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Chapter 12
Supercritical Fluid Technology as a Tool 
to Prepare Gradient Multifunctional 
Architectures Towards Regeneration 
of Osteochondral Injuries

Ana Rita C. Duarte, Vitor E. Santo, Manuela E. Gomes, and Rui L. Reis

Abstract  Platelet lysates (PLs) are a natural source of growth factors (GFs) known 
for its stimulatory role on stem cells which can be obtained after activation of plate-
lets from blood plasma. The possibility to use PLs as growth factor source for tissue 
healing and regeneration has been pursued following different strategies. Platelet 
lysates are an enriched pool of growth factors which can be used as either a GFs 
source or as a three-dimensional (3D) hydrogel. However, most of current PLs-
based hydrogels lack stability, exhibiting significant shrinking behavior. This chap-
ter focuses on the application of supercritical fluid technology to develop 
three-dimensional architectures of PL constructs, crosslinked with genipin. The 
proposed technology allows in a single step operation the development of mechani-
cally stable porous structures, through chemical crosslinking of the growth factors 
present in the PL pool, followed by supercritical drying of the samples. Furthermore 
gradient structures of PL-based structures with bioactive glass are also presented 
and are described as an interesting approach to the treatment of osteochondral 
defects.
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12.1  �Introduction

Full thickness chondral and osteochondral defects and early osteoarthritis represent 
one of the most significant challenges facing the global health care community due 
to the limited healing potential of articular cartilage, resulting in chronic degenera-
tion. Osteochondral tissue is a gradual transition from cartilage to bone in which the 
key constituents of each tissue undergo an exchange in predominance. Structurally, 
the osteochondral interface is the connection between a layer of hyaline cartilage 
and underlying bone and it is crucial for load transfer between bone and cartilage [1, 
2]. The most commonly used standard therapies for treating articular cartilage 
defects are generally successful for pain relief and improved function but do not 
restore the articular cartilage and subchondral bone completely, leading to degen-
eration over time [3]. Tissue Engineering (TE) offers an alternative approach to the 
current treatments, aiming at the regeneration of tissues through the use of cells 
within a supporting matrix that may also incorporate biomolecules (e.g., growth 
factors—GFs) that enhance cell function and/or tissue regeneration [4].

The concept of osteochondral TE, a hybrid of bone and cartilage regeneration, 
has attracted considerable attention, particularly as a technique for promoting supe-
rior cartilage integration and as a treatment for osteochondral defects [5]. The engi-
neering of complex tissues, which involve multiple cell types organized in specific 
patterns, such as the orthopedic interface [6], is still a rather challenging task and it 
is recognized that the effective regeneration of these tissues has not been fully 
attained. For osteochondral scaffolds, additional design criteria should be consid-
ered to achieve the best possible simultaneous growth of the two independent tis-
sues involved. A single scaffold with a homogeneous structure may not be the ideal 
support for such applications and therefore a bilayered scaffold combining parts 
with differing physical and chemical properties might be the most suitable approach 
to promote the simultaneous individual growth of cartilage and bone on a single 
integrated implant. This may require the use of biphasic constructs with areas with 
distinct mechanical, structural, and molecular properties [7, 8]. Some studies have 
focused on the development of two layers with different architecture and mechani-
cal properties [9, 10], whereas others have focused more on the delivery of bioactive 
agents distributed in the structure with a concentration gradient [8], to promote the 
formation of a calcified matrix on the bone side of the interface and a cartilage-type 
extracellular matrix (ECM) on the opposite side of the interface. Natural and syn-
thetic polymers have been used to produce these scaffolds but another interesting 
material that can be used to create new cell-laden structures comprises the use of 
Platelet Lysate (PL). In the past three decades, the increasing knowledge on the 
physiological roles of platelets in wound healing and tissue injury suggests the 
potential of using platelets as therapeutic tools [11]. Platelets are anucleate cyto-
plasmic fragments which form an intracellular storage pool of proteins vital to 
wound healing. Upon activation of platelets, lysis and subsequent release of several 
GFs occurs, naturally constituting a pool of bioactive factors at physiological con-
centrations. This protein concentrate is known to play key roles in tissue healing and 
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stimulation of cell expansion and recruitment. Simultaneously, it can also form a 
tridimensional network amenable to act as support for cell culture. Previous research 
studies have reported the development of PL-based scaffolds/hydrogels; however, 
they typically show high levels of shrinkage and lack long-term stability, requiring 
combination with other materials to acquire mechanical integrity [12].

In this chapter, we explore a new TE approach targeting the treatment of osteo-
chondral defects. The strategy proposed consists in the combination of a novel 
autologous PL-based gradient scaffold to promote the regeneration of the orthope-
dic interface using supercritical fluid technology. Our aim was the development of a 
PL-based gradient scaffold crosslinked with genipin. The bulk component is based 
on the genipin-crosslinked PL network produced by supercritical fluid-assisted pro-
cess. One of the sides of the scaffold (the one that faces the bone layer) is enriched 
with calcium phosphates (CaP) or Bioglass® to enhance osteoinductivity and 
mechanical properties. The other side (facing cartilage) is void of ceramic compo-
nent. Although the use of PL in tissue regeneration strategies is not new, this project 
presents the novelty of simultaneously using this blood derivative as gradient-
inducing scaffolding system for the osteochondral defect, and simultaneously as a 
source of bioactive proteins to promote the regeneration of the tissues.

Supercritical fluid technology has already proven to be feasible for many phar-
maceutical applications and it has also been demonstrated to be a valid alternative 
to conventional processes for the preparation of tridimensional scaffolds due to its 
mild processing parameters [13–16].

12.2  �Supercritical Fluid Technology

The development of 3D architectures for TE and regenerative medicine using super-
critical fluid technology can take advantage of different properties of a supercritical 
fluid and several techniques have already been reported. The development of matri-
ces for the regeneration of osteochondral defects explored in this chapter relies on 
the principles of the supercritical assisted phase inversion. In this method, two 
mechanisms occur at the same time: (1) the diffusion of the supercritical fluid into 
the protein solution, which results on the precipitation of the proteins from the aque-
ous solution; and (2) the removal of the solvent by the supercritical fluid. The phase 
separation and precipitation of the proteins to form a porous scaffold is favored by 
a high solubility between the solvent and the anti-solvent, i.e., a higher affinity of 
the solvent to the carbon dioxide [17]. The mutual affinity of water and carbon diox-
ide is very low due to their opposite polarity. To improve polarity of carbon dioxide, 
a small amount of an entrainer or cosolvent can be mixed with the gas. This can, in 
some cases, produce dramatic effects on the solvent power, greatly enhancing the 
solubility and/or affinity between two components [18]. Accordingly, it has been 
described in the literature, the successful preparation of chitosan membranes from 
dilute acetic acid aqueous solutions by supercritical assisted phase inversion [19]. 
On another hand, organic solvents have been reported to promote protein 
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precipitation, at moderate concentration, without affecting the functional properties 
of the proteins. Ethanol is a particularly interesting solvent and previous studies 
have demonstrated that processing proteins in the presence of small amounts of 
ethanol does not compromise protein activity. In particular, we have reported the 
development of 3D architectures of PDLLA scaffolds with PL-loaded nanoparti-
cles, in the presence of small amounts of ethanol. The results obtained suggest that 
the activity of the GFs was not compromised and the ability to guide stem cell dif-
ferentiation was maintained [13, 16].

12.3  �Development of PL-Based 3D Multifunctional 
Architectures

Osteochondral TE has shown an increasing development and investment towards 
the design of suitable strategies to stimulate the regeneration of damaged cartilage 
and underlying subchondral bone tissue [20–23]. The use of two scaffolds with 
specific properties for bone and cartilage architectures, combined at the time of 
implantation as a multilayered structure was one of the first approaches for regen-
eration of large osteochondral defects. New design approaches have been proposed, 
including the use of bilayered scaffolds with distinct properties in each side of the 
construct, and the use of continuous gradient scaffolds. Different gradient structures 
have been proposed, focusing either on ranges of morphological features, mechani-
cal properties, presentation of bioactive molecules, or combinations of these [8–10, 
24, 25].

Most of these structures have been designed using natural and/or synthetic poly-
mers. Due to its bioactivity and structural potential, PL also arises as potential bulk 
material for the generation of novel scaffolds for osteochondral regeneration. The 
pool of GFs present in PL comprises several of the signalling molecules known to 
induce cell expansion and migration. Moreover, some of them are also known to 
stimulate osteogenic and chondrogenic differentiation of human stem cells [13, 26]. 
Moreover, PL can be obtained from the patient’s own blood, allowing us to pursue 
an autologous approach and eliminating immunogenic and disease transmission 
concerns [11]. Most of the strategies involving PL for the generation of 3D con-
structs either use polymeric networks absorbed and functionalized with PL [27, 28] 
or calcium-activated PL hydrogels for cell encapsulation. Hydrogels using PL as 
bulk material typically show fast degradation and relative instability, thus limiting 
their application potential [12]. Moreover, their mechanical properties are also poor 
and tend to be suitable for regeneration of soft tissues [11]. The osteochondral 
region of joints is a particularly mechanically demanding microenvironment and 
requires the application of biomaterials capable of withstanding an array of physical 
stimuli [1, 29–31]. To our knowledge, there is not published data regarding the use 
of PL as bulk material for the development of advanced scaffolds for osteochondral 
regeneration.
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The technique herein reported leads to the generation of a gradient scaffold, pro-
duced in a single step procedure, in which the simultaneous precipitation of PL 
proteins and the establishment of crosslinking bridges between the amino groups of 
the proteins and genipin takes place. Figure  12.1 presents a summary of the 
process.

One of the advantages of the use of supercritical fluid technology is the fact that 
single unit operations can be designed, avoiding the need for several subsequent 
steps of production. As a result, a 3D porous scaffold is obtained. Briefly, PL mixed 
with the crosslinker agent (genipin) is placed inside a high-pressure vessel, heated 
to the desired temperature (35–40 °C), and pressurized with carbon dioxide until the 
set pressure of the experiment (80–140 bar). The crosslinking reaction is allowed to 
take place for a pre-determined period of time and afterwards a stream of ethanol + 
CO2 passes through the vessel in order to promote phase inversion and extract the 
aqueous solution. Finally, the high-pressure chamber is flushed by adding fresh CO2 
under the same conditions in order to extract the residual ethanol and the system is 
slowly depressurized.

Genipin is a naturally occurring crosslinking agent which was chosen, particu-
larly due to its low cytotoxicity and to the ability to bind proteins or amino-acids 
between adjacent amino groups, forming blue pigments [32]. PL, on the other hand, 
is a protein concentrate, thus offering a high number of crosslinking sites to interact 
with the ester groups of genipin, leading to the formation of secondary amide link-
ages. The identification of specific proteins involved in the crosslinking reaction is 
not straightforward due to the enriched composition of PL. It has been reported that 
the mechanisms of crosslinking reactions with genipin are different at different pH 
values [33–35]. Among the studies documented, it has been suggested that the acid 
catalysis is necessary for the crosslinking reaction to occur. The advantages of the 
crosslinking reaction under dense carbon dioxide atmosphere are related with the 
acidification of aqueous solutions after the solubilization of CO2 molecules, which, 

Fig. 12.1  Schematic representation of the supercritical fluid technique designed for the prepara-
tion of PL-based 3D architectures
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depending on the operating conditions, can reach pH values up to 3. Previous work 
reported in the literature has shown though that the activity of the proteins is not 
compromised by the low pH at which the process takes place [36]. In fact, we have 
previously developed genipin-crosslinked PL membranes for cell culture applica-
tions, with reduced toxicity [37].

The production of PL scaffolds was pursued by using three different genipin 
concentrations. Genipin was dissolved in PL suspensions at final concentration 
range of 0.18–0.25% (w/v) before initiation of the supercritical fluid process. The 
optimal reaction time was evaluated and it was found to be 1 h. Three conditions 
were defined according to their classification of crosslinking degree: low (PLLXL), 
medium (PLMXL), and high crosslinking degree (PLHXL). Morphological analysis of 
the three categories of architectures was performed by Scanning Electron 
Microscopy (SEM) and micro-Computed Tomography (micro-CT). Qualitative and 
quantitative outputs extracted from these characterization methods are shown in 
Fig. 12.2.

The morphological analysis of the scaffolds provided the first hints on their fea-
sibility to act as structural support for growth and proliferation of seeded cells. The 
crosslinking degree showed influence on the morphological properties of the 3D 
structures, as it can be seen from the quantitative measurement of % of porosity, 
interconnectivity, and mean pore size. Mean pore size ranged between 85.9 and 
93.6 μm, typically considered an appropriate dimension for cell migration through 
the pore. However, the obtained structures were highly compact, with porosity lev-
els ranging from 12.2 to 17.3%, from the highest crosslinked scaffold to the lowest, 
respectively. This indicates the formation of highly packed architectures, which 
could be confirmed by SEM micrographs of cross sections of these PL scaffolds. 
Moreover, interconnectivity levels were also low, curiously being the lowest for the 
PLLXL condition (32.3%) and the highest for PLHXL (51.6%). These levels of porosity 
and interconnectivity could discourage further studies; however, we had evidence 
from previous studies from our laboratory that even PL-enriched structures with 

Sample PL LXL PL MXL PL HXL

SEM

Micro-CT 

2D sections

Porosity (%) 17.3 14.2 12.2
Interconnectivity (%) 32.3 36.4 51.6

90.7 93.6 85.9

200 mm 200 mm 200 mm

Mean pore size (m

Fig. 12.2  Morphological characterization of the scaffolds prepared with different genipin concen-
trations: SEM and micro-CT 2D micrographs of cross sections of the PL scaffolds
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poor initial porosity could act as templates for cell culture. The progressive dissolu-
tion of the PL bulk matrix leads to the cumulative formation of pores within the 
structure, enabling cell migration and colonization of the inner regions of the con-
struct [38]. At the same time, we also expected a delayed dissolution profile due to 
the covalent reinforcement induced by genipin crosslinking.

PLLXL and PLHXL scaffold formulations were selected to perform the cellular 
studies. Figure 12.3 depicts the results from the cell seeding of chondrocyte cell 
line—ATDC5 (Fig.  12.3a) and human adipose-derived stromal cells—hASCs 
(Fig. 12.3b, c).

The response of cells to the developed PL-based scaffolds was evaluated by over-
all DNA quantification along culture period and by characterization of cellular mor-
phology and organization during time. Two different cell types were used: one 
chondrocytic cell line (ATDC5) and human mesenchymal stem cells isolated from 
adult adipose-derived tissue stromal cells. Figure 12.3a shows a progressive increase 
of DNA concentration in ATDC5 cultures for both conditions, indicating that PL 
scaffolds act as templates for cell proliferation. At days 3 and 7 of culture, PLLXL 
showed significantly higher DNA levels, thus indicating an enhanced cellular pro-
liferation for the lowest crosslinked structures. At day 14, there were no significant 
differences in cumulative cell number between the scaffolds with distinct degrees of 
crosslinking.

Figure 12.3b reports DNA concentration of hASCs up to 14 days of culture. For 
this condition, there were no differences between the highest and the lowest cross-
linked structures. At day 1, DNA concentration was the highest for these cultures, 

Fig. 12.3  Cell adhesion and proliferation in PLLXL and PLHXL scaffolds. (a) Measurement of DNA 
concentration of constructs seeded with ATDC5 cells; (b) Measurement of DNA concentration of 
constructs seeded with hASCs; (c) SEM micrographs of PLLXL and PLHXL scaffolds prior and after 
seeding with hASCs. * Represents a statistically significant difference (p<0.05) between DNA 
concentration levels of PLLXL and PLHXL scaffolds
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decreasing during the first week and remaining constant up to 14 days of ex vivo 
culture. These cells were cultured with chondrogenic differentiation medium sup-
plemented with the typical factors for stimulation of in vitro chondrogenesis, with 
the exception of Transforming Growth Factor-β (TGF-β), which was available as a 
component of the PL concentrate. Therefore, the lack of cell expansion throughout 
the 14 days of culture period was not surprising, as cells were more committed to 
differentiation processes rather than cell division. Figure 12.3c provides a morpho-
logical and qualitative characterization of cell adhesion, proliferation, and coloniza-
tion of the PL-based constructs. It was possible to observe that hASCs managed to 
adhere to the surface of the scaffolds, presenting the typical elongated morphology 
of these cells when adhered onto a substrate. At day 14, a confluent layer of cells 
was evident for both scaffold formulations, thus confirming that cells were prolifer-
ating and that the material was not inducing cytotoxicity to the adhered cells. From 
these results, both high- and low-crosslinked PL scaffolds were viable templates for 
cell culture and could be further explored for osteochondral tissue engineering 
applications.

12.4  �Development of Gradient PL-Based Architectures 
for Osteochondral Tissue Regeneration Applications

The main challenge in developing a functional osteochondral implant is related 
with the different features required for each region of the defect. While the scaffold 
region exposed to the cartilage side should possess lower mechanical properties, 
the component that aims to regenerate the subchondral bone requires strong 
mechanical properties and mineralization capacity, which may not be achieved 
solely by the crosslinking of PL with genipin. Bioactivity of the structure can be 
enhanced by the presence of ceramics presenting inherent osteoinductive proper-
ties. In this sense, the preparation of biodegradable composites containing hydroxy-
apatite-based calcium phosphates (CaP) or Bioglass® (BG) is a viable complement 
to the construct design.

Taking this in consideration, we have selected the condition PLHXL for the gen-
eration of gradient scaffolds, due to its superior interconnectivity levels. The incor-
poration of the inorganic material in the 3D structures only required one additional 
step to the protocol already described for the preparation of PL scaffolds, and con-
sisted in the dispersion of BG particles within the PL suspension prior to the super-
critical fluid processing steps. The incorporation of inorganic material in the 3D 
structures did not compromise the generation of the structures and led to the natural 
formation of a bilayered architecture: one BG-enriched region and other BG-poor 
phase (as presented in Fig. 12.4).

Significant structural changes were observed regarding porosity (53%), intercon-
nectivity (78%), and average pore size (177.9 μm) in the BG-enriched region. The 

A. R. C. Duarte et al.

sandra.pina@dep.uminho.pt



273

BG-poor layer also presented significant changes in comparison with the PLHXL 
scaffolds produced in the absence of BG particles.

The impact of incorporation of BG particles and architectural changes of the 
scaffold on the overall mechanical performance of the constructs was evaluated by 
Dynamic Mechanical Analysis (DMA). Mechanical analysis of the scaffolds was 
performed in dynamic compression mode on hydrated samples using DMA mea-
surements. Figure 12.5 shows the isothermal response of the various samples as a 
function of frequency in terms of storage modulus (E′) and the loss factor (tan δ).

The presence of BG particles in the 3D scaffold led to improved mechanical 
properties, particularly on the storage modulus, throughout the range of frequencies 
of compression forces imposed in the scaffolds. Whereas for PLHXL scaffolds, the 
elastic modulus was found between 0.55 and 0.8  MPa, the elastic modulus of 
PLHXL-BG scaffolds was comprised between 1.5 and 2 MPa. This was an expected 
observation and it has been reported in previous studies as BG particles may also act 
as reinforcement fillers enhancing the mechanical properties of the 3D structures in 
which they are dispersed [39, 40].

The following step was focused on the evaluation of the bioactivity of the PLHXL 
and PLHXL BG samples, thus validating the influence of BG addition on the deposi-
tion of mineralized matrix. To attain this, the scaffolds were immersed in a simulated 

Fig. 12.4  SEM 
micrograph of a cross 
section of the PLHXL-BG 
scaffold, clearly depicting 
two distinct regions: one 
BG-enriched layer on the 
lower section of the 
scaffold and one BG-poor 
region on the upper part of 
the architecture

Fig. 12.5  Mechanical properties of the PLHXL-BG and PLHXL scaffolds: Storage modulus (E′) 
curves as function of frequency and loss factor (tan δ) curves as function of frequency
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body fluid (SBF) solution and the formation of CaP crystals was followed after 1, 7, 
and 14 days. Figure 12.6 shows the SEM micrographs of the scaffolds after immer-
sion in SBF.  The PLHXL-BG were analyzed in the BG-rich zone (bottom) and 
BG-poor zone (top).

We could observe that the PLHXL scaffolds were bioactive per se, although the 
presence of BG accelerated the nucleation and growth of an apatite layer. The typi-
cal cauliflower-like crystals, characteristic of hydroxyapatite (HA), could be 
detected in the PLHXL-BG scaffolds after 7 days of immersion in SBF. These find-
ings were checked by infrared spectroscopy, which confirmed the chemical nature 
of the formed crystals (Fig. 12.7).

The strong FTIR bands characteristic of phosphate and carbonate in hydroxyapa-
tite crystals, namely ν3-PO4 at 1040 cm−1 and ν3-CO3 in the region 1400–1550 cm−1, 
can be observed in the spectra of PLHXL and PLHXL BG, with greater intensity on the 
PLHXL BG. In the PL scaffolds loaded with BG, it is also possible to identify other 

Fig. 12.6  SEM micrographs of PLHXL and PLHX-BG scaffolds after immersion in SBF solution for 
1, 7, and 14 days
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spectral characteristic bands of hydroxyapatite [41], such as ν1-PO4 at 962 cm−1, 
ν2-PO4 at 472 cm−1, and ν4-PO4 at 575 and 561 cm−1.

The presence of BG particles was shown to be important to tune the rate of for-
mation of the HA layer on the surface of the scaffolds and to be able to synchronize 
it with the sequence of cellular changes that take place upon new tissue formation.

12.5  �Conclusions

The development of mechanically stable 3D architectures based on PL as bulk 
material with potential application in TE and regenerative medicine was discussed 
in this chapter. Herein, we report a new methodology based on supercritical fluid 
technology for the development of a stable PL-based scaffold crosslinked with 
genipin. PL is interesting source of GFs which can be obtained after activation of 
platelets from the patient’s blood plasma, therefore reinforcing the potential on the 
development of autologous scaffolding architectures based on this protein concen-
trate. The elimination of immunogenic and disease transmission concerns due to its 
autologous origin are important advantages on the use of these materials.

There is an interest in developing GF-loaded scaffolds for TE strategies, aiming 
to boost the regeneration capacity of these materials. Nevertheless, several conven-
tional methodologies for scaffold production and GF immobilization require the use 
of organic solvents and/or high processing temperatures, which hampers the prepa-
ration of scaffolds loaded with active GFs. In order to overcome these limitations, 
carbon dioxide (CO2) has been used as an agent to form 3D scaffolds.

Our methodology enabled to produce a stable PL scaffold without the addition of 
an extra polymeric matrix, overcoming the traditional lack of stability and quick 
shrinkage of 3D hydrogels and scaffolds based on PL. The PL scaffolds crosslinked 
with genipin were characterized in terms of their morphological, mechanical, chem-
ical, and biological performance by different techniques. Furthermore, the dispersion 

v3CO3 v3CO3 v3PO4

v1PO4
v4PO4

v2PO4

1600 1200
Wavelength (cm-1) Wavelength (cm-1)

800 400 1600

T
im

e

1200 800 400

v3PO4

Fig. 12.7  FTIR analysis of the scaffolds immersed in SBF solution. FTIR spectra on the left is 
representative of the PLHXL scaffold. The spectra on the right is representative of the PLHXL-BG 
scaffolds
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of bioactive particles of BG within the 3D architecture enhanced the mechanical 
properties of the scaffold and promoted the growth of a calcium phosphate layer on 
the surface, similar to HA present in the bone. Moreover, it enabled the automatic 
formation of a bilayered structure, composed by one BG-enriched region and one 
BG-poor side. This functionally graded scaffold is suitable for application in osteo-
chondral tissue engineering, as it could be placed in contact with cartilage and sub-
chondral bone tissue. Cellular studies with our proposed structures were also 
promising, demonstrating that PL scaffolds were suitable templates for cell adhe-
sion, proliferation, and colonization of the 3D structure.

The development of PL-based bilayered scaffolds for osteochondral tissue engi-
neering, with the dual role of acting as a structural template and GFs source for the 
interface regeneration, represents a major advance in the state of the art in this field.
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