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Abstract

Microbial polyesters saw limited use in the field of tissue engineering, even though the biocompatibility of these polymers makes 

them ideal candidates for this role. The primary factor that hinders the proliferation of microbial polyesters in this market is that their 

processing with conventional techniques, such as electrospinning or 3D printing, is challenging. However, the full potential of these 

biopolymers could still be utilized by applying unconventional manufacturing methods, such as those based on the concept of salt 

leaching. An implementation of this concept facilitates the production of scaffolds that simultaneously have high porosity and excellent 

permeability. Moreover, the average pore size can also be varied in the range from 50 to 400 µm, which was reported to be optimal for 

the cultivation of eucaryotic cell cultures. By adjusting the pore size, the scaffold can be tailored to the eucaryotic cells the tissue consists 

of. Furthermore, we have developed an entirely new computational method for the approximation of the pore size distribution of the 

scaffolds. The method relies on 3D data reconstructed by the software of a digital optical microscope and also facilitates the modeling 

of the average pore size of scaffolds. Thus, besides the control of the pore size, our method enables its prediction as well.
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1 Introduction
One of the primary objectives of contemporary macromo-
lecular science is the transition of the polymer industry 
toward a sustainable model. As a result of this effort, many 
polymer families emerged as potential alternatives for 
their fossil resource-based counterparts, such as polyole-
fins. A promising new family of polymers is that of micro-
bial polyesters, which are natively synthesized by certain 
bacterial strains [1, 2]. In the living cell, these macromol-
ecules are present in intracellular inclusions and are uti-
lized by the bacteria as temporary material and energy 
storage [3]. Since the cells synthesize the macromole-
cules directly, the fermentation yields the polyester in one 
step. In contrast, polylactic acid (PLA) – the most relevant 
competitor of microbial polyesters – is synthesized in two 
steps, as the fermented organisms produce the monomer 
(lactic acid) only [4, 5]. Polymerization, which is the most 
challenging step of PLA production, is to be done in a sub-
sequent step [4, 5].

A further advantage of microbial polyesters is that 
they can be fermented using several types of biomasses 
as a substrate. Besides carbohydrates [6], lipids may also 
be used for this purpose [7]. In order to reduce their prices 
and to make microbial polyesters more competitive in 
the market, several research projects targeted their pro-
duction based on material sources available as side prod-
ucts of other industries. Examples include crude glycerol, 
a byproduct of the biodiesel industry [8], and lignin, pro-
duced in vast volumes by the timber and paper indus-
try [9]. Recent studies have also demonstrated that these 
biopolymers can be fermented using materials originat-
ing from waste, such as agricultural waste [10], kitchen 
waste [11], or even wastewater [12]. As a result, the price of 
microbial polyesters was reduced to the range of $4–6/kg 
(i.e., five to six times that of polyolefins) and is expected to 
decrease even further [13]. Owing to their comparatively 
low price, microbial polyesters started to become popular 
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in industrial fields that output low added value products, 
such as the packaging industry [14]. Besides their compet-
itive price, the relevance of these polyesters as a packaging 
material is due to their mechanical properties, which are 
similar to those of conventional polyolefins [15].

Microbial polyesters are not simply a mere alternative to 
polyolefins; their unique properties enable their application 
in fields where polyolefins cannot be used. Their excellent 
biocompatibility, for instance, makes them popular in the 
biomedical industry [16]. The past decade saw their in vivo 
application as orthopedic pins, stents, cardiovascular 
patches, tendon repair devices, or nerve guides [17]. Since 
microbial polyesters have already proliferated in the bio-
medical industry, researchers working in other fields also 
started to show interest in these materials. An important 
example is tissue engineering, which extensively uses bio-
polymers as materials for scaffold production [18]. The list 
of the most relevant examples includes PLA [19, 20], 
PGA (polyglycolic acid) [21], PCL (polycaprolactone) [22], 
PEG (polyethylene glycol) [23], as well as collagen [24], 
and gelatin [25]. Since several of the polymers listed above 
are polyesters (PLA, PGA, and PCL), microbial polyesters 
appear to be ideal candidates for this role.  

Interestingly, microbial polyesters are still very rarely 
used for the production of scaffolds. The cause of the 
apparent lack of microbial polyesters in tissue engineer-
ing is not related to their hydrophobicity: each polyester 
listed above (PLA, PGA, and PCL) is hydrophobic, which 
seemingly contradicts their popularity in this scientific 
field. The reason why the hydrophobic nature of polyes-
ters does not impede their utilization as scaffolds is that 
there are many, readily available techniques that can alter 
the surface characteristics of polyesters. The list of exam-
ples includes plasma treatment, UV irradiation, coating, 
or blending with other polymers [26–28]. Each method can 
be used for the hydrophilization of the surface of the mac-
romolecular matrix, which paves the way before the appli-
cation of polyesters as scaffolds. Consequently, the cause 
of the limited application of microbial polyesters in tissue 
engineering lies elsewhere. 

The primary factors that severely limit the relevance 
of microbial polyesters in this field originate from the 
technical difficulties related to the method of manufac- 
turing. For  example, one of the most popular meth-
ods for scaffold production is electrospinning [29, 30]. 
Unfortunately, the  production of electrospun fibers from 
microbial polyesters is hampered by multiple factors. 
For example, one of the most relevant microbial polyesters 
is poly(3-hydroxybutyrate) (PHB), which can be dissolved 

in only a limited number of solvents, such as halogenated 
alkanes, e.g., chloroform. Due to the large dipole moment 
of both the solvent and the polymer, strong dipole-dipole 
interactions dominate the liquid phase, which increases 
viscosity and leads to bead formation during electrospin-
ning [31]. The problem of high viscosity could be addressed 
by the reduction of the concentration of the polymer. 
However, the average molecular weight of microbial poly-
esters is often significantly smaller than that of synthetic 
polymers [32]. As a result, at concentrations small enough 
to avoid bead formation, fibers cannot be produced at all.

A possible workaround for electrospinning-specific diffi-
culties is the change of manufacturing technique. Scaffolds 
are often produced by 3D printing as well, mainly because 
in this way, the morphology of the product can be con-
trolled very precisely [33]. A drawback of this method is 
that the most frequently used FDM (fused deposition mod-
eling) printers build the scaffold layer by layer, i.e., succes-
sive layers have to be laid on the previous one. Construction 
of layers not having any support from below is not possible. 
As a result, 3D-printed scaffolds generally have low poros-
ity [34–36], which is reduced even further if the printed 
polymer has a low molecular weight. Therefore, 3D print-
ing of biopolyesters is technically possible, but the result-
ing scaffold will have especially low porosity. Since cells 
need space to reproduce themselves, the 3D-printed scaf-
folds presented in these articles [34–36] have questionable 
efficiency. Foam formation with a direct (chemical foam-
ing  [37], physical foaming with supercritical CO2 [38]), 
or indirect (freeze-drying [39]) method could also be possi-
ble. However, the creation of open-cell foams from polyes-
ters of low molecular weight, such as microbial polyesters, 
is challenging. Some researchers successfully addressed the 
problem by using chain extenders (e.g., epoxy-based sty-
rene-acrylic oligomers [40]), but such additives worsen the 
biocompatibility of the product considerably. 

In this paper, we would like to propose an alternative 
method for manufacturing scaffolds. Our technique is based 
on the concept of salt leaching, which was reported previ-
ously by Wang et al. [41], Amaro et al. [42], and Phuegyod 
et al. [43] to be an efficient tool for the creation of scaffolds 
from microbial polyesters. As proven by the results of these 
authors, the concept of salt leaching can be used to address 
each difficulty outlined above. Firstly, the technique works 
well with microbial polyesters, even if the raw polymer is 
of low molecular weight. Secondly, the resulting scaffolds 
are highly porous and have excellent permeability. Several 
researchers reported that the optimal pore size for culti-
vating eucaryotic cells ranges from 50 to 400 μm [44–47]. 
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We  will demonstrate that the average pore size of the 
microbial polyester can be adjusted and set to a desired 
value in the 50–400 μm range.

2 Experimental
2.1 Preparation of the scaffolds
The polymer (poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate), PHB-HV) was purchased from TianAn Biopolymer; 
the product (Enmat Y1000P) was used without further 
purification. PHB-HV was dissolved in chloroform (Molar 
Chemicals Ltd.) at the boiling point of the solvent; the dis-
solution lasted an hour under constant reflux and stirring 
at 300 rpm. Solutions of five different concentrations (3.0, 
3.5, 4.0, 4.5, and 5.0 m/m%) were prepared. As a pore for-
mer, sodium chloride (Molar Chemicals Ltd.) was used. 
Fractions of the salt were prepared with a sequence of 
sieves; the sieves had the following mesh sizes: 50, 100, 
200, 300, 400, and 500  μm. The sieves were stacked in 
order of increasing mesh size, with the smallest at the bot-
tom and the largest at the top. Then, polydisperse parti-
cles of sodium chloride were loaded onto the uppermost 
sieve (500 μm mesh size). The stack was placed on a sieve 
shaker that maintained constant vibration for 30 minutes. 
Subsequently, the stack was disassembled, and the fractions 
(50–100, 100–200, 200–300, 300–400, and 400–500  μm 
particle size) were removed from the sieves.

As the next step, the solution of the polymer and the 
fractions of the salt were mixed in order to form suspen-
sions. In each case, 4 g salt was added to 8 mL of the solu-
tion, regardless of the average particle size of the fraction. 
The  suspension was homogenized by stirring and subse-
quently poured into a rectangular metal frame measuring 
5 cm in both width and length. Due to its high viscosity, 
the suspension had to be manually dispersed with a glass 
plate in order to ensure that the thickness of the suspension 
does not depend on the spatial coordinate. The complete 
evaporation of chloroform required a minimum of 15 hours 
and was carried out overnight. The next day, the samples 
were removed from the metal frame and placed into water 
which was stirred at 50 rpm. At room temperature, the com-
plete dissolution of sodium chloride (i.e., the  removal of 
the salt from the pores) required a minimum of 2 hours. 
Lastly, the samples were removed from the dissolution 
bath, washed with distilled water, and dried.

2.2 Analysis of macroscopic properties
Mechanical properties were characterized by tensile test-
ing with an Instron 34SC-05 machine. Each measurement 

was carried out at 1 mm/min crosshead velocity and 30 mm 
gauge length. The porosity of the samples was determined 
using the water saturation method. The dry mass of the 
sample and its mass when fully saturated with water were 
recorded. The mass of the saturated sample was measured 
immediately after its removal from the dissolution bath. 
The difference between these values yields the mass of the 
imbibed water, which can be used to calculate the volume 
of the water contained by the pores. The  volume of the 
polymer was calculated by dividing its dry mass by the 
density of PHB-HV, which is approximately 1.2  g/cm3. 
Porosity was calculated by dividing the volume of water 
(i.e., volume of the air in dry scaffolds) by the total volume 
(volume of the air + volume of the polymer). Permeability 
was determined by measuring the volumetric flow rate 
of water through the scaffold. The sample was placed 
into a Büchner funnel, in which a constant level of water 
(1 cm) was maintained. The constant hydrostatic pressure 
(98.1 Pa) ensured a constant volumetric flow rate, which 
was calculated by measuring the time that was required 
for a pre-determined volume of water to pass through the 
membrane (80 mL). Dividing this volume with the mea-
sured time yields the targeted volumetric flow rate.

2.3 Analysis of microscopic structure and pore size
The microscopic structure of the scaffolds was analyzed 
by a digital optical microscope (DOM). For this purpose, 
a  Keyence VHX 5000 DOM was used. Besides taking 
two-dimensional pictures, the instrument is also capable of 
the three-dimensional reconstruction of the surface of the 
sample. The reconstructed 3D surface consists of the high-
est points of the scaffold measured at each investigated 
X-Y coordinate pair. Note that even though the software 
of the DOM outputs 3D data, this method is limited to the 
investigation of the highest points of the scaffold because 
visible light cannot enter the polymer. Despite the lack of 
information from the lower layers of the scaffold, the 3D 
surface data can still be used for the estimation of not only 
the average pore size, but the pore size distribution as well. 
Pore size distribution was estimated from 3D data using 
a purpose-specific MATLAB software [48] developed by 
our research team.

3 Results and discussion
The results are discussed in Sections 3.1, 3.2, and 3.3. First, 
the microscopic structure and the macroscopic properties 
of the scaffolds will be presented. Section 3.1 will focus 
on properties relevant to the field of tissue engineering. 
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We will demonstrate that the scaffolds are highly porous 
and have excellent permeability, indicating their suitabil-
ity for cell cultivation. Then, 3D data and the estimated 
pore size distributions will be presented and analyzed. 
Lastly, we will prove that with our method, the control of 
average pore size also becomes possible.

3.1 Microscopic structure and macroscopic properties 
of the scaffolds
Fig. 1 demonstrates that the factor that primarily influences 
the microscopic appearance of the scaffold is the average 
particle size of the salt fraction that was used for the cre-
ation of the sample. Fig. 1 compares the DOM images of 
samples created with 50–100 µm (Fig. 1(a)), 200–300 µm 
(Fig. 1(b)), and 400–500 µm (Fig. 1(c)) fractions and high-
lights that the structure changes drastically. 

In contrast, the other investigated independent vari-
able (concentration of the polymer) has little effect on the 
microscopic structure. The comparison of Fig. 1(c) and (d) 
demonstrates that scaffolds created from solutions hav-
ing the lowest (3.0 m/m%; see Fig. 1(c)) and the highest 
(5.0  m/m%; see Fig. 1(d)) concentration have very simi-
lar microscopic appearances if the salt fraction used for 
the creation of the suspension was the same. We may 
conclude, therefore, that the structure of the scaffold can 
be controlled by varying the size of the particles. Fig. 1(a), 
(b), and (c) also reveal that the average pore sizes can 
span one order of magnitude, ranging from 50 to 500 µm. 
As mentioned in the introduction, this range of pore sizes 
has been reported in several studies to be optimal for the 
growth of eukaryotic cells [44–47].

Although the DOM images presented above suggest 
that the microscopic structure of these scaffolds is opti-
mal for the purpose of engineering eukaryotic tissues, 
they also raise a few concerns. For example, Fig. 1 indi-
cates that the porosity of the membranes is high, which 
can be associated with insufficient mechanical properties. 
Therefore, we also analyzed the mechanical characteris-
tics and would like to present the results in order to prove 
that these scaffolds can fulfill their roles even if they have 
to withstand mechanical stress.

As mentioned above, the microscopic structure of the 
scaffolds is barely affected by the concentration of the 
polymer. In comparison, the investigated mechanical prop-
erties (tensile strength and modulus; see Fig. 2) appear 
to depend mainly on the concentration. Fig. 2 also high-
lights that the mechanical properties can be improved con-
siderably by increasing the concentration of the polymer: 
there is an  exponential correlation between these two. 
Consequently, in application areas where mechanical prop-
erties do not play an important role (e.g., in vitro studies), 

Fig. 2 Tensile strength (a) and modulus (b) of the scaffolds. Note that 
the mechanical properties can be improved considerably by raising the 

concentration of the polymer

(a)

(b)
Fig. 1 Microscopic structure of scaffolds made with particle fractions of 
(a) 50–100 µm; (b) 200–300 µm; (c) 400–500 µm and (d) 400–500 µm. 
Samples in (a), (b), and (c) were prepared from solutions with a 3 m/m% 

polymer content. In contrast, the scaffold in (d) was produced using 
a solution with a 5 m/m% polymer content
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the concentration of the polymer may be set to a low value in 
order to maximize porosity. Conversely, a significant pro-
portion of scaffolds are employed in vivo, where they must 
withstand the mechanical stress exerted by the movement 
of the living body. Therefore, if the scaffold is intended to 
be used in vivo, raising the concentration of the polymer is 
strongly recommended. Above 4.0–4.5 m/m% concentra-
tion, the tensile strength can approach 1 MPa (Fig. 2(a)), 
which is an outstanding value for a highly porous scaffold.

3.2 Suitability for cell cultivation
In the field of tissue engineering, scaffolds have to meet 
several requirements. The optimal pore size and structural 
integrity discussed in Section 3.1 are necessary but not 
sufficient attributes. For instance, a considerable portion 
of the scaffolds described in the literature exhibit ques-
tionable efficiency due to their low porosity, i.e., most of 
the space in the scaffold is already occupied by the poly-
mer [34–36]. 3D-printed scaffolds are especially prone to 
difficulties arising from insufficient porosity. Therefore, 
while developing our method of scaffold manufactur-
ing, we paid special attention to the maximization of this 
parameter. The success of this effort is empirically proven 
by the data shown in Fig. 3.

The porosity correlates negatively with the concen-
tration of the polymer, i.e., if the sample is created from 
a solution of increased polymer concentration, the result-
ing scaffold is expected to be less porous. Increasing the 
concentration of the polymers bears practical significance 
because in this way, the mechanical properties can be 
improved considerably (see Fig. 2). However, even if the 
concentration is maximized at the highest concentration 
we investigated and recommend (5  m/m%), the porosity 

remains above 90%. These findings indicate that the tech-
nology and sample preparation protocols proposed here 
are very robust: scaffolds of high porosity will be obtained, 
regardless of the concentration of the polymer used during 
the fabrication of the samples.

Another challenge frequently encountered by research-
ers aiming at the creation of scaffolds is related to the 
permeability of the scaffolds or, more precisely, the lack 
thereof. Insufficient permeability plagues scaffolds manu-
factured with any of the vast number of techniques based 
on foaming. In these products, the porosity is generally 
sufficient. However, cells can hardly penetrate the scaf-
fold because, on the spectrum ranging from open-cell to 
closed-cell foams, the scaffold leans closer to the latter. 
Our concept, on the other hand, not only outperforms 3D 
printing but is also superior to foaming-based methods. 
In order to support the claims regarding the outstanding 
permeability of our scaffolds, this parameter was also 
quantitatively characterized; see Fig. 4.

Fig. 3 Porosity of the scaffolds plotted against the concentration of the 
solution. The porosity stays above 90%, even if the scaffold was created 

from a 5 m/m% solution

Fig. 4 Permeability of the scaffolds plotted against the concentration 
of the solution of the polymer (a) and against the concentration and the 

average size of particles (b)

(a)

(b)
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Fig. 4(a) suggests that the concentration of the polymer 
and the permeability of the scaffold correlate negatively, 
i.e., scaffolds created from more concentrated solutions let 
through water with a lower volumetric flow rate. However, 
we also would like to emphasize that even in the case of 
scaffolds with the worst permeability, the volumetric flow 
rate maintained by the hydrostatic pressure of 1 cm water 
column is around 2 mL/s. In practice, this means that the 
scaffold can barely retain water; it can flow through the 
pores very easily. The second correlation we would like 
to highlight is that between the permeability and the aver-
age size of salt particles. Due to the stochastic errors that 
bias the measurement, this correlation is more difficult to 
represent graphically and may not be obvious at first sight.

Therefore, Fig. 4(b) was also created and is meant to prove 
that the permeability increases monotonously with the par-
ticle size of the pore former. By adjusting both independent 
variables, scaffolds with permeabilities as high as 12 mL/s 
can be created. The remarkable permeability demonstrated 
by Fig. 4(a) and (b) suggests that the proliferation of the cells 
in these scaffolds will not be sterically hindered.

3.3 Analysis and control of the pore size
The pore size and pore size distribution can be analyzed 
in many ways. As a part of this project, we decided to use 
an advanced feature of our digital optical microscope. 
Our  DOM can measure the Z coordinate of the highest 
point of the sample at each X-Y coordinate pair. In sim-
pler words, it can create and output a three-dimensional 
surface that consists of the highest points of the scaffold. 
An example of this surface is shown in Fig. 5. In order to 
estimate the distribution of pore sizes from the 3D data 
shown in this diagram, we will assume that the depth 
reached by the photons emitted by the light source of DOM 
correlates positively with the size of the void that enabled 
the photon to penetrate the scaffold. This is not necessarily 

true because the investigated surface of the scaffold was 
not created by cutting a scaffold in half.

Although the structure on the surface may not per-
fectly represent the rest of the scaffold, for the purpose 
of an approximative estimation, it is an adequate starting 
point. As the next step, we have to measure at each depth 
(i.e., at each Z coordinate) whether the photons reached 
that depth. For example, if the investigated Z value is close 
to the objective of the microscope, it is very probable that 
the photons successfully reach this level. The probabilities 
can be calculated by setting a plane to the investigated Z 
coordinate (see Fig. 6(a)) and comparing this Z coordinate 
to the Z coordinate of the 3D surface at every X-Y coordi-
nate pair (see Fig. 6(d)) This comparison yields a surface 
function, which is integrated in the next computational 
step (see in Eq. (1)):

A f x y dxdyz
x

x

y

y

z� � �� �
0

1

0

1

, . 	 (1)

In Eq. (1), Az is the total size of the area where the photons 
could not penetrate the membrane because they hit the sur-
face of the polymer. fz(x, y) represents the surface function 
visualized in Fig. 6(d). The 'z' index indicates that the mea-
sured integral belongs to one particular Z height. x and y 
are the spatial coordinates attributed to the horizontal axes, 
whereas z is the spatial coordinate attributed to the axis 
being parallel with the direction of the photons. In the sub-
sequent step, the plane is to be moved to a smaller Z value, 
indexed in Fig. 6 as z = 2. The comparison (Fig. 6(b)) yields 
the next fz = 2 function (Fig. 6(e)), which must be integrated 
(Eq. 1) in order to obtain the cumulative area ( Az = 2 ). These 
steps are to be repeated again (Fig. 6(c) and (f)) until the 
bottom of the scaffold is reached.

The recursive computation of integrals yields a cumu-
lated surface as a function of the Z coordinate; see the yel-
low curve in Fig. 6( g ). At this point, we wish to point out 
again that depth of penetration (the investigated Z height 
in this context) can be used to approximate the size of the 
pore that enabled the photons to penetrate the scaffold. 
Although the surface of the scaffold does not perfectly rep-
resent its internal structure, it offers a reliable approxima-
tion since the pore size distribution does not depend on the 
distance from the surface. This assumption was confirmed 
by DOM micrographs of the cross-section, submitted in 
the Supplement. The similarity between the cross-sec-
tion and the surface of the scaffold confirms our initial 
assumption, i.e., surface analysis yields quantitative data 
that represents the entire scaffold. Therefore, subsequent 

Fig. 5 Surface of a membrane reconstructed by the software of the 
digital optical microscope. The investigated sample was created from 
a 3 m/m% solution; as the pore former, the 100–200 µm fraction of the 

salt was used
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computational steps can be based on the results of the sur-
face scan. In the next step, the cumulative curve calculated 
by using the method discussed above may be derived in 
order to obtain the differential curve (plotted in grey in 
Fig. 6( g )), which can be used as an approximation of the 
pore size distribution.

The distribution of pore size was calculated for each 
membrane. As expected, the distribution is primarily deter-
mined by the particle size of the pore former (see Fig. 7(a)) 

and is not affected considerably by the concentration of 
the polymer. Fig. 7(a) also reveals that deviance from the 
normal distribution increases with increasing average 
pore size. While pore size distribution measured in the 
case of scaffolds created with the 50–100 µm salt fraction 
has an almost perfect Gaussian shape, samples with larger 
average pore sizes have increasingly asymmetric distribu-
tion functions. The distribution of the last sample (400–
500 µm) is not only asymmetric but is also bimodal. These 

Fig. 6 Comparison of the 3D surface and the reference plane in (a) z = 1; (b) z = 2; and (c) z = 3 positions, as well as the result of the comparison carried 
out in (d) z = 1; (e) z = 2; and (f) z = 3 positions. (g) demonstrates the cumulative and differential curves that can be calculated from the results of surface 

analysis. The calculation was performed on a scaffold created from a 100–200 µm fraction of the pore former and a 3 m/m% solution of the polymer
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deviations shed light on the uncertainty inherent to the 
computational method demonstrated in Fig. 6. Despite all 
the shortcomings and limitations of the DOM-based pore 
size analysis, we found its application advantageous for 
multiple reasons. It can be performed rapidly; it is non-de-
structive and, most importantly, offers a straightforward 
method for the quantitative characterization of the correla-
tion between the particle size of the pore former and the 
average pore size of the scaffold (see Fig. 7(b)).

The results presented in Fig. 7 can be compared to exper-
imental data found in the literature. For instance, Gentile 
et al [49] developed scaffolds for cultivating eukaryotic cell 
cultures and utilized computer tomography (µ-CT) for the 
three-dimensional reconstruction of the porous samples. 
From the 3D data, the authors calculated the pore size dis-
tributions and presented the distribution functions along-
side the three-dimensional micrographs [49]. The article 
reports pore sizes that range from 50 to 200 µm, whereas 
the maximum of the distribution functions varies between 
126 and 175  µm. These values indicate that results that 

originate from µ-CT analysis align well with our data cal-
culated for scaffolds created by using 50–100 µm and 100–
200 µm fractions of the pore former.

Besides the coherence between our results and those 
available in the literature, we also would like to draw 
attention to an important tendency outlined by the regres-
sion curve presented in Fig. 7(b). The average pore size 
plotted on the vertical axis of Fig. 7(b) does not equal the 
position of the maximum of the peaks in Fig. 7(a) because 
the distribution functions are asymmetric to varying 
extents. We have found that plotting the averages (instead 
of the locations of the maxima) outlines a stronger cor-
relation. Accordingly, for the modeling and prediction of 
the pore size of the scaffolds, the average pore sizes will 
be used; see Fig. 7(b). Fig. 7 also suggests that the correla-
tion between the independent and dependent variables is 
strong, but nonlinear. Thus, the calculation of the regres-
sion is carried out with an exponential function; see the 
gray regression curve in Fig. 7(b) and Eq. (2).

D a es
b D c

p� � �� �� �
1 , 	 (2)

where Ds and Dp refer to the average pore size of the scaf-
fold (hence the 's' index) and the average particle size of the 
pore former (hence the 'p' index). a, b, and c are regression 
parameters that depend on the characteristics of the poly-
mer and the solvent. In the case of our experiments, car-
ried out with PHB-HV and chloroform, a, b, and c were 
calculated to equal 548.5 µm, 0.01107 1/µm, and 3.411 (–), 
respectively. Besides a mere graphical representation of 
a positive correlation, Fig. 7(b) also proves that the average 
pore size of the scaffold can be controlled by varying the 
particle size of the pore former. Furthermore, by modeling 
the positive correlation (see Eq. (2)), the average pore size 
of the scaffold can also be predicted. The procedure of pre-
diction is as follows. First, a pore former is to be selected, 
e.g., fractions of sodium chloride. Then, the particle size of 
the pore former ( Dp ) is to be substituted into Eq. (2). With 
the help of the regression parameters (a, b, and c) already 
calculated and submitted above, the right-hand side of 
Eq.  (2) can also be computed, which equals the targeted 
value, i.e., the average pore size of the scaffold.

4 Conclusions
Although the fabrication of scaffolds from microbial poly-
esters is challenging, the technical difficulties can be elim-
inated. A possible way of circumnavigating the road-
blocks of method development is based on the utilization 

Fig. 7 Normalized distributions (a) and their averages plotted against 
the particle size of the pore former (b)

(a)

(b)
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of techniques that are introduced but sparsely applied in 
the field of tissue engineering. The method we propose 
relies on the concept of salt leaching, which, despite its 
potential, saw limited use for the purpose of scaffold cre-
ation from microbial polyesters. The results of our stud-
ies demonstrated that the implementation of this concept 
facilitates the production of scaffolds that are superior to 
their counterparts created with conventional techniques. 
Unlike scaffolds created with 3D printing, the ones pre-
sented in our paper have especially high porosity (>90%). 
Methods based on foaming or lyophilization yield scaf-
folds that often suffer from low permeability. In contrast, 
the scaffolds presented here were shown to have both high 
porosity and excellent permeability. Exceptionally high 
porosity and permeability could lead to poor mechanical 
performance. However, the measured mechanical proper-
ties allowed us to conclude that these products are capable 
of withstanding considerable mechanical stress. We have 
also proven that the technology is robust and works even 
with neat microbial polyesters, as opposed to electrospin-
ning. As a last conclusion, we would like to highlight that 
with the help of our new computational method relying on 

the 3D surface data reconstructed by the DOM, the approx-
imation of the pore size distribution also became possible. 
The success of these calculations has opened up new pos-
sibilities. For example, the quantitative characterization of 
the correlation between the particle size of the pore for-
mer and the average pore size of the scaffold can now be 
performed rapidly. Thus, our experimental procedure not 
only allows the control of the average pore size of the scaf-
fold, but also facilitates the modeling and prediction of this 
parameter.
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