL such as microchan-
nels and microprotrusions, which promoted the directional and guided growth of osteoblast-
like cells. We observed a higher degree of cell attachment and alignment along the mi-
crochannels with the enhanced osteogenic potential of cells (ALP activity). We further
observed signs of differentiation including extracellular secretions on the microstructured
PCL scaffolds indicating the osteogenic potential of the cells over the PCL scaffolds. These
results are supported by past studies reporting enhanced attachment and guided cell
growth along microchannels for various cell types [39–41]. A possible mechanism of
microstructure-induced cell growth is postulated to be the increased surface roughness
that supports protein adsorption and thus cellular adhesion [42]. Our analyses showed
that the Ra values for the bottom of the laser-derived microchannels ranged between 0.14
and 0.8 µm. Andrukhov et al. explored the effects of microroughness on the osteogenic
potential of MG63 cells [43]. This study indicated that titanium surfaces with an Ra of
1 µm enhanced the expression of ALP and osteocalcin, whereas Ra values of more than
2 µm reduced both the cell adhesion and differentiation. Our observations were also in
accordance with the findings of Faia–Torres et al., whose study demonstrated that PCL
membranes with an Ra of ~0.93 µm improved the levels of ALP expressed by human
mesenchymal stem cells [44]. In the future, validation studies employing the proposed
experimental methodology can be performed on human mesenchymal stem cells with a
detailed analysis of gene expression.

Several cellular studies in the past have been performed on femtosecond-laser-induced
microstructures on biodegradable polymers indicating guided cell growth and even dif-
ferentiation into different lineages in the absence of inducing factors [40,45]. Yeong et al.
demonstrated a high degree of alignment and proliferation for C2C12 mouse myoblast cells
along the microchannels generated by femtosecond-laser on a poly(L-lactide-co-epsilon-
caprolactone) copolymer [39]. Further studies on this co-polymer with human mesenchy-
mal stem cells revealed an upregulation of the expression of myogenic genes [46]. Studies
on other biopolymers such as collagen, gelatine, and elastin also demonstrated preferential
cell proliferation and migration along laser-irradiated micropatterns [47]. Femtosecond-
laser ablation has also been used as an approach for confining the growth of cells. Studies
with mouse embryonic cell cultures revealed that fs-laser-ablated PCL-gelatine blends led
to the confined growth of cells in the microwells [48]. This strategy has also been exploited
for vascular tissue engineering for containing the growth of smooth muscle and endothelial
cells along tubular PCL scaffolds [49].

In addition to enhanced cytocompatibility, the results also pointed to the antibacterial
potential of the femtosecond-laser PCL surfaces. It is well-established that the adhesion,
spreading, and growth of both eukaryotic and prokaryotic cells are greatly affected by
surface topography. However, the responses to how they sense topographical features
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are distinct. Eukaryotic cells have the ability to expand the cytoplasm by adapting their
morphology to the underlying surface thus retaining their shape, compared to bacteria that
have a characteristic shape and a limited capacity to deform. This hinders bacteria–surface
interaction and particular topographical features may further limit bacterial sensing ability,
preventing bacterial adherence [50]. Antibacterial activity associated with topographi-
cal features is advantageous for its long-term effects as it retains its anti-adhesive effects
and/or elicits mechano-inhibitory effects after bacteria attachment, i.e., morphological
abnormalities and cell lysis [51]. Femtosecond-laser-induced microtopographies have been
reported to influence bacterial cell attachment, colonization, and biofilm formation for both
Gram-positive and Gram-negative bacteria [52–54]. Furthermore, the type of laser-induced
pattern (such as pillar-like, honeycomb, etc.) has also been demonstrated to influence
reduced bacterial attachment and confined entrapment [55–57]. In agreement with this,
the present results on PCL surfaces clearly suggest that the femtosecond-laser-induced
topographies, in particular the microchannel’s patterned surface, had a negative effect
on the behavior of S. aureus, the most common Gram-positive bacteria associated with
biofilm formation in orthopaedic infections. The behavior of E. coli, which was occasionally
involved in these infections, was also clearly affected as the bacteriostatic effect of the scaf-
folds was less profound on E. coli and they showed reduced sensitivity to microtopography.
On the laser-treated surfaces, sessile (adhered) bacteria lost the ability to form a sticky and
dense polymeric matrix preventing the establishment of a stable biofilm, which is the most
relevant 3D structure for bacteria to evade the host defence mechanisms [58]. Nevertheless,
within the observed inhibitory effects, significant differences were noted in the behavior
of the two species on the PCL surfaces, namely a high proliferation growth rate of E. coli
compared to that of S. aureus. Previous studies also reported that bacterial responses to
underlying surface topography are highly species- and strain-dependent, including in
femtosecond-laser-modified surfaces [52,54]. These differences in the antibacterial activity
of S. aureus and E. coli are related to the structure and composition of the cell wall in
Gram-positive and negative bacteria. S. aureus has a thick, rigid peptidoglycan layer. In
contrast, E. coli, which is a Gram-negative bacterium, has a thin peptidoglycan layer with
an additional outer membrane offering extra resistance to the bacteria. In contrast to the
bacteria, the cell membrane of mammalian cells is highly fluidic and can adapt easily
to micron-scale topographies allowing cytoplasmic spreading and migration [59]. Cells
attach to the substrate using integrin proteins and migrate and then as probing along a
surface using filopodia and lamellipodia, which extend to the micron scale. Increased
surface roughness provides greater focal adhesion points leading to higher migration and
proliferation. This explains the differential responses of bacterial and mammalian cells
(including osteoblastic cells) toward surface topography. Overall, the contrasting responses
of the bacteria to the laser-processed surfaces are determined by various cell-specific factors.
Some of these might include the intrinsic structural, biochemical, and metabolic differences
between Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria that, together with
the distinct size and morphology of the two species, determine the specific bacteria/surface
interactions during adhesion and subsequent proliferation.

5. Conclusions

In this study, we demonstrated a novel approach to patterning the surface of 3D
polycaprolactone scaffolds by femtosecond-laser with the aim of developing distinct types
of topographies—microchannels and microprotrusions. The parallel microchannels allowed
the successful guidance and enhancement of the osteogenic potential of MG63 cells. In
combination with the improved cytocompatibility, the same microtopography showed
strong antibacterial effects against S. aureus. By developing a biodegradable scaffold that
has the potential to simultaneously promote bone tissue regeneration while preventing
bacterial biofilm formation, we become a step closer to overcoming the current problems in
bone tissue engineering.
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Abstract: This work proposes a simple method to obtain nanostructured hydrogels with improved
mechanical characteristics and relevant antibacterial behavior for applications in articular cartilage
regeneration and repair. Low amounts of silver-decorated carbon-nanotubes (Ag@CNTs) were used as
reinforcing agents of the semi-interpenetrating polymer network, consisting of linear polyacrylamide
(PAAm) embedded in a PAAm-methylene-bis-acrylamide (MBA) hydrogel. The rational design of
the materials considered a specific purpose for each employed species: (1) the classical PAAm-MBA
network provides the backbone of the materials; (2) the linear PAAm (i) aids the dispersion of the
nanospecies, ensuring the systems’ homogeneity and (ii) enhances the mechanical properties of the
materials with regard to resilience at repeated compressions and ultimate compression stress, as
shown by the specific mechanical tests; and (3) the Ag@CNTs (i) reinforce the materials, making
them more robust, and (ii) imprint antimicrobial characteristics on the obtained scaffolds. The tests
also showed that the obtained materials are stable, exhibiting little degradation after 4 weeks of
incubation in phosphate-buffered saline. Furthermore, as revealed by micro-computed tomography,
the morphometric features of the scaffolds are adequate for applications in the field of articular tissue
regeneration and repair.

Keywords: nanostructured polyacrylamide; silver-decorated carbon nanotubes; mechanical proper-
ties; antibacterial activity

1. Introduction

Hydrogels are used for the fabrication of scaffolds with biomedical applications due
to their ability to uptake large amounts of water and their resemblance to the extracellular
matrix, but, usually, their low mechanical resistance to effort limits their use as tissue substi-
tutes. To address this issue, several approaches have been proposed, including the synthesis
of interpenetrated networks (IPNs) [1,2], reinforcement with micro- or nanospecies [3],
or the use of specific combinations of two or more components [4]. Owing its broad
usefulness to properties such as chemical inertia, tailorable mechanical properties, high
swelling degree, and optical transparency, polyacrylamide (PAAm) has been intensively
investigated for various applications in the biomedical field, ranging from the fabrication
of contact lenses [5] to bone tissue engineering [6,7]. Although they exhibit adjustable
elasticity, PAAm hydrogels are usually purely elastic, displaying little or no dissipation of
deformation energy, unlike natural soft tissue, which is viscoelastic [8]. Recent studies have
exploited routes of obtaining viscoelastic PAAm hydrogels, with mechanical properties,
which show a closer resemblance to native soft tissue [8,9]. A more usual approach to
modifying the mechanical properties of hydrogels is represented by nanostructuring. As a
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natural consequence of using fillers in a polymeric matrix, the mechanical properties are
also altered, usually leading to more mechanically robust material.

Nanostructuring is being increasingly researched in various domains, including the
development of new materials with biomedical applications. In this respect, carbon nanos-
tructures have gained a lot of attention due to their mechanical, electronic, and biological
properties [10]. Available in various structural forms—0D (fullerenes, carbon dots), 1D
(single-wall carbon nanotubes (SWCNT) or multi-wall carbon nanotubes (MWCNT)), 2D
(graphene), or 3D (nanodiamonds)—carbon nanostructures offer promising potential for the
development of several types of materials, with medical applications ranging from biosen-
sors [11–13] to drug delivery systems [14–16] or structures for tissue engineering [17–19].
Among the investigated nanospecies, carbon nanotubes (CNTs) represent an appealing
candidate, due to their high conductivity, high strength, biocompatibility and ease of func-
tionalization [20]. However, as most nanospecies, their use is restricted, due to their low
dispersibility, especially in aqueous media [21]. Nonetheless, the presence of functional
groups [22,23] or appropriate ultrasonication treatment [24–26] has led to improved results
and ultimately to materials with superior characteristics. The viscosity of the polymeric ma-
trix [27] plays an important role in obtaining a homogeneous distribution of the nanospecies
in a CNT-based composite. In highly viscous matrices, the mobility of the nanospecies is
restricted, thus preventing the agglomeration and sedimentation of the nanoscale filler.

Moreover, several research studies have demonstrated that CNTs also possess strong
inhibitory effects against both Gram-negative and Gram-positive microorganisms when
placed in direct contact, either through interactions in aqueous solutions [28] or as sur-
face coatings [29,30]. CNTs inhibit the bacterial growth, either due to their geometry and
small dimensions, which permit the breakage of the cellular membrane resulting in cell’s
death [31], or by disrupting the equilibrium between the production of free radicals and
antioxidant defenses, thus resulting in oxidative stress followed by cell death [32,33]. Due
to their notable properties, CNTs’ compatibility with the live tissue has been scrutinized,
and intensive research has been performed to this end [34]. Due to their small dimensions
and structural similarity to asbestos, CNT inhalation has been investigated, and their effect
on the respiratory tract has been documented as by some studies as harmful [35–38]. There
are studies that suggest that CNTs’ cytotoxicity and overall effect on cells are strongly
influenced by a series of factors, such as CNT type, surface chemistry and concentra-
tion, and exposure time [39]. However, when used in the fabrication of composites for
tissue engineering, CNTs’ behavior differs considerably from that of inhaled CNTs [40].
When embedded in a biocompatible matrix, the toxicity of these nanospecies is ham-
pered, but they are able to provide composites with remarkable structural reinforcement
or electro-conductive properties, which are adequate for bone [41] or nerve regeneration
and repair [42], respectively. Furthermore, incorporating CNTs into polymeric matrices
imprints a certain degree of antimicrobial activity on the material, depending on the ratio,
type, and features of the used nanospecies, treatment time, and the characteristics of the
microorganism [30,43,44]. To further increase the antibacterial activity of CNTs, various
molecules are adsorbed on their surface (e.g., silver [45,46], peptides [47], enzymes [48],
etc.), and the so-obtained decorated CNTs were further used to obtain composites with
the ability to inhibit the activity of various microorganisms. The design of materials that,
in addition to being able to repair or replace a certain tissue, also possess antimicrobial
characteristics [49] or release in a controlled manner certain active species [50] is of great
interest to material scientists, and extensive efforts have been made in this direction.

The present study proposes a one-pot synthesis of nanostructured viscoelastic ma-
terials with applications in the low-load bearing articular tissue regeneration and repair.
Additionally, this study shows that the incorporation into the monomer-cross-linker system
of the corresponding linear polymer leads to an elastic, high-performance material that is
able to withstand repeated compressions. The microarchitectural features of lyophilized
materials were investigated through micro-computed tomography, and the morphometric
parameters were correlated with the samples’ composition. The stability of the samples
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was investigated through the incubation in acellular media for 28 days. Furthermore, this
work also investigates the antimicrobial behavior of the composites when various ratios of
silver decorated CNTs are used for nanostructuring.

2. Materials and Methods

The monomer (acrylamide, AAm), crosslinker (N,N-Methylenebis(acrylamide), MBA),
and carbon nanospecies (carboxyl-functionalized multiwall carbon nanotubes, CNTs) were
purchased from Sigma. Polyacrylamide (PAAm), with an average molecular weight of
3.76 × 105 g/mol, was obtained in the laboratory through the free radical photopolymer-
ization of the monomer in an aqueous solution in the presence of Irgacure 2959 (Sigma, St.
Louis, MO, USA), purified through dialysis against distilled water (dH2O) using dialysis
membranes (SpectraPor, MWCO 12–14 kDa, Repligen, CA, USA). The polymer’s synthesis
and the method employed for the assessment of its viscosity and average molecular weight
are described in Appendix A. Ammonium persulphate (APS, Sigma) and trietanolamine
(TEA, Sigma) were used as the redox initiating system of the AAm-MBA system. Phosphate-
buffered saline (PBS 0.01 M, pH 7.4, Sigma-Aldrich, St. Louis, MO, USA) was prepared
according to manufacturer’s instructions. For the antimicrobial tests, Staphylococcus aureus
(ATCC 6538TM) and Escherichia coli (ATCC 10536TM) prepared according to the manu-
facturer’s recommendations were used as references. Casein soyabean digest broth (TSB,
Sigma) was used as dispersant for the lyophilized bacteria, while casein soyabean digest
agar (TSA, Sigma) was used as culture medium.

2.1. Synthesis

Two series of samples were synthesized to highlight the effect of embedding linear
PAAm in the classical 3D polymeric network of PAAm-MBA. For simplicity, the two series
were further denominated AC (acrylamide-carbon nanotubes) and PAC (polyacrylamide-
acrylamide-carbon nanotubes). The two series were prepared following the same protocol,
as described below for the AC series.

Firstly, various amounts of CNTs were ultrasonicated in dH2O for 90 min, as described in
Table 1. The adequate amounts of monomer (acrylamide—AAm, 10% wt./vol. in the final so-
lution) and crosslinker (N,N-Methylenebis(acrylamide)—MBA, AAm:MBA = 100:2 wt./wt.)
were added under vigorous stirring at room temperature. After the complete dissolution of
all reagents, the initiators—ammonium persulfate (APS) and triethanolamine (TEA)—were
added, and the hydrogel precursor was poured into molds. After two hours at 37 ◦C, all
hydrogels (except the samples used for establishing the polymerization efficiency) were
removed from the molds and washed with large amounts of dH2O for 24 h at 40 ◦C under
gentle stirring. In the case of PAC series, the PAAm was added in the polymerization
mixture maintaining a ratio of AAm:PAAm = 100:25 (wt./wt.) immediately after the
dissolution of the AAm and MBA.

The PAC series was further used to establish the minimum ratio of silver that would
imprint a relevant antimicrobial effect. To this end, the same synthesis protocol was
followed, but the CNTs were decorated with silver ions (Ag) though the direct dispersion of
the nanospecies in AgNO3 aqueous solution, maintaining a CNT:Ag ratio of 100:1 (wt./wt.).
For simplicity, this series will be denominated Ag@PAC below.
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Table 1. Synthesized materials’ denomination and composition of the polymerization mixture.

Series Composition * AAm:PAAm,
wt./wt.

CNT:AAm,
wt./wt. CNT:Ag, wt./wt.

AC

AC-0 - 0:100 -
AC-0.125 - 0.125:100 -
AC-0.25 - 0.25:100 -
AC-0.5 - 0.5:100 -
AC-1 - 1:100 -

PAC

PAC-0

100:25

0:100
PAC-0.125 0.125:100 -
PAC-0.25 0.25:100 -
PAC-0.5 0.5:100 -
PAC-1 1:100 -

Ag@PAC

Ag@PAC-0

100:25

0:100

100:1
Ag@PAC-0.125 0.125:100
Ag@PAC-0.25 0.25:100
Ag@PAC-0.5 0.5:100
Ag@PAC-1 1:100

* Constant parameters: AAm concentration—10% wt./vol. in the final solution; AAm:MBA = 100:2 wt./wt.

2.2. Polymerization Efficiency

The polymerization efficiency was assessed though gel fraction (GF, %), as described
in [2]. Immediately after synthesis, samples of each composition were dried in the oven at
37 ◦C for 24 h and weighted (wi). Then, they were thoroughly washed with dH2O for 48 h,
at 37 ◦C under mild stirring, dried, and weighted again (wf). GF was determined using
Equation (1):

GF, % =
w f − wi

wi
× 100 (1)

where wi is the initial mass of the dried samples as they result from the crosslinking process
and wf is the mass of the dried samples after extraction in dH2O at 37 ◦C for 48 h.

2.3. Water Uptake Ability

The swelling ability of the hydrogels was assessed following the protocol described
in [51]. Briefly, samples with a diameter of 6 ± 0.2 mm and a height of 10 ± 0.5 mm
were incubated in plastic tubes containing 15 mL of dH2O and placed in the oven for
24 h, at 37 ◦C. The hydration equilibrium was considered achieved when three identical
consecutive measurements performed at relevant timepoints (2 h) were obtained. The
tests were performed in triplicate for each composition. The swelling degree (SD, %) was
determined gravimetrically using Equation (2):

SD, % =
w f − w0

w0
× 100 (2)

where wo denotes the initial mass of the samples prior to incubation and wf is the mass
of the equilibrium-hydrated samples. Before the test, the samples were purified in large
amounts of water for 24 h and subsequently dried in the oven, at 37 ◦C, for 24 h.

2.4. Investigation of the Morphometric Parameters

The morpho-structural characteristics of the synthesized hydrogels were assessed
using micro-computed tomography (micro-CT) performed on lyophilized samples. To this
end, samples of both series were hydrated at equilibrium and subsequently lyophilized
using Martin Christ equipment (−80 ◦C, 48 h, under vacuum). After freeze drying, the
materials were kept at room temperature in sealed containers to avoid humidity. No
changes in the shape and dimensions of the samples were noticed during storage. A
SkyScan 1272 high-resolution X-Ray micro-tomograph (Bruker MicroCT, Belgium) was
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used to assess the morphometric parameters of the porous materials. The projections were
recorded at a camera binning of 1 × 1 with a voltage of 50 kV and an emission current of
130 µA. All samples were scanned at a pixel size of 1.25 µm with 4 average frames at every
0.1◦ angle step. The projections were reconstructed using the NRecon software (version
1.7.1.6, Bruker, Kontich, Belgium), and the obtained cross-sections were further used to
obtain 3D images of the scanned samples using CTVox software (version 3.3.or1403, Bruker,
Kontich, Belgium). The porosity measurements were performed maintaining the same
volume of interest for all samples, using the CTAnalyzer software (version 1.18.4.0+, Bruker,
Kontich, Belgium).

2.5. Mechanical Properties

The mechanical characteristics of AC and PAC series were assessed through uniaxial
compression tests performed using a CT3 Texture analyzer (Brookfield Engineering Lab-
oratories Inc., Middleboro, MA, USA) equipped with a 4500 g cell load and a TA4/1000 com-
pression accessory. Cylindrical samples of each composition (d = 10 ± 0.5 mm,
h = 6 ± 0.2 mm), hydrated to equilibrium, were placed on the bottom plate of the equip-
ment, and the upper plate was lowered up to a certain deformation. Ten cyclic loading-
unloading tests were performed up to a deformation of 50% on the same sample immedi-
ately after the initial loading at a crosshead speed of 0.1 mm/s to determine the elasticity
and deformation of the materials during subsequent exposure to effort. The stress–strain
curve was plotted using the dedicated software (TexturePro CT V1.8 Build 31). The stress
was read in the linear region at 2% deformation on the loading curve of the first cycle and
the compression modulus (E′, kPa) was computed using Equation (3). Hysteresis was also
computed using Equation (4) at 40% deformation in the first and last loading–unloading
cycle. Single loading tests were performed with a crosshead speed of 1 mm/s to determine
the ultimate compression stress the material can withstand before breakage.

E′, kPa =
σ

ε
=

F
A

∆L
L

(3)

where

E′ = compression modulus, (kPa)
σ = applied compressive stress, (kPa)
ε = strain
F = applied compressive force, (kN)
A = samples’ area, (m2)
∆L = compressed length, (m)
L = original length of the sample, (m)

H, % =
σup − σd

σmax
× 100 (4)

where

H = hysteresis, (%)
σup = the value of stress read on the loading curve, (kPa)
σd = the value of stress read on the unloading curve, (kPa)
σmax = the maximum value of stress, (kPa)

2.6. Stability in Acellular Medium

Hydrogels’ stability was investigated in acellular conditions using as incubation
medium phosphate-buffered saline (PBS), as described in [52]. Briefly, three samples of
each composition (d = 10 ± 0.5 mm, h = 6 ± 0.2 mm) were kept for 4 weeks in individual
test tubes containing 15 mL of PBS, at a constant temperature (37 ◦C) on an orbital rotator

65



Polymers 2022, 14, 2320

(IKA KS 4000) at 50 rpm. The incubation medium was refreshed every two days throughout
the experiment. The remaining mass (RM, %) was calculated using Equation (5):

RM, % =
w f

wi
× 100 (5)

where wi is the weight of dried specimen before incubation in PBS and wf is the weight of
dried specimen after incubation.

2.7. Antimicrobial Activity

The antibacterial activity of the compositions was determined through indirect contact,
as described in [53]. Briefly, bacterial suspensions of E. coli and S. aureus (concentration
of colonies of 103 CFU/mL) were placed in contact with samples of each composition.
The positive control was evaluated by bacterial suspension incubation in polypropylene
sterile tubes, in the same conditions as analyzed samples (without contact with any other
material). Following 24 h of incubation at 30–35 ◦C, PBS was added over the samples, and
the aliquot was transferred to Petri dishes and spread onto fresh agar plates to acquire
images and count the colonies. The samples were incubated for 3 days at 30–35 ◦C. The
antimicrobial activity was computed using Equation (6):

AA, % =
Ni − Nc

Ni
× 100 (6)

where

AA represents the antibacterial activity;
Ni represent the initial number of bacterial colonies (1000 CFU/mL);
Nc represents the obtained number of bacterial colonies.

2.8. Statistical Analyses

All experiments were conducted in triplicate (n = 3), and results are expressed as mean
± standard deviation. Statistical relevance was performed using GraphPad Prism Software
6.0 (GraphPad Software Inc., San Diego, CA, USA), one-way ANOVA method, Bonferroni
post-test, and differences were considered statistically significant for p < 0.05.

3. Results and Discussions

The present paper discusses the possibility of modulating the mechanical perfor-
mances of PAAm hydrogels using two different approaches simultaneously: on one hand,
the nanostructuring of the polymeric matrix with CNTs, and on the other hand, the addition
of the corresponding linear polymer in the hydrogel precursor mixture. While the first
route would lead to stiffer materials, it is expected that the second one would imprint a
certain elasticity on the scaffolds. In addition to tailoring the mechanical properties of the
classical MBA-cross-linked PAAm hydrogels through the addition of linear PAAm and
CNTs nanostructuring, the study also aimed at establishing the lowest Ag:CNTs ratio that
imprints a relevant antimicrobial behavior on the obtained scaffolds.

The one-pot synthesis of the materials consisted of two preparatory steps: (1) first, the
CNTs dispersion/Ag decoration, performed through the sonochemical method, followed
by (2) the addition of the polymer matrix components (monomer, cross-linker, and linear
polymer) and polymerization initiators (Figure 1A). For the Ag@PAC series, during the first
step, the cavitation bubbles generated by the ultrasonical field enabled the decoration of the
CNTs [54] with Ag ions from the AgNO3 aqueous solution. A notable aspect regarding the
designed materials is represented by the low ratio of both CNTs in the system (a maximum
of 1% weight ratio with respect to the monomer) and low ratio of metallic ions (only 1% Ag
weight ratio with respect to the CNTs).
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Figure 1. Panel (A): schematical depiction of the synthesis process of the polyacrylamide-based
hydrogels reinforced with Ag-decorated CNTs; Panel (B): digital images of the obtained hydrogels at
hydration equilibrium.

The resulting hydrogels are elastic and smooth. Figure 1, panel B, presents aggregates
of CNTs observed in the majority of AC compositions. The addition of the linear polymer
leads to hydrogels with a homogeneous appearance, which may be assigned to an improved
dispersion of the CNTs in the polymeric matrix (PAC series in Figure 1B). These data support
the hypothesis that PAAm acts as dispersion stabilizer.

PAAm was previously used to enhance the elasticity of PAAm-MBA hydrogels in
order to better resemble natural tissues [8,9]. To the best of our knowledge, this paper is
the first to report the employment of this synthesis method to obtain composite materials.

3.1. Polymerization Efficiency

The polymerization efficiency of the materials was determined through gel fraction
analysis. Values above 84% were registered for the PAC series and above 90% for the
AC compositions (Figure 2A). The values registered for PAC series are slightly lower
than the ones registered for the classically synthesized AC series. This behavior may be
attributed to the high content of linear polymer added in the system (25% with respect to
the monomer), which was not completely trapped in the 3D network of the PAAm-MBA
hydrogel. Considering that the linear PAAm amounts for about 20% (wt./wt.) of the
total solid content of the polymerization mixture, the GF values confirm the presence
of the linear polymer in the final purified material. Additional details regarding the
stability of the purified scaffolds are presented in “Section 3.5. Stability in simulated
physiologic conditions”.
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3.2. Water Uptake Ability

The swelling in dH2O was assessed through the classical gravimetric method, as
described in the methods section. Although at low CNT fillings (0.125 and 0.25% CNTs
with respect to the AAm content) there are no notable differences between the neat hydrogel
and the composites, at filling ratios above 0.5% CNTs, a slight decrease in the SD value can
be observed in both AC and PAC series (Figure 2B). This behavior can be attributed to the
presence of CNTs above a critical filling ratio; the presence of the CNTs in the network’s
spaces obstructs water accumulation. For example, the SD value of AC-0 is 1515 ± 30%,
while for AC-1, the SD reaches 1148 ± 23%. Furthermore, some differences might also be
noticed between the SD values of the two series. The SD decrease in the PAC series when
compared to the AC series can also be assigned to an increase in the total solid content in
the composition. Although not statistically significant, the addition of CNTs impacts the
PAC water affinity when compared to the AC series: SD of AC-1 is 6.5% lower than AC-0,
while the SD of PAC-1 is almost 16% lower than the neat semi-IPN hydrogel. This behavior
shows that the water absorption was additionally reduced by the presence of the CNTs in
the PAC network.

3.3. Architectural Characteristics

The morphometric parameters of the hydrogels were assessed on porous samples
resulting from freeze drying, using a micro-CT scanner at a resolution of 1.25 µm. The
images were visualized as 3D objects, and the pores were color-coded yellow to red accord-
ing to their dimensions, while the walls were kept on a grey scale. Structure separation
was quantitatively evaluated, and the results were graphically represented as bar charts
(Figures 3 and 4). The morphometric parameters (Table 2) were obtained for the same
volume of interest (VOI) and number of layers, maintaining the upper and lower grey
threshold constant for all samples. The graphical representation presented in Figures 3
and 4 shows the percentage of pores space within different range values in the VOI.
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Table 2. Morphometric parameters registered through micro-CT.

Sample Specific Surface
Area, mm−1

Total Porosity,
%

Open Porosity,
%

Closed Porosity,
%

AC-0 437.10 92.584 92.584 0.000
AC-0.125 289.33 91.985 91.983 0.020
AC-0.25 456.90 92.818 92.818 0.000
AC-0.5 384.21 94.607 94.607 0.000
AC-1 310.30 91.438 91.440 0.024

PAC-0 335.98 89.112 89.109 0.027
PAC-0.125 345.72 89.094 89.094 0.000
PAC-0.25 382.09 86.189 86.188 0.002
PAC-0.5 441.45 88.894 88.894 0.000
PAC-1 384.99 91.782 91.782 0.005

Both series have a total porosity of around 90%, consisting mostly of opened pores.
The addition of the linear PAAm in the system leads to an overall decrease in porosity
(for example, in the case of the neat hydrogels, the total porosity decreases from 92.6% for
AC-0 to 89.1% for PAC-0), but the addition of the CNTs cannot be correlated with a clear
trend of the morphometric parameters. However, the fact that the CNTs were added in low
amounts must not be overlooked (the maximum amount of CNTs is 1% with respect to the
monomer, the equivalent of 0.1% (wt.) in the final system). Moreover, in the case of the AC
series, the results registered for the specific surface area could not be correlated with the
composition, probably due to the poor distribution of the CNTs within the polymer matrix.

As depicted in Figure 3, the control sample (AC-0) is lacking pores greater than
231 µm, with most of them (over 52%) being in the range of 1.25–114 µm. The addition
of nanoparticles in the system leads to an increase in the pores’ dimensions and to the
appearance of larger ones, with dimensions in the interval 231–346 µm; the sample with
the highest content of CNTs has the majority of pores (53.72%) in the interval 174–346 µm.

For the PAC series, the results indicated an opposite trend, with the neat hydrogel
exhibiting larger pores when compared to the nanocomposites. This behavior indicates
that the addition of the linear PAAm in the system has a greater influence when compared
to the addition of CNTs, especially since the PAAm content is much higher (25-fold when
compared to the maximum load of CNTs). As presented in Figure 4, the samples with
the lowest pore dimensions are PAC-0.5 and PAC-0.25, which present only pores lower
than 231 µm, with the vast majority (over 85% for PAC-0.5 and 70% for PAC-0.125) lower
than 114 µm.

Materials designed for articular cartilage tissue regeneration and repair require open
porosity, which is useful for scaffolds’ colonization with chondrocytes. These are specialized
cells found in the articular cartilage with dimensions in the range of 7–30 µm [55]. However,
studies have shown that increasing both porosity and pore size leads to improved cell
viability [56,57]. As presented in Table 2, both series of materials exhibited great open
porosity, but series PAC, especially compositions PAC-0.25 and PAC-0.5, have a large
number of pores in the relevant porosity interval, considerably higher than their AC
counterparts (patterned green for AC in Figure 3 and green for PAC in Figure 4).

The surface morphology of the samples was also investigated through scanning elec-
tron microscopy, using a FEI XL30 equipment. No noticeable differences were observed
between series AC and PAC. The registered images showed that all samples have hetero-
geneously distributed pores, with smooth surfaces. Relevant images of the scaffolds are
presented in Supplementary Figure S3.

3.4. Mechanical Behavior

The fatigue resistance of the materials was evaluated through cyclic loading–unloading
tests performed in a quasi-static manner at a low compression speed (0.1 mm/s). As
depicted in Figure 5, all samples exhibited good elasticity, as the stress decreased gradually
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after load removal. There were notable differences between the AC and PAC samples.
Firstly, in the case of the AC series, hysteresis may be observed even at low strain values
(strain 0.5), especially above a 0.5% filling ratio (wt., CNT:AAm), while in the case of PAC
samples, hysteresis may be observed at slightly higher values. Even more, the hysteresis
of the PAC samples is lower when compared to the values computed for the AC series
(Table 3). In the first compression cycle, there are no notable differences between the
hysteresis values of the neat hydrogels of the two series (11.55% for AC-0 and 11.37%
for PAC). The hysteresis of the neat hydrogels is significantly altered by the addition of
nanoparticles in both series. For the AC series, the hysteresis of the low-loading composites
(AC-0.125 and AC-0.25) is smaller, while for the compositions with 0.5% and 1% filling
ratios (AC-0.5 and AC-1, respectively), it is higher than the neat hydrogel. AC-0.5 and AC-1
behave quite differently under stress compared to the rest of the compositions of the same
series, even at 10% deformation, as depicted in Figure 5. The plotted strain–stress curves
show that when AC-0.5 and AC-1 are considerably stiffer, requiring increased stress to
reach the same deformation as the rest of the hydrogels, the stress–strain curves registered
for the other two composites are similar to the ones registered for the neat hydrogel. This
behavior indicates that the minimum ratio of CNTs that has a significant impact on the
mechanical properties of the AC hydrogels is 0.5% (wt.) CNT:AAm.
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Table 3. Mechanical parameters of the AC and PAC hydrogels.

Sample Hysteresis, %
1st Compression Cycle

Hysteresis, %
10th Compression Cycle

Ultimate Compression
Stress, kPa

E′ at 2% Deformation,
kPa

AC-0 11.55 12.15 212.83 ± 63.08 46.81 ± 3.44
AC-0.125 8.42 9.49 142.49 ± 70.6 54.37 ± 8.00
AC-0.25 8.62 10.06 150.32 ± 12.75 51.10 ± 4.15
AC-0.5 14.76 17.49 285.66 ± 73.4 50.66 ± 5.60
AC-1 12.66 12.68 357.53 ± 26.94 52.31 ± 5.00

PAC-0 11.37 13.25 * 38.95 ± 2.79
PAC-0.125 5.95 6.97 * 39.63 ± 6.17
PAC-0.25 9.36 9.80 * 39.68 ± 2.96
PAC-0.5 6.71 8.66 447.67 ± 75.97 42.44 ± 3.00
PAC-1 7.37 7.65 630.81 ± 88.65 42.93 ± 0.69

* no breakage within the equipment compression limits.
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In the case of the PAC series, the highest hysteresis was registered for the neat hydrogel,
while the presence of CNTs lowered the hysteresis for all composite materials. The behavior
under repeated compressions is also very similar for all compositions; slight differences
may be observed only for PAC-1, indicating that the reinforcing effect of the nanoparticles
is hindered by the presence of the linear polymer. Compared to the AC series, in which
the water around the polymers chains plays the role of lubricant [58] and helps the chains
to adjust their position under stress, in the PAC compositions, the linear PAAm also
contributes to the polymer chains’ rearrangement during compression, resulting in smaller
relaxation times and therefore smaller hysteresis. Continuing the compression cycles leads
to an increased hysteresis (the values of the 1st and 10th cycles are presented in Table 3).
We attribute the hysteresis cycle to the relaxation time of the materials: a better dispersion
of CNTs due to the presence in the initial system of PAAm leads to stiffer materials, as
shown by both a reduced hysteresis and a higher breaking stress. However, there is some
accumulation of irreversible deformation, as shown by the increase in hysteresis from the
1st to the 10th cycle, but also by the lower stress needed to achieve the same deformation
in the 10th cycle as compared with the first (Supplementary Figure S1). For both series,
the smallest differences in terms of hysteresis values were registered for the samples with
the highest CNTs content: in the case of AC-0, the hysteresis increases from the first to the
last compression test with only 0.2%, while in the case of PAC-1, the hysteresis increases
with 3.65%.

It is important that the CNTs are homogenously distributed in the polymeric matrix.
This is one of the main challenges when working with nanoparticles, and it is very hard to
accomplish in low viscosity media [27], such as the precursor in the AC series. The presence
of the PAAm in the initial reaction system leads to a significant increase in the viscosity,
thus reducing the sedimentation/aggregation tendency of the CNTs to levels low enough
to allow the polymerization/cross-linking to be completed before non-homogeneity occurs.

The ability of the materials to withstand changes in length when subjected to com-
pressive loads was assessed through uniaxial compression tests performed at a test speed
of 1 mm/s. The ultimate compression stress is considered the stress value reached by
the material when it fails completely under the applied load. As presented in Table 3,
compositions AC-0.125 and AC-0.25 break at considerably lower stress values compared to
the neat hydrogel or the two other composite materials of the same series. This inability to
withstand deformation is attributed to the poor dispersion of the nanoparticles. Although
agglomerations can also be noticed in AC-0.5, the CNTs seem to have a reinforcing effect
on the hydrogel, thus leading to slightly higher values of the ultimate compression stress
compared to the neat composition. In this series, the only composition that exhibits a signif-
icantly higher resistance to stress compared to the control sample (AC-0) is the one with the
highest filling ratio of nanoparticles (AC-1). The addition of the linear polymer (series PAC)
leads to a considerably different behavior when compressed to failure. The samples with
no or small amounts of CNTs (PAM-0, PAM-0.125, and PAM-0.25) reach a deformation of
85% without breaking, confirming the plasticizer effect of the linear polymer embedded in
the 3D network. At higher filling ratios (PAC-0.5 and PAC-1), the effect of the nanoparticle
reinforcing becomes visible, and although the materials can withstand higher deformations
compared to the other compositions of the series (around 80% deformation), they break
when high stress is applied (almost 450 kPa for PAC-0.5 and 630 kPa for PAC-1). The
stress–strain curves are presented in Supplementary Figure S2. The compression modulus
of the samples was also computed from the stress–strain curves at a deformation of 2%.
The results (Table 3) indicate that at small deformations, the addition of nanoparticles does
not have a significant impact on the samples’ elasticity. Numerous studies present the
possibility to tune the mechanical properties of composites using various CNTs loading
ratios [59–63]. For example, in the system MWCNT-poly(vinyl alcohol) (PVA), the addition
of 3% wt. CNTs led to an increase in Young’s modulus with about 250% when compared
to the neat PVA hydrogel [63]. In a similar CNTs-PAAm system, the addition of 5% wt.
carboxyl-functionalized MWCNT increases Young’s modulus 3-fold when compared to a
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1% wt. loading [60]. However, there are also studies that present the changes in the com-
posites’ mechanical properties at the addition of low filling ratios. Lan et al. [41] showed
that the addition of 0.25% wt. CNT in PVA hydrogel leads to approximately 4-fold increase
of the elasticity modulus.

Our study indicates that in the AC series, the addition of small amounts of CNTs
(0.125 and 0.25% wt. with respect to AAm) leads to the stiffest materials, but this behavior
can be attributed to the poor dispersibility of the nanoparticles in the hydrogel precursor.
At 1% (wt.) CNTs:AAm (AC-1), the elasticity modulus increases with about 10% compared
to the neat hydrogel. The same increase may be observed for samples PAC-0.5 and PAC-1
compared to the PAC control sample (PAC-0). The higher values of E’ indicate that the
addition of PAAm in the classical PAAm-MBA system leads to more elastic materials.

3.5. Stability in Simulated Physiological Conditions

The stability of purified samples was investigated following incubation for 28 days in
PBS, at 37 ◦C. The remaining mass (RM, %) was computed, and the results are depicted in
Figure 6 as bar charts. The AC series is highly stable, with no mass loss. Figure 6 indicates
that the presence of linear PAAm reduces the stability of the purified scaffolds, with the
strongest effect (statistically significant) recorded for the sample without nanoparticles
(PAC-0 registered the highest mass loss, around 14%). The lower values of the RM for the
PAC series may be attributed to the solubilization of the linear polymer, immobilized in the
3D polymeric network. The lower values of mass loss (below 10%) recorded for the CNTs-
loaded samples indicate that the presence of the nanospecies stabilizes the compositions.

Polymers 2022, 14, x  13 of 20 
 

 

the addition of 5% wt. carboxyl-functionalized MWCNT increases Young’s modulus 3-
fold when compared to a 1% wt. loading [60]. However, there are also studies that present 
the changes in the composites’ mechanical properties at the addition of low filling ratios. 
Lan et al. [41] showed that the addition of 0.25% wt. CNT in PVA hydrogel leads to ap-
proximately 4-fold increase of the elasticity modulus. 

Our study indicates that in the AC series, the addition of small amounts of CNTs 
(0.125 and 0.25% wt. with respect to AAm) leads to the stiffest materials, but this behavior 
can be attributed to the poor dispersibility of the nanoparticles in the hydrogel precursor. 
At 1% (wt.) CNTs:AAm (AC-1), the elasticity modulus increases with about 10% com-
pared to the neat hydrogel. The same increase may be observed for samples PAC-0.5 and 
PAC-1 compared to the PAC control sample (PAC-0). The higher values of E’ indicate that 
the addition of PAAm in the classical PAAm-MBA system leads to more elastic materials. 

3.5. Stability in Simulated Physiological Conditions 
The stability of purified samples was investigated following incubation for 28 days 

in PBS, at 37 °C. The remaining mass (RM, %) was computed, and the results are depicted 
in Figure 6 as bar charts. The AC series is highly stable, with no mass loss. Figure 6 indi-
cates that the presence of linear PAAm reduces the stability of the purified scaffolds, with 
the strongest effect (statistically significant) recorded for the sample without nanoparticles 
(PAC-0 registered the highest mass loss, around 14%). The lower values of the RM for the 
PAC series may be attributed to the solubilization of the linear polymer, immobilized in 
the 3D polymeric network. The lower values of mass loss (below 10%) recorded for the 
CNTs-loaded samples indicate that the presence of the nanospecies stabilizes the compo-
sitions. 

 
Figure 6. Hydrogels stability after 28 days incubation in PBS. Statistical significance: ^^, ## p < 0.01, 
^^^ p < 0.001. 

  

Figure 6. Hydrogels stability after 28 days incubation in PBS. Statistical significance: ˆˆ, ## p < 0.01,
ˆˆˆ p < 0.001.

3.6. The Antimicrobial Activity

Considering the previously described results indicating that the addition of PAAm to
the classical AAm-MBA precursor system leads not only to a visibly improved dispersion
of the CNTs but also to more resilient materials to repeated compressions, only the PAC
series was subjected to anti-microbial tests.

Due to the well-known antibacterial spectrum of Ag [46], great attention has been
paid to the use of Ag-decorated CNTs as efficient antimicrobial agents, but most studies
concentrate on the laborious and time-consuming preparation methods, such as the Tollens
process [45] or wet impregnation followed by thermal treatment [64]. As the antimicrobial
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performance of the materials highly depends on the Ag content, several studies discuss
the minimum loading of Ag on the CNTs surface. Seo et al. reported that a minimum
of 30 µg/mL Ag-MWCNT with a Ag:MWCNT ratio of 2:1 balances both the adequate
antibacterial effect and the slightest cytotoxicity when placed in direct contact with both
bacteria and cells [65]. The study by Hamouda et al. concludes that 6% represents an
optimal Ag loading on the MWCNT surface for efficient bactericidal performances [64].
The antibacterial mechanism of the silver ions has been largely discussed in the reported lit-
erature; briefly, the ability of Ag to kill or disrupt the activity of various bacteria is based on
the generation of reactive oxygen species, which leads to the membrane disruption [66,67].
Another very important issue to consider is represented by the appropriate amount of
silver that would exhibit a relevant antimicrobial effect while being cytotoxic, which differs
depending on the application. According to Poon et al., concentrations of silver nitrate
higher than 33.3 × 10−4% are toxic towards monocultured fibroblasts, while concentrations
higher than 60 × 10−4% are needed to exhibit toxic behavior towards cells cultured in
three-dimensional collagen gel [68]. Khansa et al. recently reviewed the use of silver in
wound therapy and concluded that for silver-loaded wound dressing to be both effective
and safe, it should have a concentration of silver in the range of 30–60 ppm [69]. Silver
has also been employed in various concentrations in nanostructuring composite systems.
Three-dimensionally printed bioceramic scaffolds modified with silver-decorated graphite
oxide have shown, in addition to osteogenic activity, excellent antimicrobial behavior at
concentrations over 3.5 ppm [70].

The antimicrobial activity of the PAC materials was assessed using silver decorated
CNTs (Ag@CNTs) as fillers, while maintaining the synthesis protocol, as previously de-
scribed. The ratio Ag:CNT was maintained 1:100 in all samples, resulting in a maximum of
78.4 × 10−4% wt./wt. in PAC-1 and half that amount in PAC-0.5. The registered results
(Figure 7 and Table 4) show an efficiency of over 95% for Ag@PAC-0.5 and Ag@PAC-1
when tested against the Gram-negative bacteria (E. coli). Better results were obtained in the
case of Gram-positive bacteria (S. aureus), where a Ag@CNT loading ratio of only 0.25%
(wt.) with respect to AAm was sufficient for a 50% efficiency. Higher Ag@CNT loading led
to higher antimicrobial efficiencies of 98% (for Ag@PAC-0.5) and 100% (for Ag@PAC-1).

Table 4. Silver content (% wt./wt. with respect to the total solid content) and antibacterial efficiency
of the PAC and Ag@PAC series against Gram-negative (E. coli) and Gram-positive (S. aureus) samples.

Sample Silver Content,
% wt./wt.

Antibacterial Activity, %

E. coli S. aureus

control - 5 5
PAC-0.125 - 5 5
PAC-0.25 - 15 5
PAC-0.5 - 10 5
PAC-1 - 10 10

Ag@PAC-0 0 25 15
Ag@PAC-0.125 9.8 × 10−4 25 25
Ag@PAC-0.25 19.6 × 10−4 35 50
Ag@PAC-0.5 39.2 × 10−4 95 98
Ag@PAC-1 78.4 × 10−4 99 100

74



Polymers 2022, 14, 2320Polymers 2022, 14, x  15 of 20 
 

 

 
Figure 7. Antimicrobial efficiency of the Ag@PAC series compared to PAC counterparts. 

Table 4. Silver content (% wt./wt. with respect to the total solid content) and antibacterial efficiency 
of the PAC and Ag@PAC series against Gram-negative (E. coli) and Gram-positive (S. aureus) sam-
ples. 

Sample Silver Content, 
% wt./wt. 

Antibacterial Activity, % 
E. coli S. aureus 

control - 5 5 
PAC-0.125 - 5 5 
PAC-0.25 - 15 5 
PAC-0.5 - 10 5 
PAC-1 - 10 10 
Ag@PAC-0 0 25 15 
Ag@PAC-0.125 9.8 × 10−4 25 25 
Ag@PAC-0.25 19.6 × 10−4 35 50 
Ag@PAC-0.5 39.2 × 10−4 95 98 
Ag@PAC-1 78.4 × 10−4 99 100 

4. Conclusions 
The main challenge in using hydrogels in applications related to tissue regeneration 

is represented by their inadequate mechanical properties; although hydrogels are usually 
soft, most of them are not able to withstand high values of stress. The present paper aims 
to design nanocomposites that exhibit both elasticity and toughness by simultaneously 
using two different approaches: (1) the embedding of the linear PAAm in the 3D network 
of the corresponding monomer and cross-linker, aiming to improve CNTs’ dispersion in 
the precursor and scaffolds’ elasticity, and (2) the use of low ratios of nanoparticles as 

Figure 7. Antimicrobial efficiency of the Ag@PAC series compared to PAC counterparts.

4. Conclusions

The main challenge in using hydrogels in applications related to tissue regeneration
is represented by their inadequate mechanical properties; although hydrogels are usually
soft, most of them are not able to withstand high values of stress. The present paper aims
to design nanocomposites that exhibit both elasticity and toughness by simultaneously
using two different approaches: (1) the embedding of the linear PAAm in the 3D network
of the corresponding monomer and cross-linker, aiming to improve CNTs’ dispersion in the
precursor and scaffolds’ elasticity, and (2) the use of low ratios of nanoparticles as fillers,
with the aim of providing toughness to the so obtained nanostructured system. The addition
of the linear polymer (PAAm) in the classical PAAm-MBA system has a great contribution
to the dispersibility of the CNTs in the precursor, as it can be easily observed even from the
synthesis stage (Figure 1). Our results suggest that adding linear PAAm might contribute
to chains’ rearrangement and increase their resistance under load. Furthermore, the PAC
materials have greater resistance to compression compared to their AC counterparts. At a
low CNT-filling ratio (less than 0.5% CNT:AAm, wt.), the ultimate compression stress could
not be reached, while the values registered for PAC-0.5 and PAC-1 were considerably higher
when compared to AC-0.5 and AC-1, respectively. This behavior confirms that the addition
of the linear PAAm leads to more resistant materials under load, while the nanoparticles
reinforce the materials, leading to stiffer compositions. As indicated by micro-computed
tomography, there are also some differences with regard to the architectural features of the
lyophilized samples. The PAC series exhibit a slightly lower total porosity, and the pores’
dimensions were mostly smaller compared to the AC series. The porosity of both series
shows that these compositions are suitable for applications in the field of articular cartilage
regeneration and repair. In addition, the paper demonstrates that the decoration of CNTs
with low amounts of Ag leads to materials with excellent antimicrobial properties. Our
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results indicate that these materials have an efficiency of over 95% for both Gram-negative
(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria at a Ag loading of only
39.2 × 10−4% (wt./wt.) in the final precursor dispersion. The silver content in Ag@PAC-
0.5 is within the safety range established by Khansa et al. [69], while in Ag@PAC-1, the
silver content is a bit higher. Our findings suggest that the obtained silver-decorated
nanocomposites represent effective materials with enhanced mechanical properties and
excellent antimicrobial activity which may find potential applications, particularly tissue
regeneration and repair.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/polym14122320/s1. Supplementary Figure S1: Hysteresis curves for
all hydrogels; Supplementary Figure S2: strain–stress curves of the AC and PAC series, respectively;
Supplementary Figure S3: Relevant SEM images of the PAC freeze-dried samples, indicating the
smooth surface of the pores’ walls.
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Appendix A

Appendix A contains experimental details regarding the determination of the aver-
age molecular weight of the synthesized polyacrylamide used in obtaining the PAC and
Ag@PAC series.

Determination of the Average Molecular Weight of the Synthesized Polyacrylamide (PAAm)

An Ubbelohde capillary viscosimeter was employed to determine the relative, specific
and reduced viscosity of the synthesized PAAm, using the protocol described in [71]. Based
on these data, the average molecular weight was computed, using Mark-Houwink equation
(Equation (A1)), expressed as

[η] = K · Mα
V (A1)

where η represents the intrinsic viscosity [dL/g]
K and α constant parameters for polymer-solvent solutions (k = 6.31 × 10−5 dL/g;

α = 0.8 for polyacrylamide-water, at 30 ◦C [72]).
Mw represents the average molecular weight [Da].
Briefly, several PAAm aqueous solutions were prepared, with concentrations ranging

from 0.05 g/dL to 0.8 g/dL were prepared. The solutions and the solvent were filtered
and subsequently introduced in the Ubbelohde viscosimeter, placed in a water bath with a
precise control of the temperature, at 30 ◦C. The flowing time of each solution is measured,
and the average is used to determine the relative viscosity following Equation (A2).

ηrel =
τsolution
τsolvent

(A2)

ηsp = ηrel − 1 (A3)

To obtain the intrinsic viscosity a graph ηsp
c = f (c) was plotted (Figure A1) and the

intrinsic viscosity was read by extrapolating the concentration to zero.
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Fabricating an Electrochemical Biosensor for DNA Detection. Biosensors 2019, 9, 113. [CrossRef]
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Abstract: The selection of a scaffold-fabrication method becomes challenging due to the variety in
manufacturing methods, biomaterials and technical requirements. The design and development
of tissue engineering scaffolds depend upon the porosity, which provides interconnected pores,
suitable mechanical strength, and the internal scaffold architecture. The technology of the additive
manufacturing (AM) method via photo-polymerization 3D printing is reported to have the capability
to fabricate high resolution and finely controlled dimensions of a scaffold. This technology is also easy
to operate, low cost and enables fast printing, compared to traditional methods and other additive
manufacturing techniques. This article aims to review the potential of the photo-polymerization
3D-printing technique in the fabrication of tissue engineering scaffolds. This review paper also
highlights the comprehensive comparative study between photo-polymerization 3D printing with
other scaffold fabrication techniques. Various parameter settings that influence mechanical properties,
biocompatibility and porosity behavior are also discussed in detail.

Keywords: additive manufacturing; tissue engineering; biomaterials; scaffold; 3D printing

1. Introduction

The failure of organs or tissues due to trauma or ageing is a primary concern in health-
care, as they are costly and devastating problems. Nowadays, technology transplantation
from one individual into another has faced a significant challenge: to access enough tissue
and organs for all patients. In addition, a problem exists with the immune system, which
has a higher tendency to produce chronic rejection and destruction over time. These con-
straints have generated a need for a new solution to provide needed tissue. This has led to
the development of tissue engineering (TE), which aims to create biological substitutes to
repair or replace the failing organs and tissues [1].

Tissue engineering has gained more attention in the past decade, owing to its success
in enabling tissue regeneration. The tissue-engineering field applies the knowledge of
engineering, life, and clinical sciences toward solving the critical problems of tissue loss
and organ failure. Tissue engineering also aims to produce patient-specific biological
substitutes, to circumvent the limitations of existing clinical treatments for damaged tissue
or organs. These limitations include the shortage of donor organs, chronic rejection, and
cell morbidity [2].

Tissue-engineering scaffold technology provides a temporary template from which
to develop biological substitutes that restore, maintain, or improve tissue function or a
whole damaged organ [3]. Tissue-engineering technology is unique in that it can establish
three-dimensional environments for propagated cells and specific signaling molecules that
can mimic native tissue environments. Typically, three groups of biomaterials—ceramics,
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synthetic polymers, and natural polymers—are used in the fabrication of tissue-engineering
scaffolds. The scaffolds can be natural, synthetic or a hybrid of both. One example of a both
natural and synthetic biomaterial is amphiphilic conetwork (APCN), which is useful for
the controlled release of both hydrophilic and hydrophobic properties. Amphiphilic conet-
work (APCN) gels are made up of hydrophilic and hydrophobic polymer chains that are
covalently connected. The majority of APCN gels are made by the radical polymerization
of telechelic macro-monomers having at least two polymerizable groups and a low molecu-
lar weight monomer [4–6]. End linking well-defined polymer chains with di-functional
monomers produces APCN gels with a regulated structure as shown in Figure 1 [4].
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On the other hands, biomaterials used in tissue engineering also can be categorized
according to their origin by category: natural polymers (collagen, chitosan, hyaluronic acid,
elastin and gelatin), synthetic polymers (poly(lactic acid) (PLA) and poly(glycolic acid)
(PGA), polycaprolactone (PCL)), ceramics (HA, TCP and biphasic calcium phosphates) and
metals (magnesium and nickel alloy) [7–10].

Tissue-engineering techniques have the potential to create tissues and organs. They
involve the in-vitro seeding and attachment of human cells onto a scaffold. The cells
then proliferate, migrate and differentiate into the specific cell type to repair tissue [11,12].
Therefore, the choice of scaffold is crucial to enable the cells to behave in the required
manner, to produce tissues and organs of the desired shape and size. A useful tissue-
engineering scaffold should fulfil the biological and mechanical requirements of the target
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tissue. The scaffold should: have a suitable microstructure to promote cell proliferation,
be contained within an open-pore geometry with a highly porous surface that enables
cell ingrowth, have a proper surface morphology and be made from biomaterials with a
predictable rate of degradation with a nontoxic degraded material [2].

During the development of the scaffold, the primary aim is to imitate the structural
and mechanical properties of bone as close as possible. Thus, the scaffold fabrication tech-
nique should be flexible, to build scaffold architectures with biomimetic designs. Generally,
conventional methods are used to construct tissue-engineering scaffolds. There are various
traditional methods used to construct tissue-engineering scaffolds, including the molding
technique, solvent casting and particulate leaching, gas foaming, and electrospinning.
Although a lot of conventional fabrication methods can be used to produce scaffolds, unfor-
tunately, each of these methods has their own limitations as they are not able to precisely
control the internal topology and architecture [13,14]. To the best of our knowledge, none
of the traditional methods is satisfactory to produce scaffolds with a control dimension
architecture, porosity and faced the difficulty for mimicking the biological function of
natural tissue [13–16].

As an alternative to conventional scaffold-fabrication methods, additive manufac-
turing techniques have recently been developed in tissue engineering, such as a rapid
prototype by which a 3D scaffold is fabricated by laying down multiple, precisely formed
layers in series [17]. Subia et al. (2010) claimed that the rapid-prototype technique (RP) has
drawn tremendous attention with its potential to overcome most of the limitations faced by
conventional techniques for the fabrication of 3D scaffolds [18].

This review provides an overview of the advantages and limitations offered by the
additive manufacturing process (AM), specifically in the photo-polymerization 3D printing
technique compared to other conventional methods. The overview includes their advan-
tages and limitations regarding mechanical properties and the internal architecture porosity
of fabricated scaffolds. The potential of the photo-polymerization 3D printing technique in
the fabrication of tissue-engineering scaffold hydrogels is also discussed detail.

2. Concept of TE Scaffold

Over two decades, many works have been carried out to develop potentially applicable
scaffolds for tissue engineering. The scaffolds are designed in three dimensions (3D), with
a porous solid structure to perform some or all of the following functions: (i) promote
cell–biomaterial interactions, cell adhesion, and ECM deposition; (ii) permit sufficient
transport of gases, nutrients, and regulatory factors to allow cell survival, proliferation, and
differentiation; (iii) biodegrade at a controllable rate that approximates the rate of tissue
regeneration under the culture conditions of interest; (iv) provoke a minimal degree of
inflammation or toxicity in vivo; and (vi) contain the porous interconnected structure that
is necessary to allow the spread of waste products from the scaffolding [19,20].

Scaffolds can be tough, as a mimic of a physiologic environment that serves to promote
proper cell proliferation, differentiation and organization; all cell migration and interaction
is often greatly influenced by the local environment [21]. In tissue engineering, researchers
have designated the substitution of a native ECM as a “scaffold”, “template”, or “artificial
matrix”. The scaffold provides a three-dimensional (3D) ECM analogue that functions as a
template required for the infiltration and proliferation of cells into the targeted functional
tissue or organ [22,23]. The concept of a tissue engineering scaffold involves the in-vitro
seeding and attachment of human cells onto a scaffold. These cells then proliferate, migrate
and differentiate into the specific tissue [11] and recover damaged tissues [12].

One of the more promising approaches in tissue engineering is to grow cells on a
biodegradable scaffold that mimics the function of the natural extracellular matrix, pro-
viding a temporary template for the growth of target tissues [15]. The extracellular matrix
(ECM) is the optimal support for tissue engineering, as it provides the perfect chemical
composition, surface topology and physical properties experienced by cells in vivo [24].
The use of ECM derived from decellularized tissue is increasingly frequent in regenerative
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medicine and tissue-engineering strategies, with new applications including the use of
three-dimensional ECM scaffolds [24]. One of the principal methods behind tissue engineer-
ing involves growing the relevant cells in vitro into the required three-dimensional (3D) or-
gan or tissue. However, cells are difficult to grow in the favored 3D orientations and formed
anatomical shape of the tissue. Instead, they randomly migrate to form a two-dimensional
(2D) layer of cells. However, 3D tissues are required, and this is achieved by seeding the
cells onto porous matrices to enhance the cells’ attachment and colonization [13,14,25].

Requirement of TE Scaffold

Several requirements are identified as crucial for the production of tissue engineering
scaffolds. Most of the researchers have summarized an ideal scaffold as having the follow-
ing characteristics: (i) a scaffold should possess interconnecting pores of an appropriate
scale to favor tissue integration and vascularization [26,27], (ii) a scaffold should be made
from material with controlled biodegradability so that tissue will eventually replace the
scaffold [15,26,28], (iii) have appropriate surface chemistry to favor cellular attachment,
differentiation and proliferation [29], (iv) possess adequate mechanical properties to match
the intended site of implantation and handling [28,30], (v) should not induce any adverse re-
sponse [28], (vi) be easily fabricated into a variety of shapes and sizes [15,28], and (vii) must
facilitate the ingrowth of tissue and possibly allow for the inclusion of seeded cells, proteins
and/or genes to accelerate tissue regeneration [26,28]. All of these highlighted proper-
ties of a tissue engineering scaffold are important, to ensure the ability of the scaffold to
be metabolized by the body, allowing it to be gradually replaced by new cells to form
functional tissues.

In addition, the criteria for choosing materials as biomaterials in biomedical appli-
cations are based on their material chemistry, molecular weight, solubility, shape and
composition, hydrophilicity/hydrophobicity, degradation of water absorption, and erosion
mechanism [31]. The scaffold should have the mechanical strength needed for implantation
and an appropriate strength that can influence the biostability of implants. The porosity
and pore size of a supporting 3D scaffold is vital for tissue regeneration [27,32]. A large
surface area also favors cell attachment and growth. Other than that, highly porous scaf-
folds are desirable for the diffusion of nutrients and waste products from the implant [33].
Hydrophilicity is also an essential factor need to consider. It is because hydrophilicity will
enhance cell growth and proliferation of 3D scaffolds, as discussed previously [15]. There-
fore, due to the important character and behavior of mechanical and porosity scaffolds, a
nanofiber material is most suitable for nano-based scaffolding systems with the appropriate
mechanical integrity, pore size, and hydrophilic property that will provide an excellent
potential for tissue engineering scaffolds.

3. Fabrication of 3D TE Scaffolds

Currently, there are two broad categories of scaffold fabrication methods which are
the conventional and advanced processing methods (additive manufacturing). The fab-
rication of tissue engineering scaffolds commonly involves traditional techniques such
as (i) solvent casting, (ii) particulate leaching, (iii) electrospinning, (iv) phase separation,
(v) extrusion deposition, (vi) pressing, (vii) freeze drying, and (viii) gas foaming [34–37].
Even though these methods have been extensively studied and optimized, they still have a
lot of limitations.

There are critiques concerning the practicality of conventional methods. These meth-
ods were identified as techniques incapable of precisely controlling pore size, pore geometry,
pore interconnectivity, and the spatial distribution of pores to allow construction of internal
channels within the scaffolds, as argued by Zhu and Che (2013) [17]. In addition, several
of these techniques are contingent upon using organic solvents with inherent biocompati-
bility when using a toxic solvent that may be toxic to the cells if they are not wholly and
adequately removed [1,34].
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The revolutionary technology of rapid prototyping in the additive manufacturing
process offers potential and opportunities for manufacturing to fabricate 3D materials with
optimized properties and multi-functionality. RP is also called the solid free-form technique
or additive manufacturing (AM). This technique is a more advanced technique for scaffold
fabrication. It is a computer-controlled fabrication technique that can rapidly produce a 3D
object by using the layer manufacturing method. The RP technique generally comprises
the design of a scaffold model by using computer-aided design (CAD) software [18,36].

There are numerous benefits offered by this rapid-prototype technology, such as ease
of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33].
Rapid-prototype techniques also hold much promise over conventional methods in terms
of part consistency, design repeatability and the control of scaffold architecture such as pore
size, porosity, surface area and the external shape of the scaffold architecture. The control
over scaffold architecture is particularly important, as a TE scaffold mimics the original
environment organ to regenerate damaged tissues [1] successfully.

The comparative study between fabrications techniques of 3D tissue engineering
scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrication
techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots of
advantages to fabricate an excellent profile of biocompatibility properties with a more
accurate scaffold architecture. This technique also promises the capability of mimicking the
extracellular matrix (ECM) in the human body. Even though pure-polymer products built
by rapid prototyping lack in strength, the technique of rapid-prototype polymer composites
has solved these problems by combining the matrix and reinforcements to achieve high
mechanical performance and excellent functionality.

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering scaffolds.

Fabrication Advantages Disadvantages Ref.
Techniques

Solvent-casting and
particulate-

leaching
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Low reproducibility
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Limited feature control
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Thickness < 4 mm
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pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 
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scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Inefficient
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 
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of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 
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scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Poor mechanical properties

[17,18,38–42]

Gas foaming
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Control porosity
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 
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scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Organic process
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Poor mechanical properties
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Imperfect pore
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Distinct structure
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control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Non-porous external surface

[17,42]

Phase
separation
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▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Durable
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 
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of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-
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the extracellular matrix (ECM) in the human body. Even though pure-polymer products 
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Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Flexible
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Small pore size
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Longer processing time
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control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 
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scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Lower porosity
[39,42,46,47]

Fibre bonding
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

High surface to
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control over scaffold architecture is particularly important, as a TE scaffold mimics the 
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tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 
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the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 
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particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 
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▪ Longer processing time 
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[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 
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parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

volume ratio
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tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 
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Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 
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▪ Flexible process 
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of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 
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Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Easy process
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of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 
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scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 
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Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Poor mechanical properties
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scaffolds. 
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Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 
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[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

limited applications
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ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Difficult control porosity

Polymers 2022, 14, x FOR PEER REVIEW 5 of 25 
 

 

produce a 3D object by using the layer manufacturing method. The RP technique gener-
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Lack of solvent

Polymers 2022, 14, x FOR PEER REVIEW 5 of 25 
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ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-
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There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Complicated to set process parameters

[18,46]

Electro-spinning
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Low cost
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Flexible process
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Simple process

Polymers 2022, 14, x FOR PEER REVIEW 5 of 25 
 

 

produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Easy to find solvent
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Smooth fiber produced
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Low productivity
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Clogging problem
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of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Fragile fibers produced
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 
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the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 
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achieve high mechanical performance and excellent functionality. 
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particulate- 

leaching 

▪ Simple process 
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▪ Control porosity 
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▪ Low reproducibility 
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[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

High-density nanofiber

[48–52]
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

High accuracy
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ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 
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of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

High resolution
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Versatile scaffolds
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Homogenous cell distribution
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Interconnected pores

Polymers 2022, 14, x FOR PEER REVIEW 5 of 25 
 

 

produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Mimicking ECM
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Fast and easy process
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produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Custom made

Polymers 2022, 14, x FOR PEER REVIEW 5 of 25 
 

 

produce a 3D object by using the layer manufacturing method. The RP technique gener-

ally comprises the design of a scaffold model by using computer-aided design (CAD) soft-

ware [18,36]. 

There are numerous benefits offered by this rapid-prototype technology, such as ease 

of use, reliability, cost-effectiveness, and the diversity of the compatible materials [33]. 

Rapid-prototype techniques also hold much promise over conventional methods in terms 

of part consistency, design repeatability and the control of scaffold architecture such as 

pore size, porosity, surface area and the external shape of the scaffold architecture. The 

control over scaffold architecture is particularly important, as a TE scaffold mimics the 

original environment organ to regenerate damaged tissues [1] successfully. 

The comparative study between fabrications techniques of 3D tissue engineering 

scaffolds is discussed detail in Table 1. From the summarized reviews on various fabrica-

tion techniques of 3D tissue engineering scaffolds, the rapid-prototyping method has lots 

of advantages to fabricate an excellent profile of biocompatibility properties with a more 

accurate scaffold architecture. This technique also promises the capability of mimicking 

the extracellular matrix (ECM) in the human body. Even though pure-polymer products 

built by rapid prototyping lack in strength, the technique of rapid-prototype polymer 

composites has solved these problems by combining the matrix and reinforcements to 

achieve high mechanical performance and excellent functionality. 

Table 1. Advantages and disadvantages of various fabrication techniques of 3D tissue engineering 

scaffolds. 

Fabrication Advantages Disadvantages Ref 

Techniques    

Solvent-casting and 

particulate- 

leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 

▪ Limited size  

▪ Low reproducibility 

▪ Limited feature control 

▪ Thickness < 4 mm 

▪ Inefficient  

▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 

▪ High porosity 

▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 

▪ Complicated to set process 

parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

High reproducible
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[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 
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▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  
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▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 
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▪ Easy process 
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▪ limited applications  
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▪ Lack of solvent 
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parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

No contamination
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[17,18,38

–42] 
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▪ Organic process 
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▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 
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▪ High porosity  
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▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 
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▪ Small pore size 

▪ Longer processing time 
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[39,42,46,

47] 

Fibre bonding 

 

▪ High surface to  

▪ volume ratio 
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▪ Easy process 

▪ Poor mechanical properties 

▪ limited applications  

▪ Difficult control porosity 

▪ Lack of solvent 
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parameters 

[18,46] 

Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Produces high cells density
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▪ Easy process 
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▪ Low productivity 
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[48–52] 

Conducted at room temperature
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[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 

technique 

▪ Control porosity 

▪ High porosity  

▪ Complicated process 

▪ Difficult control porosity 

▪ Non-uniform porosity 

[18,43–

45] 

Freeze drying 

▪ Easy process 

▪ Homogenous  

▪ porosity  

▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  

[39,42,46,

47] 
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▪ volume ratio 
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▪ Easy process 
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▪ limited applications  
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▪ Low productivity 

▪ Clogging problem 
[48–52] 

Multi-color printing scaffolds
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leaching 

▪ Simple process 

▪ Inexpensive 

▪ Control porosity 
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▪ Low reproducibility 
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▪ Thickness < 4 mm 
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▪ Poor mechanical properties 

[17,18,38

–42] 

Gas foaming 
▪ Control porosity  

▪ Organic process 

▪ Poor mechanical properties 

▪ Imperfect pore 

▪ Distinct structure 

▪ Non-porous external surface 

[17,42] 

Phase 

separation 

▪ Can combine with 

other fabrication 
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▪ Control porosity 
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▪ Durable 

▪ Flexible 

▪ Small pore size 

▪ Longer processing time 

▪ Lower porosity  
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▪ volume ratio 
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▪ Easy process 
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▪ limited applications  
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parameters 
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Electro-spinning 
▪ Low cost 

▪ Flexible process 

▪ Low productivity 

▪ Clogging problem 
[48–52] 

Automated process
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Print scaffold with cells
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–42] 
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[17,42] 

Phase 

separation 
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other fabrication 
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Lack of strength
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Phase 
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Limited raw materials [53–61]

3.1. Additive Manufacturing in TE Scaffold Fabrication

Additive manufacturing, also known as rapid prototyping or 3D-printing technologies
in tissue engineering, has been growing in recent years. As pointed out by Bose et al. (2013),
among the different technology options for tissue engineering scaffolds, the rapid-prototyping
technique is becoming popular due to the ability to print porous scaffolds with a designed
shape, controlled chemistry and interconnected porosity [62]. Wang et al. (2017) claimed
that rapid prototyping can fabricate complex composite structures of tissue engineering
scaffolds without the typical waste, compared to traditional methods. The size and geometry
of composites can also be precisely controlled with the help of computer-aided design in
the rapid-prototyping process [62]. Thus, tissue engineering scaffolds fabricated by rapid
prototyping will have a higher performance.

Rapid prototyping is an additive manufacturing technique that builds the objects piece
by piece, using only the material that will become part of the object and avoiding loss of
material in the process. The technology of the 3D printer is tied to that of computer-aided
design—CADs software—where the design of the object is made [55]. It is based on 2D
cross-sectional data obtained from slicing a computer-aided design (CAD) model of the
object [37]. Rapid-prototyping technologies can be divided into five main groups according
to the working principles used to produce 3D objects. The main rapid-prototyping tech-
nologies developed within few years are (i) the photo-polymerization technique, (ii) fused
deposition modeling (FDM), (iii) selective laser sintering (SLS), (iv) 3D printing (3DP), and
(v) bioprinting (3D plotting or direct writing) [63].

Table 2 summarizes a detailed review of advantages and disadvantages for each rapid-
prototyping technique that is useful for tissue engineering scaffold fabrication. Although
there are a lot of different advanced technology approaches to fabricating scaffolds’ 3D
structures, each of them has its limitations. Some of the techniques have a limitation
when trying to mimic the biological function of natural tissue, due to the difficulty of
finely controlling the scaffold architecture, dimensions, and porosity [64]. Chia and Wu
(2015) claimed that the selection of a fabrication technique depends upon the materials of
interest, machine limitations, and the specific requirements of the final scaffold. Other than
that, design architecture is important for the structural, nutrient transport and cell–matrix
interaction conditions of tissue engineering scaffolds [58].
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Table 2. Typical advanced manufacturing process for 3D tissue engineering scaffolds.

Fabrication Technique Advantages Disadvantages Ref.

Photo-polymerization
technique:

stereolithography
(SLA)/digital light
processing (DLP))

Rapid response rate
High-form precision
Allows fabrication of
internal pore scaffold

Produces strong
construction of complex

tissue geometries
scaffolds

Cells can be
incorporated
Offers better

dimensional dimensions
Flexibility in design
Higher accuracy and
resolution compared

to SLS/FDM/3D
printing

Resolution up to 100 nm
Wide variety of

application
Able to create complex
forms with the internal

architecture
Easily removes

un-polymerized resin
Versatile design

Requires photo-reactive
biodegradable polymer in

the process
Ultraviolet irradiation

used
Produces layered

stratification that may
disable cell contact

between layers
Limited number of

biocompatible resins
because few bio-

compatible polymers are
stable under exposure to

laser light
Not suitable for high

production rates due to the
slow printing process

[65–71]

Fused deposition
modelling (FDM)

Does not need any solvents
and preserves

flexibility in material
handling and

processing
Highly controllable

porosity
Good mechanical

properties
Offers sufficient

dimensional accuracy

Thermoplastic material
used must have good melting

viscosity properties
Biomaterial used must be
available in filament form
Limited shape complexity
for biological scaffolding

materials
Inability to incorporate

living cells due to the high
processing temperature

during extrusion
Insufficient surface

[36,58,68,72–74]

Selective laser sintering
(SLS)

Able to produce
complex shapes
High mechanical

strength
Powder bed provides
support for complex

structures
Fine resolution

Laser intensity can induce
polymer degradation

Limitation on materials
(must be shrinkage and

heat resistant)
Trapped non-sintered

material
Poor control over surface

topography
High porosity

Expensive and time
consuming

High-temperature process
required

[73–76]

3.1.1. Photo-polymerization 3D Printing

There is a critique concerning the importance of considering the porosity and architec-
ture of an engineering scaffold. As pointed out by Annabi et al. (2010), the porosity of a
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scaffold plays an important role in directing tissue formation and function. The authors
suggested a substantial amount of scaffold porosity is often necessary to allow for homo-
geneous cell distribution and interconnection throughout engineered tissues. In addition,
increased porosity can have a beneficial effect on the diffusion of nutrients and oxygen [77].
Based on a review study, Mondschein et al. (2017) suggested that photo-polymerization via
the stereolithography (SLA) technique will allow a greater control of the tissue scaffold’s
dimensions and features, compared to other additive-manufacturing techniques. The SLA
technique can also precisely control the architecture and features of the scaffold, which
offers a great benefit to regenerative medicine, whether to construct repeatable identical
scaffolds or to fabricate patient-specific templates [76].

In the SLA approach, resolution is inversely related to print speed. Parts with a feature
size down to 10 µm can be formed with z-axis print speeds of 25–1000 mm/min, which
take several hours with conventional SLA techniques [78]. To overcome the limitation of
SLA printing speed efficiency, another trend of the photo cross-linking 3D printing field
is the emerging use of digital-light-projection (DLP) technology [79]. Surface patterned
exposure from digital-light-projection (DLP) sources, and the high-power LED sources used,
allows any selected portion of the entire x/y workspace to be exposed simultaneously to
dynamic writing with a condensed laser beam. Even though high laser scanning velocities
are employed in the SLA approach, the ability to simultaneously photo cure all portions
of a given slice with the DLP technique significantly speeds up the cycle times between
layers [78–80]. Thus, it allows control of spot-to-spot (lateral) and interlayer (vertical)
binding and improves the resolution of printed parts [81].

3.1.2. Stereolithography (SLA)-Based 3D Printing

Stereolithography-based 3D printing was developed by 3D systems in 1986 and is
the first commercially available solid freeform (SFF) technique [82]. SLA is a particularly
versatile manufacturing technique for the freedom of designing structures. In the biomedi-
cal field, the development of SLA technology has led to the fabrication of mold-assisted
implant fabrication, aids for complicated surgery, and fabrication of tissue engineering scaf-
folds [83,84]. The manufacturing of 3D objects by SLA is based on the spatially controlled
solidification of a liquid resin by photo-polymerization [85]. SLA allows the fabrication of
parts from a computer-aided design (CAD) file. The CAD file describes the geometry and
size of the parts to be built. This designed structure is (virtually) sliced into layers of the
thickness that is to be used in the layer-by-layer fabrication process [82,86].

The SLA technique based on free-radical photo-polymerization is an efficient method
for converting a liquid prepolymer resin into a solid polymer network under light expo-
sure [87]. In free-radical chain-growth photo-polymerization, a photoinitiator absorbs light
either in the UV or visible light range, which excites the photoinitiator molecules into a
high-energy radical state. The initiator radicals interact with precursor molecules, forming
the primary radicals that initiate the polymerization reaction. Chain-growth polymerization
then propagates until a complex crosslinked network is formed in a process called photo
crosslinking [88].

The SLA process can be divided into two major categories, which are the projection
and laser-scanning types. The scanning-type stereolithography process uses a UV laser
beam to scan and cure the surface of the resin layer by layer. On the other hand, in the
projection-type stereolithography process, a digital light projection (DLP) is utilized to
project a whole cross-sectional area of mask projection on the resin surface [81]. The
scanning-type stereolithography apparatus consists of a bath to be filled with a liquid
photocurable resin, a laser source (commonly, UV light), a system that controls the XY-
movement of the light beam, and a fabrication platform that permits movement in the
vertical plane [79]. In the bath configuration, the UV beam traces a 2D cross-section onto a
base submerged in a tank of liquid photoactive resin that polymerizes upon illumination.
After completion of the 2D cross-section, the UV beam begins the addition of the next layer,
which is polymerized on top of the previous layer. In between layers, a blade loaded with
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resin levels the surface of the resin to ensure a uniform layer of liquid prior to another
round of UV light exposure. This process is repeated, slice by slice, until the 3D object
is completed [89]. After the structure is completed, the un-polymerized liquid resin is
removed by draining and post-curing converts any unreacted groups.

3.1.3. SLA versus DLP 3D Printing for TE Scaffold Fabrication

Digital light processing (DLP) is identical to SLA except for the light source: a projector
is used to cure an entire layer at a time (Table 3). Instead of using a UV laser, a DLP projector
is used to project the entire cross-sectional layer of the 3D structure [90]. The photosensitive
resin is exposed to the light through patterns on a digital mirror device. The exposed parts
are cured, and one layer is finished. Then, the platform raises a layer, and the next exposure
starts [91], projecting the image of a layer of the part to be built onto the photosensitive
resin allows one to fabricate one layer at once, a fact responsible for the high building
speed at a significantly lower cost of equipment achieved with these machines [92,93].
For the fabrication of 3D parts, the CAD model was sliced, and every slice was projected
onto the bottom layer of the resin tank by a micro-mirror array. Here, the first layer of the
light-sensitive resin cured in a few seconds. The polymer adhered to the z-stage, which
was then moved upwards [94].

There are two types of projection-type stereolithography DLP process, namely, free
surface and constrained surface. In free surface (top-down stereolithography), the layer is
cured on the photopolymer from the surface towards the bottom of the vat. On the other
hand, in constrained-surface (bottom-up) stereolithography, the layer is cured through the
bottom of the vat, so that the printed structure does not adhere to the substrate. It causes
the curing of liquid resin to be sealed from the oxygen-rich environment. By eliminating
the oxygen inhibition effect, the liquid photopolymer resin can be cured faster, which offers
an advantage over the free surface-based system [95].

According to a study conducted by Low et al. (2017), Groth et al. (2014), and
A. Woesz (2008), the DLP system has the same general advantages and disadvantages as
the SLA method [90,92,96]. In principle, the main advantages of DLP over SLA in the
context of scaffold fabrication are that DLP 3D printing does not use a laser, which reduces
the system costs significantly. It also has a higher build speed due to the exposure of one
layer at one time. A detailed study of the specifications for SLA and DLP 3D printing are
summarized in Table 3.

Table 3. Comparison between laser-scanning-type SLA and projection-type SLA (DLP) 3D printing.

Technique Resolution
µm Light Source Advantages Disadvantages Ref.

Laser-scanning-
type SLA 200–300 UV NA • Slow

[90,92,96,97]Projection-type
SLA (DLP) 15–100 Projector

• Higher speed
than SLA

• Low cost
• Lower light intensity

Compared with other advanced manufacturing techniques, SLA shows its superiority
in its high resolution. The higher the resolution at which a part can be built, the smaller
will be its maximum size. In order to achieve a high resolution, SLA requires a high level
of control over the layer thickness being crosslinked. In the SLA technique, control of the
thickness of the layer is crucial. The study of curing depths in photo-polymerization is an
important aspect of the curing process because it affects the final dimensions of the cured
sample. Therefore, it is important to optimize the cure for these systems.

The smallest feature size that can be produced depends on the resin and setting
parameters. Melchiorri et al. (2016) examined techniques and materials developed for the
DLP printing of vascular tissue engineering scaffolds utilizing poly (propylene fumarate)
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(PPF). The researcher found that the mechanical properties of the 3D-printed structure relied
largely on the amount of post-printing time to radiation, which increased polymer cross-
linking [98]. In line with this, Valentincic et al., (2017) proved that the setting parameter
of DLP is important to produce the optimum result. The researcher argued that there are
three main printing parameters in DLP printing that needs to take consideration which is
curing time, layer thickness and time between the consecutive exposures. It was recorded
in their study that an increased exposure time significantly increased illumination intensity
on the whole of the projection surface [99].

Although the principles of projection or laser-scanning processes are similar, the effects
of process parameters on curing the polymeric-photo material can be quite different. The
light in the projection-type process and the UV-scanning type can be different in energy
densities due to various control parameters such as curing time and scanning speed, which
will correspond to the varying degrees of polymerization. Therefore, it is essential to
determine the critical energy density by the UV projector or laser, to form a solid network.

3.1.4. Influence Process Parameter

A previous study by Chong et al. (2016) and Tureyen et al. (2015) agreed that the most
challenging in photo-polymerization 3D printing is to control curing issues. The researchers
reported that light intensity has a significant role in the curing depth of the resin. The
curing depth and width of printed parts can be controlled by adjusting the curing time or
laser-scanning speed, respectively: the energy density is increased by extending the curing
time and lowering laser-scanning speeds. At the same energy density, it is shown that the
projection-type SLA process obtains a larger curing depth than the laser-scanning type
due to the difference in intensity between both the systems [81,100]. Table 4 summarizes a
list of recent references on the research work performed to produce TE scaffolds by using
photo-polymerization processes. In view of Table 4, the influences of the resin used and
parameter setting are also studied.

Table 4. The influences of resin selection and parameter setting for photo-polymerization 3D printing.

Input
Responses

Mechanical Properties Bio-Compatibility Porosity Thickness Diameter

Resin used [82,85,101] [64,79,102] [85,103,104] [67,81,105–107]

Resin viscosity [67,108] [108] [65,108,109] [81,109]

Parameter
setting

Curing time [98,99,110]

Power light source [81,100]

Resolution [81,110]

Layer of thickness [91,102]

Scan speed
(velocity) [81,100]

Based on the summarized review of previous research in Table 4, it is shown that
different input setting parameters and the type of resin used will give a different response
on the cured thickness of solidified resin, mechanical properties, biocompatibility, and the
porosity of the scaffold. Wang et al. (1996) found that the curing degree is approximately
proportional to the intensity of the light source, scanning speed and type of resin used.
The final degree of the cure of a photo-polymerization-based 3D-printing prototype is
determined by the combination of all of these factors. Researchers declared that if the
intensity is increased, the curing degree will be increased. This is because, by using a high
intensity power source, the resins will have more cross-linking. When the scan is fast, the
exposure energy in a unit area is less; thus, the curing degree will be low [105].
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In the same context, some researchers have studied the curing process of photo-
polymerization resin for SLA 3D printing. Most of the research revealed that the curing
phase in SLA is important for further solidification and, thus, causes an enhancement in
the prototypes’ mechanical properties. Thermal and the heating effects during the curing
process also led to the existence of shrinkage and distortion within the structure of a cured
resin [105,111]. As compared to the laser-scanning SLA process, projection-based SLA
(DLP) has a lower light intensity and resulted in less polymerization, causing the printed
parts to be deformed due to inhomogeneous curing [97]. However, to the best of our
knowledge, there are only a limited numbers of studies performed on the investigation
effect of curing time via DLP.

4. Materials for Photo-Polymerization 3D Printing TE Scaffold

The selection of biomaterials plays a crucial role in tissue engineering. The materials
should obtain interactions with cells to enhance cellular attachment, proliferation, and
new-tissue formation. However, the limitation of biocompatible resins with suitable SLA
processing has often been considered as the main disadvantage of this method. Resins
utilized in this process should be a liquid that solidifies quickly on illumination with light.
The resin used must not only exhibit fast photo-crosslinking kinetics but also enhance
adhesion and cell proliferation and has proper mechanical properties after crosslinking [68].
Other than that, the SLA process requires resin that has a melting temperature™ below
room temperature and a glass transition temperature (Tg) low enough to maintain the
polymer in a liquid-like state, to allow chain mobility. The low viscosity of resin used is also
important to obtain optimum cure rates, thus decreasing overall construction times [64].

There are differences between polymers and resins as shown in Table 5. It can be
summarized that polymers have large molecules with repeating structural units of monomers,
while resins are an organic material that naturally forms in plants. Resins have low molecular
weights, whereas polymers have large molecular weights. Additionally, resin is a viscous
liquid that can be clear or dark brown in color, whereas polymers can be solid or liquid.

Table 5. Differences between polymer and resin [85,101,108].

Item Polymer Resin

Definition Repeating structure unit of monomers Organic material form in plant

Properties Large molecular weight Small molecular weight

Nature Can be solid or liquid Solid or highly viscous liquid

In the photo-polymerization process, the process is driven by a chemical reaction that
produces free radicals when exposed to specific wavelengths of light. The problem with this
photo-polymerization process is that the created free radicals can cause damage to the cell
membrane, protein and nucleic acids. Therefore, it is important to find a cytocompatibility
photo-initiator resin for the SLA 3D printing method [68]. One of the remaining big basic
issues in polymer science is controlling comonomer sequences in synthetic polymerization
techniques. Modern synthetic processes, in fact, do not allow for accurate control of
polymer microstructures. This is particularly true for radical chain-growth polymerizations,
which frequently result in statistical comonomer inclusion in polymer chains as illustrated
in Figure 2 [88].

The first resins developed for use in SLA are based on low-molecular-weight poly-
acrylate and epoxide or viny ester-based resin [112], which form glassy networks upon
photo-initiated polymerization and cross-linking [82]. When preparing biomedical im-
plants, the use of epoxy- or acrylate-based resins is limited. The advantages of these
materials include several useful properties, such as low viscosity, high photosensitivity,
controllable mechanical properties, and relative insensitivity to temperature and humidity
changes. However, its disadvantages are still noticeable. These materials are usually not
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biocompatible or biodegradable [113] and have poor dimensional stability and high-volume
shrinkage during the post-curing process [114].
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In biomedical applications, the photosensitive resin used should integrate without
having a toxic effect on the living system, and be biodegradable and bioactive for biomedical
applications [112]. Current research is tremendously focused on the development of
light-curable and highly biocompatible resin for SLA, such as poly(ε-caprolactone) (PCL)
based materials, poly(propylene fumarate) (PPF), poly(D,L-lactide) (PDLLA) resins, and
polyethylene glycol (PEG)-based resins, polyglycolic acid (PGA), and polylactic-co-glycolic
acid (PLGA) [115–119] which are resins that are usually composed with a photoinitiator,
polymerizable oligomers, and a reactive or non-reactive diluent and additives [120].

The amorphousness of poly(D, L-lac-tide) (PDLLA) has successfully been applied
in resorbable bone-fixation devices clinically [121]. A PDLLA-based resin was devel-
oped using ethyl lactate with a non-reactive diluent such as methyl methacrylate, butane-
dimethacrylate and N-vinyl-2-pyrroli (NVP) [119]. PDLLA resin material has a glass
transition temperature of approximately 55 ◦C and an elasticity modulus up to 3 GPa,
making it one of the biodegradable polymers with mechanical properties that closely simi-
lar to the E-modulus of bone (3 to 30 GPa) [122]. PDLLA-based materials by SLA would
optimize structures for bone-tissue engineering with regard to mechanical properties and
cell seeding [123]. Other than that, Poly(D,L-lactide) (PDLLA) also has been successfully
applied in resorbable bone-fixation devices clinically [124] and is well-suited for bone tissue
engineering [125]. However, polylactides have occasionally been found to undergo rapid
bulk degradation. Degradation products of these materials reduce local pH, accelerating the
polyester degradation rate and leading to a localized acidosis and inflammation [126,127].

In 2007, Lee et al. successfully synthesized and modified poly(propylene fumarate)
(PPF) by adding diethyl fumarate (PPF/DEF) resin using the SLA process. PPF is a
biodegradable and UV-curable material, as an SLA resin. Since synthetic PPF has a high
viscosity, it cannot be used in SLA systems directly. Therefore, DEF was added to reduce the
viscosity, and photoinitiator dimethoxy phenyl acetophenon (DMPA) [102] or bisacrylphos-
phrine oxide (BAPO) [118] was used to initiate the UV polymerization of PPF/DEF. The
researcher proved the mechanical properties and cell adhesion of the PPF/DEF scaffold
has good potential as a bone scaffold for tissue engineering and the finding in this research
showed that the measured mechanical properties of the PPF/DEF scaffold were similar to
those of human trabecular bone, which proved that the possibility of the PPF/DEF scaffold
as a bone scaffold [102].

Another one of the suitable resins is a photocrosslinkable poly (e-caprolactone) (PCL),
which has been studied by Eloma et al. (2011). Poly (e-caprolactone) (PCL) is a highly
biocompatible elastic polymer with a low melting temperature. The researcher developed
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a PCL resin and applied it using SLA, without any additional solvents required during
the structure-preparation process. Results recorded the photo-crosslinkable and highly
interconnected pore network, and biodegradable PCL resin for the solvent-free fabrication
of tissue engineering scaffolds by stereolithography with no observable material shrinkage
in 3-D scaffolds produced [118].

Even though there are many types of synthetic polymeric biomaterial which are note-
worthy in use, most researchers declared that poly (ethylene) glycol (PEG) resin was widely
used in biomedicine because of its excellent biocompatibility and hydrophilicity efficiency,
making it appropriate for biomedical applications [110,128–135]. Due to its features as non-
toxic, non-immunogenic and being readily removed from the body, PEG synthetic hydrogel
polymer is widely used in tissue regeneration. The hydrogel-based scaffolds provide an en-
vironment with a high water content, enabling high cell-encapsulation densities [13,79,93].
These hydrogels are permeable to oxygen, nutrients and other water-soluble metabolites
and have a smooth consistency that makes them soft-tissue-like [127]. Further, because
PEG hydrogels are water-soluble, their chains can be easily modified by photoreactive
and cross linkable groups such as acrylates or methacrylates with the high crosslinked
hydrophilic polymer network that is recommended for use in a diversity of biomedical
applications. These hydrogels exhibit 1–100 kPa of mechanical strength [112] and offer
flexible, tunable mechanical properties and are soft due to being intermolecular crosslinked
to form a stability similar to tissue of the body.

The list of photocurable resin material SLA that have been studied in the development
of scaffolds is compiled in Table 6. Based on the review, it can be expected that the different
selection of resin materials used in a photo-polymerization 3D printing TE scaffold greatly
influences the mechanical properties of the scaffold produced.

Commercial Available Materials and Global Market in the Future Prospective

Biomaterials used in tissue engineering can generally be categorized according to their
origin by category: natural polymers, synthetic polymers, ceramics and metals. Each of
these biomaterials has particular benefits and disadvantages. The metals group is not a suit-
able option for applications in tissue engineering scaffolds as they are not biodegradable,
and their processability is very limited. Ceramic scaffolds have high mechanical stiffness
(Young’s modulus), low elasticity and a brittle surface. They are highly biocompatible
due to their chemical and structural likeness to the bone-mineral phase. However, their
clinical applications for tissue engineering are restricted due to their fragility, implanta-
tion difficulty [64]. For these reasons, polymeric biomaterials have become increasingly
common, due to their biodegradable and biocompatible properties. The group of polymer
biomaterials is very efficient because they can be produced with a tailor-made design and
their degradation characteristics can be controlled by varying the polymer itself or the
individual polymer structure [103].

Polymeric scaffolds play very significant roles in tissue engineering as they are in-
tended to bring cells together and regulate their function to enhance tissue growth [41]. Due
to their distinctive characteristics such as a high surface-to-volume ratio, good in biodegrad-
ability and mechanical properties, polymeric scaffolds draw tremendous attention. They
also offer various advantages of bio-compatibility, chemistry versatility and biological
characteristics that are important for tissue engineering and organ substitution [31].
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Biodegradable scaffolds can actually be fabricated as naturally derived and syn-
thetic. Previous studies indicate that most natural biomaterials, such as collagen, chitosan,
hyaluronic acid, elastin and gelatin, are suitable for the development of liver, nerve, bone
and heart tissue [6]. Natural polymers can be classified as the first biomaterials to be used
clinically in tissue engineering scaffolds. They can be categorized as enzymes (cellulose,
amylose) or polynucleotides (DNA, RNA) [31]. Natural polymers of biomaterials have
excellent biocompatibility and potential viability. They also establish bioactive charac-
teristics and better cell interactions, which enable them to improve the efficiency of the
cells in the biological system. However, one of limitations of natural polymers is their
poor mechanical properties, as the natural materials have limited physical and mechanical
stability. Therefore, they are not preferred for load-bearing scaffold applications. By using
synthetic polymers, the issues associated with natural polymers can be eliminated by
using synthetic polymers, as their physical and chemical properties can be changed and
repeatedly produced [6].

Synthetic polymers are incredibly beneficial in the biomedical industry due to their
properties such as chemical modification, excellent biocompatibility, high versatility, op-
timal mechanical properties, porosity, degradation time and mechanical characteristics
that can be tailored for targeted applications under control [138,139]. Other than that,
synthetic polymers cost less than natural polymers for biological scaffolds, which can be
manufactured in huge quantities and have a significant shelf life. Synthetic polymers are
commonly split into two groups: non-biodegradable and biodegradable. In tissue engi-
neering, the most frequently used biodegradable synthetic polymers for 3D scaffolds are
poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), polycaprolactone (PCL), poly(lactic-
co-lycolide) (PLGA) copolymers and so on; while an example group of non-biodegradable
polymers includes polyvinyl alcohol (PVA), polyhydroxyethyl methacrylate (PHEMA),
poly(N-isopropylacrylamide) (PNIPAM) and others.

5. Biocompatibility Test

Biocompatibility is a term that covers many aspects of a material, including its physi-
cal, mechanical, and chemical properties, as well as its potential in cytotoxicity, therefore
there are no significant injuries or toxic effects on the biological function of cells which
can possibly inhibit the beneficial properties of a cell ECM scaffold. The term biocom-
patibility is also defined not only by the lack of the cytotoxicity of a biomaterial but also
by the bio-functionality of the material, which enables it to support cell–biomaterial in-
teractions [133,140]. In tissue engineering applications, a scaffold must be non-toxic and
biologically compatible so that cells can safely adhere, proliferate, and differentiate within
the scaffold [134]. Toxicity and biocompatibility tests are needed to evaluate a scaffold mate-
rial in facilitating cell proliferation and differentiation, secreting an extracellular matrix and
carrying biomolecular signals for cell communication [135]. In measuring biocompatibility,
there are several varieties of tests that are currently used to identify whether new materials
are biologically acceptable. These tests are classified as the in-vitro, in-vivo, and usage tests.

The most common biocompatibility test for a tissue engineering scaffold is an in-
vitro test. The testing is performed outside a living organism, requiring the placement
of a material or a component of a material in contact with a cell, enzyme, or some other
isolated biological system. In-vitro tests can be roughly subdivided into those that measure
cytotoxicity or cell growth. The cytotoxicity tests assess cell death caused by a material
by measuring cell number or growth before and after exposure to materials. Membrane-
permeability tests are used to measure cytotoxicity by the ease with which a dye can pass
through a cell membrane, because membrane permeability is equivalent to or very nearly
equivalent to cell death [136]. Some in-vitro tests for biocompatibility use the biosynthetic
or enzymatic activity of cells to assess cytotoxic response. A standard method to analyse
the biocompatibility properties describes details in the standard testing ISO 10993, which
includes a series of guidelines for analyzing biocompatibility and medical devices.
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On the other hand, in the field of biocompatibility, some scientists questioned the
usefulness of in-vitro and animal tests due to the apparent lack of correlation with usage
tests and the clinical history of materials. Furthermore, barriers between the material and
tissues may exist in usage tests or clinical use but may not exist in the in-vitro or animal
tests. Thus, it is important to remember that each type of test has been designed to measure
different aspects of a biological response to a material, and correlation is not always to
be expected. Among the biocompatibility tests, the in-vitro tests have several significant
advantages over other types of biocompatibility tests (Table 7). In-vitro tests are relatively
quick with a lower cost than animal or usage tests, are well-suited to large-scale screening,
and can be tightly controlled [136].

Table 7. Advantages and disadvantages of biocompatibility tests [136].

Test Advantages Disadvantages

In-vitro
tests

Fast testing
Expensive

Can be
standardized
Large-scale
screening

Good
experimental

control
Excellence for

mechanisms of interactions

Relevance to
in vivo is

questionable

In-vivo
tests

Allows
complex
systemic

interactions
Responds more

comprehensively
than in-vitro

tests
More relevant

than in-vitrotests

Expensive
Time consuming

Legal/ethical concerns
Difficult to control

Difficult to interpret
and quantify

Usage
tests

Relevance to
use of the
material is

assured

Expensive
Time consuming

Difficult to control
Difficult to interpret

and quantify

The concept of correlation between the in-vitro and in-vivo tests has been reported,
confirming the advantage of in-vitro tests as a system to select the biomaterials. In cyto-
toxicity testing, the same type of cells is used. The testing of scaffolds must have cells
derived from the tissue origin to ensure a better simulation of the clinical situation [137].
For example, scaffolds derived from orthopedic tissues should be tested on osteoblasts or
osteoblast-like cells; cardiovascular-derived scaffolds should be assayed using endothelial
cells or cardiomyocytes. For in-vitro cytotoxicity screening, the recommended testing meth-
ods include (i) indirect contact assay or the extraction method, and (ii) a direct contact assay.
The guidelines on inspecting the biocompatibility of materials for medical applications is
set in the International Standard ISO10993 (International Organization for Standardization,
1999), with priority being given to cell-culture-based in-vitro tests using both the direct and
indirect contact approaches.

5.1. Indirect Contact Assay

The indirect contact assay technique applies cell counting, dye-binding, metabolic
impairment, or membrane integrity as endpoints of the cytotoxicity test or assay to assess
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the short-term cytotoxicity of medical devices [138]. The objectives of the extraction test
are to evaluate changes in cell morphology and growth inhibition, and determine whether
cells are metabolically active [139].

An ISO guideline (10993- 5:2009) refers to the MTT cytotoxicity assay. MTT is a colori-
metric method that measures the reduction of water-soluble yellow 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide by mitochondrial succinate dehydrogenase into an
insoluble, blue-violet formazan. The number of viable cells correlates to the color intensity
determined by photometric measurements after dissolving the formazan. The tested mate-
rial is considered non-cytotoxic if the percentage of the viable cell is greater than or equal
to 70% of the untreated control [124].

5.2. Direct Contact Assay

There are many limitations in the current tests used to check the effects of decellular-
ized scaffolds on cells where the results can interfere with the presence of the biomaterial.
It is important to understand that unleachable toxic substances that do not pass into the
extraction medium can only be proven by direct cell contact [100]. In a direct contact assay,
the sample is placed in direct contact with cells by surface culturing. Cells are examined
at different time points for signs of toxicity by morphological examination and viability
tests [140].

Most of the researchers preferred to test the cytocompatibility of decellularized scaf-
folds using direct contact assay, as it allows physiological changes made through the
interactions of cells with a biomaterial, compared to the MTT assay, which only focuses on
toxicity at a cellular level with less consideration of the molecular level [132].

6. Summary

This review summarized the application and advantages of the additive manufactur-
ing (AM) technique via photo-polymerization 3D printing as a versatile platform in scaffold
fabrication. Even though there are many techniques offered for scaffold fabrication, there
are lots of characteristics and requirements that need to be considered in providing a scaf-
fold with good mechanical, internal structure architecture, and biocompatibility properties.
Photo-polymerization 3D printing has been reviewed as the most versatile technique and
has the capability to produce a high accuracy dimensional architecture of a scaffold with
flexibility in design.

Overall, an ideal selected fabrication TE scaffold should be carefully considered and
capable of controling the variety in characteristic scaffold parameters needed in order to
mimic the natural structure and properties of bone tissue.
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Abstract: The field of membrane materials is one of the most dynamic due to the continuously
changing requirements regarding the selectivity and the upgradation of the materials developed
with the constantly changing needs. Two membrane processes are essential at present, not for
development, but for everyday life—desalination and hemodialysis. Hemodialysis has preserved
life and increased life expectancy over the past 60–70 years for tens of millions of people with
chronic kidney dysfunction. In addition to the challenges related to the efficiency and separative
properties of the membranes, the biggest challenge remained and still remains the assurance of
hemocompatibility—not affecting the blood during its recirculation outside the body for 4 h once
every two days. This review presents the latest research carried out in the field of functionalization of
polysulfone membranes (the most used polymer in the preparation of membranes for hemodialysis)
with the purpose of increasing the hemocompatibility and efficiency of the separation process itself
with a decreasing impact on the body.

Keywords: hemodialysis; covalent functionalization; composite membranes; polysulfone

1. Introduction

Since the beginning of their existence, humans have been preoccupied with providing
for their primary needs such as food and shelter. As these necessities were resolved,
increasing the quality of life and solving health problems became priorities. The advances
made in scientific knowledge at the beginning of the last century led to an exponential
increase in the knowledge we have and implicitly provided access to solve an increasing
number of problems. One of the major health problems that found its solution at the
beginning of the last century is chronic kidney dysfunction. The kidneys are those paired
organs responsible for cleaning the blood by forming urine and eliminating waste from
the body through it, especially the excess water, salts and metabolites resulting from the
processing of proteins—urea, uric acid and creatinine. The decrease in the activity of
these organs is initially indicated by the onset of acute kidney dysfunction (which can
be controlled medicinally) and affects the sufferer’s life regimen, in the advanced cases
causing chronic kidney dysfunction. In this case, the function of the kidneys is substituted
with the help of polymer membranes for hemodialysis, which for four hours once every
two days, filter the blood, removing from it what should have been removed by the kidneys
in 48 h. It is estimated that currently in the world, between 4.9 and 9.7 million people need
dialysis [1]. The main causes that lead to the appearance of chronic kidney dysfunction are
diabetes, high blood pressure and pollution. Due to this last reason, it is assumed that the
number of patients who will need this therapeutic procedure in the future will increase
exponentially in the near future. The field of membranes for hemodialysis is one of the most
dynamic fields, in which it is necessary to adapt both the materials used and the procedures
for obtaining them. Besides the direct need for membrane materials for the therapeutic
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process, hemodialysis is a process that generates large quantities of water that in turn must
be purified. The dialysis used during the procedure can lead in the case of a single dialysis
center to the production of approximately 80 tons per year of water with a high content
of urea, uric acid and creatinine, which in turn must be purified by concentrating these
substances through other membrane processes, the most used at present being forward
osmosis [2,3]. Figure 1 shows the separation scheme used in the hemodialysis process,
as well as the scheme of further purification of the waters resulting from the therapeutic
process for obtaining pure water that can be reused, as a rule, also for dialysis.

Figure 1. Scheme of the combination of the hemodialysis and spent dialysate recovery by osmotic
dilution. A partial amount of water in the spent dialysate spontaneously moves toward the dialysis
concentrate, as a consequence of the osmotic pressure gradient across the FO membrane. After FO, a
certain amount of pure water is added to further dilute the dialysis concentrate. The dialysate without
recovered water from the spent dialysate is used in the first hemodialysis session (reproduced with
permission after [2]).

Membrane materials, initially widely used for water filtration and drinkable water
production [4–6], have found widespread applicability in the last 50 years in other areas,
such as filtering in the food industry, the energy industry [7,8], catalysis [9], sensors [10], etc.
One of the areas in which the importance of membrane materials has grown exponentially
lately, is biomedical sciences [11]. Thus, membranes emerged for filtering and concentrating
proteins, both by manipulating porosity [12] and by the modification of the active surface,
as well as by the synthesis of composite membranes. Membranes for osseointegration
have already found practical use especially in stomatology where they are used to favor
the integration of metal implants into the bone [13–15], while other composite membrane
materials are used in tissue engineering to obtain various scaffold-type structures [16–19].

Hemodialysis membranes represent the most important class of membranes for
biomedical applications and the second largest field for the applicability of membranes
produced in the world at present, the first being desalination [20]. The quality conditions
that these materials must meet are related both to the efficiency of the separation and to
the biocompatibility character of the synthesized final material. Unlike other materials
used in bioengineering, the hemocompatibility requirement is a mandatory character for
these materials.

Many review papers have been published in the field of hemodialysis over the years
due to the high practical interest in this field. The subjects presented are divided into many
areas under the same domain. The medical facilities and the management of dialyzed pa-
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tients are very important concerns, since the procedure requires logistics and consumables
for every patient once in two days [21]. This is one of the reasons due to which, in terms
of management and logistics there is a large increase in scientific community’s interest
for developing machines and technical solutions for home care [22–25]. This remains for
the moment an impossibility despite the efforts for solving this. Cardiovascular implica-
tions of this medical procedure, such as medical conditions and complications associated
with kidney failure [26,27] or vascular access for procedure itself [28], were subjects for a
large number of studies published as review papers [29]. Environmental contamination
as a main source of kidney failure has been also extensively investigated and presented
in review papers [30,31]. From the perspective of materials science, the main interest is
credited to polymeric membranes used for the procedure. In comparison with other medi-
cal applications for polymeric membranes (such as drug delivery systems, for examples),
these membranes must have high efficiency for the separation of certain species (urea, uric
acid and creatinine), but the interaction with others must be reduced as much as possible
(e.g., other proteins or elements from blood or active pharmaceutical compounds used as
complementary treatment for kidney failure or for the treatment of other organs affected
by this) [32]. The preferentially used polymer for this application is polysulfone, used for
more than five decades, due to its remarkable chemical and physical properties [33]. Recent
advances in the field of new polymer synthesis investigated the possibility for at least
partially replacing polysulfone, without success until now, but generated a large amount of
research results and valuable data [34–36]. The control of biofouling [37] represents a key
point for membrane characteristics. For this reason, in relation to the engineering of the
hemodialysis process, some reviews has been published that present surface phenomena
and interactions and also technical solutions to address hydrophilicity and hydrophobicity,
repulsion or attraction forces between ions and membrane surface and also explanations
from a physical chemistry point of view for hydration layers and friction-reduction proper-
ties [38–40]. In terms of hemocompatibility, several methods can be used for improving this
property in hemodialysis membranes [41]. A summarization of these methods is presented
in Figure 2.

Figure 2. Schematic representation of most common methods for improving hemocompatibility.
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The most common methods are blending (inorganic particles with polymeric mem-
brane or polymers/co-polymers with polymeric membrane, in which the filler increases
the surface hydrophilicity), physical surface treatment (in order to deposit at the surface of
the membrane hydrophilic or biocompatible layers under a physical process that turns the
hydrophobic surface into a hydrophilic one) and surface chemical functionalization. Chem-
ical functionalization allows the immobilization of various chemical species that improve
the separation performances, increase hydrophilicity or improve hemocompatibility of the
hemodialysis membranes. The novelty of the present review is given by the new approach
in the field of studies related to polysulfone functionalized membranes for hemodialysis
from the perspective of functionalization reactions at the surface of the membrane that im-
prove hemocompatibility. Reactions conditions and the influence of immobilized molecules
over performances of separation and hemocompatibility are presented and some future
trends in the field of functionalized polysulfone membranes for hemodialysis are also
discussed at the end of the review.

2. Polysulfone Functionalized Membranes for Hemodialysis

Hemocompatibility and anticoagulant properties are the most significant qualities
that need to be considered when developing advanced hemodialysis membranes [42].
Biomaterials that come into contact with blood should not initiate the process of blood
clotting by adsorption of blood proteins on the surface of the biomaterial, leading to
the formation of the thrombus. It was found that the hydrophobic surface character of
these biomaterials could lead to the adherence of plasma proteins to the hydrophobic
surfaces forming plasma clotting [43]. In the last decade, many materials were studied
for their hemocompatibility, such as polyvinyl alcohol (PVA) [43,44], cellulose triacetate
(CTA) [43,45], polymethylmethacrylate (PMMA) [38,46], polyacrylonitrile (PAN) [47,48],
polysulfone (PSF) [9,20,49], polyethersulfone (PES) [43,50,51] and polyamide (PA) [46,52].
Polysulfone (PSF) is a thermoplastic polymer used in the biomedical field as a dialysis
membrane due to physicochemical properties, such as thermal stability, chemical resistance,
decent mechanical strength, great processability and biocompatibility [43].

The drawback of PSF is having a hydrophobic nature, which could be conducive to
protein adsorption, platelet adhesion and clotting enzymes, which directly leads to throm-
bosis [38]. The functionalization of PSF surfaces changes the hydrophilicity of the surfaces,
leading to an increase in the hemocompatibility and anticoagulant properties of the PSF
membrane [41,53]. The functionalization of the PSF could be achieved at every step of the
forming phase of the polymers, such as the functionalization of PSF in solution followed
by membrane synthesis or formation, and functionalization of the surface of PSF mem-
brane [54]. Further, in functionalization, functional groups could be used, such as small
compounds that could be linked directly to the PSF or by using different linker molecules
and macromolecules by the grafting of chemical functions onto an aromatic ring followed
by immobilization using a linker molecule [49,55]. The PSF does not have any vacant
functional groups and in order to perform functionalization, additional functional groups
must be added by grafting onto the aromatic rings, such as the introduction of a sulfonate
group into the polymer structure through electrophilic substitution via sulfonation [47].
The addition of the sulfonic group increases the membrane’s permeability, hydrophilicity,
hemocompatibility, anti-fouling behavior and antimicrobial properties [56,57]. The sulfona-
tion treatment is capable of influencing the morphology of PSF membranes, such that neat
PSF membranes have a smoother surface and sulfonated PSF presents a significant increase
in the roughness of the surfaces [34]. The sulfonated group will have a negative charge [1].

Aydemir Sezer et al. [58] presented the sulfonation treatment of PSF that could re-
place the heparin-based functionalization of PSF via the introduction of the sulfonic acid
group, SO3H, into the structure of a molecule using a chlorosulfonic agent as a sulfonating
agent. A core—shell electrospun structure based on PSF core and sulfonated PSF shell was
investigated. The sulfonation treatment of PSF leads to an increase of the hydrophilicity
of PSF indicating the improvement of blood compatibility due to hydrophilic groups on
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the surface of sulfonated PSF. The mechanical properties, hemocompatibility and biocom-
patibility properties of sulfonated PSF are improved in comparison with those of neat
PSF [58]. In this study, Mahlicli et Altinkaya [59] modified PSF with alpha-lipoid acid
(ALA), which is an antioxidant obtained from the reduced form of dihydrolipoic acid
(DHLA), in order to obtain a hemodialysis membrane. Before preparing the support mem-
brane, the PSF was modified via sulfonation in order to induce negatively charged groups
(SO3

−). ALA was immobilized onto the hemodialysis membranes used in order to prevent
hemodialysis-induced oxidative stress. The described immobilization method was based
on site-specific binding of a carboxylic group of ALA to an ammonium group of the an-
choring polyelectrolyte layer—PEI—through electrostatic interactions. It was reported that
the best antioxidant effect was seen in the case of ALA placed between two layers of PEI.
In addition, reduced stress oxidation, protein adsorption and the platelet activation of the
membranes were also observed [59]. Chien et al. [60] described polysulfone modification
through sulfonation with sulfuric acid, decreasing the contact angle from 91.3◦ to 87.2◦

and the deposition of polyelectrolytes. Moreover, the obtained composites of PSF and the
deposition of poly(acrylic acid) (PAA)/poly(allylamine hydrochloride) (PAH) multilayer
films were studied for hemocompatibility through the determination of the number and
morphology of adhered platelets. The results showed that the addition of the PAA and
PAH layers increased the extension of platelet spreading [41]. Aydemir Sezer et al. [58]
presented the sulfonation of PSF with chlorosulfonic acid resulting in a decrease of the con-
tact angle in comparison with pristine PSF, from 133◦ ± 13◦ for pristine PSF to 125◦ ± 12◦

for sulfonated PSF. Xie et al. [61] reported the influence of sulfonated PSF with different
degrees of sulfonation (20%, 30% and 50%), which was used as an additive for polyvinyl
chloride (PVC). The PVC/SPSF membrane composites present an improvement in the
permeability and antifouling properties of the PVC. It was shown that the degree of sulfona-
tion of PSF influences the topology and the roughness of the obtained membranes, directly
proportional with the degree of sulfonation. The increased roughness is a consequence of in-
creasing pore size due to the larger size of the polymer lean region during the liquid–liquid
phase separation leading to the larger pore size with the increased sulfonation degree. The
reported hydrophilicity of sulfonated PSF via air bubble contact angle measurements was
increased due to the surface segregation of sulfonate groups resulting an antifouling surface
for organic foulants. BSA was used in order to study protein adsorption on the membrane’s
surface. This has resulted in a decreased adsorption due to the increased hydrophilicity of
the composite membranes [61].

Functionalization of PSF with sulfonated hydroxypropyl chitosan leads to an increase
of the membrane’s biocompatibility and antimicrobial properties due to the presence of
chitosan through a Schiff base reaction carried out between the attached acetaldehyde
and ortho-aminophenol (OAP) or meta-aminophenol (MAP) of PSF [62]. Firstly, chitosan
was treated with propylene/isopropanol oxide for hydroxypropyl grafting, followed by
sulfonation with formamide/chlorosulfonic acid in order to obtain hydroxypropyl chitosan
sulfonate. After the functionalization, the hydrophilicity was improved, resulting in better
anticoagulant properties and antimicrobial properties, which recommend it as membrane
for hemodialysis [63]. Tu et al. [64] modified PSF with covalently grafted acrylic acid
and sulfonated hydroxypropyl chitosan for better hemocompatibility and anticoagulant
properties (Figure 3). The acrylic acid was first grafted on PSF by adding the –COOH
functional group, which will react with sulfonated hydroxypropyl chitosan. In comparison
with the Schiff base reaction previously used in the functionalization of PSF with sulfonated
hydroxypropyl chitosan, this time, covalently grafted acrylic acid and sulfonated hydrox-
ypropyl chitosan were used. The results showed a decrease of the contact angle from 86◦

for neat PSF to 22◦ for the modified membrane with sulfonated hydroxypropyl chitosan
and acrylic acid, leading to an improved hydrophilicity of the functionalized membrane,
which results in an improved performance against protein contamination. The bovine
serum albumin (BSA) adsorption was lower after the grafting with both acrylic acid and
sulfonated chitosan due to the increased hydrophilicity. Ganj et al. [65] functionalized PSF
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by grafting the acrylic acid via free graft polymerization. After the functionalization, the
contact angle of the composite PSF—acrylic acid membrane was reduced by 30%. Further,
the flux recovery ratio was increased by 32.2%, which could indicate that the modified
membrane has antifouling properties [65].

Figure 3. The steps of the modification of the PSF membrane (reproduced with permission after [64]).

Yan et al. [66] functionalized PSF with sulfonated hydroxypropyl chitosan and
4-(chloromethyl)benzoic acid in order to improve hemocompatibility. The 4-(chloromethyl)
benzoic acid was grafted on PSF via the Friedel—Crafts alkylation reaction, providing
available carboxyl groups, followed by the grafting of sulfonated hydroxypropyl chi-
tosan via esterification (Figure 4). The functionalized membrane presented increased
hydrophilicity and remarkable hemocompatibility, and the hemolysis rate decreased after
functionalization. The contact angle decreased after grafting, from 86◦ for neat PSF to 59◦

after functionalization through the addition of carboxyl groups into sulfone after adding
4-(chloromethyl)benzoic acid. The reaction time of PSF functionalized membrane with
4-(chloromethyl) benzoic acid and sulfonated hydroxypropyl chitosan had a decreasing
effect on the contact angle, such that, after 12 h of reaction time, the contact angle de-
creased up to 47◦ and, after 24 h of reaction time, the contact angle decreased up to 32◦.
These results showed an exceptional increase of the hydrophilicity, which could lead to an
improved hemocompatibility.

Figure 4. The modified polysulfone membranes obtained by grafting 4-(chloromethyl)benzoic acid
and sulfonated hydroxypropyl chitosan (reproduced with permission after [66]).
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In addition to sulfonation, another modification method of the PSF is chloromethy-
lation, which will induce the appearance of numerous functional groups on the PSF in
order to increase hydrophilicity, such as hydroxyl group (–OH), azide group (–N3), amino
(–NH2), carboxyl (–COOH) and sulfo (–SO3H) groups [54,67]. Through chloromethylation
of the PSF, a surface benzyl chloride group is introduced as an active ATRP initiator [68].
The biocompatibility of PSF is improved by the grafting of negative carboxyl and sulfonic
groups. Dong et al. [69] grafted poly(poly(ethylene glycol) methyl ether methacrylate)
and poly(glycidyl methacrylate) on chloromethylated polysulfone in order to increase
the antifouling properties (Figure 5). After grafting, the BSA absorption decreased from
~50 to ~5 µg/cm2. Yue et al. [70] described PSF functionalization with zwitterionic poly
(sulfobetaine methacrylate) (PSBMA) via SI-ATRP. Initially, the PSF was chloromethylated,
and afterward, the sulfobetaine methacrylate (SBMA) monomer was grafted on polysulfone
(PSF-g-PSBMA). The roughness of the functionalized membranes increased and contact
angle values decreased after functionalization, thus the chloromethylated PSF contact angle
slightly decreased up to 66◦. A significant decrease of the contact angle was observed
in the case of PSF-g-PSBMA, with a value up to 25◦, due to sulfobetaine groups, which
could form a hydration layer via electrostatic interaction in addition to the hydrogen bond
(Figure 6) [70]. Liu et al. [71] present the chloromethylation of PSF in order to prepare the
anion-exchange membranes (AEMs), which are polymer electrolytes that are able to conduct
anions such as SO4

2−, OH− and Cl−. The AEM structure, properties and morphologies are
controlled by chloromethylation conditions.

Figure 5. Process of surface-initiated ATRP from the polysulfone membrane (reproduced with
permission after [69]).

109



Polymers 2022, 14, 1130

Figure 6. Scheme illustration of the preparation of PSF-g-PSBMA membrane (reproduced with
permission after [70]).

The zwitterionic polymers, such as poly(sulfobetaine methacrylate) (PSBMA), were
grafted from a chloromethylated PSF membrane through surface-initiated atom transfer
radical polymerization (SI-ATRP), in order to reduce polymer adsorption and overcome
platelet adhesion, but lightly prolonged clotting [72]. The zwitterionic polymers present
both positive and negative charge on the same side chain maintaining neutrality, which
makes them an excellent inhibitor for the adhesion on the membrane surface of the plasma
protein [72]. The chlorine groups (–Cl) were attached to the PSF via the chloromethylation
reaction and used as initiators for the ATRP reaction using as reagents paraformaldehyde,
chlorotrimethylsilane ((CH3)3SiCl) and tin (IV) chloride (SnCl4), followed by the syntheti-
zation of block zwitterionic polymer via SI-ATRP (Figure 7). The modified PSF with grafted
zwitterionic showed better antifouling properties and hemocompatibility in comparison
with neat PSF [73]. Maggay et al. [74] proposed a PSF membrane modified with zwitterionic
polymer, a copolymer made of styrene and 4-vinylpyridine units via a dual-bath procedure,
and studied the antifouling properties of the modified membrane. The results showed that
the biofouling was reduced by 87% in comparison with the pristine PSF membrane after
incubating the membranes with E. coli and with a 90% reduction of biofouling in the case
of whole blood.

In addition, the combination of zwitterionic polymers and the negatively charge given
by the sulfonic and carboxyl groups, increases the hydrophilicity of the PSF, resulting
in a good antifouling property and hemocompatibility. Xiang et al. [49] also proposed
zwitterionic polymers of poly(sulfobetaine methacrylate) (PSBMA) and negatively charged
polymers of poly(sodium p-styrene sulfonate) (PNaSS) and/or poly(sodium methacrylate)
(PNaMAA) to functionalize PSF membranes via click chemistry in one step (Figure 8).
The resulting polymers were obtained via ATRP and linked at the surface of the azido-
functionalized PSF membrane via click chemistry. The obtained functionalized membranes
presented increased hydrophilicity, due to the decrease of contact angle values, good
resistance to protein adsorption and platelet and bacterial adhesion. Further, the addition
of negative charge improved the anticoagulant properties due to the synergistic effect of
the sulfonic and carboxyl group.
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Figure 7. The preparation of PSF—Cl membrane, and P(SBMA-b-NaSS) and P(SBMA-co-NaSS)
grafted membranes (reproduced with permission after [73]).

A surface modification of PSF via on plasma treatment was reported [75]. The surface
hydrophilicity was improved via plasma treatment, such that a decrease of the contact angle
was observed on increasing the oxygen plasma treatment time. Through plasma treatment,
oxygen-containing polar groups were introduced to the membrane surfaces resulting in an
increase in hydrophilicity behavior on the PSF membrane [76]. The low-temperature plasma
treatment (LTPT) was extensively used in membrane surface modification. Zheng et al. [77]
reported a successful surface modification of the PSF membrane via LTPT and grafting
acrylic acid (AA) and PEG, 2-methacryloyloxyethyl phosphorylcholine (MPC), heparin
and collagen (Figure 9). Zhang et al. [78] described a surface modification of the PSF
via ammonia–oxygen (NH3–O2) plasma treatment and found that the hydrophilicity of
membrane was improved in comparison with pristine PSF membrane. Furthermore, the
antifouling properties of the modified PSF membrane surface via low-temperature water
vapor plasma was studied. After plasma modification, oxidation occurred, leading to
improving wettability of the PSF membrane [79].
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Figure 8. Synthesis of functionalize azido-polysulfone, alkynyl-functionalized polymers and grafted
polysulfone membrane via click chemistry (reproduced with permission after [49]).

Anticoagulation properties are crucial when speaking about the hemocompatibility of
hemodialysis membranes. The functionalization of PSF membrane with different anticoag-
ulant compounds was studied in order to improve hemocompatibility. Compounds such as
heparin [80], polyethylene glycol (PEG) [81], polyvinyl pyrrolidone (PVP) [82] and sulfobe-
taine metacrylate (SBMA) [49] have been studied for PSF functionalization [66]. Moreover,
the heparin-modified PSF membrane was studied as a solution for upsurging the hemo-
compatibility and anticoagulant properties of the PSF membrane [64,83,84]. Heparin is a
linear, sulfated glycosaminoglycan produced by mast cells, having repeating monomeric
disaccharides of uronic acid and glucosamine in a 1,4-linkage, and with a three-dimensional
structure in a helical form [85,86]. Heparin is used as an anticoagulant agent, administrated
to prevent dialyzer and circuit clotting [87–90]. Heparin is used worldwide and is approved
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by the Federal Drug Administration (FDA) for the treatment of deep vein thrombosis and
pulmonary embolism [86,89].

Figure 9. Modification process of surface grafting (reproduced with permission after [77]).

The heparin immobilization on PSF membrane is called a heparization treatment,
and it is obtained via chemical amination, electrostatic self-assembled layers and plasma
treatment [91]. Mostly, heparin immobilization is obtained through chemical amination
by a chemically activated PSF membrane of the amino group, followed by heparization
treatment. Li et al. [91] studied the covalent immobilization of heparin onto PSF using at-
mospheric pressure glow discharge (APGD) in order to chemically bind heparin molecules
on the PSF surface. Huang et al. [84] described covalent immobilization of heparin on the
PSF membrane for the particular adsorption of low-density lipoprotein (LDL). For PSF
functionalization, the activation with consecutive chloromethyl ether and ethylenediamine
treatments were needed in order to obtain available functional groups linked to heparin
(Figure 10). After heparin immobilization, the hydrophilicity of the PSF membrane was im-
proved. Furthermore, compared to the pristine PSF membrane, the heparin functionalized
PSF membrane greatly enhanced the adsorption of LDL.

The drawback of the use of heparin is the fact that the only source of heparin is
from animal tissues, leading to a possible risk of virus contamination and adverse effects,
thrombocytopenia for long-term treatments and hemorrhages for patients with a large
administrated dose of heparin [85]. It was also shown that heparin only inhibits plasma-free
thrombin but does not inhibit clot-bound thrombin [47].
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Figure 10. Scheme of the chemical activation of PSF film (reproduced with permission after [84]). 

 

Figure 10. Scheme of the chemical activation of PSF film (reproduced with permission after [84]).

Lately, heparin-mimic compounds with a better control over structure, sulfation and
purity have been developed. Lin et al. [92] developed PSF functionalized with sulfonated
citric chitosan, which has a structure and groups similar to heparin to improve the hemo-
compatibility of PSF. Sulfonated citric chitosan was obtained via N-acylation and sulfona-
tion to take the negative carboxyl and sulfonic groups and attach them to chloroacylated
PSF, which previously was treated by introducing –COCH2Cl groups into the PSF, followed
by the preparation of chloroacylated membranes via the phase separation method. The
obtained membranes present outstanding hydration capacity, which highly diminishes
the amount of protein adsorption. Wang et al. [93] proposed an increase of hydrophilicity
and anticoagulation properties of the PSF membrane by grafting onto the PSF surface a
heparin-like polymer, sulfonated dihydroxypropyl chitosan (SDHPCS), via alkalization of
chitosan, etherification and sulfonation (Figure 11). The reactivity of PSF was achieved by
using chloroacetyl chloride. The results showed that the structure of functionalized PSF is
not destroyed by the functionalization, but in comparison with pristine PSF, functionalized
PSF has increased hydrophilicity, lower BSA adsorption and enhanced blood compatibility
than before.

Liu et al. were the first to propose vorapaxar-modified polysulfone (VMPSF) for
increased hemocompatibility. Vorapaxar is a protease-activated receptor 1 (PAR1) that is
able to stop the cascade of reactions required for clotting. The composite membrane was
obtained via the liquid–liquid phase inversion method. The functionalized membrane
with vorapaxar presents a decrease of the contact angle values, leading to an increase in
hydrophilicity [47]. Qi et al. [94] suggested a functionalization of PSF with resveratrol as an
antioxidant compound for an improved hemodialysis-induced oxidative stress. Resveratrol
is a plant-based extracted antioxidant used as an inhibitor of the oxidation reaction caused
by free radicals. The functionalization is obtained via an immersion precipitation phase
inversion method. The functionalized PSF membrane with resveratrol has increased
hydrophilicity; improved water flux of the membrane; excellent and strong free radical
scavenging ability; improved resistance of protein adhesion and excellent urea (90.33%),
creatinine (89.50%) and lysozyme retention (74.60%). Another natural antioxidant used in
PSF functionalization is silibilin. The functionalization was obtained via the immersion
precipitation phase inversion method. The introduction of silibilin in the PSF matrix
improves the hydrophilicity, antioxidant properties and hemocompatibility [95].
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Figure 11. The preparation process of SDHPCS-g-PSF membrane (reproduced with permission
after [93], Scheme 1).

Nanofunctionalization is a novel direction in obtaining PSF with greater properties
developed by the addition of different nanoparticles, such as TiO2 [96], SiO2 [97], Al2O3 [98],
iron oxide [99] and carbon-based nanoparticles [100–102]. PSF functionalized with carbon
nanotubes has been previously reported. Firstly, the PSF was chloromethylated, followed
by functionalization with different types of nanotubes, single walled (SWNT) and double
walled (DWNT). The functionalized membrane presents a large pore size and relatively
small compact structure, which could be used in blood filtration as it favors the flow [100].
Mahat et al. [101] reported polysulfone functionalization with carbon quantum dots in order
to improve the hydrophilicity of pristine PSF and antimicrobial properties. Zheng et al. [103]
proposed an increase of antifouling properties of polysulfone via carbon nanoparticles
obtained from agricultural waste of corn stalks. The modified membranes improved
hydrophilicity by increasing the pore size and modified roughness leading to improved
membrane permeability and antifouling properties.

Polysulfone functionalization with clay nanoparticles was studied. Recently, Ouradi et al. [104]
reported a nanofunctionalization of PSF with poly(acrylonitrileco-sodium methallyl sul-
fonate) copolymer (AN69) (which is a hydrophilic material) and montmorillonite clay
(MMT) for hemodialysis applications. It was reported that the nanocomposite membrane
presents hydrophilic properties, good thermal sterilization resistance, better water per-
meability and a good capacity of protein adsorption. AN69 induces a negative charge
on the PSF surface, and MMT reduces the free volume between PSF chains leading to
increased permeability due to the rise of hydrophilic character. The addition of MMT
also increases the thermal stability of the membrane, promoting a great thermal steril-
ization resistance [104–106]. Likewise, clay-polysulfone nanocomposites were developed
by Ma et al. [107] via the phase inversion method. N,N-Dimethyl acetamide (DMAc),
deionized water and PEG 400 were used as solvent, coagulant and pore-forming agent,
respectively. The nanocomposite membrane displayed an asymmetric structure, with
increased hydrophilicity due to the addition of MMT.

Mansur et al. [108] functionalized polysulfone membrane with silica nanoparticles
(SiO2) in order to remove the protein uremic toxin by adsorption and alpha mangostin (α-
mangostin), which is an antioxidant bioactive compound extracted from mangosteen peri-
carp. After functionalization, the obtained composite membranes were more hydrophilic in
comparison with pristine polysulfone membrane, having an increased permeability and bio-
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compatibility. Song et al. [109] modified polysulfone with poly(1-vinylpyrrolidone)-grafted
silica nanoparticles (PVP-g-silica). The contact angle values of the composite membrane
decreased with the increase of PVP-g-silica content, inducing a hydrophilic behavior. The
antifouling properties were reported as being improved in comparison with those of the
polysulfone/nanosilica composite membrane.

In the past decade, the functionalization with iron oxide has attracted attention due
to its favorable properties for biomedical applications, such as biocompatibility, chemical
stability and nontoxicity [110,111]. The usage of iron oxide improves the separation perfor-
mance. Said et al. [112] reported the obtaining of polysulfone membrane functionalized
with iron oxide for better biocompatibility and being able to remove the middle molecule
uremic toxin effectively. It was shown that even though a high concentration of iron oxide
was added, it displayed a reduction of protein adsorption and platelet adhesion while
maintaining normal blood coagulation time and admissible complement activation [112].
Unfortunately, iron oxide nanoparticles have a tendency to form aggregates. For better dis-
persion, it was reported that the addition of citric acid could improve iron oxide dispersion
in the polymer matrix [113–115].

TiO2 nanofunctionalization is used due to the super hydrophilicity behavior of TiO2
nanoparticles, UV resistance, antimicrobial activity and biocompatibility [116]. Neverthe-
less, many applications of polysulfone functionalized with TiO2 are in the wastewater
purification field, due to its electrochemical properties, chemical stability, non-toxicity,
powerful anti-oxidizing power [117–119].

Lately, the reduction of uremic toxin retention through functionalized PSF was stud-
ied [56,108,120–122]. The uremic toxins are organic or inorganic substances that are accu-
mulated in the body fluids of patients with acute or chronic kidney disease and impaired
kidney function [123]. The accumulation of these uremic toxins has a dangerous effect on
the physiological function, leading to the appearance of intoxication, resulting in the deteri-
oration of the clinical conditions [43,124]. The uremic toxins, such as urea and creatinine,
are water-soluble compounds with a small molecular weight (<0.5 kDa), which are conven-
tionally removed using dialysis [43,124–126]. Activated carbon, hydrated zirconium-oxide,
hydrated zirconium-phosphate and activated aluminum silicate were used as the absorbent
for removing uremic toxins [52,121]. Abidin et al. [56] proposed a dual-layer hollow-fiber
membrane based on PSF/amino-silanized poly(methyl methacrylate) for uremic toxin
separation. These sandwich-structured membranes were formed by using two layers of
PSF and polyvinylpyrrolidone (PVP), which is used for pore formation, and an outer layer
from silanized PMMA with 3-(aminopropyl) triethoxysilane (APTES), for the introduction
of adsorption properties to the composite membrane. After silanization, the adsorption ca-
pacity was improved, with the composite membrane being able to remove urea and also to
filter larger lysozyme molecules. Further, Abidin et al. [121] reported upgraded composite
membranes based on PSF/activated carbon (AC) as an inner layer and PSF/PMMA as an
outer layer, developed for urea and creatinine removal. The addition of AC increases the
creatinine adoption.

Chen et al. [127] obtained a PSF-block-polyethylene glycol (PEG) membrane via nonsolvent-
induced phase separation (NIPS). The PEG blocks are covalently bound to the PSF blocks,
resulting in a composite membrane with an increased permeability (the pure water perme-
ability (PWP) was reported being 225 L m−2 h−1 bar−1), compared with PSF functionalized
with TiO2 nanoparticles and chitosan (PWP being 31 L m−2 h−1 bar−1) [128] and PSF func-
tionalized with TiO2 nanoparticles and HEMA (PWP being 115 L m−2 h−1 bar−1) [129], but
presenting similar BSA retention (almost 90%) compared with the aforementioned composite
membrane. Said et al. [112] reported that the PSF/Fe2O3 composite membranes obtained
a great BSA and urea retention (99.9% and 82%), good lysozyme retention (46,7%), but a
lower a permeability (PWP being 110.47 L m−2 h−1 bar−1). Mansur et al. [108] reported that
the addition of SiO2/alpha-mangostin nanoparticles increased urea and creatinine clearance
(92.48% and 87.71%), compared with neat PSF membrane.
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The removal of the uremic toxins with a larger molecular weight is still a challenge.
Kohlová et al. [122] proposed removal of the middle-size uremic toxins (molecular weight
0.5–15 kDa) via PSF functionalized with hydrophilic additives, such as polyethylene glycol
(PEG) and polyvinylpyrrolidone (PVP). The functionalized PSF membrane allowed a
selective molecular separation, attributed to the dense top skin layer of the membrane,
with a partial removal of middle-size molecules, and bovine serum albumin (BSA) rejection
close to 100%. Table 1 summarizes the previously presented functionalized polysulfone
membranes and their main properties.

Table 1. Functionalized membrane and induced properties.

Membrane Properties Ref.

1 Sulfonated polysulfone Hemocompatibility
Biocompatibility [58]

2 Acrylic acid and sulfonated hydroxypropyl chitosan
functionalized polysulfone

Anticoagulant properties
Antifouling properties
Hemocompatibility
Hydrophilicity

[64]

3 Sulfonated polysulfone/PVC
Permeability
Antifouling properties
Hydrophilicity

[61]

4 Alpha-lipoic acid (ALA) functionalized polysulfone Antioxidant activity
Antifouling properties [59]

5 4-(chloromethyl)benzoic acid and sulfonated hydroxypropyl
chitosan functionalized polysulfone

Hemocompatibility
Biocompatibility
Antifouling property

[66]

6
Chloromethylated polysulfone functionalized with
poly(ethylene glycol)monomethacrylate (PEGMA) and
2-hydroxyethyl methacrylate (HEMA)

Antifouling properties [68]

7 Zwitterionic copolymers of P(SBMA-b-NaSS) and
P(SBMA-co-NaSS) functionalized polysulfone

Antifouling property
Hemocompatibility
Resistance to platelet adhesion
Anticoagulant property

[73]

8 Zwitterionic polymer of poly(sulfobetaine methacrylate)
(PSBMA) functionalized polysulfone

Antifouling property
Hemocompatibility
Cytocompatibility

[70]

9

Zwitterionic polymer of poly(sulfobetaine methacrylate)
(PSBMA), negatively charged polymers of poly(sodium
methacrylate) (PNaMAA) and/or poly(sodium p-styrene
sulfonate) (PNaSS) functionalized polysulfone

Hydrophilicity
Antifouling property
Good resistance to protein adsorption,
platelet adhesion and bacterial adhesion
Anticoagulant property

[49]

10
Acrylic acid (AA) with heparin, 2-methacryloyloxyethyl
phosphorylcholine (MPC), and collagen functionalized
polysulfone

Hemocompatibility [77]

11 Ammonia–oxygen (NH3–O2) plasma-treated polysulfone Hydrophilicity
Antifouling property [78]

12 Plasma functionalized polysulfone Wettability [79]

13 Chlorodimethyl ether and ethylenediamine functionalized
polysulfone

Hydrophilicity
Selectivity [84]

14 Sulfonated citric chitosan functionalized polysulfone Hemocompatibility
Anticoagulation properties [92]
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Table 1. Cont.

Membrane Properties Ref.

15 Heparin functionalized polysulfone Hydrophilicity
Hemocompatibility [91]

16 AN69/MMT functionalized polysulfone

Hemocompatibility
Hydrophilicity
Good capacity of protein adsorption
Thermal stability
Permeability

[105]

17 Resveratrol functionalized polysulfone

Hydrophilicity
Free radical scavenging properties
Resistance to protein adhesion
Hemocompatibility
Antioxidant properties

[94]

18 Silibilin functionalized polysulfone
Antioxidant properties
Hydrophilicity
Hemocompatibility

[95]

19 Polyamide/SiO2 functionalized polysulfone Excellent stability
Hydrophilicity [97]

20 Carbon quantum dot functionalized polysulfone Hydrophilicity [101]

21 AN69/clay composite functionalized polysulfone
Permeability
Hydrophilicity
Thermal stability

[105]

22 Montmorillonite functionalized polysulfone
Hydrophilicity
Thermal stability
Tensile properties

[106]

23 Iron oxide nanoparticle functionalized polysulfone Hemocompatibility
Biocompatibility [112]

24 TiO2—graphene oxide functionalized polysulfone Antifouling
Antibacterial [119]

25 PSF-activated carbon and PSF/PMMA Good uremic toxin adsorption
Hydrophilicity [121]

26 Polysulfone-block-poly (ethyleneglycol)
Hydrophilicity
Great permeability
Antifouling property

[127]

3. Conclusions and Future Perspectives

Some of the recent approaches in the field of polysulfone functionalized membranes
for hemodialysis from the perspective of functionalization reactions at the surface of the
membrane that improve hemocompatibility have been presented in this review. Reactions
conditions and the influence of immobilized molecules over performances of separation
and hemocompatibility were presented with an accent on the surface chemistry conditions
and improved properties that have been modified for blood filtration applications.

Future perspectives in relation to membranes for hemodialysis can be divided into
several categories.

1. The nature of the polymer for the manufacture of membranes. At the beginning of
the research to obtain dialysis membranes, the most used polymers were cellulose
derivatives, especially nitrocellulose (which was found in large quantities due to its
use as an explosive powder). With the discovery of polysulfone, its physical and
chemical properties established it as the main polymer for obtaining membranes for
hemodialysis. However, in the current context of the circular economy and the use
of as many materials of natural origin as possible, we could see a return of green
polymers and an intensification of the research on the use of these polymers, such
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as cellulose derivatives, chitosan, alginate or even starch. The current methods of
synthesis of membrane materials and the possibilities of unconventional chemical
modification, such as reactions in plasma or laser surface changes, can solve in this
time many of the technological challenges that seemed impossible to solve in the
1950s–1960s.

2. Modification of the membrane surface to improve the hemotoxic character. The
wide range of molecules that are continuously developed in the pharmaceutical
industry, as well as the increasingly easy access to different methods of membrane
functionalization on a scale industrial, could ensure in a reasonable time horizon,
the use of more and more advanced membranes. The current problem is not the
existence of technological solutions but the cost price that would be reached if these
solutions were applied. Quantitatively, hemodialysis membranes are the second
application for membranes produced worldwide, and an uncontrolled cost would
have cascading effects from influencing capacities of production, up to the costs of
the health system. Innovations in technology and chemical engineering will be able
to solve such problems, allowing us to obtain functionalized membranes with other
molecules, which will make synthesis easier.

3. Development of a niche field—one-day hemodialysis. In addition to treating chronic
kidney failure, hemodialysis finds wider and wider applications in the purification of
waste and the removal from the body of elements or substances whose concentration
in the body increases following accidental poisoning. This category includes heavy
metals, an organic substance used as intermediates in various syntheses or other
substances from niche industries, which can reach the body following an accident.
The challenges related to this type of application are far from solved. In the case of
heavy metal retention, the problem is not the synthesis of a membrane that retains that
heavy metal, but the fact that the membrane should retain the metal alone without
removing from the blood other cations of biological interest (such as Na+, K+).

4. Coupling of hemodialysis with other biomedical processes. Patients who suffer
from chronic kidney dysfunction usually have other associated conditions. A great
challenge lies in obtaining membranes for hemodialysis that also have the ability to
release pharmaceutically active substances, so that, during the medical procedure
of blood filtration to be carried out, the treatment of associated diseases can be
managed simultaneously, thus increasing the quality of life of these patients. This
would be especially beneficial for those who suffer from a form of cancer for which
chemotherapy is required. In addition, the release of analgesics would make the
procedure more bearable, especially by alleviating the inflammatory effects that occur
and are maintained for several hours after.
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Abstract: In spinal cord injury (SCI) there is damage to the nervous tissue, due to the initial damage
and pathophysiological processes that are triggered subsequently. There is no effective therapeutic
strategy for motor functional recovery derived from the injury. Several studies have demonstrated
neurons growth in cell cultures on polymers synthesized by plasma derived from pyrrole, and the
increased recovery of motor function in rats by implanting the polymer in acute states of the SCI in
contusion and transection models. In the process of transferring these advances towards humans
it is recommended to test in mayor species, such as nonhuman primates, prioritizing the use of
non-invasive techniques to evaluate the injury progression with the applied treatments. This work
shows the ability of diffusion tensor imaging (DTI) to evaluate the evolution of the SCI in nonhuman
primates through the fraction of anisotropy (FA) analysis and the diffusion tensor tractography (DTT)
calculus. The injury progression was analysed up to 3 months after the injury day by FA and DTT.
The FA recovery and the DTT re-stabilization were observed in the experimental implanted subject
with the polymer, in contrast with the non-implanted subject. The parameters derived from DTI are
concordant with the histology and the motor functional behaviour.

Keywords: plasma polymerization; spinal cord injury; diffusion tensor imaging; rhesus monkey
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1. Introduction

SCI has a great medical and socioeconomic impact, due to a severe neurological
disability [1–3] and, so far it doesn’t exist an effective treatment to recovery after the injury.
The pathophysiological mechanisms triggered after SCI are complex [2], small animal
studies have contributed greatly to a better understanding of these mechanisms. However,
it has not been possible to translate those findings effectively to improve treatments for
human SCI. Therefore, to facilitate the translation of advances made in the laboratory to the
clinic it is recommended the use of mayor species [4–6], including methods which allow the
information collected per animal to be maximized in order to reduce the use of animals [7],
prioritizing the use of non-invasive techniques to evaluate the injury progression with
the applied treatments, according to organizations such as “The National Centre for the
Replacement, Refinement & Reduction of Animals in research” (NC3Rs) in the UK’s that
practice the principles of replacement, reduction and refinement (3Rs).

Polymers such as collagen/silk fibroin, polyethylene glycol, poly-β-hydroxybutyrate,
chitosan tube, poly(ε-caprolactone), poly(lactic-co-glycolic acid), and polymers synthesized
by plasma derived from pyrrole (PPPyI) have been proposed with encouraging results
in the treatment of SCI [8–16], it has been described that polymers implanted after a
SCI have beneficial effects such as: promoting functional recovery, axonal remyelination,
preservation of nervous tissue adjacent to the epicentre of the injury, decrease in the number
of reactive astrocytes, among others; although commonly the aforementioned effects do
not occur together, in addition to not being attributed only to the polymer, but have been
associated with the combination with drugs, cells or other agents [8–13]. While PPPyI has
been reported to have neuroprotective and neuroregenerative effects per se. In addition,
it was shown that animals with SCI transection (SCIT) implanted with PPPY presented
a lower inflammatory response, better integration with the nervous tissue, and greater
functional recovery compared to animals administered PPy synthesized by chemical or
electrochemical methods. This can be attributed to the plasma synthesis of the polymer,
with which polymers with physical-chemical characteristics different are obtained [17].
Additionally, it has been shown that combining rehabilitation with the PPPyI implant
promotes the expression of βIII-tubulin (molecule related to nerve plasticity), reduces glial
scar formation, favours the preservation of nerve tissue, nerve fibres cross the injured site
and recovery of motor function is observed [16]. PPPyI implanted in adult rats with SCI by
both, transection and contusion models, favour protection of nervous tissue adjacent to the
lesion and the functional recovery of animals, significantly [14–16].

Magnetic Resonance Imaging (MRI) has been used as a non-invasive tool in order
to study the SCI in vivo. With conventional MRI, for instance T2-weighted (T2W), it is
possible to obtain morphometric information of the injured area, the affected tissue and
the conformation of cysts and scar areas [18–20]. However, to evaluate the severity of SCI,
more sensitive methods are needed to reveal changes in the neurological structure, as DTI
that has been developed and used as an accurate, non-invasive evaluation approach in
SCI [19,21,22]. DTI is an MRI technique with the possibility to determine the direction of
water diffusion in biological tissues. In white matter, water diffusion is highly directional
through axons [23], DTI can be used to assess the microstructure of white matter by FA,
which reflects the anisotropy of the diffusion [24]. DTT refers to the estimation of axonal
connectivity according to local diffusion properties. In its simplest form, DTT follows the
main axis of the nerve fibres and their propagation from one area to another anatomically
connected [25–27].

In this work experimental T9 SCIT was performed, and the evolution through time
by DTI of SCIT in nonhuman primates (NHP) at the epicentre and around the injury
was studied.
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2. Materials and Methods
2.1. Synthesis of Polypyrrole Iodine by Plasma

The monomer used in the polymerizations was pyrrole (99%, Sigma-Aldrich, St. Louis,
MO, USA), the dopant was iodine (99.8%, Sigma-Aldrich, St. Louis, MO, USA). Polypyrrole
Iodine was synthesized by the plasma polymerization method. The film was kept in the
reactor for 24 h. In an iodine atmosphere to neutralize the last free radicals and increase
the amount of iodine in the material. The pyrrole and iodine used in the synthesis and the
solvents applied to remove the polymers were used without further purification. Once the
PPPyI films were synthesized, acetone was applied to separate the films from the substrates
and dissolve the remaining oligomers. FT-IR, XPS, TGA and morphological analyses were
performed (its characterization has already been reported in previous studies [14,28,29]).
When removing the polymer from the reactor, flakes of around 1mm thickness are obtained,
films were pulverized in an agate mortar to obtain a fine brown powder, which was
compressed at 9 tons for 10 min to form a thin tablet. Electrical conductivity was calculated
from resistance measured directly from the tablet [14,28].

2.2. Polymer Characterization

The analysis FT-IR of the polymer was obtained with a Perkin-Elmer 2000 Infrared
Spectrophotometer (Perkin Elmer-DuraSampIIR II, Waltham, MA, USA) collected directly
from the films through 32 scans. PPPyI films were analyzed by X-ray photoelectron
spectroscopy (XPS) using an X-ray monochromator from an Al kα (1486.6 eV) source
(Thermo hermo Scientific, Waltham, MA, USA).

Resistance of the tablet was measured perpendicular to the polymer surface using a
two-probe device, the sample placed between two copper electrodes in a capacitive array.
The resistance of the polymer was measured with a multimeter.

2.3. Animal Grouping

This study was approved by the National Commission of Scientific Investigation
of Mexican Social Security Institute, The Committee for the Care and Use of Laboratory
Animals of Proyecto CAMINA A.C. research centre, and Bioethics Committee of National
Centre of Investigation in Medical Instrumentation and Imaging. The NHP were treated
humanely according with “National Institutes of Health Guide for the Care and Use of
Laboratory Animals”.

Two female NHP (Macaca Mulatta) from CAMINA A.C. were used. They were
selected according to their general healthy aspect, mobility, vital sings, and blood chemistry.
The NHPs underwent the SCI, one of them was implanted with the polymer (RHI) and the
other one was only injured (RHC). A month before starting the experimental procedures,
NHP were moved from their troop to a cage. They were maintained ad libitum with pellets
Purina Monkey Diet 5045® (PMI Nutrition International, St. Louis, MO, USA) and water.
To safely handle NHPs, Pole-and-Collar systems (Primate Products Inc., Immokalee, FL,
USA, EE.UU.) were used.

2.4. Experimental Treatment

NHPs were induced with tiletamine zolazepam (Zoletil, Virbac S.A., Carros, France)
intramuscularly (4 mg/Kg). Isoflurane anaesthesia (Rhodia Organique Fine Ltd., CDMX,
México) was kept at 1.5% providing oxygen mixed with environmental air though an
endotracheal tube (approximately at 25 mL/s). Physiological parameters were monitored:
rectal temperature, oxygen saturation and ECG, during the surgery. The ventilator was
maintained at 15 respirations per minute. For the SCI, the isoflurane concentration increased
to 2.5%. Afterwards the NHPs were subjected to a sagittal incision on the skin and to a
dissection in the paravertebral muscles to carefully remove one lamina. In order to observe
the laminar process of this vertebra, the ninth spinous process was extirpated. Then a
laminectomy was carried out, being extended until the facet process. So far, the meninges
were kept intact. Once the laminectomy was finished a longitudinal incision was carried
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out in the meninges. After that, a complete transversal cut in the spinal cord was carried out
and the PPPyI implant was introduced into the lesion site in the RHI subject. Afterwards
the meninges were sutured with stitches and the surgical incision was sutured in two
planes. Immediately after the injury, MRI studies were performed. Ciprofloxacin Lactate
(Bayer de México S.A. de C.V., CDMX, México) was administrated intravenously every
12 h the first day after the injury and then a daily intramuscular dose of 15 mg/kg for
6 days, as prophylactic to prevent infections. For Analgesia, a daily dose for two weeks of
100 mg/kg of Acetaminophen (Cilag, México) was administrated orally.

2.5. MRI and DTI Scan

MRI studies were performed with a 3.0 T whole-body MRI clinical scanner (Achieva,
Philips Medical Systems, Eindhoven, Netherlands) with 4-channel SENSE coil.

T1-Weigthed was obtained: PROSET-CLEAR sequence; TE/TR 6.9/10.9 ms; FOV
196 × 132; matrix 300 × 200; slice thickness 1mm.

T2-Weigthed: VISTA-CLEAR sequence; TE/TR = 115/2500 ms; FOV 196 × 132; matrix
300 × 200; slice thickness 1mm.

DTI was acquired with the following parameters: DTI-high_iso sequence; TE/TR
70/5934 ms; b = 800; 32 directions; FOV 128 × 128; matrix 256 × 256, slice thickness 2 mm.

The studies were carried out: before SCI, the day of the SCI and the 1st, 2nd, and
3rd month after SCI. The data were then further analysed using DSI Studio software
(7 January 2021 build, Fang-Cheng, Pittsburgh, PA, USA), The diffusion tensor was calcu-
lated. A deterministic fibre tracking algorithm was used [30], the regions of interest were
placed at the epicentre (ECn), the rostral direction (Rn), and the caudal direction (Cn) of
the injury. The seeding region was placed around the epicentre of injury. The anisotropy
threshold was 0.225. The angular threshold was 30 degrees.

2.6. Obtaining Tissue

Three months after the SCIT, subjects were anesthetized followed by an intraperitoneal
administration of 0.8 mL of heparin, a wide thoracotomy was performed, the ascending
aorta was cannulated, and 1000 mL of cool physiological saline solution followed by
2000 mL of 4% paraformaldehyde in phosphate buffer were perfused through the heart.
The spinal cord was obtained. The samples were embedded in paraffin. Serial longitudinal
sections of 10 µm thickness was cut and stained for histological analysis.

3. Results
3.1. FT-IR Spectcroscopy

The infrared spectra of PPPyI are shown in Figure 1. Three broad absorption bands are
primarily identified and emphasized. Absorption region located in the interval
400–800 cm−1, shows the substitutions in the pyrrole rings, associated with the crosslinking
between the chains, the partial branching, and the growth of the polymer. The C–I groups
originating from iodine doping during polymerization can be identified in the peak centred
at 604 cm−1. Wide absorption located in the region between 1600 and 1800 cm−1, is due
to the C–N, C=C and C=0 groups, the peak at 1630 belongs to the amine group. The
vibration at 2218 cm−1 corresponds to nitrile groups, C≡N, this vibration suggests high
dehydrogenation and breakage of some monomeric rings. The aliphatic C–H groups can be
assigned to absorption centred at 2935 cm−1 and suggest the ring fragmentation, as result
of plasma synthesis high-energy collisions. In the region between 3000 and 3800 cm−1

may be associated to N–H and O–H groups, the most significant absorption is centred at
3354 cm−1, which corresponds to the pyrrole bonds N–H.
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Figure 1. Infrared spectrum (FT-IR) of iodine-doped polymer of pyrrole synthesized by plasma.

3.2. Elemental Analysis by XPS

Atomic percentage analysis of PPY/I indicated C 77.04%, O 4.86%, N 17.5% and I 0.6%;
as is showed in Figure 2. Carbon and Nitrogen are part of the pyrrole structure, while the
Iodine has a low participation due to its integration as a dopant during the synthesis. On
the other hand, Oxygen can be a consequence of the neutralization of the last free radicals
when the reactor is opened and exposed to the atmospheric interaction.
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Figure 2. XPS survey spectrum for PPPy/I. The peaks correspond to configurations of carbon (C1s),
nitrogen (N1s), oxygen (O1s), and iodine (I3d).

3.3. Electric Conductivity

The electrical resistance of the PPy/I tablet was 1.4 MOhm at 30% relative humidity
and the associated conductivity was 2.2 × 10−10 S/cm, these results are consistent with
those reported [14]. Some PPPYI, follow an ohmic behaviour, which increases several
orders of magnitude when the relative humidity is >60% [28]. This behaviour is desired
since the material is implanted in a medium surrounded by body fluids.

3.4. Implant Evolution

T2W show the transection site and its changes around the injury (Figure 3). In the
rhesus injured (RHC), cysts can be observed in rostral direction from the injury epicentre,
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increasing size over time. The rhesus injured and implanted (RHI) T2W images show a
hyper intense region around the implant, which does not extend.
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T2W sagittal reconstruction images show transection site from before injured up to 3 months after injury.

FA was measured in different areas around the injury site (Figure 4). The values of FA
in the different regions measured before the lesion are larger than 0.8 mm for both, RHC
and RHI. This value shows a unidirectional diffusion with high FA. After the injury the
evolution in time of RHC, and RHI are different. While in RHC a tendency to FA decreasing
in the injury area was observed from the 2nd month, in RHI there is an increasing FA. FA
for the RHC before the injury was 0.83 ± 0.02. The injury day, FA decreased to 0.42 ± 0.02
at the injury epicentre, and as the injury was progressing FA drops. One month after the
injury FA was 0.32 ± 0.02, two months after the injury was 0.24 ± 0.02 and 3 months after
the injury was 0.14 ± 0.02. In RHI, FA was 0.86 ± 0.02 before the injury, the day of injury
and implant FA decreased to 0.40 ± 0.02 at the injury epicentre, one month after that, FA
was 0.41 ± 0.02, after two months it was 0.64 ± 0.02, and three months post injury was
0.74 ± 0.02. At the end of the study, the FA in RHC decreased 86% while for RHI it
decreased 15%.

DTT of the SCI region allows visualizing changes in the white matter through time
(Figure 5). The before injury column shows a well-organized fibre-tracking in both, RHC
and RHI. For the first image after the injury, discontinuity in the projection of the tracks is
observed in both subjects. In the RHC, fibre-tracking integrity decreases over time (from 1
to 3 months) in rostral and caudal direction, extending to the ends of the analysed region.
Restructuring of the fibre-tracing was observed in RHI, from the first month after the
injury, showing irregularity and discontinuity in the fibre-tracing mainly in the epicentre
of the injury, at the second month homogeneous lateralized fibres were observed at the
second month the formation of homogeneous lateral fibres were observed, with tendency
to integration, for the third month after the injury, the fibre-tracing is homogeneous in the
lateral portion shown in the second month and the tendency to restructure on the opposite
side is observed (see Supplementary Video).
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Figure 4. Fractional anisotropy of injured area. The FA was measured in 9 different regions of the
transection area, shown in the middle of the figure, where ECn corresponds to the epicentre of injury,
Rn is the rostral, and Cn is the caudal region. The time evolution graphs of the values of FA of the
RHC (left) and RHI (right) are presented.
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Figure 5. Diffusion Tensor Tractography of Spinal Cord Injury through time. The evolution shown is
from before the injury to 3 months later. In the injured Rhesus, shown above, the anisotropy decreases
with time, showing an increasing discontinuity in the fibre- tracking to both sides of the lesion. In the
injured and implanted Rhesus, shown below, tracts are identified through the injured area, showing
a gradual decrease in discontinuity and a progressive recovery of the tractography over time.

Histology (Figure 5) show scar formation at the epicentre of the injury, as well as cyst
formation in both the rostral and caudal directions. For RHC there is coalescence of cysts
forming a large cyst, thus contributing to the loss of histoarchitecture, while for RHI there
is no extension of the injury area, and integration of scar, PPPyI, and tissue is observed at
the epicentre of the injury.

DTT and Histology overlap (Figure 5) also shows a composition of the DTT and histol-
ogy, this combination has not total synchronization but allows to compare the morphology
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predicted by the two techniques, and they show congruency giving a clear idea of the
difference in of the evolution of the injury in the subjects.

The recovery of sensitivity and movement in the lower extremities, was observed
only in RHI since RHC did not show any motor recovery and presented lacerations, sores,
muscle atrophy, and therefore no movement is discussed; evidence is omitted due to
the shocking and crude nature of the injuries. In the 2nd month, RHI subject had slight
movements of the lower joints, while in the third month, complete flexures were observed,
particularly of the relation Hip-Knee-Ankle (see Supplementary Video), Figure 6 shows
the movement trajectory of a lower extremity evaluated 3 months after injury, and their
kinetics representation.
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Figure 6. Movement recovery in implanted NHP. The one limb movement trajectory of the RHI is
observed 3 months after the polymer implantation. Below, the movement kinetics representation of
the relation Hip-Knee-Ankle, the dotted line shows the knee initial position.

4. Discussion

In this work a SCIT was carried out in non-human primates, one with implanted
of PPPyI (RHI) and other just with the injury (RHC), the effect of the PPPyI in RHI is in
accordance with the previous work in murines, in which, the use of PPPy in different models
of SCI has promoted mechanisms of neuroprotection, contributing in the stimulation of
motor plasticity mechanisms and in the histoarchitecture conservation, increasing the motor
functional recovery of the experimental subjects [14–16]; DTI showed capacity to evaluate
the evolution in vivo of the SCIT in NHP emphasizing the difference between the RHI
and RHC.

FA is a sensitive marker for SCI and is strongly related to the severity of the lesion [21].
FA can be an indicator of axonal structure damage with the possibility to quantify the sever-
ity and extension of SCI. The decrease in FA reflects axonal loss and nervous degeneration.
FA decreased the injury day for the subjects in the epicentre of the injury. Subsequently, FA
in RHC kept decreasing in the epicentre, and in all the evaluated regions showing a larger
damage, FA value was 0.14 ± 0.02 in the epicentre three months after the lesion, agreeing
with the tendency in the decrease of FA reported in murine [21,31] and canine [32] with
SCI. In RHI a gradual recovery of FA after the second month is observed and the fraction
increased up to 0.74 ± 0.02 at the epicentre and showed a tendency to recover the value
of both, caudal and cephalic, suggesting a re-stabilization of the microenvironment in the
lesion zone [31,33].

DTT can differentiate the interrupted nerve fibres from intact regions and can be used
as a qualitative indicator of SCI to represent nerve fibres and to observe the spinal cord
evolution after an injury, the fibres tracking is directly related to the change in FA, since as
tracts are damaged the anisotropy decreases [21,31–34]. In both subjects, the DTT projection
of the initial spinal cord interruption on the day of the injury was observed. The decrease
in anisotropy can be observed in the RHC, where gradually there was an increase in the
separation between each extreme of the spinal cord, for the 3rd month after the injury, the
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space is extensive which is consistent with the space generated by the cysts, according
to what is shown in the histology, the DTT + Histology overlap, demonstrates how it is
possible to visualize the extent of the lesion in vivo in RHC by means of DTT. In RHI,
DTT shows a tendency to recover the track continuity in the injury area because of the
FA recovery, showing also local changes in the directionality through time, for the first
month, the DTT projection shows a large number of incomplete tracts in the epicentre of
the injury, this is attributed to the change in the anisotropy of the region due to the presence
of the PPPyI and its interaction with the tissue. Subsequently, greater homogeneity is
observed in the area, and the existence of calculated tracts due to the increase in FA in the
area, this being coincident with the reappearance in the 2nd month of slight movements
in the subject of the lower joints, for the 3rd month, the DTT projection shows a greater
number of tracts calculated in the epicentre of the injury as well as changes in the local
directionality, analogously in the histology, interaction between tissue and scar is observed
in the epicentre of the injury, the DTT + Histology overlap suggests the coincidence of this
interaction and the DTT projection, as well as the recovery at the 3rd month after the injury
of complete flexures and sensitivity.

The analysis of DTI/DTT has the ability to monitor in vivo the state of the tissue
surrounding the epicentre of injury, as well as quantifying the anisotropy of the same
region in non-human primates after SCI. In humans, the MRI studies commonly used in
SCI are qualitative, limited only to determining the morphology of the Injury, therefore the
use of DTI/DTT in the clinic would be an important tool to evaluate and follow up SCI
in humans.

In conclusion, diffusion tensor imaging is sensitive to evaluate spinal cord injury,
allows monitoring of in vivo injury in nonhuman primates, serving as a tool to evaluate
the progression of the injury through time.
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Abstract: Background. Our earlier works showed the quick vascularization of mouse skin grafted
Bombyx mori 3D silk fibroin nonwoven scaffolds (3D-SFnws) and the release of exosomes enriched in
angiogenic/growth factors (AGFs) from in vitro 3D-SFnws-stuck human dermal fibroblasts (HDFs).
Here, we explored whether coronary artery adult human smooth muscle cells (AHSMCs) also release
AGFs-enriched exosomes when cultured on 3D-SFnws in vitro. Methods. Media with exosome-
depleted FBS served for AHSMCs and human endothelial cells (HECs) cultures on 3D-SFnws or
polystyrene. Biochemical methods and double-antibody arrays assessed cell growth, metabolism,
and intracellular TGF-β and NF-κB signalling pathways activation. AGFs conveyed by CD9+/CD81+

exosomes released from AHSMCs were double-antibody array analysed and their angiogenic power
evaluated on HECs in vitro. Results. AHSMCs grew and consumed D-glucose more intensely and
showed a stronger phosphorylation/activation of TAK-1, SMAD-1/-2/-4/-5, ATF-2, c-JUN, ATM,
CREB, and an IκBα phosphorylation/inactivation on SFnws vs. polystyrene, consistent overall
with a proliferative/secretory phenotype. SFnws-stuck AHSMCs also released exosomes richer in
IL-1α/-2/-4/-6/-8; bFGF; GM-CSF; and GRO-α/-β/-γ, which strongly stimulated HECs’ growth,
migration, and tubes/nodes assembly in vitro. Conclusions. Altogether, the intensified AGFs
exosomal release from 3D-SFnws-attached AHSMCs and HDFs could advance grafts’ colonization,
vascularization, and take in vivo—noteworthy assets for prospective clinical applications.

Keywords: silk fibroin; nonwovens; human; smooth muscle cells; vascular endothelial cells; exosomes;
cytokines; chemokines; proliferation; mobilization; angiogenesis

1. Introduction

Various insect and arthropod species synthesize complex structural proteins, gener-
ically named fibroins [1]. Repeated sequences of three amino acids, Gly-Ser-Gly and
Ala-Gly-Ala, denote the biochemical structure of purified silk fibroin (SF) from domesti-
cated Bombyx mori silkworm [2]. Macromolecular SF occurs in soluble α-helix or random
coil and in insoluble β-sheet forms [3]. Degummed (i.e., sericin-deprived) SF microfibers
from silkworms’ cocoons are suitable for producing textiles, surgical sutures, and bioma-
terial scaffolds. Conversely, random coil or α-helix SF forms are not apt for mechanically
adequate scaffolds [3]. Notably, SF’s intrinsic plasticity and many available SF process-
ing methods have allowed the design of versatile scaffolds proper for biomedical tissue
engineering/regeneration applications [4]. In fact, native SF microfibers in β-sheet form
enjoy good biomechanical properties, biocompatibility, and biodegradability, while lacking
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significant cytotoxicity and immunogenicity. In addition, various other β-sheet SF forms,
e.g., films, sheets, electrospun mats, hydrogels, and nanofibers, were considered as prospec-
tive therapeutic tools to engineer, for instance, skin, cartilage, and corneal tissues [5–8].
Remarkably, the success of biomaterial implants crucially depends, among other factors,
on the host’s reaction in terms of neovascularization, regenerating tissue organization,
and immune/foreign body responses [9]. In relation to translational medicine, another
hidden advantage proper of three-dimensional (3D) SF scaffolds is that humans have well
over 50 proteins carrying significant stretches of conserved amino acid sequences also
present in Bombyx mori’s SF. This evolutionary relationship is at the root of the remarkable
biocompatibility and lack of immunogenicity of the SF scaffolds [10–12]. Due to these
promising features, various SF-based scaffolds/devices have undergone preclinical testing
in vitro and in animal models in vivo, some becoming objects of clinical trials, and even
entering the market in rare cases [13].

SF scaffolds structured as 3D nonwovens (SFnws) [14] have been our research focus
in the skin engineering/regeneration field of endeavour [10,11,15]. Initially, we made
two types of SFnws, either by gluing their randomly oriented microfibers with formic
acid (FA) or by tangling them via textile carding/needling (C/N) technology [10,11,15].
Once grafted into the subcutaneous tissue of C57/BL6 mice, both FA- and C/N-SFnws
guided the successful engineering of a reticular connective tissue integrating the SF mi-
crofibers in three-to-six months’ time lags [10,11]. Remarkably, by one month after grafting,
abundant proliferating capillaries already grew, first along the SF microfibers and next
into the intervening voids in close association with fibroblasts and a few macrophages,
multinucleated giant cells, and leukocytes. The upshot was a vascularized tissue that
lacked any sign of inflammation, foreign body response, fibrosis, or peripheral encapsu-
lation. The biological mechanism(s) underlying the in vivo intense neovascularization of
the FA- and C/N-3D-SFnws remained undetermined. However, both 3D-SFnws showed
biomechanical shortcomings such as stiffness and fragility [16]. To address the latter, we
combined the carding (C) and hydroentangling (HE) textile technologies to produce a
third biomechanically more satisfactory SFnws. On such C/HE SFnws we cultured human
dermal fibroblasts (HDFs) in vitro to assess whether they would release exosomes carrying
any amounts of angiogenic/growth factors (AGFs) [16]. Reports existed that exosomes re-
leased from mesenchymal stem cells (MSCs) and endothelial cells (ECs) promoted vascular
endothelial cells (ECs) regeneration and angiogenesis [17,18].

Exosomes are nanoscale (30–120 nm in diameter) membranous extracellular vesi-
cles originating in cells’ multivesicular bodies [19–21]. They neatly differ from apoptotic
bodies [22]. Once released extracellularly, exosomes transport variable combinations of
proteins, lipids, DNA, and RNAs [23,24] they shelter from any environmental break-
down mechanism. Thus, exosomes do travel through the extracellular matrix (ECM) and
body fluids (blood, cerebrospinal fluid, urine, and saliva) to reach nearby or far away
target cells to which they hand over their complex cargoes via interactions with plasma
membranes surface receptors or after endocytosis [19]. The various exosome-conveyed
agents affect intracellular signalling pathways; homeostatic mechanisms; antigen pre-
sentations; inflammatory processes; blood clotting; cell growth, migration, and death;
and angiogenesis/vascularization [16,25–27]. Indeed, the exosomes released from the
C/HE SFnws-grown HDFs carried heightened amounts of twelve AGFs and potently in-
duced cultured human ECs (HECs) to quickly form abundant endothelial tubes in vitro [16].
One of the queries the latter results raised was whether, besides HDFs, other cell types ad-
hering to C/HE-3D-SFnws-based scaffolds might also release exosomes carrying enriched
sets of AGFs.
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The smooth muscle cells (SMCs) are relevant to this query as they abound in the layers
(tunicae) of hollow viscera, vessels included. SMCs embryological origins are multiple, i.e.,
in the mesoderm’s lateral plate (viscera); in its proepicardium derivative (coronary arteries);
and in the neural crest (ascending aorta, aortic arch, and pulmonary trunk) [28–32]. SMCs
also derive from ECs’ transdifferentiation [33]. Typically, SMCs phenotypic plasticity is
striking, as it ranges with intermediate graduations from the quiescent/contractile to the
proliferating/secretory/migratory one [34,35]. This highly modulable phenotypic diversity
is crucially relevant to pathological neointima formation and vascular remodelling [36].
Interestingly, mesoderm lateral plate-derived vascular SMCs supported the survival of
complex ECs networks in 3D Matrigel cocultures in vitro [37].

Variously structured SF scaffolds modelled as arterial vessels have supplied promising
preclinical results [38,39]. Hence, it seemed worth investigating the interactions between
human coronary artery SMCs and C/HE-3D-SFnws in view of prospective applications
as artificial bypass grafts or devices for cardiac revascularization [32]. However, as the
proepicardium, from which coronary artery SMCs stem, derives from the lateral plate
mesoderm [32], we hypothesized that our study might throw light on the behaviour of
SMCs inhabiting hollow viscera walls (e.g., airways, intestine, or bladder), which too
stem from the mesodermal lateral plate [40,41]. Moreover, SMCs produce and release
compounds such as soluble enzymes, growth factors, cytokines, and chemokines, which
in their turn affect cell growth and/or differentiation and/or apoptosis, innate immunity,
inflammation, angiogenesis, and cancer onset and metastasis [42–47]. Vascular SMCs, too,
release exosomes, carrying variable loads of proteins; those so far identified were related to
focal adhesion and ECM constituents [48].

Therefore, in this work, we investigated both the activation of growth-relevant intra-
cellular signalling pathways in nontumorigenic adult human SMCs (AHSMCs) cultured on
C/HE-3D-SFnws in vitro and their concurrent release of AGFs by way of exosomes, using as
comparison terms AHSMCs grown on polystyrene. We report here that various constituents
of TGF-β and NF-κB intracellular signalling pathways were phosphorylated and hence acti-
vated more intensely in the C/HE-3D-SFnws-stuck AHSMCs than in polystyrene-adhering
ones. We also show that the former cells discharged exosomes carrying 43 different AGFs,
eight of which in significantly richer amounts than the latter. Moreover, we prove that the
AGFs conveyed by exosomes released from C/HE-SFnws-attached AHSMCs powerfully
stimulate human microvascular endothelial cells (HECs) to proliferate, migrate, and form
tubes and nodes in vitro.

2. Materials and Methods
2.1. C/HE-3D-SFnws

Comber waste-derived sericin-deprived (via standard degumming) spun silk in staple
form (average fibres length, 50± 7 mm) was used to produce the C/HE-3D-SFnws. A cotton
type flat carding machine (width, 100 cm) first processed this SF material. Carding arranged
the fibres in bundles preferentially oriented lengthwise, i.e., aligned in the longitudinal
direction of the nonwoven web. Next, a mechanical hydroentanglement created numerous
bonding points on both surfaces of the carded web (Figure 1a,b) [16].
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Figure 1. Three-dimensional SF nonwovens (C/HE-3D-SFnws) produced via the carding/
hydroentanglement technology are scaffolds supporting the growth of AHSMCs. (a,b) In these
cell-free C/HE-3D-SFnws fabrics the SF microfibers form thick longitudinal bundles along the carding
machine direction joined by transversal bridges created by the hydroentanglement technology. Light
microscope; at low (50×; a), and high (500×; b) magnifications. (c,d) Five days after seeding intravitally
prestained AHSMCs have adhered along an SF microfiber bundle and have also started colonizing the
nearby intercalated voids. (e) AHSMCs attached to 3D-SFnws intensely grew between 3 and 15 days of
staying in vitro as shown by their 10.9-fold increase in number, while the polystyrene-stuck AHSMCs
rose by 7.8-fold. Double strand (ds)DNA amounts were assayed as detailed in the Section 2.5 Bars are
mean values ± standard deviations (SDs) from three distinct duplicate determinations at each time
point. *, p < 0.05 vs. day 3; **, p < 0.05 between the two groups at day 15. (f) The cumulative D-glucose
consumption of AHSMCs. Between day 3 and 15, its uptake from the growth medium on the part
of C/HE-3D-SFnws-bound AHSMCs increased by 8.4-fold vs. the 6.1-fold of polystyrene-attached
AHSMCs. D-glucose levels of the AHSMC-conditioned media at each time point were assayed as
detailed in the Section 2.6. Each dot stands for the mean value ± SDs from three distinct duplicate
determinations. *, p < 0.05, vs. day 3 values; **, p < 0.05 between the time-corresponding values of the
two groups.
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2.2. C/HE-3D-SFnws Samples for In Vitro Cell Cultures

After thorough soaking in PBS, C/HE-3D-SFnws samples underwent transversal
cutting into 66 × 23 mm rectangular pieces. The latter were sterilized at 55 ◦C in a vacuum
oven for 3 h through exposure to an ethylene oxide/CO2 (10/90 v/v) mixture under a
pressure of 42 psi. Next, the specimens were kept for 24 h in an aeration room followed by
an 8 h degassing at 50 ◦C in a vacuum oven. Before use, the sterilized 3D-SFnws pieces
were checked for the absence of morphological changes and the upkeep of mechanical
properties. Finally, the sterilized C/HE-3D-SFnws samples were aseptically transferred to
4-well, multi-dish w/lid sterile, polystyrene culture plates (Cat. No. 176597, Nalge Nunc
International, Rochester, NY, USA). Sterilized steel rods kept the 3D-SFnws samples edges
at the bottom of the plates.

2.3. Cells

Nontumorigenic primary coronary artery AHSMCs were from ATCC (USA). The sup-
plier company guaranteed that they expressed smooth muscle α-actin and were negative
for human immune deficiency virus, hepatitis B virus, hepatitis C virus, mycoplasma,
bacteria, yeasts, and fungi. For first expansion purposes, the Vascular Cells Basal Medium
(ATCC® Cat. no. PCS-100-030) with the Vascular Smooth Muscle Growth Kit (ATCC® Cat.
no. PCS-100-042) was used as suggested by the seller. The Growth Kit holds recombinant
human (rh) basic FGF, rh insulin, rh EGF, ascorbic acid, L-glutamine, and foetal bovine
serum (FBS). For the experiments, AHSMCs’ culture medium was DMEM (89% v/v; Life
Technologies Italia, Monza, Italy) supplemented with heat-inactivated (at 56 ◦C for 30 min)
exosome-depleted FBS (10% v/v; Life Technologies Italia), and penicillin–streptomycin
solution (1% v/v; Lonza, Rome, Italy).

Microvascular HECs isolated from adult skin capillaries were from Cell Applications,
Inc. (Cat. no. 300-05a, San Diego, CA, USA). The seller pledged that such cells were free
from bacteria, yeasts, fungi, and mycoplasma, and expressed the Factor VIII-related antigen.
HECs were grown in Endothelial Cell Growth Medium (Cat. no. C-22010, PromoCell
GmbH, Heidelberg, Germany). For the experiments, HECs were kept in Endothelial Cell
Basal Medium (Cat. no. C-22210, PromoCell) supplemented with heat-inactivated (at
56 ◦C for 30 min) exosome-depleted FBS (10% v/v; Life Technologies Italia), and penicillin–
streptomycin solution (1% v/v; Lonza, Italy).

To ensure that the exosomes under study came solely from the AHSMCs, FBS was first
heat-inactivated (at 56 ◦C for 30 min) and next centrifuged twice at 100,000× g for 120 min
at 4 ◦C in an Optima TLX ultracentrifuge (Beckman, Indianapolis, IN, USA) using the type
TLA 100.3 minirotor before its addition to the experimental media [16].

2.4. Intravital AHSMCs Staining and In Vitro Culture

Prior to their experimental use, 3rd or 4th passage AHSMCs were counted using a
Handheld Automated Cell Counter (ScepterTM, Merck, Darmstadt, Germany) according
to the seller’s instructions. To highlight the C/HE-3D-SFnws-attached cells, just prior to
seeding 2.0 × 106 AHSMCs were intravitally stained with the green fluorescent lipophilic
membrane dye (tracer) DiOC18(3) (3,3′-Dioctadecyl oxacarbocyanine perchlorate (Thermo
Fisher Scientific, Milan, Italy) with maximal fluorescence excitation at 484 nm and emission
at 590 nm wavelengths. DiOC18(3) was dissolved in DMSO and used to intravitally
stain AHSMCs according to the seller’s instructions. For each experiment, four equal
aliquots (5 × 105 each) of pre-stained AHSMCs were carefully seeded onto as many C/HE-
3D-SFnws scaffolds placed inside separate 4-well, multi-dish polystyrene culture plates
(Cat. No. 176597, Nalge Nunc International). For comparative purposes, equal aliquots
(5 × 105 cells each) of prestained AHSMCs were seeded in parallel onto four identical
polystyrene Petri dishes. The cell cultures of both groups were incubated for 15 days at
37 ◦C in a 95% v/v air, 5% v/v CO2 atmosphere. AHSMCs were regularly seen under
an inverted fluorescence microscope (IM35, Zeiss, Oberkochen, Germany) equipped with
proper excitation and emission filters. All the next procedural steps were the same for the
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control group and the experimental group. Pictures were taken using a CP12 digital camera
(Optika Microscopes, Società a responsabilità limitata, Ponteranica, BG, Italy).

2.5. AHSMCs’ Total DNA Assay

To estimate the cell growth on C/HE-3D-SFnws scaffolds, DNA cellular contents
were calculated by the Quant-iT PicoGreen dsDNA Kit (Thermo Fisher Scientific). Three
specimens of AHSMCs cultured on C/HE-3D-SFnws were assessed at experimental days 3,
and 15 (Figure 1e), respectively. After washing the cells in PBS, 8 mL deionized water was
added to the wells to detach and lyse the cells. Next, repeated vortexing and twice freezing–
thawing improved cells lysis. Then, the DNA amounts were fluorometrically measured
at excitation 480 nm and emission 520 nm wavelengths, respectively. A standard double
stranded (ds) DNA curve of known concentrations served to calibrate the fluorescence
intensities in relation to cell numbers.

2.6. Assay of D-glucose Consumption

Cell D-glucose cumulative consumption was assessed in the conditioned growth
medium samples from AHSMCs cultured on 3D-SFnws by a glucose oxidase assay using
the Amplex® Red Glucose/Glucose Oxidase Assay Kit (Thermo Fisher Scientific) following
the instructions manual. Glucose oxidase reacted with D-glucose to form D-gluconolactone
and hydrogen peroxide in the presence of horseradish peroxidase. Hydrogen peroxide
reacted with the Amplex Red reagent in a 1:1 stoichiometric ratio to generate the red-
fluorescent product resorufin, whose intensity was recorded fluorometrically at excitation
and emission wavelengths of 560 and 590 nm, respectively.

2.7. Phoshoproteins Array Analysis

To assess the activation of TGF-β and NF-κB intracellular signalling pathways, the
phosphorylation status of selected proteins (see Table 1) in lysates from AHSMCs grown
on C/HE-3D-SFnws scaffolds or on polystyrene was analysed using the C-Series RayBioTM

Phosphorylation pathway profiling array (RayBiotech Inc., Peachtree Corners, GA, USA).
For each experiment, AHSMCs (5 × 105 cells) were carefully seeded onto as many C/HE-
3D-SFnws scaffolds placed inside separate 4-well, multi-dish polystyrene culture plates (Cat.
No. 176597, Nalge Nunc International) (experimental group). In parallel, equal aliquots
were seeded for comparative purposes onto four polystyrene Petri dishes (diameter, 10 cm;
Thermo Fisher Scientific). The cell cultures of both groups were incubated at 37 ◦C in a
95% v/v air, 5% v/v CO2 atmosphere for 15 days in DMEM (89% v/v; Life Technologies
Italia, Italy) supplemented with heat-inactivated (at 56 ◦C for 30 min) exosome-depleted
FBS (10% v/v; Life Technologies Italia), and penicillin–streptomycin solution (1% v/v;
Lonza, Rome, Italy).

According to the manufacturer’s instructions, cell lysates were collected from both
groups by solubilizing the cells in 1X Lysis buffer (RayBiotech Inc.) added with protease
inhibitor and phosphatase inhibitor cocktails. The sample protein concentrations were
assessed via Bradford’s method. Briefly, each membrane supporting a different antibody
array was blocked with Intercept® TBS-blocking buffer (LI-COR Biosciences GmbH, Bad
Homburg vor der Hohe, Germany) for 60 min at room temperature and then incubated with
50 µg of protein lysate, overnight at 4 ◦C. After washing, the detection antibody cocktail
was added during a 2 h incubation at room temperature, followed by 1 h incubation
with IRDye® 800 CW-conjugated anti rabbit antibody (1:3000 in Intercept® TBS-blocking
buffer (LI-COR Biosciences GmbH) plus 0.2% v/v Tween-20). The positive signals of the
phosphorylated proteins were acquired with an Odissey® (LI-COR Biosciences GmbH)
scanner and their densitometric values quantified using the Image Studio® (version 5.2)
software package (LI-COR Biosciences GmbH). Finally, the results were (i) processed as
integrated intensity absolute values; or (ii) normalized to the maximal integrated density
obtained in each single array. In keeping with Neradil et al. [49], these two processing
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modes resulted in identical phosphorylation profiles for each of the examined proteins.
Hence, the results were expressed as the means ± SDs of three distinct experiments.

Table 1. Phosphorylated proteins investigated via membrane-based double antibody arrays.

Abbreviations Names in Extenso Phosphorylation Site (s) References *

Akt/PKB Akt/Protein Kinase B Ser473 102–104
ATF-2 Activating Transcription Factor-2 Thr69/Thr71 81
ATM Ataxia-Telangiectasia Mutated Ser/Thr kinase Ser1981 82
c-Fos Protein of transcription factor AP1 Thr232
c-Jun Protein of transcription factor AP1 Ser73 82
CREB cyclic AMP Response Element Binding protein Ser133 77
eIF-2α eukaryotic translation Initiation Factor-2α Ser51

HDAC-2 Histone Deacetylase-2 Ser394
HDAC-4 Histone Deacetylase-4 Ser632

IκBα NF-κB Inhibitor α Ser32 90
MSK-1 Mitogen- and Stress-activated protein Kinase Ser376
NF-κB Nuclear Factor-κB Ser536 85

SMAD-1 Small Mother Against Decapentaplegic homolog-1 Ser463/Ser465

78–80
SMAD-2 Small Mother Against Decapentaplegic homolog-2 Ser245/Ser250/Ser255
SMAD-4 Small Mother Against Decapentaplegic homolog-4 Thr277
SMAD-5 Small Mother Against Decapentaplegic homolog-5 Ser463/Ser465

TAK-1 TGF-β-Activated Kinase 1 Ser412 76
ZAP-70 ZAP-70 Tyrosine protein kinase Tyr292

* These references relate only to proteins whose phosphorylation levels were significantly changed.

2.8. Isolation, Characterization, and Quantification of Exosomes

AHSMCs-conditioned media of both experimental and control groups were collected
at 72 h intervals between day 3 and 15 and centrifuged at 2000× g for 30 min at 4 ◦C to
remove cells and debris. The resulting supernatants were stored at−80 ◦C for later analysis.
After thawing, the supernatants belonging to each group were pooled together and the
corresponding total exosomal fractions were extracted using the Total Exosome Isolation
Reagent No. 4478359 for cell culture media (provided by Thermo Fisher-Invitrogen, USA)
according to the supplier’s protocol with some modifications. Briefly, the supernatants
were centrifuged at 15,000× g for 30 min and next mixed with the proprietary reagent,
incubated overnight at 4 ◦C, and afterward centrifuged again at 10,000× g for 90 min at 4 ◦C.
The final pellets held the exosome fractions. This procedure has been compared with others
and its validity confirmed [50]. The total proteins of the exosome fractions were quantified
via Bradford’s method. The marker-based assessments of the exosomal preparations
were performed using ELISA kits detecting the CD9 (ExoTESTTM, HansaBio Med, Tallinn,
Estonia) and CD81 markers (ExoELISA-ULTRA CD81, System Biosciences, Palo Alto, CA,
USA). Notably, CD9 and CD81 are members of the transmembrane-4 superfamily proteins
intensely expressed also by the exosomes of vascular SMCs [51]. Thereafter, equal exosomal
particle numbers (i.e., 1.04 × 1011) quantified via ELISA kits for CD9 and CD81 markers
from the experimental (C/HE-3D-SFnws) and the control (polystyrene) groups were used
in parallel for further processing.

2.9. AGFs Carried by AHSMC-Released Exosomes

The AGFs carried by exosomes were quantified with the Human Angiogenesis Anti-
body Array C1000 (RayBiotech) according to the manufacturer’s protocols. Briefly, equal
amounts of exosomal proteins of the control and experimental group were diluted in
2.0 mL PBS and next incubated with the antibody arrays, which had been pre-treated for
30 min with Intercept® TBS-blocking buffer (LI-COR). After an overnight incubation at
4 ◦C and a thorough washing, the array membranes were incubated for 2 h with 1.0 mL of
a mix of array-specific biotin-conjugated primary antibodies, diluted 1:250 in Intercept®

TBS-blocking buffer. Finally, the membranes were incubated at room temperature for
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1 h with 2.0 mL of DyLight800-conjugated streptavidin (LGC Clinical Diagnostics’ KPL,
Gaithersburg, MD, USA), diluted 1:7500 in Intercept® TBS-blocking buffer. The positive
signals of the various AGFs were acquired with an Odissey® scanner (LI-COR Biosciences
GmbH) and their densitometric values quantified by using the Image Studio® software
package (version 5.2, LI-COR Biosciences GmbH). The intensity values of the positive sig-
nals from each array were normalized via comparisons to corresponding positive controls.
The results from three independent experiments were averaged and expressed as mean
values ± SDs. This technology provided several advantages: (i) it allowed performing
high-content screening using about the same sample volume as traditional ELISAs require;
(ii) it improved the chances of discovering key factors while maintaining an ELISA-like
sensitivity; (iii) it had a wider detection range, i.e., 10,000-fold, than typical ELISA assays
(which is 100-to-1000-fold); and (iv) it owed a lower inter-array coefficient of variation of
spot signal intensities (i.e., ~5–10%) than typical ELISAs do (i.e., ~10–15%).

2.10. In Vitro HECs’ Cultures

HECs were seeded into 24-well plates at 15×103 cells/well and kept in Endothelial
Cell Basal medium (Cat. no. C-22210, PromoCell) plus 10% v/v exosome-depleted FBS.
A fluorescence CellTiter-Blue® cell viability assay (Promega, Madison, WI, USA) served
to calculate out HECs numbers. This assay measures the conversion of resazurin into
fluorescent resorufin by metabolically active cells. The fluorescence intensity produced is
directly proportional to the number of viable cells [52]. Thus, at the devised time points,
HECs were incubated for 1 h at 37 ◦C in 500 µL of culture medium added with 50 µL of
CellTiter-Blue® reagent. The resulting resazurin was fluorometrically recorded using FP
6200 fluorometer (Jasco, Cremella (LC), Italy), with excitation and emission wavelengths of
560 nm and 590 nm, respectively. Twenty-four hours after plating (i.e., at experimental 0 h),
a first CellTiter-Blue® test was conducted to obtain baseline values of cell numbers. After
obtaining baseline values (0 h), half of the wells, i.e., the experimental group, were randomly
selected to be added with a medium enriched with exosomes (at a final concentration,
2 µg mL−1) that had been collected and quantified as detailed above. The remaining
wells served as controls. The same amount of AHSMCs’ exosomes were added to the
experimental group again 24 h later. Then, to assess changes in cell numbers, at 72 h the
CellTiter-Blue® test was performed again in wells of both groups. The fluorescence values
gained were transformed into corresponding HECs numbers using an ad hoc constructed
standard curve.

2.11. In Vitro HECs Migration Test

For migration studies, HECs were pre-labelled with fluorescent CellBrite® NIR 680
dye (1 µM; Biotium, Inc., Fremont, CA, USA) and ~35 × 103 HECs were seeded into a
silicone Culture Insert-2 Well (Ibidi GmbH, Graefelfing, Germany) inserted inside a 12-well
plate. HECs were cultured in Endothelial Cell Basal medium (Cat. no. C-22210, Promocell)
fortified with 10% v/v exosome-depleted FBS and kept at 37 ◦C and in 5% v/v CO2 in air
for at least 24 h to permit cell adhesion and the formation of a confluent monolayer. Then,
the Culture Insert-2 Well removal left two defined cell patches, separated by a 500 µm wide
gap. The culture medium was at once removed to be replaced either with a fresh medium
holding exosomes (5 µg mL−1) released from C/HE-3D-SFnws-adhering AHSMCs or with
basal medium containing 10% v/v exosome-depleted FBS (control wells). The culture plate
was incubated at 37 ◦C and at various time points the fluorescence signals due to the cells
migration into the gap were measured using an Odyssey® Imager (LI-COR Biosciences
GmbH). The fluorescence intensities were quantified using Image Studio® software (version
5.2, LI-COR Biosciences GmbH). To this aim, at time 0 h, a rectangular shape (corresponding
to the area of the gap) was set to define the detection zone for fluorescent signals and then, at
various time points, the fluorescence intensity into the rectangular shape was quantified in
real-time as the sum of the pixel values within the shape’s boundary. The HECs migration
was expressed as percentage fluorescence values with respect to the experimental 0 h.
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The migration assays were conducted in triplicate and the mean ± SD values served to
construct curves reflecting the time-related gap reduction in the two groups.

2.12. In Vitro HECs Tubes and Nodes Formation Assay

The proangiogenic properties of exosomes released from AHSMCs grown on C/HE-
3D-SFnws scaffolds were assessed using HECs and the PromoKine Angiogenesis Assay Kit
(Cat. No. PK-CA577-K905; PromoCell) according to the manufacturer’s instructions. Briefly,
HECs were grown at 37 ◦C in air with CO2 5% v/v until reaching about 90% confluency in
Endothelial Cell Basal Medium (Cat. No. C-22210; PromoCell) added with the Supplement
Mix (Cat. No C-39215; PromoCell). Next, HECs were harvested using trypsin 0.025% v/v
and resuspended in Endothelial Cell Basal Medium (Cat. No. C-22210; PromoCell) fortified
with 2.5% v/v exosome-depleted FBS. Then, an aliquot (50 µL) of Extracellular Matrix
(ECM) solution was added to each well of a 96-well sterile cell culture plate kept on
ice. Thereafter the plate was incubated at 37 ◦C to form a gel. After that, 20 x 103 HECs
suspended in 100 µL culture medium were mixed with different concentrations (1, 2, 5,
10, and 20 µg mL−1) of exosomes from C/HE-3D-SFnws-attached AHSMCs and directly
added to each well. Controls on ECM gel received no exosomes. Finally, the plates were
incubated for 5 h at 37 ◦C in air with CO2 5% v/v. Thereafter, HECs were checked and
photographed at 100×magnification under a Zeiss IM35 microscope with a CP12 digital
camera (Optika Microscopes). The total mean tube lengths (in µm) and nodes numbers per
microscopic field at 100×magnification were quantified via morphometric methods [53].
Triplicate results were averaged and graphed as bars showing the means ± SDs.

2.13. Statistical Analysis

Data were expressed as mean values ± SDs. Descriptive statistical analyses were
conducted using the Analyse-it™ software package (www.analyse-it.com, accessed on
10 January 2022). Shapiro–Wilk’s test revealed that the data groups had a normal distri-
bution. A one-sided Student’s t test served to assess the level of statistical significance
differences of data of AHSMCs cultured on 3D-SFnws vs. AHSMCs cultured on polystyrene.
A one-way ANOVA with post hoc Tukey’s test served for multiple comparisons of the
results from endothelial tubes/nodes formation assays. Statistical significance was set at
p value < 0.05.

3. Results
3.1. Carded/Hydroentangled (C/HE)-3D-SFnws

An earlier work from our laboratory detailed the physicochemical characteristics of
the C/HE-3D-SFnws used here [16]. Briefly, the native SF microfibers are first mainly
longitudinally oriented via carding and next transversally twisted via hydroentanglement
technology. The upshot is a 3D nonwoven whose fabrication avoids the use of any glu-
ing chemical (e.g., FA) while abiding by the biomechanical requirements of human soft
tissues [54] (Figure 1a,b). Interestingly, from an applicative standpoint, according to the
criteria of Wang et al. [55] and Thurber et al. [56], the properties of C/HE-3D-SFnws are
consistent with a slow, i.e., medium-to-long term, biological breakdown that could advance
the progressive repair/reconstruction of an injured/lost tissue in vivo.

3.2. Growth and Metabolism of AHSMCs on C/HE-3D-SFnws vs. Polystyrene

Observations under the fluorescence microscope revealed that within 3 h of careful
seeding, about 80% of the intravitally stained AHSMCs adhered to the C/HE-3D-SFnws
microfibers (data not shown). These cells increased in number with time and moved not
only along the SF microfibers but also into the inter-fibre voids after secreting extracellular
matrix (ECM) (Figure 1c,d). In keeping with this, between day 3 and 15 of staying in vitro,
the double strand (ds) DNA amount of polystyrene-stuck AHSMCs rose by 7.8-fold, while
that of the C/HE-3D-SFnws-attached AHSMCs increased by 10.9-fold (+39.7%, p < 0.05)
(Figure 1e). Additionally, during the same time lag, the cumulative D-glucose uptake
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from the growth medium on the part of polystyrene-attached AHSMCs increased by
6.1-fold while that of C/HE-3D-SFnws-bound AHSMCs rose by 8.4-fold (+35.5%, p < 0.05)
(Figure 1f). These significant increases in growth and metabolic activities of the C/HE-
3D-SFnws-bound vs. polystyrene-stuck AHSMCs happened despite both experimental
groups being kept in the same incubator and nourished with equal amounts of the same
exosome-depleted 10% v/v FBS growth medium. In fact, the two groups differed only in
the substrate to which they adhered.

3.3. Signalling Pathways Activated in C/HE-3D-SFnws- vs. Polystyrene-Attached AHSMCs

The activation of intracellular signalling pathways, as revealed by the phosphorylation
of specific amino acidic sites, crucially drives cells’ functions. Thus, by using membrane-
based double-antibody arrays, we assessed the relative phosphorylation—hence activity—
levels of various proteins belonging to the TGF-β and NF-κB (also known as nuclear factor
‘kappa-light-chain-enhancer’ of activated B-cells) pathways in AHSMCs grown on either
3D-SFnws or polystyrene [57]. Table 1 lists the abbreviated names and the corresponding
specific phosphorylation sites of the investigated proteins. Typical couples of developed
array membranes for either experimental group are shown in Figure S1.

Conversely, Figure 2a,b show the integrated intensity values for each couple of specific
protein spots and their statistical significance.

Figure 2. Signalling pathways activated in C/HE-3D-SFnws-attached vs. polystyrene-stuck AHSMCs.
Equal amounts of total protein lysates from AHSMCs grown on either C/HE-3D-SFnws or
polystyrene for 15 days in vitro were subjected to signalling pathway-specific membrane-based
double-antibody arrays to assess any difference in specific sites phosphorylation of different pro-
teins. The adhesion to C/HE-3D-SFnws significantly affects the activation of (a) TGF-β and
(b) NF-κB signalling pathways in AHSMCs. Abbreviations in red highlight the increased phospho-
proteins. The integrated intensity values for each couple of specific protein spots and their levels
of statistical significance are shown as the mean values ± standard deviations (SDs). *, p < 0.03;
**, p < 0.002; and ***, p < 0.0005. For technical details, consult the Section 2.7. Abbreviations:
Akt/PKB, Akt/Protein kinase B; ATF-2, Activating Transcription Factor 2; ATM, Ataxia-Telangiectasia
Mutated Ser/Thr kinase; c-Fos, Protoncogene c-Fos; c-Jun, Transcription factor AP1; CREB, cAMP
Response Element Binding protein; eIF2α, eukaryotic translation Initiation Factor-2α; HDAC2,
HDAC4, Histone DeACetylase 2/4; IκBα, NF-κB inhibitor α; MSK1, Mitogen- and Stress-activated
protein Kinase 1; NF-κB, Nuclear Factor κB; SMAD1, SMAD2, SMAD4, SMAD5, Small Mother
Against Decapentaplegic homolog; TAK-1, TGF-β-activated kinase 1; and ZAP70, Tyrosine protein
kinase ZAP70.
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As the results show, the adhesion to neatly different polymeric substrates did affect
the two signalling pathways investigated. In more detail:

3.3.1. TGF-β Signalling Pathway

The TGF-β signalling pathway was activated more strongly in C/HE-3D-SFnws-
grown than in polystyrene-stuck AHSMCs. In fact, significant increases in the phospho-
rylation of specific functional sites were exhibited by the downstream TGF-β signalling
mediators SMAD-1 (+34%, p = 0.0122); SMAD-2 (+76%, p = 0.0026); SMAD-4 (+42%,
p = 0.0002); SMAD-5 (+56%, p = 0.0001); and also by ATF-2 (+122%, p = 0.0005); and c-Jun
(+45%, p = 0.03). Conversely, the specific site phosphorylation levels of c-Fos were alike
(p > 0.05) in the two groups (Figure 2a).

3.3.2. NF-κB Signalling Pathway

Five members of this pathway showed higher phosphorylation levels of specific func-
tional sites in C/HE-3D-SFnws-grown than in polystyrene-stuck AHSMCs, i.e., TAK-1
(+36%, p = 0.0174); TBK-1 (+31%, p = 0.0092); IκBα (+126%, p = 0.0001); ATM (+39%,
p = 0.002); Akt/PKB (+21%, p = 0.0007); and CREB (+23%, p = 0.0158) (Figure 2b). By contrast,
the phosphorylation levels of specific sites concerning NF-κB; eIF-2α; HDAC-2; HDAC-4;
and MSK-1 did not differ (p > 0.05) between the two groups (Figure 2b).

Altogether, the two activated signalling pathways underlay the more intense prolifera-
tion and metabolism occurring in the C/HE-3D-SFnws-attached than in the polystyrene-
stuck AHSMCs.

3.4. AGFs Released via Exosomes from AHSMCs Grown on C/HE-3D-SFnws vs. Polystyrene

The AGFs present in equal amounts of the pooled CD9+/CD81+ exosomes released
between day 3 and 15 from AHSMCs grown on either C/HE-3D-SFnws or polystyrene
were identified and quantified by means of specific membrane-based double-antibody
arrays [57]. Figure S2a,b shows corresponding couples of typical array membranes of the
two groups. The quantitative and statistical analysis of equivalent spots revealed that the
amounts of 8 out of the 43 potentially discoverable AGFs were significantly higher (p < 0.05)
in the exosomes released from C/HE-3D-SFnws-attached than from polystyrene-stuck
AHSMCs (Figure 3). Interestingly, TGF-β was transported in alike amounts by the exosomes
released from both groups (Figure S2a,b). In the C/HE-3D-SFnws group of exosomal
proteins, the highest per cent increases vs. their polystyrene counterparts were those of
Interleukin-6 (IL-6; +442%, p < 0.0001); Interleukin-8 (IL-8; +117%, p < 0.0001); and Growth-
Regulated Oncogene (GRO)-α/-β/-γ chemokines (+100%, p < 0.0001). Lesser but still
significant increases were observed for Interleukin-4 (IL-4; +87%, p < 0.0002); Interleukin-2
(IL-2; +71%, p <0.001); Interleukin-1α (IL-1α; +48%, p < 0.001); Granulocyte-Macrophage
Colony-Stimulating Factor (GM-CSF; +41%, p < 0.0087); and basic Fibroblast Growth Factor
(bFGF; +33.3%, p <0.033) (Figure 3). Conversely, the exosomal amounts of eight more
known angiogenic compounds—Plasminogen/Angiostatin; ANGPT-2 (Angiopoietin-2);
Tie-2 (Angiopoietin-1 receptor); MCP-1 (Monocyte Chemoattractant Protein-1); VEGF-D
(Vascular Endothelial Growth Factor-D); VEGF-R3 (VEGF receptor 3); and TIMP-1 and
TIMP-2 (Tissue Inhibitor of Metalloproteinase-1/-2)—did not significantly (p > 0.05) differ
between the C/HE-3D-SFnws and polystyrene groups. Finally, another 27 agents were
identified in similarly low amounts in the exosomes from both groups (Figure S2a,b).

These findings are consistent with the reported angiogenic and growth-promoting ef-
fects of the more intensely expressed AGFs carried by the exosomes released from C/HE-3D-
SFnws-attached AHSMCs (see Table 2 and for more details the Supplementary Materials).
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Figure 3. The angiogenic and trophic factors (AGFs) carried by the exosomes released from AHSMCs
grown on C/HE-3D-SFnws vs. polystyrene. Equal amounts of exosomal proteins isolated from
AHSMCs-conditioned pooled media samples of the two experimental groups were subjected to
membrane-based double-antibody arrays, detecting the relative levels of multiple AGFs. The adhe-
sion to C/HE-3D-SFnws significantly affected the levels of the eight exosomally carried AGFs shown
in Figure. The bars are integral intensity values expressed as mean values ± standard deviations
(SDs) from three distinct experiments, each conducted in duplicate. The corresponding p values of the
differences between each couple of bars are also shown over the top of the right bars. For technical
details, consult the Section 2.9.
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Table 2. The main trophic and angiogenic features of each of the enriched AGFs conveyed by the
exosomes released from 3D-SFnws-adhering AHSMCs.

AGF Trophic and Angiogenic Actions

IL-1α

• promotes angiogenesis in vivo by inducing VEGF’s synthesis [58];
• activates the VEGF·VEGFR-2 signalling pathway;
• stimulates Platelet-Derived Growth Factor (PDGF)’s A chain [59], and bFGF expression [60];
• induces its own expression in vascular SMCs, exerting autocrine growth-stimulatory effects [61].

IL-2

• affects the permeability of ECs [62] and promotes ECs angiogenesis through the α and β IL-2 receptors;
• stimulates angiogenesis in animals and tube formation in HUVECs [63];
• enhances SMCs responsiveness to angiotensin II [64];
• in cooperation with IL-1α potentiates human SMCs proliferation [65].

IL-4
• increases the expression of vascular cell adhesion molecule (VCAM)-1, IL-6, and MCP-1 [66];
• induces cytoskeletal rearrangements both in HUVECs and in human coronary artery ECs [67];
• acts as a mild mitogen for both macro- and microvascular ECs [68–70].

IL-6
• exerts autocrine growth-stimulating effects on vascular SMCs inducing endogenous PDGF’s

production [71];
• support ECs’ cell proliferation and mobility [72].

IL-8
GRO-α/β/γ

• by sharing the evolutionary ‘ELR’ motif they all powerfully promote angiogenesis even in the absence
of inflammation [73,74].

bFGF
• regulates both angiogenesis and arteriogenesis (reviewed in [75]);
• enhances ECs and SMCs proliferation [76];
• regulates vascular remodelling and the proliferation of human dermal microvascular ECs [77,78].

GM-CSF
• supports ECs leading to the formation of endothelial capillaries [79];
• stimulates the migratory repair of mechanically wounded ECs monolayers [80];
• stimulates angiogenesis, neovascularization, and arteriogenesis [81].

3.5. Exosomes from C/HE-3D-SFnws-Stuck AHSMCs Powerfully Stimulate HECs to Grow,
Migrate, and Make Endothelial Tubes/Nodes

Next, we assessed whether the AGFs carried by the exosomes released from the C/HE-
3D-SFnws-bound AHSMCs would have any real angiogenic power by inducing cultured
HECs to proliferate, migrate, and/or de novo assemble into endothelial tubes and establish
nodes in vitro.

First, adding exosomes (2 µg mL−1) to HECs cultured in exosome-depleted 10% v/v
FBS medium significantly increased the numbers of viable, i.e., metabolically active cells
72 h later, as revealed by the CellTiter-Blue® assay vs. their untreated counterparts
(Figure 4a).

Second, adding exosomes (5 µg mL−1) to HECs cultured as above significantly ad-
vanced their migration into the “wound’s area” between 24 h and 72 h as compared to
untreated HECs. By 72 h, the gap’s space covered by the exosome-treated HECs was
about double (p < 0.05) that overlain by the untreated (control) cells (Figure 4b). Moreover,
the mobilization of exosome-treated HECs toward other directions was also discernible in
the experimental model used (not shown).
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Figure 4. Exosomes released from AHSMCs grown on C/HE-3D-SFnws induce HECs’ proliferation,
migration, and tubes and nodes formation in vitro. (a) Stimulation of HECs’ growth: exosomes
(2 µg mL−1) released from C/HD-3D-SFnws-adhering AHSMCs when added to HECs cultured in
Endothelial Cell Basal medium plus 10% v/v exosome-depleted FBS strongly increased the numbers
of viable cells 72 h later, as revealed by CellTiter-Blue® assay vs. the untreated cells (Ctr). *, p < 0.05
vs. Ctr. See Materials and Methods for technical details. (b) Stimulation of HECs’ migration: adding
exosomes (5 µg mL−1) released from the C/HE-3D-SFnws-bound AHSMCs to HECs cultured in
Endothelial Cell Growth Basal Medium fortified with 2.5% v/v exosome-depleted FBS significantly
advanced their migration into the “wound area” between 24 h and 72 h as compared to untreated
HECs (Ctr), as the gap’s space covered by the exosome-treated HECs was, by 72 h, about double
(p < 0.05) that occupied by the untreated cells (Ctr). For technical details consult the Section 2.11.
(c,d) Tube and nodes formation: micrograph (c) showing plain attached HECs 5 h after seeding
into a 96-well plate onto Extracellular Matrix (ECM) gel. In each of these wells 20 × 103 HECs
were incubated at 37 ◦C in Endothelial Cell Growth Basal Medium fortified with 2.5% v/v exosome
depleted FBS. No AHSMC-released exosomes were added. Micrograph (d) shows HECs 5 h after
seeding onto ECM gel while being simultaneously exposed to increasing concentrations of exosomes
released from C/HD-3D-SFnws-adhering AHSMCs, starting from 1 µg mL−1 to 20 µg mL−1; all the
other conditions as in (c). Endothelial tube formation was strongly induced by the AHSMCs exosomes.
(c,d), Phase contrast microscopy. Original magnification, 100×. (e,f) Bar graph showing the total
length (in mm) of newly formed endothelial tubes (e) and the number of nodes (f) per microscopic
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field under the conditions of the test, i.e., (i) control HECs cultured on ECM gel with no addition
of exosomes set free from C/HE-3D-SFnws-attached AHSMCs; and (ii) HECs cultured on ECM gel
exposed to increasing concentrations of exosomes released from C/HE-3D-SFnws-attached AHSMCs.
Tube formation assay was performed as detailed in the Section 2.12. The number of nodes and
the total tube length (in mm)/microscopic field of 332,667 µm2 area were found via morphometric
methods [53] on pictures taken at 100×magnification of five microscopic fields for each exosomal
concentration. Triplicate results were averaged, and the bars show the means ± SDs. As compared to
control HECs on Extracellular Matrix gel (Ctr), in the total absence of exosomes, the HECs treated
with exosomes released from C/HE-3D-SFnws-attached AHSMCs showed, by 5 h, huge increases in
endothelial tube lengths and in numbers of nodes that were dose-independent in the range evaluated.
Pairwise one-tailed Student’s t test and one-way analysis of variance (ANOVA) with post hoc Tukey’s
test were used for statistical analysis. *, p < 0.001 vs. Ctr. Conversely, no statistical difference (p > 0.05)
in tube length and number of nodes at 5 h occurred within the several doses of exosomes evaluated.

Thirdly, control (no exosomes added) HECs plated on ECM gel in 2.5% v/v exosome-
depleted FBS medium formed very few endothelial tubes/nodes. Conversely, after 5 h
exposure to different doses (1, 2, 5, 10, and 20 µg mL−1) of exosomes, the ECM gel-plated
HECs formed quite extensive tubular networks, interconnected by a considerable number of
nodes. The increases in lengths of the endothelial tubes (by 35-fold to 42-fold vs. untreated
controls, p < 0.001) and in numbers of nodes (by 11-fold to 13-fold vs. untreated controls,
p < 0.001) per microscopic field were quite conspicuous and alike (p > 0.05) for each of the
doses assessed (Figure 4c–f).

Therefore, the AGFs carried by the exosomes released from 3D-SFnws-attached
AHSMCs exerted effective mitogenic, mobilizing, and angiogenic activities when added to
HECs cultured in vitro.

4. Discussion

The C/HE-3D-SFnws scaffolds we presently used consist of native SF microfibers
in β-sheet form isolated from domesticated Bombyx mori silkworms. These C/HE-3D-
SFnws [16] mark a technological evolution with respect to the earlier FA-crosslinked [10]
and C/N-3D-SFnws [11]. Indeed, both these earlier prototypes performed quite well in
terms of biocompatibility, host response, and the engineering/regeneration of a reticular
connective tissue (see also below) [10,11]. However, from a biomechanical standpoint, both
earlier kinds of SFnws were unsatisfactory, which blunted their potential clinical application.
While the FA-crosslinked SFnws remained somehow stiff, even after a long-lasting hydra-
tion, the C/N-3D-SFnws were thin (i.e., 130 µm thick) as their production required short
(<25 mm) SF fibres as the starting material and hence they could be misshaped easily when
handled [11,16]. Conversely, the carding/hydroentanglement processing of the present
scaffolds required longer SF fibres (> 50 mm) thereby producing thicker and mechanically
more robust structures. Therefore, citing Hu et al. [16] the novel C/HE-3D-SFnws “maintain
all the most appreciable characteristics of the carded-needled prototype (i.e., softness, lightness,
interconnected porosity); display an outstanding handling stability (can be safely cut to realize
any required size and shape); and at the same time provide the opportunity for modulating the
biomechanical responses over a wider range of stress and strain values”. Moreover, Hu et al. [16]
also stated that being anisotropic, the C/HE-3D-SFnws scaffolds “are particularly suited to
fulfil human soft tissues mechanical needs engendered by directionally projected lines of force”.
Therefore, the C/HE-3D-SFnws characteristics appoint them as useful candidates for the
guided engineering/regeneration and repair of injuries suffered by human soft tissues,
hollow viscera walls and vessels included.
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To be successful, an implanted biomaterial scaffold crucially requires an efficient
neovascularization. When it misses this target, it is inexorably bound to fail. In earlier
works, we showed that once grafted into the subcutaneous tissue of C57/BL6 mice, both
the FA- and C/N-3D-SFnws underwent a fast neovascularization [10,11]. A more recent
study using the same C/HE-3D-SFnws as used here showed that the scaffold-attached
HDFs released exosomes loaded with surpluses of a dozen distinct AGFs, which powerfully
stimulated HECs to abundantly produce endothelial tubes in vitro [16].

Fibroblasts are important, but not the sole constituents of the dermal and subcutaneous
layers of the skin and of other connective tissue types. An added cell kind, the SMCs,
populates the contractile layers or tunicae of hollow viscera, vessels included. Under normal
conditions, adult SMCs express sets of specific proteins by which they regulate visceral
and vascular contractile tone; secrete ECM components; and keep a quite low proliferation
rate. However, SMCs never undergo terminal differentiation, as they own a distinct
phenotypic plasticity [82]. In the adult vessel walls, SMCs of the epithelioid/synthetic-
secretory and potentially migratory/proliferative phenotype prevail in the tunica intima,
while SMCs of the spindle-shaped contractile phenotype hold sway in the tunica media;
however, a certain number of SMCs of the less abundant phenotype is always present in
either tunica [83]. In vitro and in physiological and pathological or harmful conditions
in vivo, SMCs shift from their quiescent/spindle-shaped/contractile phenotype to their
epithelioid/synthetic-secretory/migratory/proliferative phenotype. At variance with the
former, the latter phenotype drives a vascular and/or visceral wall remodelling and is
more prone to apoptosis [82,84,85]. In vivo, such a phenotype shift can result in neointima
formation, stent occlusion, atherosclerosis, thrombosis, and asthma [86–89].

Wild-type or genetically modified rodent SMCs have often served as (mostly vascular)
disease models [90,91]. However, animal SMCs, although undeniably useful, do not
perfectly model human SMCs due to species-specific discrepancies in macroscopic anatomy,
chromosome complement, genomic function, biochemistry, metabolism, and mechanical
factors [30,91]. These limitations fully justify experimental studies into human SMCs as the
most relevant models of human pathobiology. However, as human SMCs have different
embryological origins, one should be wary of extrapolating the findings gained from SMCs
of one origin to all the other SMCs [29,30]. Although the coronary artery AHSMCs used in
this study have the same embryological origin as other visceral SMCs, the translatability of
the present results to the latter cells requires further assessments.

The results of our earlier and present in vitro studies have repeatedly confirmed the
high biocompatibility of 3D SFnws in relation, not only to HDFs and HECs, but also to
AHSMCs. As well consistent with our earlier observations, SF was superior to polystyrene
as an AHSMCs’ adhesion substrate [10,11,15,16,38,92]. Various reports have proven that
biomaterial substrates owning patterned or microtopographic structures advanced HECs’
adhesion and proliferation more than nonpatterned ones did [93,94]. We recall here that
3D-SFnws have a patterned structure made of microfiber wisps separated by voids or
grooves. Such patterning favoured the first adhesion of the AHSMCs, HDFs, and HECs.
Subsequently, the same 3D-SFnws microfibers functioned as guides along which the
proliferating AHSMCs first migrated and later invaded and colonized the intervening
voids [10,11,15,16,92]. Our results revealed that higher increases in dsDNA (i.e., cell
numbers) and glucose consumption occurred between day 3 and 15 in the AHSMCs at-
tached to C/HE-3D-SFnws than to polystyrene. The same AHSMCs also showed higher
growth and metabolic rates when stuck on a 3D SF nanofiber-microfiber-based vessel
model [38]. In sharp contrast, unidirectionally aligned topologically patterned 2D SF films
were reported to decrease SMCs’ mitotic rate and to promote their transition from a syn-
thetic/highly proliferative to a contractile/lowly proliferative phenotype [95,96]. At the
root of these discordant findings might be differences in SF purity, age of SMCs donors,
SMCs embryological origins, and passage numbers in vitro. Moreover, we recall here
that when FBS, which carries various survival and growth factors, is added to the culture
medium, the mechanism of contact inhibition of growth no longer regulates AHSMCs’ pro-
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liferation [88]. At any rate, we used the very same growth medium fortified with identical
per cent fractions of the same batch of exosome-depleted FBS to cultivate AHSMCs on
C/HE-3D-SFnws or on polystyrene. Therefore, the exosome-depleted FBS we added did
not affect the observed differences proliferation rates between AHSMCs grown on SFnws
or polystyrene. Instead, the environmental context, i.e., the direct AHSMCs contact with SF
or polystyrene, and/or the unlike autocrine effects brought about by the different AGFs
amounts carried by AHSMC-released exosomes significantly affected the cell growth and
metabolism of either experimental group.

Consistent with such a view, we found that AHSMCs produced and released dis-
crete amounts of TGF-β, part of which was carried by exosomes (Figure S2, panel [a]).
This TGF-β may have been one of the agents activating TAK-1 (also known as TGF-β-
activated kinase 1) an evolutionarily conserved MAPK kinase kinase (MAPKKK) family
member placed upstream the TGF-β intracellular signalling pathway [97,98]. However,
as TGF-β levels in the exosomes and the growth medium (data not shown) of the two
experimental groups were alike (p > 0.05), other agents must have played a part in TAK-1
activation. Besides TGF-β, TAK-1 is also activated by TNF, IL-1, Toll-like receptors (TLRs)
ligands, and various kinases (see [99] for further details). The observed increase in the
Ser412 phosphorylation is indeed pivotal for TAK-1 activation [100]. It might have been
related via an autocrine mechanism to the increased IL-1α content in the exosomes from
SFnws-cultured AHSMCs (see also below). Moreover, both the catalytic subunit α of PKA
(also known as cyclic AMP-dependent protein kinase A), or the cyclic AMP-controlled
PRKX (or serine/threonine X-linked protein kinase) phosphorylate TAK-1 at Ser412 ac-
tivating it [100]. That an increased activity of cyclic AMP-related kinases was going on
in the SF-stuck AHSMCs is consistent with the heightened Ser133 phosphorylation and
activation of the CREB (also known as cyclic AMP response element-binding) protein
(Figure S1, panel (b)), which could be related to the increased proliferative activity of these
cells [101]. Going back to the TGF-β pathway, the higher phosphorylation/activation of
SMAD-1 and SMAD-5, two of the downstream TGF-β signalling mediators, suggests the
involvement of both in the intensified growth and metabolism proper of the SF-attached
AHSMCs [102]. The heightened phosphorylation/activation of SMAD-4 too—the cofactor
forming complexes with any other SMAD homo- and heterodimers to transfer them into the
nucleus and accordingly change gene expression [103]—supports an ongoing, more intense
activity of the TGF-β signalling pathway in the SF-stuck AHSMCs. On the other hand,
the less intense increase in phosphorylation/activation of the SMAD-2 mediator suggests
that a fraction of the AHSMCs might have started shifting from the proliferative/secretory
to the quiescent/contractile phenotype. This view agrees with the report that vascular
SMCs cultured as multi-layered aggregates eventually entered a resting phenotype [104].
Moreover, the increased phosphorylation/activation of ATF-2, a protein encoded by a
SMAD-targeted gene [105] belonging to the AP-1 family of transcription factors, which
may also bind SMADs, further confirms that an intensification of various TGF-β pathway-
related activities was occurring in the SFnws-adhering AHSMCs. AP-1 transcription factors
and SMAD proteins do reciprocally interact thus modulating their respective effects in
complex ways [106].

The said phosphorylation/activation of TAK-1 may also reveal a crosstalk between
the TGF-β and NF-κB signalling pathways in the SFnws-adhering AHSMCs. In fact, TAK-1
signalling is all-important for the NF-κB’s canonical activation mediated by signals from
various receptors including IL-1 receptor I (IL-1RI·IL-1α; see also above) [107–109], and by
stimuli linked to adaptive immunity [110–113]. Working TAK-1 phosphorylates at Ser177

and Ser181 and activates the IKKβ kinase. In turn, the activated IKKβ phosphorylates at
Ser32 (and Ser36) IκBα. When not phosphorylated at such sites, IκBα binds and masks
the nuclear localization signals (NLS) of the NF-κB factors Thus, the inactive IκBα·NF-κB
transcription factor complexes stay sequestered in the cytoplasm [114]. Additionally, inside
the nucleus unphosphorylated IκBα hinders the binding of the dimeric NF-κB transcription
factors to their specific target gene sequences [115]. However, the phosphorylation of IκBα
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at Ser32 (and Ser36) by IKKβ targets IκBα to the S26 proteasome for degradation while
letting the cytoplasmic NF-κB transcription factors to enter the nucleus regulating cell
proliferation, adhesion, mobility, and reactive oxygen species (ROS) elimination [116,117]
in the C/HE-3D-SFnws-stuck AHSMCs. In summary, our results suggest the existence of
a circular positive interaction by which exosomally released cytokines such as IL-1α and
IL-8 supported the more vigorous growth- and migration-related activities sustained by
TAK-1/NF-kB/CREB signalling that in turn increased the expression of IL-1α and IL-8.

Interestingly, the present results also revealed a more intense phosphorylation/activation
of the ubiquitously expressed ATM (also known as Ataxia-Telangiectasia Mutated), a ser-
ine/threonine kinase member of the PIKK (phosphatidylinositol-3 kinase-related kinases)
protein family [118]. In the absence of any DNA damage [119,120] an increased ATM activity
importantly participates in multiple cellular events (detailed in [121–125]). Moreover, ATM
also phosphorylates and activates Akt/PKB at Ser473, an intensified event that occurred in
the SF-stuck AHSMCs, which may have positively affected their glucose uptake, protein
synthesis, survival, and proliferation/differentiation [126–128].

Within the walls of vessels ECs and SMCs are close neighbours and reciprocally interact
under physiological and pathological circumstances [129–131]. To build functioning blood
vessels, tube forming ECs secrete TGF-β and PDGF to recruit SMCs [132]. Although
Tang et al. [133] reported discrepant data, our results clearly show that 3D-SFnws-stuck
AHSMCs did advance vasculogenesis by releasing exosomes that conveyed significant
amounts of multiple angiogenic/growth factors. These findings consist with reports
showing that the exosomes released from 3D cell culture models improved angiogenesis
more effectively than those from 2D cultures [134]. However, we wish to stress that it is the
combination of all the exosome- transported AGFs in their proper ratios that will optimally
advance the three processes proper of neovascularization, i.e., vasculogenesis, angiogenesis,
and arteriogenesis.

AHSMCs can be induced by a variety of stimuli to synthesize several cytokines and
chemokines [135]. Therefore, a further potential benefit of our earlier and present results is
that, after proper purification and standardization, the exosomes produced by 3D-SFnws
bioreactors hosting AHSMCs or fibroblasts could find beneficial therapeutic applications
as vascularization and cell growth stimulants, thus advancing injury healing and repair in
clinical settings [16,26].

5. Conclusions and Future Perspectives

The present results reveal that AHSMCs cultured on the same C/HE-3D-SFnws
as above released exosomes carrying 15 AGFs, of which 8 were significantly enriched.
The AHSMCs exosomes also powerfully stimulated HECs to grow, migrate, and form
dense tubes and nodes in vitro. Interestingly, only six of these AGFs, i.e., GRO-α/CXCL1,
GRO-β/CXCL2, GRO-γ/CXCL3, IL-8/CXCL8, IL-4, and IL-1α, were significantly enriched
in the exosomes released from both AHSMCs and HDFs [16] cultured on C/HE-3D-SFnws.
However, it is worth noting that the exosomes released from the two cell types also
transported discrete amounts of 10 other AGFs, e.g., MCP-1 (Monocyte chemoattractant
protein-1), VEGF-D, ANGPT-1/-2, Tie2 (ANGPT-1 receptor), Angiostatin, uPAR (CD87),
MMP-1/-9 (Matrix Metalloproteinase-1/-9), and TIMP-1/-2.

Finally, another score of compounds—i.e., TGF-β1, IGF-1, PDGF-BB, GM-CSF, I-309
(CCL-1), IL-10, IL-1β, Endostatin, I-TAC (Interferon-inducible T cell Alpha Chemoattrac-
tant), Leptin, PLGF (Placental Growth Factor), RANTES (Regulated upon Activation,
Normal T Cell Expressed and Presumably Secreted chemokine), TNF-α, TPO (Throm-
bopoietin), VEGF-A, MCP-2, MCP-4, and PECAM-1 (Platelet Endothelial Cell Adhesion
Molecule-1)—were conveyed solely by the exosomes released from the C/HE-3D-SFnws-
adhering AHSMCs (Figure S2) being undetectable in those released from their HDFs
counterparts [16].
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Altogether, these observations show that patterns of enriched or not enriched AGFs
released via exosomes by SF-stuck AHSMCs and HDFs exhibit not only substrate-type-
but also cell type-specificity. The latter could affect the characteristics of the neovascu-
larization AHSMCs and HDFs, respectively induced—a topic well worth investigating
further. In this regard, D’Amore and Smith [136] showed that, according to their origin in
small or large vessels, HECs’ responses to a set of growth factors exhibited quantitative
and qualitative differences.

Altogether, our results strengthen the view that once grafted in vivo 3D-SFnws can
decidedly advance their own vascularization by inducing the colonizing human fibroblasts
and SMCs to release loads of enriched AGFs via exosomes. We posit that an alike mecha-
nism operated when we grafted FA- and C/N-3D SFnws into the subcutaneous tissues of
mice in vivo [10,11].

Altogether, our results stress the importance of the AGFs in protein form, trans-
ported by the exosomes released from 3D-SFnws-attached AHSMCs and from HDFs [16].
The role(s) of any angiogenic RNAs carried by exosomes from the same sources will be
addressed by future studies. The crucial insights into the interactions between SFnws and
nontumorigenic AHSMCs, HDFs, and HECs we brought to light bode well for prospective
applications of SF-based properly structured scaffolds in human (and even veterinary)
clinical settings.
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Abbreviations

3D-SFnws three-dimensional silk fibroin nonwovens
AGFs angiogenic and growth factors
AHSMCs adult human smooth muscle cells
Akt protein kinase B or PKB
ANGPT-1/2 angiopoietin-1/2
ANOVA analysis of variance
ATM ataxia-telangiectasia mutated Ser/Thr kinase
bFGF basic Fibroblast Growth factor
c-Fos component of AP1 transcription factors
c-Jun component of AP1 transcription factors
CREB cyclic AMP response element binding protein
C/HE carding/hydroentanglement
C/N carding/needling
DiOC18(3) (3,3′-Dioctadecyl oxacarbocyanine perchlorate or DiO
(ds)DNA double strand DNA
ECM extracellular matrix
ECs endothelial cells
eIF-2α eukaryotic translation initiation factor-2α
ELISA enzyme-linked immunosorbent assay
FA formic acid
FBS foetal bovine serum
GM-CFS granulocyte macrophage-colony stimulating factor
GRO-α/-β/-γ growth-regulated oncogene-α/-β/-γ (or CXCL1/2/3)
HADAC histone deacetylase
HDFs human dermal fibroblasts
HECs human ECs
IKK IkappaB kinase
IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
IL- interleukin-
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1 (or CCL2)
MMP matrix metalloprotease
MSK-1 mitogen, and stress-activated protein kinase
NF-κB nuclear factor κB
rh recombinant human
SD standard deviation
SF silk fibroin
SMAD small mother against decapentaplegic homolog
SMCs smooth muscle cells
TAK-1 TGF-β-activated kinase-1
TCF/LEF T-cell factor/Lymphoid enhancer factor
TGF-β transforming growth factor-beta
Tie-2 ANGPT-1 receptor
TIMP-1/2 tissue inhibitor of metalloproteinases-1/2
TLR Toll-like receptor
uPA urokinase-like plasminogen activator
uPAR uPA surface receptor
VEGF vascular endothelial growth factor
VEGF-R VEGF receptor
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Abstract: The present study deals with the development of multifunctional biphasic calcium phos-
phate (BCP) scaffolds coated with biopolymers—poly(ε-caprolactone) (PCL) or poly(ester urea)
(PEU)—loaded with an antibiotic drug, Rifampicin (RFP). The amounts of RFP incorporated into the
PCL and PEU-coated scaffolds were 0.55 ± 0.04 and 0.45 ± 0.02 wt%, respectively. The in vitro drug
release profiles in phosphate buffered saline over 6 days were characterized by a burst release within
the first 8h, followed by a sustained release. The Korsmeyer–Peppas model showed that RFP release
was controlled by polymer-specific non-Fickian diffusion. A faster burst release (67.33 ± 1.48%)
was observed for the PCL-coated samples, in comparison to that measured (47.23 ± 0.31%) for the
PEU-coated samples. The growth inhibitory activity against Escherichia coli and Staphylococcus aureus
was evaluated. Although the RFP-loaded scaffolds were effective in reducing bacterial growth for
both strains, their effectiveness depends on the particular bacterial strain, as well as on the type of
polymer coating, since it rules the drug release behavior. The low antibacterial activity demonstrated
by the BCP-PEU-RFP scaffold against E. coli could be a consequence of the lower amount of RFP
that is released from this scaffold, when compared with BCP-PCL-RFP. In vitro studies showed
excellent cytocompatibility, adherence, and proliferation of human mesenchymal stem cells on the
BCP-PEU-RFP scaffold surface. The fabricated highly porous scaffolds that could act as an antibiotic
delivery system have great potential for applications in bone regeneration and tissue engineering,
while preventing bacterial infections.

Keywords: cuttlefish bone; biphasic calcium phosphate; polymeric coatings; rifampicin; drug
delivery system

1. Introduction

Bacterial infections are one of the main problems associated with the implantation
of conventional medical devices and can lead to increases in patient morbidity and mor-
tality [1]. Bacterial infections are equally seen in tissue engineering approaches using
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scaffolds [2]. Irreversible adhesion of microorganisms creates a biofilm that protects bacte-
ria from phagocytosis and antibiotics [3,4]. Thus, inhibiting irreversible bacterial adhesion
is one of the most important prior steps for granting a successful implantation procedure.
Bacterial infections could be prevented using scaffolds that allow early local antibiotic
administration. The effectiveness of a delivery system is highly dependent on the control
of the drug release profile. Since there is a high risk of infection immediately after implan-
tation, the delivery system should promote an initial burst release of the antibiotic. This
initial burst release should be followed by a sustained release to avoid a latent infection [3].

Calcium phosphates (CaP) are the most common biomaterials used in bone tissue
engineering due to their similarity to the mineral component of bone and their excellent
bioactivity. Nowadays, biphasic calcium phosphate (BCP) represents the gold standard of
CaP biomaterials [5]. BCP usually combine relatively stable hydroxyapatite (HA) with a
more soluble β-tricalcium phosphate (β-TCP) phase, thus allowing better control over the
bioactivity and biodegradability of the scaffold. In this way, the stability of the material is
ensured during the ingrowth of the bone [6]. Despite all the potential of CaP materials, they
have some disadvantages, mainly their brittleness and low strength. These disadvantages
can be mitigated by applying polymeric coatings to improve the robustness of the inorganic
material [7]. In this context, synthetic polymers offer a number of advantageous over the
natural ones, including the ability to easily adjust their physicochemical properties, and
more reproducible synthesis and production processes [8]. The synergistic combinations
between CaP and polymers have also been explored for drug delivery in bone tissue engi-
neering [9–11]. Despite the ability of CaP scaffolds to incorporate pharmaceutical agents
by surface adsorption, [12,13] they have low efficiency as sustained release systems. In
addition, the relatively high temperatures required to obtain high skeletal density and
suitable mechanical properties tend to reduce the surface area available for adsorption,
making them potentially unsuitable for drug incorporation and release [14]. These draw-
backs can be overcome by incorporating the desired active pharmaceutical ingredient into
a polymeric coating [14]. Drug release from a polymeric coating is characterized by an
initial burst release followed by a sustained release [15]. Several factors influence the drug
release profile, namely, coating degradation, interaction with the polymer, and diffusion
of the drug. Moreover, the properties of the scaffolds such as porosity, pore size and
interconnectivity play a crucial role in the drug release profile [14].

Cuttlefish bone (CB) has a unique architecture with about 93% porosity [16]. The
successful hydrothermal conversion (HT) of CB into BCP scaffolds has been reported
previously [17]. Due to the brittleness and low strength of the hydrothermally converted
HA scaffolds, polymeric reinforcement coatings have been reported elsewhere [18–20]. In
our previous work, poly(ε-caprolactone) (PCL) or poly(ester urea) (PEU) coatings were
used to improve the mechanical properties [17]. PCL is one of the most used synthetic
polymers in bone tissue engineering. It is a biocompatible polymer with good mechanical
properties and its degradation products are non-toxic [21,22]. On the other hand, PEU is
a synthetic polymer with promising properties. The presence of α-amino acids improves
cell-material interactions and enables a further functionalization that represents a powerful
tool in the biomedical field [23,24]. In the present work, a further step was taken and the
polymer-coated BCP scaffolds were investigated as a vehicle for the uptake and release of
an antibiotic to avoid bacterial infection, thus obtaining multifunctional scaffolds. With this
purpose, BCP scaffolds derived from CB were synthesized, heat treated and coated with
PCL or PEU solutions, in which the antibiotic rifampicin (RFP), was dissolved (Figure 1).
RFP has a broad-spectrum against Gram-positive and-negative bacterial strains. Moreover,
it binds to the enzyme RNA-polymerase and blocks the bacterial DNA function [25].
As one of the most potent and broad-spectrum antibiotics, RFP has been explored as a
pharmaceutical agent to prevent the formation of biofilm [26–28].
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Figure 1. Overall strategy for the preparation of multifunctional biphasic calcium phosphate scaffolds coated with polymeric
materials and with drug delivery properties.

2. Materials and Methods
2.1. Preparation of BCP Scaffolds

The bones of cuttlefish, Sepia officinalis, were cut into cylinders of approximately 6 mm
in diameter and 3 mm in height. Using differential and gravimetric thermal analysis
(DTA/TG, Labsys Setaram TG-DTA/DSC, Caluire-, France, heating rate of 10 ◦C min−1),
the exact amount of CaCO3 in the CB (calcium precursor) was calculated. The CB cylin-
ders were then subjected to hydrothermal transformation (HT) in the presence of a phos-
phorous precursor. Briefly, the samples were sealed in a stainless-steel autoclave lined
with poly(tetrafluorethylene) (PTFE) with the required volume of an aqueous solution
of (NH4)2HPO4 (Panreac AppliChem, Castellar del Vallès, Spain) for 24 h at 200 ◦C. The
obtained scaffolds were then subjected to heat treatment to remove the organic matter at
700 ◦C for 1 h at a heating rate of 0.5 ◦C min−1, followed by a heating ramp of 2 ◦C min−1

up to 1200 ◦C and a dwelling time of 2 h at this temperature for sintering.

2.2. Preparation of Polymeric Coated Scaffolds Loaded with RFP

The sintered BCP scaffolds were coated with PCL (Perstorp Specialty Chemicals AB,
Perstorp, Sweden, CAPATM 6800 Mn = 80,000 g mol−1) and PEU (Mn = 63,000 g mol−1).
The polymer solutions were prepared at a concentration of 5% (w/v); PCL was dissolved in
dichloromethane (Sigma, Darmstadt, Germany), while PEU was dissolved in chloroform
(Fisher Scientific, Loughborough, UK). To improve the solubility of the PEU, 2% (v/v)
of N,N′-dimethylformamide (Sigma-Aldrich, Darmstadt, Germany) was added to the
chloroform solution. The scaffolds were coated by the dip coating method using a vacuum
system for 20 min at the pressure of 0.4 bar. Two different samples were obtained: BCP
coated with PCL (BCP-PCL) and BCP coated with PEU (BCP-PEU). To obtain RFP loaded
samples, RFP powder (Panreac AppliChem, Castellar del Vallès, Spain) was dissolved
in the polymer solution at a concentration of 1.5 mg.mL−1. The scaffolds coated with
RFP-containing PCL or PEU solutions, BCP-PCL-RFP or BCP-PEU-RFP, respectively, were

165



Polymers 2021, 13, 4378

obtained following the same procedure described above for preparing the BCP-PCL and
the BCP-PEU samples. The incorporated RFP content was determined by immersing the
scaffolds in dimethyl sulfoxide (DMSO), which allowed for the complete dissolution of the
drug. Subsequently, the RFP content was measured by UV-Vis spectrophotometry at the
wavelength of 338 nm. A calibration curve (Figure S1) was plotted within an appropriate
RFP concentration range in DMSO.

2.3. Characterization of the Obtained Scaffolds

All of the scaffold samples (BCP, BCP-PCL, BCP-PEU, BCP-PCL-RFP and BCP-PEU-
RFP) were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD) and differential scanning calorimetry (DSC). FTIR spectra were acquired at
room temperature (RT) using an Agilent Technologies Carey 630 spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA) equipped with a Golden Gate Single Reflection
Diamond ATR. Data were recorded in a range from 650 to 4000 cm−1 with a spectral
resolution of 4 cm−1 and 64 accumulations. XRD measurements were performed in a
high-resolution X-ray diffractometer (PANalytical X’Pert Pro, Malvern Panalytical, Los
Altos, CA, USA) with Cu Kα radiation (λ = 1.5406 Å) using a step-scanning mode with a
2θ angle from 10◦ to 100◦ and a step size of 0.0260◦ per second. DSC measurements were
performed in a Netzsch DSC-214 (Netzsch, Selb, Germany) under a nitrogen atmosphere
using an aluminium pan containing approximately 5 mg of sample. A heating rate of
10 ◦C min−1 was used within a temperature range from −40 ◦C to 500 ◦C.

2.4. In Vitro RFP Release Study

In order to evaluate the in vitro RFP release profile, the scaffolds were placed in glass
tubes containing 2 mL of PBS and incubated at 37 ◦C in a shaker for different time points
(10 and 30 min; 1, 2, 6, 8, and 24 h; 2, 3, 4, 5 and 6 days). The amount of RFP released into the
medium was measured by UV-Vis spectrophotometry at wavelength 338 nm (Figure S2).
Measurements were performed in triplicate. The kinetic release of RFP from the polymer
coated BCP scaffold was modelled using the Korsmeyer–Peppas model (Equation (1))

Mt

M∞
= ktn

(
Mt

M∞
≤ 0.6

)
(1)

where Mt and M∞ are the amounts of drug released at time t and infinity, respectively; k
is the release constant and n is the release exponent and is related to the release mecha-
nism [29].

2.5. Antibacterial Activity Assay

Antibacterial assays of the RFP-loaded and unloaded scaffolds were performed against
Gram-negative, Escherichia coli ATCC25922, and Gram-positive, Staphylococcus aureus
ATCC25923. The bacterial strains were grown at 37 ◦C for 24 h in Luria-Bertani (LB)
medium. A bacterial suspension was then prepared in 10 mL of PBS solution with turbidity
adjusted to 0.5 according to the McFarland standard (1.5 × 108 CFU mL–1). The obtained
suspension was diluted 10-fold and then 375 µL was mixed with 1125 µL of LB medium
and added to the wells containing the different polymer (PCL or PEU) coated BCP scaffolds
with or without RFP. The well without any scaffold was used as a positive control. The
samples were incubated with an orbital shaker at 115 rpm and 37 ◦C. The number of viable
cells remaining in the culture medium after 24, 48 and 72 h was analysed by the spread
plate method. Briefly, 100 µL of bacterial suspension was taken from the wells and spread
evenly on LB agar plates. At 72 h incubation, the scaffolds in contact with the bacterial
suspension, were gently washed twice with PBS and the cells attached were detached by
sonication for 10 min. The obtained bacterial suspension was also spread on LB agar plates.
Finally, the LB dishes were incubated overnight at 37 ºC and the number of colony-forming
units (CFUs) was determined. The experiments were repeated in triplicate and with two
replicates in each experiment.
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2.6. Isolation and Culture of Human Mesenchymal Stem Cells from Umbilical Cord Matrix

Human umbilical cords from healthy donors after birth, with parental consent, were
kindly donated by Crioestaminal Saúde e Tecnologia (Biocant Park, Cantanhede, Portugal).
The umbilical cords were stored in sterile 50 mL tubes at RT between 12 and 48 h before
tissue processing. The samples were cut into small pieces of approximately 5 cm. The pieces
obtained were washed with sterile PBS to remove blood. The umbilical veins were also
washed to remove blood and blood clots. To avoid contamination by endothelial cells, the
umbilical veins and arteries were also removed. Samples were then dried in tissue culture
plates to promote adhesion of the fragment to the polystyrene surface, and, after adhesion,
human mesenchymal stem cells (hMSCs) proliferation medium (alpha-MEM without
ribonucleosides and deoxyribonucleosides (GIBCO™ Invitrogen Corporation, Carlsbad,
CA, USA) supplemented with 10% foetal bovine serum (Cytiva HyClone™ Fetal Bovine
Serum (FBS) U.S. Origin, Fisher Scientific, Loughborough, UK), 1% penicillin/streptomycin
and 1% amphotericin B (GIBCO™ Invitrogen Corporation, Carlsbad, CA, USA)) was
added to the cell culture plate. Samples were cultured at 37 ◦C with 5% CO2 and 95%
humidity, for 10 days until hMSCs migrated from the umbilical cord matrix and defined
colonies formed. Finally, fragments were removed from the umbilical matrix and cells were
passaged. Passages 2–4 were used in all further experiments.

2.7. In Vitro Cytocompatibility Assays

Before seeding the cells, all scaffolds were sterilized by UV-irradiation on both sides
for 15 min and pre-wetted in a culture medium for 6 h. The culture medium was removed
and hMSCs were seeded at a density of 1 × 105 per scaffold onto the top of the scaffolds.
To promote cell adhesion, the seeded scaffolds were incubated for 2 h followed by the
addition of 1 mL of culture medium. The culture medium was changed every 2–3 days.
Cells seeded into the scaffolds were cultured in an incubator at 37 ◦C and a humidified
atmosphere (5% CO2 and 95% air) for a period of 1–14 days.

2.8. Cell Viability and Proliferation

Cell viability and proliferation of seeded scaffolds with and without RFP were deter-
mined using the CellTiter 96® AQueous One Solution Cell Proliferation colorimetric assay
(MTS assay, Promega Corporation, Madison, WI, USA) according to the manufacturer’s
instructions. After 1, 7 and 14 days of incubation, the culture medium was removed and
500 µL of serum-free culture medium containing MTS reagent (10%) was added to each well
and incubated for 3 h at 37 ◦C and 5% CO2. Then, 100 µL of each well (in quadruplicate)
were transferred to a 96-well plate and the absorbance was measured at 490 nm. A negative
control (untreated cells), i.e., cells cultured without being exposed to the scaffolds, was
performed. Cell viability was calculated as the percentage of viable cells relative to the
untreated control cells, which were considered to have 100% viability.

2.9. Cell Attachment

To evaluate cell adhesion and morphology of attached cells to scaffolds with and
without RFP, SEM was used. After 14 days of culturing, the seeded scaffolds were rinsed
with PBS and fixed with paraformaldehyde (4% in PBS 1×) for 1 h at RT. After fixation,
samples were washed again with PBS 1× and were dehydrated stepwise through ethanol
solutions (30, 50, 70 and 90%) for 15 min with a final dehydration in absolute ethanol
for 30 min. The dried cell-seeded scaffolds were sputter-coated with a gold layer before
visualization by SEM. SEM images were acquired at various magnifications, at accelerating
voltage of 10 kV, using a high-resolution field emission scanning electron microscope, with
EDS, WDS (STEM ZEISS, Merlin, Oberkochen, Germany).

2.10. Statistical Analysis

Each experiment was performed in triplicate, using two replicates in each experiment.
Results are expressed as mean± standard deviation (SD) and two-way-analysis of variance
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(ANOVA) was used for statistical analysis. Results were considered statistically different
when the p-value was less than 0.001. Data analysis and statistical tests were performed in
GraphPad Prism 6.03 software (San Diego, CA, USA).

3. Results and Discussion
3.1. Characterization of the Scaffolds

The chemical groups present in the BCP scaffolds uncoated, and coated with PCL
(BCP-PCL), PEU (BCP-PEU), and further RFP loading (BCP-PCL-RFP, BCP-PEU-RFP) were
investigated by FTIR-ATR (Figure 2).
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Figure 2. FTIR-ATR of BCP scaffolds, uncoated and after coating with different polymers (BCP-PCL
and BCP-PEU) and further loaded with RFP (BCP-PCL-RFP and BCP-PEU-RFP).

The BCP scaffolds exhibit the characteristic bands of –PO4 groups. The band at
960 cm−1 is related to the ν1–PO4 stretching, and the stretching ν3–PO4 mode shows intense
bands at 1028 and 1082 cm–1. The characteristic –OH band at 3575 cm−1 is not observed
in the FTIR-ATR spectrum. This could be a consequence of the partial de-hydroxylation
of HA at 1200 ºC and its absence in the β-TCP phase. The polymer coated scaffolds show
an overlap of the BCP spectrum with the characteristic spectra of the polymers. In the
PCL coated scaffolds, the characteristic bands of C=O stretching vibrations (ester linkage)
can be observed at 1720 cm−1, CH2 stretching modes at 2946 and 2896 cm−1 and bending
modes at 1362, 1399 and 1457 cm−1. At 1239, 1041 and 1107 cm−1 the bands associated with
C–O–C stretching vibrations are observed. The C–O and C–C stretching of the amorphous
and crystalline phases appear at 1166 and 1293 cm–1, respectively. In turn, the PEU-coated
samples also exhibit the characteristic PEU bands. The band at 1560 cm−1 is associated
with the bending of the N–H group and the stretching of the C–N group of the urea bond.
The band at 3370 cm−1 corresponds to the stretching vibration of the N–H group of the
urea linkage. The C=O vibration of ester and urea is at 1735 and 1636 cm−1, respectively.
RFP has its characteristic bands of C=O at 1559 cm−1, furanone (C=O) at 1638 cm−1, acetyl
(C=O) at 1720 cm−1 and amide (N–CH3) at 2890 cm−1 [30]. The addition of RFP did not
change the spectra of the samples. In fact, the spectra before and after incorporation of RFP
were identical. Although the presence of RFP cannot be detected by FTIR, it can be clearly
seen in Figure 3 where the samples with RFP change colour from white to burnt orange.
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3.2. In Vitro RFP Release Study

The RFP contents determined for PCL and PEU-coated samples were 0.55 ± 0.04%
and 0.45 ± 0.02%, respectively. The loading capacity of the PCL coated scaffolds was
significantly higher compared to that of PEU. The drug release profiles were determined
over a period of 6 days and the results are shown in Figure 4. The cumulative release
profiles for the different compositions are roughly similar, being characterized by two
stages, an initial burst release (~8 h) followed by a sustained release period. Despite this
similarity, the fraction of RFP released from the scaffolds revealed to be dependent on
the polymer coating used. Indeed, the RFP release from BCP-PCL-RFP (67.33 ± 1.48%)
was significantly higher during the first 8 h compared to the BCP-PEU-RFP systems,
which released only 47.23 ± 0.31%. After 6 days, the total RFP content released reached
85.33 ± 0.36% and 61.73 ± 0.16% for BCP-PCL-RFP and BCP-PEU-RFP, respectively. The
RFP release data revealed a good agreement with the Korsmeyer–Peppas model described
in Equation (1), as deduced from the fitting parameters reported in Table 1. The values of
release exponent (n) ranging from 0.46 to 1, indicate a non-Fickian diffusion for cylindrical
samples. Moreover, the calculated values of constant (k) were 0.3058 and 0.1841 for BCP-
PCL-RFP and BCP-PEU-RFP, respectively. The correlation coefficient was kept above 0.93
for all the scaffolds compositions.
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(pH = 7.4), at 37 ◦C.

Table 1. Exponent (n), constant (k) and correlation coefficient (R2) obtained from the Korsmeyer–
Peppas model for the release of RFP from the BCP scaffolds coated with PCL and PEU.

Scaffold n k R2

BCP-PCL-RFP 0.6215 0.3058 0.9807
BCP-PEU-RFP 0.4640 0.1841 0.9890

3.3. Antibacterial Activity Assays

The antibacterial activity data was assessed by determining the time-dependent re-
duction of cells of E. coli and S. aureus in the presence of the scaffolds, using the CFU
determination by the spread plate method (Table 2). The polymer coated samples, without
RFP, did not exhibit any antimicrobial activity. Regarding the polymer coated scaffolds,
loaded with RFP, all were effective in reducing the growth of S. aureus. Nevertheless,
with E. coli the BCP-PEU-RFP scaffold did not show the ability to inhibit bacterial growth,
contrarily to what was observed with BCP-PEU-RFP. After 24 h of incubation with E. coli,
the BCP-PCL-RFP samples showed higher reduction in bacterial growth compared to
BCP-PEU-RFP samples. After 72 h of incubation, the BCP-PCL-RFP resulted in a 100%
reduction in the number of E. coli. For the BCP-PCL-RPF few attached cells (both E.coli and
S. aureus) were observed after the 72 h, evidenced the difficulty of both strains in colonize
these scaffolds.
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Table 2. Antibacterial activity of the different scaffolds. The antibacterial activity was determined by
following the number of viable cells as CFU ml−1.

E. coli

Scaffold 24 h 48 h 72 h Attached Cells

BCP-PCL >3 × 103

BCP-PCL-RFP 4.25 ± 0.25 0.00 ± 0.00 0.00 ± 0.00 6.00 ± 6.00
BCP-PEU >3 × 103

BCP-PEU-RFP >3 × 103 >3 × 103 >3 × 103 >3 × 103

S. aureus

Scaffold 24 h 48 h 72 h Attached Cells

BCP-PCL >3 × 103

BCP-PCL-RFP 0.00 ± 0.00 0.17 ± 0.24 0.00 ± 0.00 0.00 ± 0.00
BCP-PEU >3 × 103

BCP-PEU-RFP 0.17 ± 0.24 0.00 ± 0.00 0.33 ± 0.47 10.00 ± 10.50

3.4. Viability and Proliferation of Human Mesenchymal Stem Cells

The cytocompatibility of the obtained scaffolds in the hMSCs (a precursor of osteoblastic-
lineage cells [31]) was monitored using MTS assay (cell viability and proliferation), and
by morphological/adhesion studies using light and electron microscopes. According to
the inverted microscope images (Figure 5), hMSCs seeded on the surface of the BCP-PCL,
BCP-PEU, and BCP-PEU-RFP scaffolds showed similar or better cell growth than cells
cultured on plates (untreated cells), presenting the fusiform morphology characteristic of
this type of cells, after 14 days of culture. It can be observed that the hMSCs tended to
grow towards the scaffolds (Figure 5). However, the cell density on BCP-PCL-RFP scaffolds
was decreased and the morphology showed an unhealthy appearance (spheroidal shape)
compared to the control group.
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The results of cell viability (% relative to control—untreated cells) and proliferation
(the optical density at 490 nm) of hMSCs seeded into unloaded and RFP-loaded scaffolds
are displayed in Figure 6. No cytotoxicity to hMSCs was exerted by the coated scaffolds
after 1 day of incubation when compared to the control group, irrespective of RFP loading,
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as can be deduced from the cell viability values of ~84% (BCP-PCL), ~92% (BCP-PEU),
~81% (BCP-PCL-RFP), and ~90% (BCP-PEU-RFP). However, after 7 days of culture, a
significant decrease in cell viability to ~23% was observed for the BCP-PCL-RFP scaffolds.
Similar results were obtained after 14 days. Compared to untreated cells, low cell viability
(~50%) was registered at all time points for BCP scaffolds, as shown in Figure 6. Our
results suggest that the BCP-PEU and BCP-PEU-RFP scaffolds exhibit a good level of
cytocompatibility.
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Regarding proliferation studies, the MTS data after 7 and 14 days of culture showed
that cell density increased with culture time in all scaffolds, except for the BCP-PCL-
RFP one, which inhibited proliferation of hMSCs. As shown in Figure 7, there were no
significant differences in the proliferation rate of hMSCs between the BCP-PEU/BCP-PEU-
RFP scaffolds and control group (untreated cells) at days 7 and 14. Compared to the
BCP-PCL scaffolds, the hMSCs proliferation levels were better in the BCP-PEU scaffolds
and significant differences were observed (**** p < 0.0001). Similar results were found in
the BCP-PEU-RFP scaffolds, suggesting that PEU coating promotes good cell adhesion and
sufficient proliferation.
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3.5. Cell Attachment

Cell adhesion and morphology were examined by SEM. Figure 8 (without cells) shows
SEM micrographs of the surface of the BCP-PCL, BCP-PEU, and BCP-PEU-RFP scaffolds
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after polymer impregnation, respectively, before the cell culture. In Figure 8 (with cells),
SEM images of the surface of the BCP-PCL, BCP-PEU, and BCP-PEU-RFP scaffolds seeded
with hMSCs cells, after 14 days of culture, are shown. SEM microscopic images (at low
magnification) showed excellent adhesion and homogeneous distribution of hMSCs on the
surface BCP-PCL, BCP-PEU, and BCP-PEU-RFP scaffolds, corroborating the MTS results.
The surface of the scaffolds was almost completely covered by the cells and the extracellular
matrix secreted by them. As can be seen in the high magnification images, a layer of cells
and matrix on the surface of the scaffolds is observed. Regarding the morphology of the
cells, it is difficult to withdraw conclusions.
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4. Discussion

A complete conversion of CB into a BCP scaffold was obtained as reported in a previ-
ous work [17]. The unique CB architecture was retained after HT and sintering. Moreover,
polymeric (PCL or PEU) coatings significantly improved the mechanical properties of the
scaffolds without having a significant negative effect on porosity of the scaffold [17]. This
means that the composite scaffolds skilfully combine the highly porous inorganic BCP with
the polymeric coatings, improving the overall properties and expanding the application
possibilities. Moreover, this synergistic effect can also be explored in the context of drug
delivery. The main objective of this work was to develop a composite scaffold derived from
CB that can act as a drug delivery system of an antibiotic, to avoid bacterial growth at the
implantation site.

The discrepancy observed in the amounts of RFP incorporated into the scaffolds
coated with the different polymers, 0.55 ± 0.04 wt% (PCL) and 0.45 ± 0.02 wt% (PEU),
could be attributed to the higher viscosity of the PCL solution in comparison to that of
PEU. This resulted in thicker PCL coatings [17], which are able to accommodate higher
amounts of RFP. Due to the small amounts of RFP incorporated, it was not possible to
detect differences between the coated samples with and without RFP using FTIR-ATR
(Figure 2). It was also not possible to detect the presence of RFP in the samples using
XRD and DSC (results in Supplementary Information, Figures S3 and S4). Nevertheless,
its incorporation into the coated scaffolds can be easily deduced by the change of their
colour from white to burnt orange (Figure 3). Moreover, the in vitro drug release studies
(Figure 4) and the antimicrobial studies (Table 2) are other clear evidence of the presence of
RFP in the coated samples.
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The in vitro drug release studies (Figure 4) revealed that the applied polymeric coat-
ings allowed for obtaining suitable RFP release profiles. All RFP loaded samples exhibited
similar release profiles, characterized by an initial burst within the first 8 h, followed by
a sustained release period. The relative amounts released during the burst period were
67.33 ± 1.48% and 47.23 ± 0.31% for PCL and PEU-coated samples, respectively. The
incorporation of RFP into the scaffolds was aimed at preventing the risk of infection in the
initial period after implantation. Therefore, the observed initial burst brings an important
advantage to eliminate possible bacterial contamination during the medical procedure [32].
Moreover, it is important to highlight that RFP released during the burst period is still
within the therapeutic limits, since a cytotoxic effect is observed only at a concentration
of 100 µg.mL−1 [33]. This initial burst release may be due to different mechanisms, such
as pore diffusion, surface desorption and the absence of a diffusion barrier regulating the
diffusion process [34].

The Korsmeyer–Peppas model is suitable for describing the kinetics of drug release
from thin films and cylindrical or spherical samples such as those used in this study. The
drug release mechanisms can be divided into Fickian diffusion, non-Fickian transport and
zero-order release when n is 0.45, 0.45–1 and 1, respectively [29]. For the different coating
compositions used in the present work, the n value ranged from 0.46 to 0.62, which is
characteristic of a non-Fickian diffusion. This diffusion behaviour indicates a release that is
simultaneously controlled by diffusion and by dissolution [35].

The release profile is strongly dependent on the type of polymer coating. Indeed,
a faster RFP release was observed from the scaffolds coated with PCL, compared to the
scaffolds coated with PEU. The two different polymers, PCL and PEU, have carboxyl
groups that allow the formation of hydrogen bonds with RFP. Moreover, these groups
have affinity for calcium present in BCP scaffolds. PEUs, in addition to carboxyl groups,
have amide groups that can also form hydrogen bonds with RFP, while having affinity for
phosphorus from BCP scaffolds. Therefore, PEU coating is expected to produce stronger
interactions with both BCP scaffolds and RFP compared to PCL. The lower affinity between
PCL and BCP scaffolds results in weaker and non-continuous interfaces that provide a
larger surface area for contact with the PBS solution and desorption of the drug. These
factors explain and determine drug release behaviour and consistently account for its
higher amount released from PCL coated samples within the first 8 h during burst period.

RFP is a broad-spectrum antibiotic for both Gram-positive and Gram-negative bacteria
and was therefore chosen as the antibiotic in this work. The antibacterial activity data
of the RFP-loaded scaffolds against Gram-negative E. coli and Gram-positive S. aureus
reported in Table 2 confirm its useful action against both types of bacteria. However, the
efficacy depends on the particular bacterial strain and also on the type of polymer coating.
When incubated with E. coli, a more rapid decrease in the number of viable bacterial cells
was recorded for the BCP-PCL-RFP samples. The BCP-PEU-RFP scaffold did not show
antibacterial activity towards E. coli. This result can be associated with the higher amount of
RFP released from the PCL-coated scaffold in comparison with the PEU-coated counterpart
(Figure 4). Most probably the amount of RFP released from the BCP-PEU-RFP during the
time of incubation is not sufficient to exert its antibacterial effect against E. coli. On the other
hand, all the RFP-loaded scaffolds exhibited stronger antibacterial activity against S. aureus.
In fact, the reduction of bacterial growth reached almost 100% after 24 h of incubation
for all compositions. The higher sensitivity of S. aureus to RFP is associated with the
better permeability of RFP through Gram-positive cell walls than through Gram-negative
ones [36].

The in vitro studies performed with hMSCs support the suitability of the prepared
scaffolds for bone regeneration during local antibiotic therapy. MTS metabolic assay
showed that the unloaded and RFP-loaded PEU scaffolds, as well as the BCP-PCL scaffolds,
could provide a favourable platform for the survival/growth of hMSCs. However, a low
proliferation rate (~50%) was found in the presence of the uncoated BCP scaffolds, which
proved to be much more fragile as compared to the coated ones. Similar results with BCP
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scaffolds were obtained by Kim and co-workers [37], with human osteoblast-like MG-63
cells, and of Hongmim and co-workers [38] with murine mesenchymal stem cells. This
implies that the highly porous inorganic BCP scaffolds together with the polymer coatings
(PCL and PEU) play a synergistic role, by exhibiting less or no cytotoxicity and providing
the suitable conditions for cell adhesion and proliferation. Compared to the BCP-PEU
scaffolds, the PCL coated BCP scaffolds showed low proliferation and viability values over
the experimental period (7 and 14 days). These findings could be due to a reduction in
the porosity of the BCP-PCL scaffold, which consequently leads to a reduction in the total
surface area available for cell adhesion [17]. Similar biological observations were reported
by Milovac and co-workers [39] and Siddiqi and co-workers [40] for the PCL coated BCP
scaffolds. Moreover, the BCP-PCL-RFP scaffolds were shown to negatively affect the
viability and proliferation of hMSCs (i.e., higher cell toxicity and lower cell proliferation
rate), resulting cell damage. This result, however, can be related with the higher amount
of RFP released, after 1 day, from the PCL-coated scaffold (≈80%) in comparison to the
amount of drug released from PEU-coated scaffold (≈50%). The higher amount of RFP
released can induce toxicity on hMSCs, affecting their viability and proliferation. In
contrast, cells proliferating on the surface of BCP-PEU-RFP scaffold were not negatively
affected. The results revealed that BCP-PEU-RFP scaffolds have excellent properties for the
intended applications, namely: cytocompatibilitys, and an optimal composition to support
cell proliferation.

5. Conclusions

In this study, a drug delivery system using composite scaffolds, from BCP, coated with
biopolymers and loaded with a pharmaceutical drug (RFP), was successfully developed.
The polymeric (PCL or PEU) coatings bring synergistic benefits to the mechanical properties
of the scaffolds [17], opening also the possibility of the scaffold to be used as a delivery
system. The drug release kinetic mechanism was shown to be a non-Fickian diffusion.
The RFP release from the BCP-coated scaffolds was similar for both coatings (PCL and
PEU), being characterized by a burst release in the first 8 h, followed by a sustained release.
A higher initial release of RFP from the PCL-coated samples could be attributed to the
weaker interaction between the polymer and the drug and also between the polymer and
the inorganic BCP scaffold. The antibacterial activity of the different scaffolds against E. coli
and S. aureus showed that the samples without the antibiotic had no antimicrobial activity.
Both RFP-loaded scaffolds were effective in reducing bacterial growth, particularly in the
case of S. aureus. Regarding E. coli, only BCP-PCL-RFP was shown to have antibacterial
activity. The in vitro cytotoxicity studies revealed that hMSCs adhered to the surface of
BCP-PEU-RFP scaffolds, proliferated, and remained viable after 7 and 14 days of culture.
Overall, the results show that the BCP-PEU-RFP scaffolds are the most promising for the
application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13244378/s1, Figure S1. Calibration curve of RFP diluted in DMSO, Figure S2. Cali-
bration curve of RFP diluted in PBS, Figure S3. XRD of uncoated BCP scaffolds, coated with different
polymers (BCP-PCL, and BCP-PEU) and loaded with RFP (BCP-PCL-RFP and BCP-PEU-RFP), Figure
S4. DCS of uncoated BCP scaffolds, coated with different polymers (BCP-PCL and BCP-PEU) and
loaded with RFP (BCP-PCL-RFP and BCP-PEU-RFP).

Author Contributions: Conceptualization, J.F.J.C. and J.M.F.F.; Formal analysis, A.S.N., P.P., C.D.,
M.C.A., I.B. and C.O.M.; Funding acquisition, J.F.J.C. and J.M.F.F.; Investigation, A.S.N., P.P., A.C.F.,
C.D., M.C.A., I.B. and C.O.M.; Methodology, A.C.F., J.F.J.C. and J.M.F.F.; Resources, J.F.J.C., J.M.F.F.,
L.P.d.A. and P.V.M.; Supervision, L.P.d.A., P.V.M., J.F.J.C. and J.M.F.F.; Writing—original draft, A.S.N.,
P.P. and A.C.F.; Writing—review and editing, J.F.J.C. and J.M.F.F. All authors have read and agreed to
the published version of the manuscript.

175



Polymers 2021, 13, 4378

Funding: This work was developed within the scope of the project CICECO-Aveiro Institute of
Materials, FCT Ref. UID/CTM/50011/2019, financed by national funds through Fundação para
a Ciência e a Tecnologia (FCT/MCTES). This research was also partially sponsored by FEDER
funds through the program COMPETE2020—Programa Operacional Factores de Competitividade—
and by national funds through FCT, under projects UIDB/00285/2020, UIBD/00511/2020 and
UIDB/04539/2020. We would like to thank the financial support to European Regional Development
Fund through the Regional Operational Program Center2020: Brain-Health2020 projects (CENTRO-
01-0145-FEDER-000008), ViraVector (CENTRO-01-0145-FEDER-022095). Inês Barros was supported
by FCT fellowship (SFRH/BD/148877/2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study is available in the article.

Acknowledgments: The authors would also like to thank João Ramalho-Santos, Ana Sofia Rodrigues
and Ana Branco for hMSCs isolation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Percival, S.L.; Suleman, L.; Vuotto, C.; Donelli, G. Healthcare-associated infections, medical devices and biofilms: Risk, tolerance

and control. J. Med. Microbiol. 2015, 64, 323–334. [CrossRef] [PubMed]
2. Mouriño, V.; Boccaccini, A.R. Bone tissue engineering therapeutics: Controlled drug delivery in three-dimensional scaffolds. J. R.

Soc. Interface 2010, 7, 209–227. [CrossRef] [PubMed]
3. Zilberman, M.; Elsner, J.J. Antibiotic-eluting medical devices for various applications. J. Control. Release 2008, 130, 202–215.

[CrossRef] [PubMed]
4. Donlan, R.M. Biofilms and Device-Associated Infections. Emerg. Infect. Dis. 2001, 7, 277–281. [CrossRef]
5. Bouler, J.M.; Pilet, P.; Gauthier, O.; Verron, E. Biphasic calcium phosphate ceramics for bone reconstruction: A review of biological

response. Acta Biomater. 2017, 53, 1–12. [CrossRef] [PubMed]
6. Lobo, S.E.; Arinzeh, T.L. Biphasic calcium phosphate ceramics for bone regeneration and tissue engineering applications. Materials

2010, 3, 815–826. [CrossRef]
7. Motealleh, A.; Eqtesadi, S.; Pajares, A.; Miranda, P. Enhancing the mechanical and in vitro performance of robocast bioglass

scaffolds by polymeric coatings: Effect of polymer composition. J. Mech. Behav. Biomed. Mater. 2018, 84, 35–45. [CrossRef]
8. Cortizo, M.S.; Belluzo, M.S. Biodegradable Polymers for Bone Tissue Engineering. In Industrial Applications of Renewable Biomass

Products; Goyanes, S.N., D’Accorso, N.B., Eds.; Springer: Cham, Switzerland, 2017; pp. 47–74.
9. Araújo, M.; Viveiros, R.; Philippart, A.; Miola, M.; Doumett, S.; Baldi, G.; Perez, J.; Boccaccini, A.R.; Aguiar-Ricardo, A.; Verné, E.

Bioactivity, mechanical properties and drug delivery ability of bioactive glass-ceramic scaffolds coated with a natural-derived
polymer. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 77, 342–351. [CrossRef]

10. Kim, H.W.; Knowles, J.C.; Kim, H.E. Hydroxyapatite/poly(ε-caprolactone) composite coatings on hydroxyapatite porous bone
scaffold for drug delivery. Biomaterials 2004, 25, 1279–1287. [CrossRef] [PubMed]

11. Bose, S.; Sarkar, N.; Banerjee, D. Effects of PCL, PEG and PLGA polymers on curcumin release from calcium phosphate matrix for
in vitro and in vivo bone regeneration. Mater. Today Chem. 2018, 8, 110–120. [CrossRef]

12. Al-Sokanee, Z.N.; Toabi, A.A.H.; Al-Assadi, M.J.; Alassadi, E.A.S. The drug release study of ceftriaxone from porous hydroxyap-
atite scaffolds. AAPS PharmSciTech 2009, 10, 772–779. [CrossRef] [PubMed]

13. Chai, F.; Hornez, J.C.; Blanchemain, N.; Neut, C.; Descamps, M.; Hildebrand, H.F. Antibacterial activation of hydroxyapatite (HA)
with controlled porosity by different antibiotics. Biomol. Eng. 2007, 24, 510–514. [CrossRef] [PubMed]

14. Bose, S.; Tarafder, S. Calcium phosphate ceramic systems in growth factor and drug delivery for bone tissue engineering: A
review. Acta Biomater. 2012, 8, 1401–1421. [CrossRef] [PubMed]

15. KKundu, B.; Soundrapandian, C.; Nandi, S.K.; Mukherjee, P.; Dandapat, N.; Roy, S.; Datta, B.K.; Mandal, T.K.; Basu, D.;
Bhattacharya, R.N. Development of new localized drug delivery system based on ceftriaxone-sulbactam composite drug
impregnated porous hydroxyapatite: A systematic approach for in vitro and in vivo animal trial. Pharm. Res. 2010, 27, 1659–1676.
[CrossRef] [PubMed]

16. Birchall, J.D.; Thomas, N.L. On the architecture and function of cuttlefish bone. J. Mater. Sci. 1983, 18, 2081–2086. [CrossRef]
17. Neto, A.S.; Fonseca, A.C.; Abrantes, J.C.C.; Coelho, J.F.J.; Ferreira, J.M.F. Surface functionalization of cuttlefish bone-derived

biphasic calcium phosphate scaffolds with polymeric coatings. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 105, 110014. [CrossRef]
[PubMed]

18. Kim, B.S.; Kang, H.J.; Lee, J. Improvement of the compressive strength of a cuttlefish bone-derived porous hydroxyapatite scaffold
via polycaprolactone coating. J. Biomed. Mater. Res. B Appl. Biomater. 2013, 101, 1302–1309. [CrossRef]

176



Polymers 2021, 13, 4378

19. Milovac, D.; Gallego Ferrer, G.; Ivankovic, M.; Ivankovic, H. PCL-coated hydroxyapatite scaffold derived from cuttlefish bone:
Morphology, mechanical properties and bioactivity. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 34, 437–445. [CrossRef]

20. Rogina, A.; Antunovic, M.; Milovac, D. Biomimetic design of bone substitutes based on cuttlefish bone-derived hydroxyapatite
and biodegradable polymers. J. Biomed. Mater. Res. B Appl. Biomater. 2018, 107, 197–204. [CrossRef]

21. Sabir, M.I.; Xu, X.; Li, L. A review on biodegradable polymeric materials for bone tissue engineering applications. J. Mater. Sci.
2009, 44, 5713–5724. [CrossRef]

22. Saranya, N.; Saravanan, S.; Moorthi, A.; Ramyakrishna, B.; Selvamurugan, N. Enhanced Osteoblast Adhesion on Polymeric
Nano-Scaffolds for Bone Tissue Engineering. J. Biomed. Nanotechnol. 2011, 7, 238–244. [CrossRef] [PubMed]

23. Fonseca, A.C.; Gil, M.H.; Simoes, P.N. Biodegradable poly(ester amide)s—A remarkable opportunity for the biomedical area:
Review on the synthesis, characterization and applications. Prog. Polym. Sci. 2014, 39, 1291–1311. [CrossRef]

24. Li, S.; Xu, Y.; Yu, J.; Becker, M.L. Enhanced osteogenic activity of poly(ester urea) scaffolds using facile post-3D printing peptide
functionalization strategies. Biomaterials 2017, 141, 176–187. [CrossRef]

25. Campbell, E.A.; Korzheva, N.; Mustaev, A.; Murakami, K.; Nair, S.; Goldfarb, A.; Darst, S.A. Structural mechanism for rifampicin
inhibition of bacterial RNA polymerase. Cell 2001, 104, 901–912. [CrossRef]

26. Sandeep Kranthi Kiran, A.; Kizhakeyil, A.; Ramalingam, R.; Verma, N.K.; Lakshminarayanan, R.; Kumar, T.S.; Doble, M.;
Ramakrishna, S. Drug loaded electrospun polymer/ceramic composite nanofibrous coatings on titanium for implant related
infections. Ceram. Int. 2019, 45, 18710–18720. [CrossRef]

27. Aragón, J.; Feoli, S.; Irusta, S.; Mendoza, G. Composite scaffold obtained by electro-hydrodynamic technique for infection
prevention and treatment in bone repair. Int. J. Pharm. 2019, 557, 162–169. [CrossRef] [PubMed]

28. Ruckh, T.T.; Oldinski, R.A.; Carroll, D.A.; Mikhova, K.; Bryers, J.D.; Popat, K.C. Antimicrobial effects of nanofiber
poly(caprolactone) tissue scaffolds releasing rifampicin. J. Mater. Sci. Mater. Med. 2012, 23, 1411–1420. [CrossRef]

29. Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release I. Fickian ans non-Fikian release from non-swellable
devices in the form of slabs, spheres, cylinders or discs. J. Control. Release 1987, 5, 23–36. [CrossRef]

30. Pati, R.; Sahu, R.; Panda, J.; Sonawane, A. Encapsulation of zinc-rifampicin complex into transferrin-conjugated silver quantum-
dots improves its antimycobacterial activity and stability and facilitates drug delivery into macrophages. Sci. Rep. 2016, 6, 24184.
[CrossRef]

31. Bianco, P.; Sacchetti, B.; Riminucci, M. Stem cells in skeletal physiology and endocrine diseases of bone. Endocr. Dev. 2011, 21,
91–101. [PubMed]

32. Martin, V.; Ribeiro, I.A.; Alves, M.M.; Gonçalves, L.; Claudio, R.A.; Grenho, L.; Fernandes, M.H.; Gomes, P.; Santos, C.F.; Betten-
court, A.F. Engineering a multifunctional 3D-printed PLA-collagen-minocycline-nanoHydroxyapatite scaffold with combined
antimicrobial and osteogenic effects for bone regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 101, 15–26. [CrossRef]

33. Yuan, J.; Wang, B.; Han, C.; Lu, X.; Sun, W.; Wang, D.; Lu, J.; Zhao, J.; Zhang, C.; Xie, Y. In vitro comparison of three rifampicin
loading methods in a reinforced porous β-tricalcium phosphate scaffold. J. Mater. Sci. Mater. Med. 2015, 26, 174. [CrossRef]
[PubMed]

34. Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug delivery systems. J. Control.
Release 2001, 73, 121–136. [CrossRef]

35. Chandrasekaran, S.K.; Paul, D.R. Dissolution-Controlled transport from dispersed matrixes. J. Pharm. Sci. 1982, 71, 1399–1402.
[CrossRef]

36. Wherli, W. Rifampin: Mechanisms of Action and Resistance. Rev. Infect. Dis. 1983, 5 (Suppl. S3), S407–S411. [CrossRef]
37. Kim, B.S.; Kang, H.J.; Yang, S.S.; Lee, J. Comparison of in vitro and in vivo bioactivity: Cuttlefish-bone-derived hydroxyapatite

and synthetic hydroxyapatite granules as a bone graft substitute. Biomed. Mater. 2014, 9, 025004. [CrossRef] [PubMed]
38. Hongmin, L.; Wei, Z.; Xingrong, Y.; Jing, W.; Wenxin, G.; Jihong, C.; Xin, X.; Fulin, C. Osteoinductive nanohydroxyapatite bone

substitute prepared via in situ hydrothermal transformation of cuttlefish bone. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103,
816–824. [CrossRef]

39. Milovac, D.; Gamboa-Martínez, T.C.; Ivankovic, M.; Ferrer, G.G.; Ivankovic, H. PCL-coated hydroxyapatite scaffold derived from
cuttlefish bone: In vitro cell culture studies. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 42, 264–272. [CrossRef] [PubMed]

40. Siddiqi, S.A.; Manzoor, F.; Jamal, A.; Tariq, M.; Ahmad, R.; Kamran, M.; Chaudhry, A.; Rehman, I.U. Mesenchymal stem cell
(MSC) viability on PVA and PCL polymer coated hydroxyapatite scaffolds derived from cuttlefish. RSC Adv. 2016, 6, 32897–32904.
[CrossRef]

177





polymers

Article

Architecture and Composition Dictate Viscoelastic Properties of
Organ-Derived Extracellular Matrix Hydrogels

Francisco Drusso Martinez-Garcia 1,2,† , Roderick Harold Jan de Hilster 1,3,† , Prashant Kumar Sharma 2,4 ,
Theo Borghuis 1,3, Machteld Nelly Hylkema 1,3 , Janette Kay Burgess 1,2,3 and Martin Conrad Harmsen 1,2,*

Citation: Martinez-Garcia, F.D.; de

Hilster, R.H.J.; Sharma, P.K.; Borghuis,

T.; Hylkema, M.N.; Burgess, J.K.;

Harmsen, M.C. Architecture and

Composition Dictate Viscoelastic

Properties of Organ-Derived

Extracellular Matrix Hydrogels.

Polymers 2021, 13, 3113. https://

doi.org/10.3390/polym13183113

Academic Editors: Stefan Ioan Voicu

and Andrada Serafim

Received: 16 August 2021

Accepted: 13 September 2021

Published: 15 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pathology and Medical Biology, University Medical Center Groningen, University of
Groningen, Hanzeplein 1 (EA11), 9713 GZ Groningen, The Netherlands;
f.d.martinez.garcia@umcg.nl (F.D.M.-G.); r.h.j.de.hilster@umcg.nl (R.H.J.d.H.); t.borghuis@umcg.nl (T.B.);
m.n.hylkema@umcg.nl (M.N.H.); j.k.burgess@umcg.nl (J.K.B.)

2 W.J. Kolff Institute for Biomedical Engineering and Materials Science-FB41, University Medical Center
Groningen, University of Groningen, A. Deusinglaan 1, 9713 AV Groningen, The Netherlands;
p.k.sharma@umcg.nl

3 Groningen Research Institute for Asthma and COPD (GRIAC), University Medical Center Groningen,
University of Groningen, Hanzeplein 1 (EA11), 9713 AV Groningen, The Netherlands

4 Department of Biomedical Engineering-FB40, University Medical Center Groningen, University of Groningen,
A. Deusinglaan 1, 9713 AV Groningen, The Netherlands

* Correspondence: m.c.harmsen@umcg.nl
† These authors contributed equally.

Abstract: The proteins and polysaccharides of the extracellular matrix (ECM) provide architectural
support as well as biochemical and biophysical instruction to cells. Decellularized, ECM hydrogels
replicate in vivo functions. The ECM’s elasticity and water retention renders it viscoelastic. In this
study, we compared the viscoelastic properties of ECM hydrogels derived from the skin, lung and
(cardiac) left ventricle and mathematically modelled these data with a generalized Maxwell model.
ECM hydrogels from the skin, lung and cardiac left ventricle (LV) were subjected to a stress relaxation
test under uniaxial low-load compression at a 20%/s strain rate and the viscoelasticity determined.
Stress relaxation data were modelled according to Maxwell. Physical data were compared with
protein and sulfated GAGs composition and ultrastructure SEM. We show that the skin-ECM relaxed
faster and had a lower elastic modulus than the lung-ECM and the LV-ECM. The skin-ECM had two
Maxwell elements, the lung-ECM and the LV-ECM had three. The skin-ECM had a higher number
of sulfated GAGs, and a highly porous surface, while both the LV-ECM and the lung-ECM had
homogenous surfaces with localized porous regions. Our results show that the elasticity of ECM
hydrogels, but also their viscoelastic relaxation and gelling behavior, was organ dependent. Part of
these physical features correlated with their biochemical composition and ultrastructure.

Keywords: extracellular matrix; ECM hydrogel; viscoelasticity; decellularized organs; Maxwell model

1. Introduction

The extracellular matrix (ECM) is the acellular component of all organs and tissues:
a three-dimensional (3D) mixture of proteins embedded in a gel of water-retaining nega-
tively charged polysaccharides such as glycosaminoglycans (GAGs) [1]. While the ECM
composition is tissue-specific, its components and organization can vary among structures
within the same organ [2,3]. The ECM guides cell fate and provides mechanical support to
the cells embedded within [4,5].

Historically, ECM mechanics were solely evaluated in terms of elasticity (i.e., elastic
modulus often denoted by E, and also called stiffness)—the resistance of an object to undergo
reversible deformation (strain, ε) in response to applied force (Stress, σ) [6,7]. In purely elastic
materials, the mechanical energy is stored as strain and the elastic modulus remains strain
rate independent [8]. Strain rate (

.
ε) is the speed with which a material is compressed. Due
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to variations in ECM composition and organization, the response to mechanical stress and
strain differs among organs [9]. Nevertheless, more recent studies have shown that due to a
large water content, the ECM is not elastic but viscoelastic in nature [7,10,11], where viscosity
plays an active role in matrix mechanics [7]. Viscosity is a material property that arises
from the resistance of a fluid to deformation. The combination of both elastic and viscous
responses leads to a time-dependent stress dissipation (i.e., stress relaxation), a phenomenon
known as viscoelasticity [8]. Unlike purely elastic materials that store and retain energy, a
viscoelastic material will dissipate energy in the presence of stress over time, making the
elastic modulus strain rate dependent. Thus, viscoelasticity is an inherent property of the
ECM, that has only recently been recognized within biological systems [7,10,11].

The common in vitro systems to mimic in vivo ECM are hydrogels: water-swollen
polymeric networks [12–15]. The viscoelasticity of hydrogels is tailored by varying the type
and molecular weight of the constituent polymers, their concentration, and the crosslinking
conditions (e.g., temperature, pH) [16–20]. Using hydrogels as ECM mimics illustrates that
the cells perceive the surrounding viscoelasticity by applying a pushing or pulling force
and sensing the time-dependent deformation response from the environment [10,21].

Hydrogels can be prepared from individual ECM components such as collagen, elastin
or non-sulphated GAGs such as hyaluronic acid [18,19,22,23]. These homopolymeric
hydrogels demonstrate the influence of individual matrix components in fundamental
aspects of cell biology [18,19]. While collagen and elastin are the major load-bearing and
elastic ECM components, other molecules, such as GAGs, hold on to water and play a role
in matrix mechanics by offering resistance to the mobility of water within the ECM [24].
The main role of GAGs in ECM mechanics is that of lubrication and stress absorption.
While homopolymeric networks demonstrate the contribution of individual components in
matrix-cell biology, a factual representation of matrix viscoelasticity requires the presence
of the native, heterogeneous components from the ECM. Thus, using organ-derived ECM
might provide a biomimetic model that, due to their source, retains native ECM components
involved in matrix mechanics [25].

We set out to compare three organs that are continuously subjected to mechanical
forces but differ in function, i.e., the skin, lung and left ventricle (LV) of the heart. Skin is
pliable and deformed due to body movement, while the lungs undergo inflation/deflation
cycles via the action of the diaphragm and compression of the chest. Finally, the heart is a
continuously beating muscle. The molecular composition of the ECM shares the presence
of collagen type I, while organ-specific differences exist that relate to the function of the
skin, lung and LV. We hypothesized that the composition and architecture of the ECM of
skin, lung and LV dictates their mechanical properties in particular viscoelasticity. We set
out to test this hypothesis using hydrogels from decellularized skin, lung and LV.

2. Materials and Methods
2.1. Decellularization

Porcine skin, lungs and hearts (~6-month, female) were purchased from a local slaugh-
terhouse (Kroon Vlees, Groningen, the Netherlands). The heart and skin were decellularized
as described previously [26]. The lung was decellularized as described by Pouliot et al. [27]
with the exception that in this case the lungs were finely blended prior to decellularization.

The dissected LVs from pig heart and skin were dissected into 1 cm3 cubes. The
tissues were washed with 1x Dulbecco’s phosphate-buffered saline (DPBS; BioWhittaker®,
Walkersville, MD, USA) at room temperature (RT) and then minced in a commercial
Bourgini 21.3001 blender (Bourgini, Breda, the Netherlands) with DPBS until the pieces
were ~1 mm3 in size. After a second DPBS wash, the tissue homogenate was sonicated
for 1 min at 100% power. After sonication, the tissue homogenate was washed with DPBS
again and incubated in 0.05% trypsin (Thermo Fisher Scientific, Waltham, MA, USA) at
37 ◦C for 3 h under constant shaking. After trypsin treatment, tissue material was washed
again with DPBS and frozen at −20 ◦C for at least 24 h.
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The homogenate was thawed, washed with Milli-Q® water for 3 h and then se-
quentially treated with saturated NaCl (6 M) solution, 70% ethanol, 1% SDS solution
(Sigma-Aldrich, St. Louis, MO, USA), 1% Triton X-100 (Sigma-Aldrich), 1% sodium de-
oxycholate (Sigma-Aldrich) and 30 µg/mL DNase (Sigma-Aldrich) (in MgSO4 1.3 mM
and CaCl2 2 mM), with three washes with Milli-Q® water between treatments, 24 h each
at RT with constant shaking, except for the enzymatic treatments, which were at 37 ◦C
while shaking. The resultant decellularized ECM was stored in sterile DPBS containing 1%
penicillin-streptomycin (Gibco Invitrogen, Carlsbad, CA, USA) at 4 ◦C.

The lung was dissected, and the cartilaginous airways removed before cutting into
~1 cm3 cubes and minced until it was ~1 mm3 in size with a commercial blender. The result-
ing tissue homogenate was then repeatedly washed with Milli-Q® water and spun down
at 3000× g until the supernatant cleared completely. The remaining tissue homogenate
went through two rounds of sequential treatment with 0.1% Triton X-100, 2% sodium
deoxycholate, 1 M NaCl solution and 30 µg/mL DNase in 1.3 mM MgSO4 and 2 mM
CaCl2, 10 mM Tris pH 8 (Sigma-Aldrich) solution each for 24 h at 4 ◦C with constant
shaking, except for the enzymatic treatments, which were at 37 ◦C with shaking. Between
treatments, the homogenate was washed three times with Milli-Q® water, centrifuged at
3000× g between washes. After two cycles of decellularization, the tissue homogenate
was sterilized by adding 0.18% peracetic acid and 4.8% ETOH, and left shaking at 4 ◦C for
24 h. After tissue sterilization, the resultant decellularized ECM was stored in sterile DPBS
containing 1% penicillin-streptomycin at 4 ◦C (Figure 1a).

2.2. Hydrogel Preparation

The blended, decellularized skin-ECM, lung-ECM and LV-ECM were snap-frozen
in liquid nitrogen and lyophilized with a FreeZone Plus lyophilizer (Labconco, Kansas
City, MO, USA) and then ground into a powder with an A11 Analytical mill (IKA, Staufen,
Germany). Then, 20 mg/mL of ECM powder was digested with 2 mg/mL porcine pepsin
(Sigma-Aldrich) in 0.01 M HCl under constant agitation at RT either for 8 h (LV-ECM) or
48 h (lung-ECM and skin-ECM) (Figure 1b). After digestion, the pH was neutralized with
0.1 M NaOH and brought to 1× DPBS with one-tenth volume 10× DPBS to generate the
so-called ECM pre-gel solution. For hydrogel formation, pre-gel from each organ-derived
ECM was poured in a mold and incubated at 37 ◦C for 1 h (Figure 1a). After gelation, the
hydrogels were equilibrated in HBSS medium (Lonza, Bazel, Switzerland) and incubated
for 24 h prior to experiments.

2.3. Turbidity Assay

The gelling kinetics of skin-ECM, lung-ECM and LV-ECM hydrogels were analyzed
with a turbidimetric assay [28–30]. The ECM pre-gel solutions were pipetted (150 µL) into
a precooled (4 ◦C) 96-well plate (Corning Inc., Corning, NY, USA). The cooled 96-well plate
containing the pre-gels was loaded into a pre-heated (37 ◦C) CLARIOstar Plus multi-mode
microplate Reader (BMG Labtech, Ortenberg, Germany), and the absorbance measured
at 405 nm with 30-second intervals for 2 h. Absorbance values were normalized with the
following formula:

NA =
(A − Amin)

(Amax − Amin)
× 100% (1)

where NA is the normalized absorbance, A is the absorbance at any given time, Amin is the
lowest observed absorbance and Amax is the maximal absorbance. The normalized curves
were plotted to start from gelation, omitting the lag time. From the sigmoidal-shaped
turbidity curves, we calculated the following kinetic parameters: Amin and Amax, Tlag (the
time value at which the normalized absorbance is 0), T1/2 (the time at which the normalized
absorbance is 50%), Tend (the time at which the normalized absorbance is 100%) and S (the
slope of the linear portion of the curve), indicating the speed of gelation. Three independent
turbidity measurements were performed with three replicates each (n = 3).
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Chi2. (c) Scanning electron microscopy (SEM). All hydrogels were fixed for 24 h in 2% glutaraldehyde
and 2% paraformaldehyde (1:1 ratio) at 4 ◦C, freeze-dried for 24 h, metal coated and visualized
with SEM. (d) Protein and sulphated glycosaminoglycans (sGAGs) quantification with Lowry and
DMMB assays. (e) Histology and Immunohistochemistry. Hydrogels were fixed for 24 h in 2%
formalin, processed conventionally with a graded ethanol series for dehydration, paraffin embedded
and sectioned. Sections (5 µm) were stained with Alcian Blue, Picrosirius Red (PSR) and Masson’s
Trichrome (MTC) as well as immune stained for collagen type I (COL1A1) and Elastin and scanned
with a Hamamatsu section scanner. (Figure created with BioRender).

2.4. Viscoelastic Properties

The elastic modulus and stress relaxation properties of skin-ECM, lung-ECM and LV-
ECM hydrogels were evaluated on the Low-Load Compression Tester (LLCT) as described
previously [26,31,32]. Data were acquired with LabVIEW 7.1, and subsequently analyzed
with MatLab 2018 (MathWorks® Inc., Natick, USA). Hydrogels (300 µL) underwent uniaxial
compression with a 2.5-millimeter diameter plunger at three different locations, leaving
2 mm from the edge and 2.5 mm between each compression site. When compressed,
each hydrogel reached 80% of its original thickness (i.e., strain, ε = 0.2) at a strain rate (

.
ε)

of 0.2 s−1 (or a deformation rate of 20%·s−1) at room temperature (∼=25 ◦C). The elastic
modulus was determined as the slope between the stress–strain curve.
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After compression, the strain was kept constant (0.2) for 100 s, and the stress was
continuously monitored. The time to reach 50% stress relaxation was determined by
comparing the stress relaxation percentage at t = 0 s and t = 100 s. The relaxing stress as
a function of time (σ(t)) was divided by the constant strain of 0.2 to obtain the value of
continuously decreasing modulus E(t). Data were acquired according to a generalized
Maxwell model, Equation (2), to calculate the values of Ei and τi for individual Maxwell
elements, where i varies from 1 to n. The τi is the relaxation time constant for each
individual Maxwell element and is the ratio of ηi (dashpot) and Ei (spring) for that element
(Figure 1). The number of Maxwell elements necessary to fit the experimental data were
determined by visually fitting a plot that shows the decrease in X2 value with the addition
of every extra Maxwell element (Figure 1b). The required number of Maxwell elements
were chosen when no further decrease in Chi2 was observed (Figure 1b).

E(t) = E1e−t/τ1 + E2e−t/τ2 + E3e−t/τ3 + . . . Ene−t/τn (2)

The relative importance (Ri) of each Maxwell element in terms of percentage within
the relaxation process was expressed as the proportion of its spring constant, Ei, to the sum
of all spring constants Equation (3).

Ri = 100 × Ei

∑n
i=1 Ei

(3)

2.5. Protein Quantification

Total protein content was quantified with a Pierce™ Modified Lowry Protein Assay
Kit (Thermo Fisher Scientific). For this, 2 µL of pre-gel solution was diluted in 38 µL of
1x DPBS and transferred to a well in a non-adhesive Costar® 96-well plate (Corning Inc.,
Kennebunk, ME, USA). Next, 200 µL of modified Lowry protein assay was added per
well before incubation at RT for 10 min. Fresh 1 N Folin-Ciocalteu’s phenol reagent was
prepared by diluting 2 N Folin-Ciocalteu’s phenol reagent with an equal volume of Milli-Q®

water and 20 µL of this solution was added per well and incubated at RT for 30 min. The
absorbance was read at 750 nm with Benchmark Plus™ microplate spectrophotometer
system (Bio-Rad, Hercules, CA, USA). The protein concentration was determined based
on a calibration curve derived from a dilution series of bovine serum albumin (Thermo
Fisher Scientific). DPBS served as absorbance blanks. The protein concentration (µg/mL)
from each organ-derived ECM was calculated from four independent experiments each
performed in triplicate (Figure 1d).

2.6. Sulphated Glycosaminoglycans (sGAGs) Quantification

Total sGAGs content was quantified with a 1,9-Dimethyl-Methylene Blue zinc chloride
double salt (DMMB) assay based on reported protocols [26,33,34]. For this, 20–25 mg of
ECM powder was incubated in 300 µL of 75 mM NaCl, 25 mM EDTA, 50 µL of 10% SDS,
and 5 µL of proteinase K (19.9 mg/mL) (Thermo Scientific) at 60 ◦C overnight. Next, 20 µL
of digested organ-derived ECM was mixed with 200 µL of DMMB solution (comprising
19 mg DMMB in 40 mM Glycine, 38 mM NaCl, 100 mM acetic acid pH 3) and the absorbance
read at 525 nm immediately. Serial dilutions of chondroitin sulphate (Sigma-Aldrich) were
used for the calibration curve, and the absorbance blank corrected with DMMB solution.
The total sGAGs content (µg/mL) from each organ-derived ECM was calculated from four
independent experiments each performed in triplicate (Figure 1d).

2.7. Histological Characterisation

Hydrogels were fixed with 2% formalin for 24 h at 4 ◦C. All samples were convention-
ally processed for histology using a graded alcohol to dehydrate and paraffin embedded.
Sections of 4 µm thickness were deparaffinized and stained with Alcian Blue (pH 2.5)
to visualize GAGs [35] and Masson’s Trichrome (MTC) and Picrosirius Red (PSR) to vi-
sualize collagens [36,37], following the previously cited protocols. Slides were covered
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with Permount™ Mounting Medium (Fisher Chemical™, Waltham, MA, USA) (Figure 1e).
Analyses derived from histology staining are detailed in Section 2.9.

2.8. Immunohistochemistry

Sections (4 µm) were deparaffinized and incubated with citrate buffer for antigen re-
trieval. After blocking to prevent non-specific background staining, sections were incubated
with 1 µg/mL of mouse anti-human COL1A1 (Abcam, Cambridge, UK) or 1 µg/mL of goat
anti-human elastin (Cedarlane, Burlington, VT, USA), respectively, at 4 ◦C, overnight. After
3 DPBS washes, sections were incubated with a 1:100 dilution of an anti-mouse horse radish
peroxidase conjugate (Dako, Santa Clara, CA, USA) or a 1:100 dilution of an anti-goat horse
radish peroxidase conjugate (Dako) at RT for 1 h. The staining was then visualized with
Vector® NovaRED™ (Vector Laboratories, Burlingame, USA). Slides were counterstained
with Hematoxylin and covered with Permount® mounting media (Figure 1e).

2.9. Imaging and Image Analysis

All stained sections were scanned with a Slide Scanner (Hamamatsu Photonics K.K.,
Herrsching, Germany) at 20× magnification (Figure 1e). PSR fluorescent images (PSR-fluo)
were generated with Zeiss LSM 780 CLSM confocal microscope (Carl Zeiss NTS GmbH,
Oberkochen, Germany), λex 561 nm/λem 566/670 nm at 40× magnification [38]. COL1A1,
Elastin scans and PSR-fluo images were analyzed with TWOMBLI, an ImageJ/Fiji [39]
plugin to quantify patterns in ECM [40]. Before analyzing the COL1A1 and Elastin, the
Vector® NovaRED™ color was isolated from the images using a color deconvolution
plugin [41]. The images with only Vector® NovaRED™ color were subsequently used for
the analysis.

TWOMBLI was used to determine the number of fibers, end points, branching points,
total fiber length and alignment, lacunarity (number and size of gaps in the matrix) and
high-density matrix proportion (measure for compactness of matrix).

2.10. Hydrogel Ultrastructure

Hydrogel ultrastructure was visualized with scanning electron microscopy (SEM).
First, all hydrogels were fixed with a 1% paraformaldehyde, 1% formalin at 4 ◦C for
24 h. Then, the hydrogels were washed three times with DPBS and once with Milli-Q®

water to remove any remaining fixatives and salts. The hydrogels were plunged in liquid
nitrogen and freeze-dried. Dried samples were glued on top of 0.5” SEM pin stubs (Agar
Scientific, Stansted, UK) and Au-Pd coated after rinsing with Argon with Leica EM SCD050
sputter coater device (Leica Microsystems B.V., Amsterdam, Netherlands). Hydrogels were
visualized at 5000× and 10,000× magnification, at 3.0 kV with Zeiss Supra 55 STEM (Carl
Zeiss NTS GmbH) (Figure 1c).

2.11. Statistical Analysis

All statistical analyzes were performed using GraphPad Prism v9.1.0 (GraphPad
Company, San Diego, USA). All data were scrutinized for outliers using the robust re-
gression and outlier removal (ROUT) test and analyzed for normality using Shapiro–Wilk
and D’Agostino and Pearson tests [42–44]. Based on this, LLCT data were analyzed with
Kruskal–Wallis and Dunn’s post hoc test and with one-way ANOVA and Tukey’s post hoc
test. Lowry, TWOMBLI and turbidity data were also analyzed with one-way ANOVA and
Tukey. DMMB data were analyzed with Student’s t-test. Graphs are presented as median
with quartiles or mean values with standard deviation (SD). All p values below * 0.05;
** 0.01; *** 0.001 and **** 0.0001 were considered statistically significant.

3. Results
3.1. Turbidity

Measuring the gelation kinetics of ECM hydrogels using turbidimetric analysis is
based on the increased turbidity during gelling, i.e., increased absorbance. The quantitative
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breakdown of the following parameters from these curves: Amin, Amax, Tlag, T1/2, Tend and
S, is shown in Table 1.

Table 1. Summary of Gelation kinetics parameters for organ derived ECM hydrogels 1.

Organ ECM Amin Amax Tlag (min) T1/2 (min) Tend (min) S (%/ min)

Skin 2.3 ± 0.2 ****b 3.5 ± 0.0 ****b 13.1 ± 2.9 12.2 ± 2.9 ****b 16.9 ± 3.2 ****b 5.3 ± 0.8 ****b

Lung 1.0 ± 0.1 ****c 1.4 ± 0.2 ****c 10.4 ± 4.7 43.2 ± 16.8 ****c 94.1 ± 11.7 *c 1.2 ± 0.3
LV 1.5 ± 0.1 ****a 1.8 ± 0.2 ****a 10.9 ± 6.5 20.9 ± 4.3 **a 75.7 ± 17.5 ****a 1.5 ± 0.6 ****a

1 All data is shown as Mean ± standard deviation (S.D.). Statistical differences between (a) skin-ECM, (b) lung-ECM and (c) left ventricle
(LV)-ECM are highlighted and their significance shown: * p < 0.05, ** p < 0.01 and **** p < 0.0001; according to one-way ANOVA and Tukey
after robust regression and outlier removal (ROUT).

All the organ-derived ECMs gelated in a sigmoidal pattern that started after a lag
period of 10–13 min (Figure 2). The minimum and maximum absorbance (Amin and Amax)
remained highest in the skin-ECM, while the lung-ECM and the LV-ECM were lower
and comparable. The skin-ECM sol-gel transition was faster than the lung-ECM and the
LV-ECM. The total gelling time (Tend) was, therefore, the shortest in the skin-ECM, followed
by the LV-ECM and finally the lung-ECM (Figure 2, Table 1).
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Figure 2. Turbidity of skin-ECM, lung-ECM and LV-ECM hydrogels. (a) Turbidity data (mean and
S.D.) at every 10 min; (b) Normalized absorbance from the start of gelation. All data derived from a
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3.2. Elastic Modulus and Stress Relaxation

The elastic modulus of the skin-ECM (1.66 ± 0.82 kPa) was lower than the lung-ECM
(4.98 ± 1.81 kPa) and the LV-ECM (4.38 ± 1.73 kPa) (Figure 3a).

The time to reach 50% stress relaxation was fastest in the skin-ECM (5.16 ± 4.57 s),
compared to the lung-ECM (49.40 ± 4.35 s) and lastly the LV-ECM (51.63 ± 1.18 s). The
elastic modulus or stress relaxation of the LV-ECM and the lung-ECM did not differ
(Figure 3b,c).

3.3. Maxwell Analysis

Maxwell analysis showed differences in the relative importance (Ri) and the time each
Maxwell element remains active (tau; τ) among organ-derived ECM hydrogels.

The fastest or first (1st) Maxwell element had a greater Ri in the skin-ECM (66.42 ± 9.07%),
than both the lung-ECM (53.02 ± 3.39%) and the LV-ECM (53.48 ± 4.72%). The intermediate
or second (2nd) Maxwell element, had also a greater Ri in the skin-ECM (33.58 ± 9.07%)
than in the LV-ECM (33.58 ± 9.07%). The slow or third (3rd) Maxwell element was not
detected in the skin-ECM but had a lower Ri in the lung-ECM (16.29 ± 2.15 s) than in the
LV-ECM (19.05 ± 3.29 s) (Figure 4a).
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The τ1 from first 1st Maxwell element remained active for less time in the skin-ECM
(0.26 ± 0.08 s) than in the lung-ECM (0.33 ± 0.07 s) and the LV-ECM (0.34 ± 0.06 s). The τ2
was also active for a shorter time in the skin-ECM (2.63 ± 2.25 s) than in the lung-ECM
(3.88 ± 1.60 s) and the LV-ECM (4.78 ± 1.35 s). No differences were found between the τ3
of the lung-ECM (40.41 ± 21.33 s) and the LV-ECM (51.24 ± 18.14 s) (Figure 4b).
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3.4. Protein and sGAGs Content

The protein content of the pre-gels of the skin-ECM (973 ± 207 µg/mL), lung-ECM
(1029 ± 154 µg/mL) and LV-ECM (912 ± 98 µg/mL) did not differ (Figure 5a). The pre-gels
of the skin-ECM (202 ± 39 µg/mL) had significantly higher sGAGs contents than the
LV-ECM (11 ± 10 µg/mL ****). In the lung-ECM, the sGAGs were below the detection limit
of the DMMB assay Figure 5b).
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Figure 5. Quantification of protein and sulfated GAGs (sGAGs) of organ-derived ECM. (a) Protein
content (µg/mL) of skin-ECM, lung-ECM and LV-ECM according to Lowry assay; (b) sGAGs content
(µg/mL) skin-ECM and LV-ECM and according to DMMB assay. No sGAGs were detected in
lung-ECM. All data derived from four independent experiments performed in triplicates. Data are
presented as mean with SD. Mean values per experiment (n = 4) are also shown. Lowry data analyzed
with one-way ANOVA (p = ns). DMMB data analyzed with Student’s t-test **** p < 0.0001.

3.5. Histologic Assessment

Histological staining of the skin-ECM, the lung-ECM and the LV-ECM with Alcian
Blue Masson’s Trichrome (MTC) and Picrosirius Red (PSR) is shown in Figure 6.
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Figure 6. Alcian Blue, MTC and PSR, stains in sections of skin-ECM, lung-ECM and LV-ECM. Scale
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All the hydrogels contained detectable levels of proteins and sGAGs that were ar-
ranged as fibrous meshworks. The skin-ECM had markedly higher levels of sGAGs by
Alcian Blue compared to the lung-EMC and the LV-ECM, which had comparable levels.
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The collagen networks in the EMC hydrogels, as visualized with MTC and PSR,
showed differences. Collagen was observed as dense, condensed fibrous networks in the
LV-ECM (MTC and PSR) and the skin-ECM (PSR). The lung-ECM showed a more finely
distributed network of collagen fibers that was intermediate of the skin -ECM and the
LV-ECM, which had also bound less dye both in the MTC and PSR stains. The LV-ECM was
heterogeneous with large interfibrous areas of irregular size, while both the lung-ECM and
the skin-ECM appeared more homogeneously organized. Interestingly, this architecture
showed more prominently in the skin-ECM after PSR staining because MTC staining
showed a more irregular binding.

3.6. Matrix Organisation

Both MTC and PSR predominantly stain collagen-type fibers. This was corroborated
by the immunohistochemistry for COL1A1, a component of the major tissue collagen, i.e.,
type I (Figure 7). The collagen I architecture of the LV-ECM showed condensed fibers
surrounding large irregularly shaped voids. In contrast, in the lung-ECM and the skin-ECM,
the collagen I architecture was comprised of a fine reticular meshwork. The skin-ECM had
a higher collagen I content than the lung-ECM. The elastin was distributed in condensed
patches in all the ECM hydrogels (Figure 7). It would appear that the LV-ECM contained
higher levels of elastin than the skin-ECM and the lung-ECM.
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Fluorescent imaging of PSR-stained sections (Figure 8) was used to run detailed
analyses of the collagen fibers with respect to size, shape and organization (Twombli,
Table 2).

3.6.1. Number of Fibers and Length (Mean and Total)

The mean and total number and length of the immuno-stained collagen type I fibers
differed between all three organ-derived ECM hydrogels (Figure 7, Table 2). The skin-ECM
had less elastin fibers, that were also shorter compared to the LV-ECM. The lung-ECM
had shorter elastin fibers than the LV-ECM (Figure 7, Table 2). Histochemical picrosirius
fluoro-micrographs revealed less fibers in the skin-ECM and the LV-ECM compared to the
lung-ECM (Figure 8, Table 2). The mean fiber length of the lung-ECM was longer compared
to the skin-ECM and the LV-ECM (Figure 7, Table 2).
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Table 2. Results from TWOMBLI Analysis.

COL1A1

Organ
ECM

Number of
Fibers

1 Mean Fiber
Length

1 Total Fiber
Length

Fiber
Alignment

Number of
Branch
Points

Number of End
Points Lacunarity 2 HDMˆ1000%

Skin 15.3 ± 1.6 25.3 ± 0.5 8504 ± 2064 0.19 ± 0.04 121.3 ± 81.8 552 ± 95 14.7 ± 0.8 82.7 ± 44.0
Lung 14.9 ± 0.7 25.4 ± 1.2 28,316 ± 17,989 0.11 ± 0.07 350.7 ± 254.0 1902 ± 1179 16.7 ± 3.1 0.9 ± 0.1 *a

LV 13.9 ± 1.6 24.3 ± 1.2 15,337 ± 785 0.11 ± 0.01 158.7 ± 39.0 1106 ± 45 21.6 ± 4.7 4.2 ± 2.7 *a

Elastin

Skin 10.7 ± 1.7 *c 19.3 ± 2.3 *c 2852 ± 270 **c 0.04 ± 0.01 27.0 ± 7.8 *c 273 ± 55c ***c 95.2 ± 15.6 ***c 9.1 ± 6.1 **c

Lung 11.7 ± 0.7 26.0 ± 2.7 9349 ± 1330 *c 0.04 ± 0.04 95.7 ± 23.2 *c 808 ± 153 **c 98.5 ± 16.0 ***c 11.2 ± 0.9 **c

LV 16.09 ± 2.60 26.0 ± 2.7 *a 17,869 ± 5099 0.09 ± 0.12 259.0 ± 109.7 1101 ± 169 18.5 ± 1.7 89.5 ± 33.0

Picrosirius Red (Fluorescent)

Skin 14.19 ± 1.08 *b 27.8 ± 1.9 *b 33,481 ± 20,453 *b 0.07 ± 0.01 54.0 ± 41.7 2322 ± 1382 **b 95.4 ± 32.4 ****b 933.5 ± 35.1
Lung 16.71 ± 2.61 32.5 ± 5.0 18,818 ± 2972 0.07 ± 0.04 35.0 ± 16.7 18,818 ± 2972 *c 530.0 ± 129.0 31.1 ± 7.0 ****a

LV 12.66 ± 1.11 **b 24.7 ± 2.1 **b 30,346 ± 11,839 **b 0.07 ± 0.02 62.5 ± 26.8 30,346 ± 11,839 ****a 136.4 ± 29.0 ****b 59.3 ± 35.7 ****a

1 Data in micrometers (µm). 2 High Density Matrix (%). All data are shown as Mean ± standard deviation (S.D.). Statistical differences
between (a) skin-ECM, (b) lung-ECM and (c) LV-ECM are highlighted and their significance shown: * p < 0.05; ** p < 0.01; *** p < 0.001 and
**** p < 0.0001 according to one-way ANOVA and post hoc Tukey after robust regression and outlier removal (ROUT).

3.6.2. Branch Points and End Points

The number of immuno-stained collagen type I branch points and end points did
not differ between the organ ECM hydrogels (Figure 7, Table 2). The number of immuno-
stained elastin branch points and end points were both lower in the skin-ECM and the
lung-ECM, compared to the LV-ECM (Figure 7, Table 2). Histochemical picrosirius fluoro-
micrographs also showed similar numbers of fiber branch points in all three ECM hydrogels
(Figure 8, Table 2). Yet, the number of end points was lower in the skin-ECM than in the
lung-ECM and the LV-ECM. Additionally, the lung-ECM had less end points than the
LV-ECM (Figure 8, Table 2).

3.6.3. Lacunarity and High-Density Matrix (HDM)

The lacunarity of the collagen A1 distribution (Figure 7) did not differ between the
ECM hydrogels from the skin, lung and LV, while the high-density matrix was larger in
the skin-ECM than both the lung-ECM and the LV-ECM. The lacunarity of the elastin
distribution (Figure 7) was higher in the skin-ECM and the lung-ECM compared to the
LV-ECM. In contrast, the high-density matrix was smaller in both the skin-ECM and the
lung-ECM compared to the LV-ECM. In the Picrosirius red-stained fluoro-micrographs
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(Figure 8), the lacunarity was smaller in the skin-ECM and the LV-ECM than in the lung-
ECM. In the Picrosirius red-stained micrographs, the high-density matrix was larger in the
skin-ECM than in the lung-ECM and the LV-ECM.

3.7. Ultrastrucure

The ultrastructure of hydrogels, visualized with SEM, showed qualitative differences
between the skin-ECM and both the lung-ECM and the LV-ECM. In both the lung-ECM
and the LV-ECM, most of the surface displayed a sheet-like organization, with randomly
scattered openings. Beneath these sheets, a fibrous network could be discerned. In contrast,
the skin-ECM lacked these condensed sheets and was comprised of a fibrous network with
irregularly shaped pores with fibrils of a similar thickness (Figure 9).
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4. Discussion

Our study shows that the ECM hydrogels from the skin, lung and LV of the heart,
at an equal protein concentration, differ distinctly in composition, gelling kinetics and
viscoelasticity. The mechanical properties and ultrastructure of the lung-ECM and the
LV-ECM were similar. The content of sGAG was higher in the skin-ECM than the LV-
ECM, while sGAGs were below the detection limit in the lung-ECM. Turbidity assays
demonstrated that the skin-ECM had a higher starting absorbance and a faster sol-gel
transition than in the lung-ECM and the LV-ECM. The skin-ECM hydrogels had a lower
elastic modulus and faster stress relaxation than the lung-ECM and the LV-ECM. The
surface topography of the skin-ECM hydrogels was more porous than the lung-ECM and
the LV-ECM and the TWOMBLI analyses illustrated differences in the collagen and elastin
fiber-related parameters (length, density, number, among others).

The first indication of an organ-specific ECM composition and ultrastructure is the
difference in the time needed for pepsin digestion (skin, 8 h; lung and LV, 48 h). Depending
on the composition, crosslinking and, consequently, the ultrastructure of the ECM, it will
require more or less “cutting” by pepsin in order to be solubilized. This difference in pepsin
digestion times as well as the decellularization methods required has been reported to be
organ specific [45]. The decellularization process as well as the pepsin solubilization have
been shown to impact the composition and the mechanical properties of ECM hydrogels
and need to be optimized to each tissue or organ [38,39].

All the organ-derived ECM hydrogels had a unique turbidity profile and kinetic
parameters, which implies that the composition of these ECM hydrogels differ with respect
to their assembly mechanism and kinetics. The differences in the composition of the ECM
can impact the gelling process, where the addition of the proteoglycan decorin increased
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the lag phase of collagen 1 gelation and collagen V can regulate the fiber diameter of
collagen [46,47]. The increased total gelling time in the lung and LV-ECM could be due to the
loss of collagen 1 telopeptides with longer pepsin digestion times, which is observed [30,48].
Turbidity analyses provide an insight into gelling kinetics but do not give information on
the molecular assembly and fibril ultrastructure, the endpoint of which we evaluated using
SEM and staining.

The elastic modulus of the skin-ECM hydrogels was 50% lower than the lung-ECM
and the LV-ECM, consistent with previously reported data [26,31]. The stress relaxation
of the skin-ECM was an order of magnitude faster than the lung-ECM and the LV-ECM.
Stress dissipation occurs via the displacement of water and also via polymer network
rearrangements. The speed and kinetics of each process can be mathematically modelled
using Maxwell analysis [49]. Each rearrangement process is represented by a Maxwell
element active for a definite time period (tau; τ) and has a definite contribution to the
overall relaxation process, i.e., the relative importance (Ri). A previous study showed
that the stiffness and viscoelastic properties of ECM hydrogels still resemble that of the
organ of origin [31]. The incorporation of cells into hydrogels may help bridge the gap,
the small difference between tissue and ECM hydrogel mechanics, as well as to explain
their contribution to the viscoelastic relaxation process of organs and tissues. Interestingly,
the ECM hydrogels from the two organs that experience continuous rhythmic mechanical
stresses had similar stiffnesses and viscoelasticity, in contrast to skin.

Maxwell analyses showed that the skin-ECM had only two Maxwell elements, while
the lung-ECM and the LV-ECM had three. The skin-ECM’s first and second Maxwell
elements (fast and intermediate) had a greater Ri with a lower τ than in the lung-ECM and
the LV-ECM. These elements are associated with the fastest stress dissipating components
of the ECM, such as water and small molecules (e.g., growth factors). GAGs are among
the ECM molecules that strongly bind, and thus resist the displacement of, water [50]. The
quantification of sGAGs indicated a greater presence in the skin-ECM than in the LV-ECM
but was below detection level in the lung-ECM.

Information about the role of (s)GAGs in organ and tissue viscoelasticity is limited.
One study showed that stress relaxation decreases in GAG-depleted arteries [24]. Deplet-
ing sGAGs such as chondroitin sulphate, dermatan sulfate and heparan sulfate in lung
tissue was shown to increase stress relaxation, whereas depleting hyaluronic acid had
no effect [51]. No sGAGs were detected in the lung-ECM according to the DMMB assay,
but Alcian Blue staining did detect the presence of GAGs in general. This finding might
indicate that the non-sulfated GAG hyaluronic acid (HA) is an abundant GAG in lung-ECM
hydrogels. In native lung tissue, HA is the most abundant GAG [52]. HA would not be
detected using the DMMB assay owing to its non-sulfated nature [33]. Other authors have
reported that detergent-based lung decellularization causes significant loss of both types of
GAGs, as well as the depletion of specific sulfation patterns [53]. Our findings also indicate
a loss in lung-ECM-derived sGAGs. Further studies should expand on the proteomic
characterization of an organ-derived ECM, both from the original organ, as well as the
resulting ECM after decellularization through mass-spectrometry. This information might
give insights to the contribution of individual matrix components to viscoelasticity.

The differences among the hydrogels may not only depend on the composition but
also on the architecture and conformation of the matrix. TWOMBLI analyses of the im-
munohistochemistry showed that COL1A1 had a higher density in the skin-ECM hydrogels
than the lung-ECM and the LV-ECM. In Elastin, the TWOMBLI analyses showed differ-
ences in the fiber number, length, amount and density, among others, in the LV-ECM,
compared to the skin-ECM and the lung-ECM. Observing the polymer network under SEM
demonstrated that the surface microarchitecture of the LV-ECM and the lung-ECM hydro-
gels had a condensed layer that displayed a sheet-like organization. Localized regions
showed the presence of pores on the surface. In contrast, the skin-ECM hydrogels had an
open fiber structure with large fibers and pores. These findings correlate to the mechanical
properties observed, as the lung-ECM and the LV-ECM had similar viscoelastic and surface
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architecture properties, while the skin-ECM was highly porous with lower stiffness and
faster stress relaxation. Porosity represents a percentage of void space in a solid [54,55],
where an excess of voids can compromise the mechanical stability of materials [56]. The
swelling of hydrogels might have resulted in a different water content depending on the
organ source of ECM. We recognize that not evaluating this is a limitation of our study.
GAGs and proteoglycans contribute to the water retention of the ECM. The compositional
differences in these proteins may affect the swelling and, consequently, also the mechanical
properties of the ECM hydrogels.

Overall, these findings demonstrate that organ-specific ECM composition idiosyn-
crasies remain present after decellularization. Discrepancies exist with our colleagues,
where a fourth Maxwell element in LV-ECM hydrogels is reported [26]. Compared to the
protocol from our colleagues, we employed two hours more for pepsin digestion [26]. The
pepsin digestion time influences organ-derived ECM hydrogel mechanics, which could
explain the differences observed [29].

The analyses of hydrogel architecture through SEM can produce artifacts because
of the required sample drying during the preparation process that sample fixation be-
fore freeze-drying may not prevent [57–59]. To corroborate the SEM results, we used
fluorescent imaging of the picrosirius red stained sections. A possible way to image the ul-
trastructure of ECM hydrogels in a wet state would be 5(6)-Carboxytetramethylrhodamine
N-succinimidylester (TAMRA-SE) staining in combination with confocal laser scanning
microscopy [60,61]. Limitations concerning the LLCT have been addressed in the past by
our research group [31].

5. Conclusions

In conclusion, organ-derived ECM hydrogels retain their specific composition and,
with that, the accompanying mechanical properties and ultrastructure. Organ- or tissue-
specific ECM hydrogels provide opportunities for simulating the organ or tissue microen-
vironment, opening possibilities for use in tissue engineering and as model systems for
understanding disease underlying mechanisms. Organ ECM hydrogels enable the genera-
tion of novel models for mimicking and incorporating a native organ ECM in a research
environment. Further characterizing the ECM composition of organs and ECM hydrogels
will allow us to discern how different ECM proteins influence the mechanics, as well as
what compositional elements ECM hydrogels need to more completely mimic the native
environment. With organ-specific ECM hydrogels, we can explore cell–matrix interactions,
which are dynamic and reciprocal. Both factors influence the biomechanical outcome of
the cellular environment, leading to changes in both cell fate and ECM composition and
mechanics. The crosstalk between cells and the ECM is often dysregulated in disease and,
with organ-specific ECM hydrogels, we might elucidate the precise role of the ECM in the
pathophysiology.
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Abstract: The design of a scaffold of bone tissue engineering plays an important role in ensuring cell
viability and cell growth. Therefore, it is a necessity to produce an ideal scaffold by predicting and
simulating the properties of the scaffold. Hence, the computational method should be adopted since
it has a huge potential to be used in the implementation of the scaffold of bone tissue engineering.
To explore the field of computational method in the area of bone tissue engineering, this paper
provides an overview of the usage of a computational method in designing a unit cell of bone tissue
engineering scaffold. In order to design a unit cell of the scaffold, we discussed two categories of unit
cells that can be used to design a feasible scaffold, which are non-parametric and parametric designs.
These designs were later described and being categorised into multiple types according to their
characteristics, such as circular structures and Triply Periodic Minimal Surface (TPMS) structures.
The advantages and disadvantages of these designs were discussed. Moreover, this paper also
represents some software that was used in simulating and designing the bone tissue scaffold. The
challenges and future work recommendations had also been included in this paper.

Keywords: numerical analysis; computational method; tissue engineering scaffold design; mechani-
cal strength; simulation software

1. Introduction

An engineered tissue can be a huge aid in the future, especially in clinical application.
The relationship that brings life sciences and engineering together as an application to be
a great help in understanding the structure and function of a mammalian tissue can be
described as tissue engineering [1]. Not only offering help in understanding the structure
and function of tissue of a human being, but it is also helping the researchers to understand
the necessity of developing an engineered tissue. An engineered tissue can help in restoring,
maintaining, repairing and improving the damaged tissue’s condition, which is caused by
numerous diseases such as disabilities and injuries [2]. Zhang et al. stated in their paper that
the current implementation of tissue engineering had faced many issues, including ethical
and technical issues [3]. Despite many challenges faced in the field of tissue engineering, it
is a fast-paced developing field since it can be a great help in providing treatments that can
generate most of the tissue and organ of the human being [3].

One of the components that is crucially needed to be studied is the scaffold of the
engineered tissue. This is due to the function of the scaffold that provides a suitable
environment and structure in order to enable the cells to attach, proliferate, differentiate
and secrete their own extra-cellular matrix (ECM) [3]. It is important to ensure the scaffold
to have a proper environment and structure so that it promotes a good rate of the formation
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of tissue. In order to produce an appropriate scaffold, it must be ensured to possess a few
characteristics so that it will not be harmful to the body. The characteristics included bio-
compatibility, biodegradable, bioactivity, scaffold architecture and mechanical properties.
Turnbull et al. reported that the manufacturing of a scaffold should be compatible with the
human body so that it will not trigger any immune response while it is implanted in the
body [4]. In order to comply with these conditions, the materials used in manufacturing
the scaffold should non-toxic and easy to eliminate from the body.

Another important feature in manufacturing the scaffold is that the degradation rate
of the scaffold is needed to be properly controlled. This is to ensure that the scaffold
does not suffer mechanical failure. In addition, the scaffold’s structure and architecture
need to be considered when manufacturing a scaffold because it provides viability and
encourages tissue ingrowth. The human body is a very sensitive creation where all the parts
are subjected to a certain value of strength and provide sufficient endurance of pressure.
Therefore, it is crucial that the mechanical properties of the manufactured scaffold achieve
the same or properly adjusted to the original tissue so that it can have no negative effect on
the host tissue [5,6]. All these features will help in promoting tissue growth and avoiding
a negative response of the immune system if the scaffold can be produced in a proper
manner [4].

The ‘trial-and-error’ method has been adopted by most common researchers in en-
hancing the tissue engineering field. The method which involved the modification of the
current or existing design of a scaffold can cause many unwanted factors. This conven-
tional method is very expensive and does not have a precise control due to the repeatable
modification. It is also time-consuming since the production of an improved model of the
scaffold will take too long. Therefore, a computational approach needs to be used.

Besides that, although much research has been done on a scaffold of tissue engineering
computationally, there is still a lack of research that focuses on fluid properties and designs
of the scaffolds. In addition, the designs and fluid properties of a scaffold play a crucial
role in facilitating the growth of the bone tissue.

The porosity and mechanical strength of the scaffold have an inversely proportional
relationship. However, bone scaffold needs to be manufactured porously in order to enable
cell proliferation and transportation of nutrients, oxygen and metabolites in the blood [7–9].
Yet, up to this date, there is very little research done that can computationally produce
a scaffold with good design and possessing excellent mechanical and fluid properties,
simultaneously.

Therefore, various great efforts have been done by many researchers in order to help
in producing a scaffold model that possesses all of the ideal characteristics. One of the ways
to develop a scaffold model that can cater to the needs to encourage a high rate of tissue
formation is by using computational methods, which consist of simulating, modelling and
3D printing techniques. Current research studies show that the computational method
has been a great help in order to expedite the implementation of tissue engineering in the
near future.

1.1. Bone Tissue Engineering

The most major structural and connective tissue of the body is bone tissue [10]. There
are two types of bones that can be identified, which are cortical bones and cancellous
bone. The outer part of the cone that is denser and has low porosity is called cortical bone,
while the inner part and spongy-like material is called cancellous bone. The porosities
of the cancellous bone should be in the range of 50% to 80% [10–13]. The bone is one
of the parts that is having high mechanical strength. A cortical bone possesses a high
modulus of elasticity and compressive strength as compared to the cancellous bones [14].
Although bone has high mechanical strength, bone can be subjected to many traumas
and diseases such as injuries. Therefore, researchers have come to a solution which to
produce regenerative medicine in terms of tissue engineering. Despite many organs that
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can be regenerated by the method of tissue engineering, bone tissue engineering is a widely
studied field.

A large bone defect is treated with the current conventional method, which is by using
autografting. Autografting technique required the usage of bone from a non-load-bearing
site of the patient to be transplanted into the damaged part [10]. Nowadays, various
researchers have led to the implementation of bone tissue engineering in the future since it
can overcome the problems faced by current clinical treatments [15].

1.2. Scaffold of Bone Tissue Engineering

A biomaterial porous structure that helps in providing support and a suitable extra-
cellular matrix is called a scaffold [16,17]. In designing a scaffold, one must consider
the strength and porosity of the materials so that it will regenerate the properties of the
bone that is comparable to the original bone. Nowadays, there are many applications
of technology to develop a scaffold, such as additive manufacturing, which includes 3D
printing. Additive manufacturing has provided a platform which helps in customizing
and developing a suitable design that can be used in biomedical application.

The scaffolds must be designed and developed based on a few characteristics that will
provide the best condition for the bone to regenerate. The characteristics include biocom-
patibility, bioactivity, biodegradability, mechanical properties and scaffold architecture [18].
Biocompatibility can be defined as non-toxic and non-inflammatory so that it will not bring
harm to the body [5,6,19]. A biodegradable scaffold should be able to eliminate itself from
the body easily once the tissue has fully restored. Adequate mechanical properties should
be possessed by the scaffold so that it will be able to withstand any forces and loads during
the restoration time in the implantation site [19].

Designing a scaffold with a proper architecture is important due to it will affect the
mechanical and biocompatibility properties of the scaffold [20,21]. Scaffold architecture
should be able to provide a large surface area to volume ratio so that cell migration can
occur. The porosity must be sufficient so that it will allow cell and nutrition migration
for the restoration of the tissue. However, it must not compromise with the mechanical
strength of the scaffold [22].

1.3. Significance of Computational Method in Bone Tissue Engineering

The successful production of bone tissue engineering scaffold can help to contribute
to ensuring the tissue formation goes smoothly, especially bone tissue. This is due to the
computational method to help in generating precise properties of the scaffold. Besides
that, the usage of the computational method, which is the simulation aimed to provide
good support in implementing the usage of tissue engineering in the future, especially in
clinical application. This is because the simulation can help in reducing the intervention
of humans in manufacturing the appropriate scaffold model. The risks will be minimized
due to the involvement of automation that will eventually produce fewer damaged organs.

2. Computational Method in Designing a Scaffold

Computational modelling has been the most common approach that had been done
by the researchers. This is due to its ability to simulate the behaviour of the scaffold under
certain loadings. In addition, it is proved to reduce time and experiments since it is not
time-consuming and cheaper [23].

Moreover, the computational modelling technique has been adopted by the researchers
in order to improve the performance of scaffolds while maintaining certain important
parameters [3]. It is also a great predictive tool that can help in predicting the scaffold
properties before manufacturing them. Some uncommon properties, such as stress-strain
distribution, can also be predicted by using the computational method.

According to Bocaccio et al., the computational method has allowed the approximation
of how the mechanical environment is affecting the differentiation of tissue and bone
regeneration [24]. It also helps in understanding the mechanisms that will enhance the
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reliability of the function of scaffolds. Zhang et al. stated that the function of computational
modelling includes designing and simulation that had been a great aid in 3D printing
technique [4].

Recently, the usage of the computational method in assessing the properties of a
scaffold’s structure has been progressively studied. With the aid of computational pro-
grams, such as Finite Elements Analysis (FEA), the properties of the scaffold can be easily
predicted. Thus, it helps in reducing the time and energy to find the most feasible scaffold
by eliminating the modification step of an existing scaffold.

2.1. Unit Cell of a Scaffold Structure

The unit cell is the basic structure of a scaffold. It can be divided into two types of
designs which are non-parametric and parametric. Non-parametric designs consist of
a unit cell which is designed by using structural and geometric shape. Meanwhile, the
parametric designs have to be produced by using specific algorithms. There are many
advantages and disadvantages regarding each design which will be furthered discussed.

2.2. Non-Parametric Design

A non-parametric design is a simple structure that is designed based on geometry.
The most common non-parametric designs are the circular, cubic and honeycomb designs
as such in Table 1. However, there are a lot of other designs, which are produced based
on certain geometries, such as hexagonal and octet. There are many advantages of these
designs as compared to the parametric designs. One of them is that the non-parametric
designs are easy to be produced since it does not engage to any specific algorithms. In
addition, there are many ways that can be used to fabricate the designs. These designs
are mostly being fabricated via subtractive manufacturing such as machining. However,
since most of the researchers are looking forward to utilizing additive manufacturing, the
production of these designs is very much possible to pursue, especially by using Selective
Laser Melting (SLM) additive manufacturing. The characteristics of non-parametric designs
can be described, as in Table 1.

2.2.1. Circular Design

Many studies have been done that adopted circular pore shape as their scaffold model.
This is due to the ability of the circular pore to avoid stress concentration point; therefore,
it relatively would possess a high bearing stress capacity [18]. The study conducted by Sun
et al. showed that the circular shape produced a more uniform axial deformation. Thus, it
gives a smaller strain risk when subjected to a uniform stress concentration [25]. Bocaccio
et al. suggested that the circular design exhibits a greater Young’s Modulus when they are
subjected to a certain amount of pressure [26].

In terms of the porosity of the scaffold, the pore size of the scaffold plays an important
role in determining the mechanical properties of the scaffold. Boccaccio et al. suggested that
the circular pore demonstrated a certain amount of mechanical properties when its porosity
distribution law is varied [27]. A circular pore with a low amount of porosity also helps
in ensuring a high amount of mechanical strength [28]. Although the porosity amount
of a circular-shaped pore is high, its mechanical strength was lower in a study carried
out by Jahir-Hussain et al. [29]. Therefore, the circular-shaped pore needs to possess a
high porosity amount so that it can enhance mechanical and morphological properties [30].
Gomez et al., in their study, described that the circular-shaped scaffold needs to possess a
porosity amount in the range of 70–90% in order to obtain a high mechanical strength [31].
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2.2.2. Square Design

Although the square-shaped designs have a high-stress concentration region, they are
also still relevant to be studied by the researchers since they possess a high mechanical
strength while maintaining an adequate amount of porosity. In order to avoid this problem,
researchers came out with a solution where they modified the square scaffold by adding
a few struts. The struts help to improve the stiffness of the porous structure as well as
reduces the stress concentration at the joints [37]. In a study conducted by Jahir-Hussain
et al., they varied the pore shape of the scaffold, resulting in high mechanical strength but a
low amount of porosity [29]. When the porosity of the scaffold is increased to be more than
50%, the square-shaped scaffold can exhibit mechanical properties similar to that of the
host tissue [36]. Habib et al. modified the square-shaped scaffold by increasing the porosity
but could maintain the mechanical properties of the scaffold [19]. The failure mechanism
of a square-shaped scaffold is that it failed in the unidirectional failure according to the
direction of loading subjected to it.

2.2.3. Honeycomb Design

The honeycomb structure was designed based on the hexagonal prismatic wax cells,
which are built by honey bees. In the engineering field, the honeycomb structure was first
introduced to the aerospace discipline. However, it gets the attention of the other fields’
researchers, including the biomedical field, since it can be found naturally in biomedical
structure. Moreover, it is light-weighted with a high amount of stiffness and porosity.

By using Finite Element Analysis, the mechanical properties of the honeycomb struc-
tures can be simulated. The Young’s Modulus of the honeycomb structure can be controlled
by varying the porosity of the structures. This would cause the honeycomb design to be
able to fit in between cortical and cancellous bone properties [21,45]. However, the honey-
comb tends to fail in multi-directions when it is exposed to certain loadings [44]. There
are a few designs that were generated by modifying the original shape of the honeycomb
structure. The new design of the honeycomb structure has the ability to demonstrate the
mechanical properties of a cancellous bone [46].

In conclusion, we can say that a non-parametric design can still be adopted into
various research works due to its ability to demonstrate the desired properties of a bone
tissue engineering scaffold. However, there is a need to modify the design in order to match
the properties of the host tissues. A circular design exhibits an excellent characteristic in
terms of fewer stress concentration points as compared to other non-parametric designs.
Meanwhile, a square-shaped pore promotes a high rate of cell proliferation due to its ability
to possess a high amount of porosity. The honeycomb structure has the ability to maintain
excellent mechanical stability by reducing the risk of scaffold shrinkage during cell growth.

2.3. Parametric Design

Since tissue engineering is highly related to the usage of additive manufacturing (AM),
the researchers tend to shift from using simple structure to using complex structure since
the AM technology has the ability to produce a complex structure [47]. The simpler shape
is more likely to face some issues such as strut thickness [48], interface mismatch [49] and
surface smoothness [50]. According to Chen et al., there are two main methods that were
used to generate a parametric structure, named Triply Periodic Minimal Surfaces (TPMS)
and Voronoi Tessellation, as shown in Table 2 [8].
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2.3.1. Triply Periodic Minimal Surfaces (TPMS)

Triply Periodic Minimal Surfaces (TPMS) is a smooth infinite and non-self-intersecting
periodic structure in three principal directions associated with crystallographic space group
symmetry [68,69]. In 1865–1883, Schwarz and Neovius had introduced some TPMS struc-
tures, which are Schwarz P (Primitives), Schwarz D (Diamond), Schwarz H (Hexagonal)
and Neovius. In 1970, Schoen described the most popular TPMS structure, which is the
Gyroid and also a few other TPMS structures [70]. The most common TPMS structures
that were studied by the researchers are Gyroid, Diamond and Primitives [71]. This is
because the structures can be easily found in nature, such as butterfly wing scales and sea
urchins [72]. TPMS structures are likely to be favoured by the researchers since it promotes
higher cell attachment, migration and proliferation as compared to the scaffold with sharp
edges [47,73].

TPMS structure can be classified into two types which are skeletal TPMS and sheet
TPMS. Most of the researchers tend to assess the properties of TPMS via the sheet typed
TPMS. Therefore, there is a lack of research on the skeletal TPMS structure. In research
conducted by Barba et al., they found that the Gyroid skeletal TPMS shows a feasible
design of a scaffold, which is superior in terms of manufacturability, mechanical properties
and bone ingrowth [74]. However, Cai et al. stated that the compressive strength of the
skeletal TPMS is much lower as compared to the sheet TPMS [75].

Table 3. Mathematical Equations of Triply Periodic Minimal Surfaces (TPMS) Structures.

TPMS
Structure Equation Ref.

Schwarz P (Primitives) cos(x) + cos(y) + cos(z) = t [70,77]

Schwarz D (Diamond) sin(x) sin(y)sin(z) + sin(x)cos(y)cos(z) + cos(x)sin(y)cos(z) + cos(x)cos(y)sin(z) = t [77,78]

Neovius 3[cos(x) + cos(y) + cos(z)] + 4[cos(x)cos(y)cos(z)] = t [70,77]

Gyroid cos(x)sin(y) + cos(y)sin(z) + cos(z)sin(x) = t [70,77,78]

I-WP 2[cos(x)cos(y) + cos(y)cos(z) + cos(z)cos(x)] − [cos(2x) + cos(2y) + cos(2z)] = t [70,78]

Fisher-Koch S cos(2x)sin(y)cos(z) + cos(x)cos(2y)sin(z) + sin(x)cos(y)cos(2z) = t [76,78,79]

Fisher-Koch Y cos(x)cos(y)cos(z) + sin(x)sin(y)sin(z) + sin(2x)sin(y) + sin(2y)sin(z) + sin(x)sin(2z) +
sin(2x)cos(z) + cos(x)sin(2y) + cos(y)sin(2z) = t [76,78]

Meanwhile, the sheet TPMS structure is widely assessed in the literature as it shows
a superior design as compared to the skeletal TPMS. There are many types of TPMS
structures that can be generated through a mathematical equation that controls the TPMS
structure. By using a few software such as Minisurf, the TPMS structure can easily be
generated [76]. The built-in equations can be tabulated in Table 3.

However, the most assessed sheet-TPMS structure in the previous studies are Schwarz
P (Primitives), I-WP, Schwarz D (Diamond) and Gyroid. This is due to their ability to match
the properties of the host tissue of cancellous and cortical bone. According to Bobbert
et al., these structures are able to avoid stress shielding by possessing high yield stress and
low Young’s Modulus [50]. These TPMS can be categorized into two main categories that
are based on their deformation mechanisms, which are stretching surface and bending
surface [68]. Schwarz P (Primitives) and I-WP belong to the stretching surface, while
Schwarz D (Diamond) and Gyroid are the bending surface TPMS.

By using the computational method, which is adopting the Finite Element Analysis
(FEA) to assess the properties of the TPMS scaffold, Shi et al. found out that the TPMS
scaffold possessed excellent scaffold properties that are matched with the bone tissue
properties [80]. In terms of porosity, Castro et al. had reported that the gyroid TPMS
can be used in clinical practices in the bone tissue engineering field. They had carried
out both numerical and experimental methods to assess the mechanical properties of
two gyroids with 50% and 70% porosity, respectively [81]. In a research carried out by
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Yang et al., they found out that the Young’s Modulus of Schwarz P, Schwarz D, I-WP and
Gyroid were matched to the Young’s Modulus of the cancellous bone. However, this only
happened when they were subjected to a high amount of porosity [82]. In addition, the
compressive properties of Schwarz P and I-WP was higher than the cancellous bone [54].
This fact is supported by Montezarian et al., when they also reported that the compressive
strength was higher in the Schwarz P and I-WP structures than the cancellous bone [48,61].
Meanwhile, at a low amount of porosity in the range of 5–10%, the Schwarz P and Schwarz
D scaffolds possessed Young’s Modulus properties similar to that of the cortical bone [83].

Most of the researchers tend to compare the mechanical properties of these TPMS
structures in order to determine the suitable application of the structure in clinical practice
in the future. For example, Afshar et al. reported that the Schwarz P structure showed
better mechanical properties as compared to the Schwarz D structure [84]. In addition,
Maskery et al. also had stated the same conclusion since they found that the stretching
surface TPMS has twice the Young’s modulus of bending surface TPMS by using Finite
Element Analysis [85]. In order to find the mechanical properties, Finite Element Analysis
showed the failure mechanism while simulating the behaviour of the structure. In their
research, Maskery et al. had suggested that the stretching surface TPMS failed because the
stress concentration region was located at the Schwarz P neck, which is situated at the top
surface of the whole structure [85]. This has shown that the structure would start to fail
layer by layer when it is subjected to loadings [86,87]. However, the bending surface TPMS
would start to fail once the scaffold is subjected to ultimate pressure due to the uniform
stress distribution in bending surface TPMS by showing a shear band [48,54,84,88,89].
From these studies, we can see that the stretching structure would fail due to the axial
deformation while the bending structure would fail once the shearing linkages appear on
the structure. Thus, the stretching structures possess a high capacity of load-bearing as
compared to the bending structures when a uniaxial loading is subjected to them [68].

Although the porosity of the TPMS structure can be predetermined by varying certain
parameters in the mathematical equation, the actual porosity amount of the structure was
consistent with the TPMS design. This is due to some studies showed that the solid structure
such as cube has lower mechanical properties as compared to the TPMS structure. In a
study conducted by Zaharin et al., they discovered that the gyroid structure is mechanically
better than the cubic structure [58]. The strut-based structure is also happened to possess
lower mechanical properties as compared to the TPMS structure. This fact is supported by
Al-Ketan et al. in their study since they stated that the TPMS structure exhibits excellent
mechanical properties [72]. Nonetheless, Du Plessis et al. realized that there is not much
significant difference when comparing the mechanical properties of TPMS structures and
strut-based structures [90]. According to Guo et al., although there is not much difference
in the mechanical properties of the TPMS and strut-based structures, the TPMS structure
showed a more uniform and smooth transition of stress distribution [56]. From these
studies, we can see that the TPMS structure kind of possess the same mechanical properties
as the strut-based structures.

In the matter of bone ingrowth, the researchers would take permeability and specific
surface area as a prediction tool [68]. The specific surface area helps in predicting the
cell absorption area, while permeability indicated the ability of the scaffold to facilitate
the transportation of oxygen, nutrients and waste. Schwarz D had the highest specific
surface area, while Gyroid had the highest permeability [11,48,56,91]. Therefore, we
can say that the Schwarz D and Gyroid might be the suitable TPMS for bone ingrowth.
However, it needs to be furthered verified by biological experiments. Schwarz P has a high
manufacturing accuracy as compared to other TPMS since it has the simplest geometry
rather than the other.

In conclusion, we can say that the TPMS structure can be a suitable design for bone
tissue scaffold. The stretching structure and bending structure both have different advan-
tages. Stretching TPMS has excellent properties while the bending structure possesses high
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permeability properties. In general, these TPMS showed properties that are similar to that
of the natural bone.

2.3.2. Voronoi Tessellation

The Voronoi structure is said to be similar to the host tissue in terms of morphology.
This is a need in bone tissue engineering since it should be able to copy the natural
bone properties [92,93]. The Voronoi structure can be produced when a mesh structure
is generated based on random discrete points, which are then connected and performed
a network structure [94]. In 2010, Kou and Tan had introduced the Voronoi method by
creating irregular and random scaffolds, which were merged with Voronoi cells [95]. They
used B-spline curves in order to indicate the irregularly shaped pores’ boundaries. When
this method was adopted, it can be seen that the shape of the scaffold was kind of similar
to that of the shape of the bone structure [96]. After the Voronoi method has been proposed
by Kou and Tan, researches related to the usage of the Voronoi method has been widened
progressively, which includes the reverse engineering method that adopted computed
tomography (CT) scan method to extract its data. Yang and Zhao stated that the Voronoi
method could be used to recreate a bone-like-shaped scaffold by utilizing the data obtained
from a computed tomography (CT) scan [67]. Although the Voronoi structure can be
generated via the tessellation method, which employs some indices such as trabecular
thickness and bone volume to total volume ratio, it is still time-consuming, long-cycle and
mostly unrepeatable experiments [31,97,98].

In the computational method, the Finite Element Analysis was used to indicate the
stress of the Voronoi structure. The study carried out by Wei et al. showed that the
stress gradient of the Voronoi structure increase when the amount of porosity is low and
vice versa [99]. In terms of fluid properties, Gomez et al. suggested that the Voronoi
structure is depending on the amount of porosity and the bone surface area, which is very
much favourable [31]. Therefore, it helps in bone ingrowth. Although the structure is
having a good resemblance with the properties of the cancellous bone, Maliaris and Sarafis
discovered that the intersection of struts was exposed to a stress change [100].

2.3.3. Other Parametric Design

Besides the most common two designs of a parametric scaffold, there are also other
parametric designs, which help in finding the suitable scaffold shape. This is due to the
demand of the bone tissue engineering scaffold, which needs them to be able to possess
excellent mechanical and fluidic properties in terms of permeability. Naturally, many
structures in our environment possess high compressive strength. For example, Achrai
and Wagner discovered that the turtle shell structure might help in producing a feasible
scaffold design [101].

2.3.4. Method of Anatomical Features (MAF)

In addition, the B-spline curve method had also been adopted by Vitkovic et al. when
they produced a scaffold via reverse engineering method for mandible tissue scaffold. In
their study, they identified the mathematical equation that is governing each point in the
shape of the damaged bone. By doing this, the shape of the scaffold that resembled the
damaged bone shape can easily be reproduced. They also found that at a certain amount
of porosity, the mechanical properties of the scaffold can match with its host tissue [102].

Besides that, there is also a parametric method that can be defined as the new approach
to describe the geometry of human bones, which is based on anatomical landmarks. Since
the researchers found difficulties in tailoring the bone substitute with the geometry of host
tissue for a specific patient, the Method of Anatomical Features (MAF) was introduced by
Vidosav et al. in their paper [103,104]. For example, the anatomical landmarks for femur
bone are the Centre of Femoral Head. MAF has been a huge aid in determining the 3D
model of the bone by using reverse engineering. In addition, it is also reliable in producing
the predictive model of the bone or simply known as a parametric model of the bone [105].
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The Method of Anatomical Features (MAF) consists of a few steps that are necessary to
obtain the parametric model, and the most important step is to define the Referential
Geometrical Entities (RGEs). Referential Geometrical Entities (RGEs) can be defined as the
basic prerequisite in order to develop a successful reverse engineering modelling of the
human bone as well as the predictive model of the human bone [106]. Planes, axes, curves,
surfaces and points are examples of RGEs. All of the elements of the human bone must be
referred to as the defined RGEs. In a study conducted by Stojkovic et al., they carried out
MAF on the femur bone of a human, and they defined some of the RGEs of the femur bone
of a human [107]. Anterior–Posterior (A–P) plane and Lateral–Medial (L–M) plane are the
crucial views that needed to be defined precisely in order to develop the reversed model of
the human femur bone successfully.

In order to understand the procedure of generating a mathematical equation by
using the Method of Anatomical Features (MAF), the following flowchart in Figure 1 can
be referred.
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Step 1: CT Scanning

In a real-world application, the CT scanning technique is used to identify any abnor-
malities of an organ. This method is carried out by scanning the organ so that the defective
part of the organ can be detected.

Step 2: Volumetric Modelling

The volumetric model of the bone will be created in order to identify the initial
geometry of the bone, which is required in order to locate the missing part of the bone.
This model is created morphologically and anatomically in order to define the descriptive
model of human bone. The model will then be saved in the STL file. The STL file will be
exported into CAD software.

Step 3: Tessellation Process

This process is crucial in order to determine the polygonal model of the scanned
bone. The tessellated model helps in identifying and filling any gaps that are found in the
scanned bone during the STL mesh obtained.

Step 4: Referential Geometrical Entities (RGE) Definition

Referential Geometrical Entities or RGE includes the characteristics, points, planes,
directions and views of the bone. These entities are defined in order to create a successful
reverse engineering model of the bone.

Step 5: Creation of B-Spline Curves

These curves are created by using the referential geometrical entities (RGE) created
earlier. However, a few additional curves might be needed in order to create curves that
can fit the shape of anatomical features precisely.

Step 6: Creation of Anatomical Points

The anatomical points can be generated on the curves created in the previous step
or can be created on anatomical landmarks. By creating the points on spline curves, they
will be distributed evenly on the curves. Meanwhile, the points that are created on the
anatomical landmarks will be positioned in correspondence to the landmarks such as the
distal part of the femur. These points defined the boundary of the anatomical regions
on the polygonal model. The process of defining RGE and the creation of B-spline and
anatomical points are repeated for each part of the damaged bone.

Step 7: Measuring of Coordinate Values and Morphometric Parameters

Values of coordinates are measured on each part of the bone model in 3D. The mor-
phometric parameters are also measured in the same 3D model.

Step 8: Creation of Parametric Function (Linear Regression)

The parametric functions can be generated by defining the relationship between
morphometric parameters and coordinate values. The parametric model of the bone will
be created, which consists of multiple parametric function. This model is used as the
predictive model for the bone.

Generally, a parametric design is very much reliable in providing a feasible tissue
engineering scaffold. Since a parametric design consists of a complex shape, it is very much
compatible with the additive manufacturing sector. However, it is governed by a specific
algorithm, therefore making it is difficult to be produced. Triply Periodic Minimal Surfaces
(TPMS) is an excellent structure that provides the scaffold with an adequate amount of
mechanical properties along while possessing a good amount of porosity. Meanwhile, a
Voronoi structure is a top-notch structure that possesses excellent scaffold properties since
it matches the properties of the host tissue and is able to imitate the actual structure of the
host tissue.
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2.4. Summary of Scaffold Design

Based on the previous discussion, there are a lot of unit cell scaffold designs that have
been studied by the researchers. The designs can be categorized under various categories,
which eventually bring many different benefits to each other. Table 4 summarizes the
designs that have been adopted by the researchers in their studies.

Based on Table 4, the varieties of designs produced by the researchers has showed
that the study that is involving the design of scaffold has been rapidly increasing especially
with the aid of the emerging technologies. Non-parametric designs were chosen by the
researchers previously due to their simpler design process as compared to the parametric
designs. However, scaffold which possess a high amount of porosity will facilitate the
tissue growth process, and it can be seen that the non-parametric designs can possess
60–80% porosity and exhibits lower elastic modulus values. Meanwhile, the parametric
designs can increase their elastic modulus varies from 0.8 GPa up until 3.92 GPa with an
adequate amount of porosity. This shows that the parametric designs can easily imitate
the properties of the host tissue [108]. In addition, the usage of additive manufacturing
and also 3D scanner has shown a great impact in contributing to the complex designs of
scaffold structure. Therefore, there is a need to produce a design that is not just limited to
imitating the bone structure, but also utilizing the designs that are available naturally.

3. Computational Software Used in Simulation of Tissue Engineering Scaffold

There is a lot of software that can be used to design and simulate the behaviour of
the tissue engineering scaffold. The software can be utilized based on the function that is
embedded in the software. Table 5 describes the characteristics of the software.
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From Table 5, there are four common software programs that have been utilized by the
researchers in order to determine the properties of the scaffold of bone tissue engineering.
From the description, we can see that Solidworks and Catia belong to the modelling and
designing part of the simulation process. The software programs are reliable in producing
an accurate design of the scaffold, which then will be used in the properties’ simulation.
Besides that, the Finite Element Analysis (FEA) is carried out mostly by using Abaqus
software which is capable of visualizing the behaviour and failure mechanism of the
scaffold model. Meanwhile, Ansys Fluent is used to simulate the Computational Fluid
Dynamics (CFD) Analysis of the scaffold behaviour. It is able to simulate and visualize the
scaffold behaviour under various conditions, especially in fluid flow analysis.

Other Software

There is also other software that was used in simulating the behaviour of the scaffold
mechanically and fluidic. For example, COMSOL Multiphysics was used by Uth et al. in
their study in order to validate and optimize the design parameters of a scaffold [109].
Sahin et al. had also used COMSOL Multiphysics to carry out Finite Element Analysis
(FEA) simulation [131]. Apart from that, Creo Simulate was also adopted by researchers
since it is capable of designing a scaffold model [19,132]. It is also reliable performing a
numerical analysis of an anatomical model [133].

From these trends, we can see that there is a variety of software that can be used to
simulate the behaviour of the scaffold. However, the software chosen to be adopted in the
study should match the objectives and able to carry out the desired simulation.

4. Challenges and Future Work Recommendation

With the 3D printing technology nowadays, it seems like computational methods
have been attracting many researchers’ attention in producing many studies that can fully
unleash the potential of computational modelling in the future. However, as we know,
there are no technologies that are perfectly developed. In computational modelling, there
are still challenges that needed to be solved by the researchers. The limitation of the usage
of computational modelling in designing a feasible scaffold of tissue engineering includes.

• The accuracy of the simulation technique. A model that is designed through computa-
tional method tends to be simplified in the computer-aided design (CAD) software.
The structure of the scaffolds might be not fully accurate when it comes to comparing
the simulated model and fabricated parts.

• The simulation of the scaffold’s behaviour can only be done by simulating uniax-
ial loadings in most studies. However, in real-life conditions, the scaffolds can be
subjected to many loadings that are much more complicated as compared to uniax-
ial loadings.

• The simulation can only focus on small-scale models [3]. This is due to the con-
straints that are involving the technologies, such as computer power and application
simulating time.

• In the future, it is advisable if the research can contribute to:
• Increase the accuracy of the simulation when it comes to the fabrication process. This

process can be achieved by adopting image-based modelling such as images from a
3D scanner.

• The need to simulate the scaffolds models under various types of loading is crucial
since many loads can be exerted on it, physically.

• To expand the study on using simulation method that can reduce the effect of size of
the small-scale scaffold model on the large-scale scaffold model.

• Improvise the 3D printing technique is crucial since it can affect the surface of
the scaffold.

• The studies can integrate artificial intelligence in the computational method.
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5. Conclusions

This paper has reviewed the studies that comprise the application of the computational
method in the area of bone tissue engineering. The computational method can be used to
simulate the properties of the scaffold of bone tissue engineering. Moreover, the simulation
technique can also be used to predict the design of the scaffold model. In order to produce
a scaffold with good mechanical properties, many studies have been carried out to simulate
the mechanical properties of the scaffold. It is desired that the scaffold possesses high
compressive strength so that it can withstand the load exerted on it when it is planted
into the body of a human or an animal. Since the porosity and mechanical strength have
an inversely proportional relationship, most researchers came out with integrating the
optimization process and simulation process, which produced the optimal scaffold model
with good mechanical and fluid properties. Furthermore, the design of the scaffold was
also simulated by using computational software. The types of designs that can be generated
by using the computational method have varied. From the discussion, we can see that the
parametric designs have attracted researchers’ attention since it exhibits a good balance
between mechanical and fluid properties of the scaffold. Moreover, the parametric designs
had also shown huge potential in terms of imitating the properties of the host tissue. With
this review, it can be concluded that the computational method has great potential to
be adopted in future studies due to its ability to predict the properties of the scaffolds.
Moreover, the computational method is less time-consuming and very much reliable than
the conventional method.
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Abstract: Human safety, health management, and disease transmission prevention have become
crucial tasks in the present COVID-19 pandemic situation. Masks are widely available and create
a safer and disease transmission–free environment. This study presents a facile method of fabri-
cating masks through electrospinning nontoxic polyvinyl butyral (PVB) polymeric matrix with the
antibacterial component Thymol, a natural phenol monoterpene. Based on the results of Japanese
Industrial Standards and American Association of Textile Chemists and Colorists methods, the
maximum antibacterial value of the mask against Gram-positive and Gram-negative bacteria was 5.6
and 6.4, respectively. Moreover, vertical electrospinning was performed to prepare Thymol/PVB
nanofiber masks, and the effects of parameters on the submicron particulate filtration efficiency
(PFE), differential pressure, and bacterial filtration efficiency (BFE) were determined. Thorough
optimization of the small-diameter nanofiber–based antibacterial mask led to denser accumulation
and improved PFE and pressure difference; the mask was thus noted to meet the present pandemic
requirements. The as-developed nanofibrous masks have the antibacterial activity suggested by
the National Standard of the Republic of China (CNS 14774) for general medical masks. Their BFE
reaches 99.4%, with a pressure difference of <5 mmH2O/cm2. The mask can safeguard human health
and promote a healthy environment.

Keywords: electrospinning; nanofibrous membrane; antibacterial activity; protection efficiency; mask

1. Introduction

Particulate matter (PM) pollution, due to industrial development and living environ-
ment change, worsens air quality and causes severe health problems, such as respiratory
diseases, cardiovascular diseases, and allergies [1]. In the recent years, various influenza
and coronavirus diseases have become prevalent, causing harm to human health and large
economic losses [2–4]. Masks can prevent droplets and PM from invading the human
body and prevent respiratory infections. The types of masks include cotton masks, general
medical masks, surgical masks, activated carbon masks, and N95 masks [5,6]. N95 masks
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have the highest ability to filter out PM with a ≤2.5-µm diameter (PM2.5), but because of
their favorable adhesion, they can cause breathing problems and are thus unsuitable for
long-term wear and general protection. To keep out epidemic virus droplets, PM with a
≤10-µm diameter (PM10), and some PM2.5, and thus protect the human body, surgical
and medical masks must be worn correctly and be suitable for long-term wear.

General medical masks are made of polypropylene (PP), and their manufacturing
method mainly involves spun bonding or melt blowing. The outer and inner layers of
the mask are composed of PP spun-bond nonwoven fabric. The outer layer must repel
water to prevent the penetration of blood, body fluids, and other potentially infectious
substances. The inner layer is a face affinity layer, which can absorb moisture generated
during breathing and thus keep the face dry and comfortable. The middle layer of the mask
is a melt-blown nonwoven fabric layer, which is used to filter PM and bacteria. However,
when the fibers of the middle layer are thick, the material’s efficiency in filtering very
small particles is low and thus high efficiency and low impedance cannot be achieved.
Therefore, polytetrafluoroethylene membranes [7] or polyvinyl butyral (PVB) can be used
as the matrix for preparing nanofiber membranes through electrospinning. Nanofibers
have small diameter, high porosity, and internal pores [8–13], so they have favorable
connectivity and high air permeability [14–18], which are conducive to capturing ultrafine
particles. Nanofibers thus have high efficiency in filtering PM [19,20]. Many electrospun
fiber membrane types have been manufactured as media for air filtration; the most common
are those made from uniform and monostructured nanofibers, including ultrafine nylon
6 fibers [21–23], polyethylene oxide nanofibers [24], alumina nanofibers [25], and polyester
nanofibers [26–29]; however, these materials cannot filter bacteria or viruses in the air.

Thymol (2-isopropyl-5-methyl phenol) is a monoterpene phenol found in the essential
oils of herbal plants [30]. Many studies have shown that Thymol has antibacterial and
antifungal properties [31]. Marino et al. [32] reported that Thymus vulgaris L. essential
oil has antibacterial activity against both Gram-negative bacteria (e.g., Escherichia coli)
and Gram-positive bacteria (e.g., Staphylococcus aureus). By employing the agar dilution
method, Nostro et al. [33] found that Thymol has antibacterial effects and sensitivity for
various types of S. aureus. Kavoosi et al. [34] mixed gelatin films with different concen-
trations of Thymol to test its antibacterial activity against E. coli, Pseudomonas aeruginosa,
Bacillus subtilis, and S. aureus for potential use as an antibacterial nano wound dressing.

Some scholars have blended Thymol with polymer materials to make nanofiber mem-
branes and tried to develop dressings for wound healing, such as by adding Thymol to
poly(ε-caprolactone) and polylactic acid through electrospinning technology to prepare
nanofibrous mats [11,35]. Thymol has also been added in situ to chitosan/polyethylene
glycol fumarate to prepare hydrogel wound dressings. A study demonstrated that hydro-
gels containing Thymol have favorable mechanical properties and excellent antibacterial
activity against both Gram-negative and -positive bacteria, and they can be applied in a
dressing for infected wounds with a moderate amount of exudate [36].

The main mechanisms through which fibrous materials filter dust and particles are the
interception effect, inertial deposition, Brownian diffusion, the electrostatic effect, and the
gravity effect. Effective filtration of dust and particles by the filter materials in a mask is
achieved through a combination of these five effects [37]. In the present study, Thymol was
mixed with PVB through electrospinning to prepare antibacterial nanofiber membranes.
Antibacterial property and protection efficiency tests were conducted to ensure that the
developed medical masks meet performance specifications and have antibacterial effects.

2. Experimental
2.1. Materials and Microorganisms

Polyvinyl butyral (PVB, B18-HX, MW∼100,000, Chang Chun Co., Taipei, Taiwan) was
used as the matrix of the nanofibrous membranes. Ethanol (95%) was used as a solvent
purchased from I-Chang Chemical Co. ROC. Thymol (5-Methyl-2-(propan-2-yl)phenol)
was supplied by Scharlab TI0080 (99% purity). The antibacterial activities of Thymol-
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containing PVB nanofibrous mats were evaluated using Staphylococcus aureus (S. aureus)
(ATCC 6538), Klebsiella pneumoniae (K. pneumoniae) (ATCC 4352), Escherichia coli (E. coli)
(ATCC 8739), which were obtained from the Bioresource Collection and Research Center
(BCRC), Taipei, Taiwan.

2.2. Preparation of PVB Antibacterial Nanofibrous Membrane Containing Thymol

Thymol/PVB nanofibrous membranes were fabricated by vertical electrospinning
technique. Primarily, 5 wt% of PVB polymer solution was prepared by dissolving 25 g of
PVB powder in 475 g of ethanol solvent with magnetic stirring for 2 h at room temperature
and obtained transparent solution. Subsequently, different amounts of Thymol powder
were added to the above mixture with vigorous stirring to obtain the homogenous solution,
various compositions of Thymol/PVB electrospinning solutions as shown in Table 1. The
prepared Thymol/PVB electrospun solution was loaded into the plastic syringe containing
a stainless needle (22-gauge stainless). A syringe pump (KDS-200, KD Scientific., Holliston,
MA, USA) was used to feed the electrospinning solution with a fixed feeding rate of
0.72 mL/h. A high-voltage power supply (SM3030-24P1R, YOU-SHANG TECHNICAL
CORP) was employed, and the applied voltage was 27 kV. The distance from tip to the
collector was fixed at 10 cm, and the collecting lasted for 7 h.

Table 1. Various ratios of the Thymol/polyvinyl butyral (PVB) electrospinning solutions.

Thymol:PVB (w:w) Thymol (g) PVB (g) 5 wt% PVB (g)

0:1 0 2.5 50
0.2:1 0.5 2.5 50
0.4:1 1 2.5 50
0.6:1 1.5 2.5 50
0.8:1 2 2.5 50
1:1 2.5 2.5 50

2.3. Preparation of Thymol/PVB Antibacterial Nanofibrous Masks

A result from the antibacterial preliminary test 0.6:1 ratio of Thymol/PVB nanofibrous
membrane shows strong antibacterial effect against S. aureus, K. pneumoniae, and E. coli.
Therefore, this optimized ratio was used in a vertical electrospinning device (SC-PME50,
COSMI) to prepare the Thymol/PVB composite antibacterial nanofibrous mask. Since the
vertical electrospinning device has many advantages, such as the needle can be moved
left and right, collection area can be rotated, speed can be controlled, and a large-area
nanofibrous membrane with better uniformity can be obtained. To this interest, the com-
posite electrospun solution was taken into a 15 mL syringe, a stainless 22-gauge needle
installed on the needle auxiliary moving mechanism. Relevant parameters were adjusted
according to the experimental design, as shown in Table S1. Figure 1 represents the basic
work function of three-layer facemask.

2.4. Surface Observation of Nanofiber Membranes

A scanning electron microscope (SEM) (JSM-6510, JEOL, Tokyo, Japan) was used to
analyze the surface morphology of inner, outer, and middle layers of commercial mask
fabrics and different Thymol/PVB electrospun nanofibrous membranes with varying
electrospinning parameters. Diameters of uniformly distributed nanofiber were calculated
from the SEM image.
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2.5. Antibacterial Activity
2.5.1. Antibacterial Qualitative Tests

Two qualitative methods were used to evaluate the antibacterial activities of PVB
nanofibrous membranes containing Thymol, described below:

Japanese Industrial Standards (JIS) L1902 (Halo method): antibacterial qualitative
tests were determined with adherence to the procedure of JIS L1902 method [38,39] (Halo
method), performed by observing the zone of inhibition to evaluate the antibacterial
properties of textiles. The method is suitable for textiles process by leaching antibacterial
agents. The test methods were explained as follows:

A known weight of test samples was added to observe whether the Petri dish had a
zone of inhibition; we measured the width of the sample (D) and the sum of the width of
the sample and the zone of inhibition (T); then calculated the width of the zone of inhibition
(W) with the following formula (1), and the result is expressed as an average 0.1 mm.

W = (T − D)/2 (1)

American Association of Textile Chemists and Colorists (AATCC) 147 method (Parallel
Streak method): the antibacterial qualitative tests were carried out in accordance with
the procedures of AATCC147 method (Parallel Streak method). This method also helps
to evaluate the antibacterial properties of textiles and it is suitable for textiles process by
leaching antibacterial agents. The testing process was explained as follows:

(1) CZ: Clear zone of inhibition
(2) I: Inhibition of growth under the sample only
(3) NI: No inhibition of growth

2.5.2. Antibacterial Quantitative Test

JIS L1902 (Absorption method) testing method serves the quantitative information of
antibacterial properties for the antibacterial textile products. The testing procedure was
expressed as follows:

(1) The growth value on the control (F) should be ≥1.0.

F = log Ct − logCo (2)

log Ct: The average logarithm of the number of bacteria after 18–24 h inoculation of
the control sample
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log Co: The average logarithm of the number of bacteria recovered from the control at
the beginning of contact time

(2) Antibacterial activity value (A) should be ≥2.0, which means the sample has
antibacterial effect, according to the descriptions of JIS L1902.

A = (log Ct − log Co) − (log Tt − log To) = F − G (3)

G: The growth value on the sample
log Tt: The average logarithm of the number of bacteria after 18–24 h inoculation of

the sample
log To: The average logarithm of the number of bacteria recovered from the sample at

the beginning of contact time

2.5.3. Particulate Filtration Efficiency (PFE)

Following the procedure of National Standards of the Republic of China (CNS)
14,755 [40], the Automated Filter Tester (Model 8130, TSI, Shoreview, Minnesota, MN,
USA) was used to measure the submicron particulate filtration efficiency or penetration effi-
ciency of the masks to understand the protection performance of the masks. The definition
of submicron particulate filtration efficiency as follows:

PFE: The ratio of the aerosol concentration captured by the mask to the original
upstream aerogel concentration.

Penetration efficiency (%) = (aerosol concentration through the
mask)/(upstream air aerosol concentration) × 100%

Protection efficiency (%) = 100 − penetration efficiency (%)
(4)

Inhalation resistance: the ventilation resistance generated by a certain flow of air in
the inhalation direction of the mask.

2.5.4. Differential Pressure of Air Exchange

According to CNS 14,777 (Test Method for Air Exchange Pressure of Medical Masks)
Section 3, the tester of air exchange pressure (TTRI, TW) was used to measure the differen-
tial pressure of air exchange of the mask, to understand the breathability of the mask, and
to evaluate whether it will cause breathing difficulties when wearing.

2.5.5. Bacterial Filtration Efficiency (BFE)

Following the procedure of CNS 14775, the Bacterial Filtration Efficiency (TTRI, TW)
of the synthesized mask was calculated. A formed bacteria (S. aureus biological) aerogel
size is approximately (3.0 ± 0.3) µm, which is controlled by the nebulizer system. The
percentage of bacteria absorption before and after filtering through the mask and rate of
applied pressure was estimated. The results were subjected to the following equation to
calculate the percentage of BFE. The same procedure was followed for the 30 commercial
masks to compare the obtained results.

BFE (%) = 100 × (C − T)/C (5)

C: Average number of total plate count on the control.
T: Total plate count on the sample.
Calculate the average particle size of the aerosol by formula (6), which should be

(3.0 ± 0.3) µm.

Average particle size (MPS) = Σ(An×Sn)/ΣAn = (A1 × 7.0 + A2 × 4.7 + A3 ×
3.3 + A4 × 2.1 + A5 × 1.1+ A6 × 0.65)/(A1 + A2 + A3 + A4 + A5 + A6)

(6)

An: The number of bacteria in the petri dish of this stage
Sn: The particle size of the aerosol collected by the sampler at this stage
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3. Results and Discussion
3.1. Antibacterial Qualitative Analysis for Nanofibrous Membrane of Thymol/PVB Blenders

Antibacterial qualitative analysis of the nanofibrous membranes was performed using
the JIS L1902 and AATCC 147 standardized methods. Although no inhibition zones were
found in samples of different compositions, to improve the inhibition zones, various
methods were employed, such as adding a surfactant [41] and increasing the contact
opportunities for bacterial liquid with nanofiber membrane (by using nets, pressurized
glass sheets, and alumina foil). The addition of a surfactant can affect nanofiber surface
morphology [42]. S. aureus were used as a testing agent in the JIS L1902 and AATCC
147 qualitative methods to evaluate the antibacterial effects of Thymol/PVB nanofibrous
membranes. Although, as shown in Table 2 and Figure S1, spraying the tested bacteria
liquid on the nanofibrous membrane or net-like architecture did not form any contact
with the substrate. Even applying gentle pressure using a glass plate, this lack of interface
formation results to fail the formation of the inhibition zone. In contrast, Group A and
Group C showed the formation of zone inhibition on alumina foil with a high concentration
ratio of Thymol in PVB (1:1). However, even though the width of the inhibition zone
increased slightly, the difference was not large.

Table 2. Qualitative analysis of antibacterial properties of Thymol/PVB nanofibrous membranes
with different proportions.

Method JIS L1902 (Halo Method) AATCC147 (Parallel Streak Method)

Carrier Aluminum Foil Net Aluminum Foil Net

Pressing with glass none yes yes yes

Thymol:PVB (w:w)

group
A B C D

0:1 c NI c NI c NI c NI
0.2:1 c NI c NI c NI c NI
0.4:1 c NI c NI c NI c NI
0.6:1 c NI c NI c NI c NI
0.8:1 a CZ 2.0 mm c NI a CZ 2.1 mm c NI
1:1 a CZ 5.1 mm c NI a CZ 6.4 mm c NI

a CZ: Clear zone of inhibition, c NI: No inhibition of growth.

The inhibition zone may not have appeared because Thymol and PVB are insoluble
in water, meaning that the probability of Thymol coming into contact with the inoculum
was low. The weight of the sample in the antibacterial film was 4.76 times that in the
nanofibrous membrane; that is, the content of the nanofiber membrane per unit area was
low (Table S2). The nanofibrous membrane had a network structure, and actual contact
with the bacterial liquid only occurred on the fiber mesh surface; however, the inhibition
zone could only be produced when the antibacterial substance was in uniform contact with
the bacterial liquid. For these reasons, the zone of inhibition was difficult to observe when
the nanofibrous membranes were tested using the qualitative method.

3.2. Antibacterial Quantitative Analysis for Thymol/PVB Nanofibrous Membranes

The results in 3.1 showed that the qualitative method was not suitable for evaluating
the antibacterial activity of Thymol/PVB nanofibrous membranes. Therefore, a quantitative
determination was performed based on Absorption method from JIS L1902 to analyze the
antibacterial activity of Thymol/PVB nanofibrous membranes on Gram-positive (S. aureus),
and Gram-negative (K. pneumoniae and E. coli) bacteria.

3.2.1. Staphylococcus aureus

The antibacterial activity of the Thymol/PVB nanofibrous membranes on S. aureus
is displayed in Table S3 and Figure 2a. According to the description of JIS L1902, when
the antibacterial activity value exceeds 2.0, the samples are considered to have antibac-
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terial properties [43–46]. With the addition of Thymol to PVB, the bacterial growth was
considerably reduced. For example, considering Thymol/PVB = 0.2:1 nanofiber with an
antibacterial value of 2.8, this increment is attributed to the phenolic hydroxy functional
group of Thymol. Consequently, a maximum amount of antibacterial value 6.4 was ob-
tained from the optimized ratio of 0.6:1. However, further addition of Thymol does not
cause any changes in it and clearly shows the saturated ratio to PVB. Therefore, enhanc-
ing the proportion of Thymol in PVB leads to increasing antibacterial activity toward
S. aureus bacteria.
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3.2.2. Klebsiella pneumoniae

The study of antibacterial effects of Thymol/PVB nanofibrous membranes against
K. pneumoniae were monitored for 18–24 h. The control group growth value (F) should
have been >1.0 and the test conditions were established. Table S4 and Figure 2b display
that bacteria growth was controlled as the proportion of Thymol increased. Antibacterial
activity value also reached a maximum of 6.4 when the ratio of Thymol: PVB was 0.4:1.
Other proportions also provide the same result.

3.2.3. Escherichia coli

As shown in Table S5 and Figure 2c, the quantitative antibacterial effect of the various
nanofibrous membranes against E. coli was in favorable agreement with the testing results
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for other bacteria. However, the Thymol/PVB (0.6:1) nanofibrous membrane exhibited
considerable enhancement, with a value of 6.4. Therefore, enhancing the proportion of
Thymol in PVB resulted in higher antibacterial activity.

A comparison of the antibacterial activity values of PVB and various-ratio Thy-
mol/PVB nanofibrous membranes for three bacterial types is presented in Table S6. The
PVB nanofiber membrane without Thymol exhibited no response to the bacterial colo-
nization. A significant reduction in bacterial growth was discovered for the Thymol/PVB
nanofiber membranes, and the reduction depended on the concentration of Thymol. Even
at a low Thymol:PVB ratio of 0.2:1, the obtained antibacterial activity value against the
Gram-positive S. aureus bacteria was 2.8, which indicated that this membrane had relevant
antibacterial activity. By contrast, the antibacterial activity values of this membrane against
the Gram-negative K. pneumoniae and E. coli bacteria were only 1.6 and 0.7, respectively.
According to the JIS L1902 description, the membrane thus had no relevant antibacterial
activity. Therefore, the growth of inhibition was observed for Gram-positive bacteria even
at a low concentration of Thymol as compared with the Gram-negative bacteria. This
variation was also reported in previous research [34]. The Gram-negative bacteria were
protected by cell-wall lipopolysaccharides and outer membrane proteins, which restrict the
diffusion of hydrophobic compounds through the lipopolysaccharide layers. However, at
a higher concentration of antimicrobial agents, the polysaccharide layer was destroyed by
essential oils.

As illustrated in Figure 2d, the sample with ratio 0.6:1 had the highest activity, indi-
cating that the bacterial counts of the three test bacteria after culture were all <20 colony-
forming units (CFUs), meaning that all the bacteria died. Furthermore, when the Thy-
mol:PVB ratio was increased to 0.8 and 1, the antibacterial activity value did not change.
Therefore, the Thymol:PVB ratio 0.6:1 (w:w) was the most suitable ratio for preparing the
antibacterial nanofiber mask.

3.2.4. Diameter of Nanofibrous Membrane for Thymol/PVB Blenders

As shown in Figures 3 and 4, Thymol/PVB nanofiber membranes prepared with
different proportions had an average fiber diameter between 500 and 700 nm, which
belonged to the broad range of nanofibers.
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3.3. Analysis of the Protection Efficiency of Antibacterial Nanofiber Masks
3.3.1. Submicron Particulate Filtration Efficiency (PFE) and Pressure Difference of
Air Exchange

The optimized ratio (0.6:1) Thymol/PVB antibacterial nanofiber masks were prepared
using a vertical electrospinning device, and protection efficiency and pressure difference
tests were conducted in accordance with the CNS 14,755 and CNS 14,777 standards. The
electrospinning parameters employed are presented in Table S1, and the results are shown
in Table 3. Groups C and D collected nanofiber webs at 25 kV and 5 mL/h for 45 min,
and although the collection distance was different for these groups, the PFE was >80% for
both. However, the pressure difference exceeded the 5 mmH2O/cm2 threshold specified by
CNS 14,774 for surgical masks, indicating that the mask would cause breathing problems
during wear. According to the parameter settings in Table S1, the influences of voltage
and flow rate on the PFE, impedance, and pressure difference were explored. In Group
E, electrospinning was performed at the voltage of 15 kV and flow rate of 2 mL/h. The
test results revealed that the PFE was 82.7% and pressure difference was 4.5 mmH2O/cm2,
which meets CNS 14,774 standard requirements for surgical masks.
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Table 3. Results of protection efficiency in different electrospinning parameters.

Group Spinning Time
(min)

CNS 14755 CNS 14777

PFE (%) Inspiratory Impedance
(mmH2O)

Pressure Difference
(mmH2O/cm2)

C 0 32.8 ± 2.5 3.9 ± 0.3 1.4 ± 0.2
C 15 65.0 ± 2.5 9.1 ± 0.9 3.8 ± 0.1
C 30 67.1 ± 2.0 11.4 ± 0.6 4.4 ± 0.1
C 45 89.5 ± 1.0 38.7 ± 0.8 13.7 ± 1.8
C 60 94.2 ± 0.3 54.2 ± 8.6 14.1 ± 4.5
C 120 89.5 ± 1.6 42.7 ± 4.9 12.6 ± 2.0
D 0 7.5 ± 0.1 1.8 ± 0.1 0.8 ± 0.1
D 45 85.1 ± 0.7 29.9 ± 0.4 9.7 ± 0.1
E 60 62.9 ± 1.2 7.3 ± 0.2 2.6 ± 0.2
E 120 82.7 ± 1.0 12.3 ± 0.4 4.5 ± 0.3

3.3.2. The Fiber Diameter and PFE

The fiber diameters were measured by SEM. Figure S2 and Table 4 exhibit that when
the flow rate was reduced from 5 mL/h to 2 mL/h, the average fiber diameter was reduced
from 836 ± 329 nm to 375 ± 69 nm. This result showed that as the flow rate decreased, the
fiber diameter greatly decreased and became more uniform, and could effectively improve
the impedance value and the high-pressure difference. For the nanofiber mask, the thinner
and denser the fiber diameters are, the more PFE and pressure difference can meet the
requirements of CNS 14,774 specifications for general medical masks [47].

Table 4. Comparison of fiber diameters in the middle layer of nanofiber masks.

Group/Spinning Time D/45 min E/2 h

Voltage 25 kV 15 kV
Flow rate 5 mL/h 2 mL/h
PFE(%) 85.1 82.7

Inspiratory impedance (mmH2O) 29.9 12.3
Pressure difference (mmH2O/cm2) 9.7 4.5

Average diameter (nm) 836 375
Standard deviation 329 69

In the construction of general commercial masks, PP spun-bond is used as the outer
and inner layers with a diameter of 20~30 µm. The middle layer is a melt-blown non-
woven fabric layer with 2–10 µm diameters. The fiber diameter of each nonwoven fabric
was observed by SEM (Figure S2 and Table S7). However, most of the airborne viruses
(Corona) spread through the aerosol are in nanometers [48–51]. The fiber diameter of the
nanofiber prepared in this study was 375 + 69 nm, and the filter efficiency was improved
by reducing the fiber diameter. Hence, the antibacterial nanofibers are well replaceable for
the nonwoven fabric layers.

3.3.3. Spinning Parameters and PFE

Although the electrospinning parameters of Group E can meet the specifications of
CNS 14,774 mask, at 15 kV, the spinning solution was not able to form a stable tailor cone
due to the droplets block in the needle nozzle. To overcome this, the applied voltage
was increased to 18 kV (Group F) and we found that the formation of beadles continuous
nanofiber. The Group F parameters are given in Table S1 (18 kV, distance 160 mm, 2 mL/h),
under different spinning times. Correspondingly, the influence of PFE was further ex-
plained in Table S8, Figure 5, that as the spinning time increased, the accumulated nanofiber
membranes increased. When the collection time reached 6 h, the PFE increased from 38.6%
to 83.2%, and the pressure difference was fixed at 4.7 mmH2O/cm2, which meets the
requirements of CNS 14,774 [47].
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3.3.4. Bacteria Filtration Efficiency (BFE)

In Taiwan, general medical masks must meet the specifications of CNS 14774, which
state that the BFE must be >95%. From the viewpoint of air permeation, the BFE and PFE
of a filter material should be correlated. Therefore, in this study, 30 commercial masks
were tested and analyzed to determine the correlation between their BFE and PFE. In
addition, a Thymol/PVB nanofibrous membrane was prepared through electrospinning
with the Group F parameters, with fiber collection lasting 1–6 h, and it was observed
that increasing the nanofiber collecting time leads to the higher areal density nanofiber
membrane, which helps to trap the bacteria aerosols. Furthermore, these BFE results were
compared with the PFE data. As shown in Table S9, the correlation between BFE and PFE
for the different masks were nonlinear, although when the PFE exceeded 73%, the BFE
reached its maximum. Therefore, in this study, we prepared the mask with the aim of
achieving the PFE of ≥80% and then conducted the BFE test. In theory, if the BFE value
exceeded 95%, it could meet the CNS 14,774 specifications.

To demonstrate this, a BFE test was performed to the Group F nanofiber membrane
by varying its electrospinning parameters. The results are shown in Figure 6 and Table S10.
The PFE of the antibacterial nanofiber mask was 83.2%, and its BFE was 99.4%, which was
consistent with the correlation in the data analysis, as shown in Figure 6h. Moreover, to
support this, many other researchers also have investigated the filtration efficiency using
the analytical methods on the porous fiber membranes [52,53].
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4. Conclusions

An extension of industries may address their countries’ growth, although it brings an
inevitable side effect to their people. Especially, food and airborne diseases cause some
serious issues. The face masks are an affordable and effective safety measure. Cost-effective
bio-degradable eco-friendly masks are an inviting field of research due to increasing
demands on healthcare and rising concerns of personal hygiene and safety. Through this
research, we opened up a low-cost biodegradable face mask fabrication process, which can
protect and sustain the human life.
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In this research, a Thymol/PVB composite nanofibrous membrane was produced
with various optimization conditions for the antibacterial mask. As prepared, the Thymol:
PVB = 0.6:1 composite nanofibrous mask shows better performance, which meets the
specifications of CNS 14774. Especially, bacterial filtration efficiency and pressure difference
exhibit better performance than the commercial mask. Quantitative antibacterial activity
test with JIS L1902 absorption method shows that as the content of Thymol increased, the
antibacterial activity of Thymol/PVB nanofibrous membranes increased. The antibacterial
activity values against Gram-positive bacteria of S. aureus and Gram-negative bacteria of
K. pneumoniae and E. coli were 5.6 and 6.4, respectively. PFE values mainly depend on
the electrospinning parameters. At 18 kV, 2 mL/h, the PFE met 83.2%, the inspiratory
impedance was 10.8 mmH2O/cm2, and the pressure difference was 4.7 mmH2O/cm2,
which fixes the respiration problem of the medical mask. BFE was 99.4%, which also
verified the correlation between BFE and PFE data analysis inferred in this study. That
is, when PFE was >73%, BFE reached ≥99% or more. Based on the results, Thymol/PVB
nanofibers can be an alternate membrane layer for this pandemic environment, which is
expected to be used as a multifunctional antibacterial mask against bacteria and viruses.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-436
0/13/7/1122/s1, Figure S1: Antibacterial qualitative results of Thymol/PVB nanofibrous membranes
on Staphylococcus aureus, Figure S2: SEM image of the middle layer of the nanofibrous masks, Table
S1: Parameters of the vertical electrospinning device, Table S2: Sample weight per unit area in various
preparation methods, Table S3: Quantitative antibacterial properties of Thymol/PVB nanofibrous
membrane against S. aureus, Table S4: Quantitative antibacterial activity of Thymol/PVB nanofibrous
membrane against K. pneumonia, Table S5: Quantitative antibacterial activity of Thymol/PVB
nanofibrous membrane against E. coli, Table S6: Comparison of antibacterial activity values of
Thymol/PVB blenders against three bacteria strains, Table S7: Comparison of PP Spun-Bond and
Melt-blown nonwoven fabrics, Table S8: Testing results of PFE and Pressure difference, Table S9:
PFE and BFE test results of 30 commercial masks, Table S10: Protection efficiency of Thymol/PVB
antibacterial nanofibrous masks.
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