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Abstract.
Porogen leaching is a widely used and simple technique for the
creation of porous scaffolds in tissue engineering. Sodium
chloride (NaCl) is the most commonly used porogen, but the
current grinding and sieving methods generate salt particles
with huge size variations and cannot generate porogens in the
submicron size range. We have developed a facile method
based on the principles of crystallization to precisely control
salt crystal sizes down to a few microns within a narrow size
distribution. The resulting NaCl crystal size could be controlled
through the solution concentration, crystallization
temperature, and crystallization time. A reduction in solution
temperature, longer crystallization times, and an increase in

salt concentration resulted in an increase in NaCl crystal sizes
due to the lowered solubility of the salt solution. The
nucleation and crystallization technique provides superior
control over the resulting NaCl size distribution (13.78 ±
1.18 μm), whereas the traditional grinding and sieving
methods produced NaCl porogens 13.89 ± 12.49 μm in size.
The resulting NaCl porogens were used to fabricate scaffolds
with increased interconnectivity, porous microchanneled
scaffolds, and multiphasic vascular grafts. This new generation
of salt porogen provides great freedom in designing versatile
scaffolds for various tissue-engineering applications.
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1. Introduction
Tissue engineering is a multidisciplinary field that aims to pro-
vide therapeutic treatments to maintain, restore, or replace
damaged or diseased tissues, and may one day provide bet-
ter alternatives for whole organ transplantation [1],[2]. Within
the past decade, monumental strides have been made in the re-
generation of various tissues such as skin [3], bone [4], cartilage
[5], tendons [6], ligaments [7], liver [8], cardiac tissues [9], blood
vessels [10], esophagus [11], adipose [12], renal [13], lung [14],
and neural tissues [15]. One of the principal methods behind
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tissue engineering involves growing relevant cells into a three-
dimensional (3D) tissue or organ. However, cells alone lack the
ability to grow into 3D orientations that are similar to the na-
tive tissues. Therefore, the preferred multidimensional cellular
growth is achieved by seeding the desired cells onto porous
matrices, known as scaffolds, which serve as a temporary ex-
tracellular matrix (ECM) during new tissue formation [16]. This
temporary ECM is not only responsible for defining the 3D archi-
tecture of the construct, but also plays a large role in regulating
cellular phenotype and functional properties through the dy-
namic interplay between the cells and ECM structure [17]. Thus,
by mimicking the native ECM and serving as a temporary suit-
able microenvironment for initial cell attachment and 3D tissue
formation, the scaffold has become a very important component
of the tissue engineering paradigm with its ability to influence
cellular behavior and ultimately determine the success of the
tissue-engineered construct [18].

The requirements for tissue engineering scaffolds are mul-
tifaceted and tissue specific. In general, tissue engineering scaf-
folds should be biocompatible in that cell attachment, differenti-
ation, and proliferation should all be promoted while minimizing
the host foreign body response to the implanted construct [19].
Scaffolds should also degrade to match the rate of new tissue
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formation, and precisely match the mechanical properties of
the surrounding tissues to avoid compliance mismatch, which
has been shown to be a major cause of implant failure [20].
In addition to biological and biomechanical performance, the
scaffold must also possess key morphological characteristics.
Scaffold morphologies should resemble the micro/nanoscale
architectures of the native ECM [21], and consist of a highly
interconnected porous network, which can encourage cellular
infiltration and allow for the proper exchange of nutrients and
metabolic waste throughout the scaffold [22],[23]. As the re-
sulting scaffold morphology characteristics are primarily deter-
mined by the fabrication method used to create them, intense
research focus has now shifted toward developing new fabrica-
tion methodologies to control the scaffold pore size [24], shape
[25], porosity [26], and interconnectivity [27] for various tissue
engineering applications.

For example, thermally induced phase separation (TIPS)
methods have been extensively studied and rely on the princi-
ple that a solvent’s effectiveness will decrease when introduced
into a nonsolvent or when the temperature of the system is low-
ered [28],[29]. Although the creation of pore sizes in the range
of nanometers [30] to a few micrometers [31] can be obtained,
the phase separation technique cannot produce pore sizes in
the upper micrometer size range, which limits its use in appli-
cations involving skin or bone where the required pore sizes
are 20–400 μm [32]. Thus, phase separation techniques must
be combined with other methods such as porogen leaching to
be realized in a wider variety of applications [33]. Another fre-
quently used method in the fabrication of porous scaffolds for
tissue engineering is a foaming process technique [34], which
utilizes foaming agents such as water [35], carbon dioxide [36],
nitrogen [37], or fluoroforms [38] as expanding substances to
generate pores. Although the foaming method is relatively in-
expensive and a wide range of pore sizes (30–700 μm) [39] can
be obtained, this process is generally plagued by the creation
of “dead” or closed-pore structures leading to very low levels of
interconnectivity [40]. The foaming technique, similar to phase
separation methods, must be combined with porogen leaching
techniques to increase porosity and interconnectivity [41].

Other methods developed to precisely control the result-
ing scaffold pore size and shape rely on a computer-aided de-
sign (CAD) data set [42]. For example, rapid prototyping [43],
solid freeform fabrication [16], 3D printing [44], shape depo-
sition manufacturing [45], fused deposition modeling [46], se-
lective laser sintering [47], and stereolithographic principles
all use a step-by-step, layer-by-layer construction mechanism
to fabricate scaffolds with highly reproducible and precisely
controlled porosities, interconnectivity, pore sizes, and pore
shapes. However, these methods are restricted in terms of
the resolution of the engineered machine tools used (200–
500 μm) [48], lengthy fabrication times [49], costly/complex
fabrication methods, small final scaffold sizes (0.4–3.5 cm3)
[50], and the demand for specific scaffold material properties
[51]. Another established process for the fabrication of tissue
engineering scaffolds is an electrospinning process, which pro-
duces fibers in the micrometer or nanometer scale by electrically
charging a suspended droplet of polymer solution. Nonwoven
two-dimensional (2D) fiber meshes can be constructed into 3D

fibrous meshes with a wide range of pore size distributions
and porosities with a high surface area-to-volume ratio [52].
However, similar to phase separation methods and techniques
utilizing CAD designs, the electrospinning process places a de-
mand for specific scaffold material properties, which limits the
scope of these fabrication methods to select biomaterials [51].
For example, low-molecular-weight biodegradable elastomers
such as poly(octanediol citrate) (POC) [53], poly(octamethylene
maleate anhydride citrate) [54–56], and poly(glycerol sebacate)
[57] cannot be used in these methods to fabricate porous scaf-
folds.

Unlike the previous methods mentioned above, porogen
leaching, also known as solution casting/particulate leaching,
is a widely used, facile, convenient, and cost-effective method
that can be applied with a wide range of polymers to introduce
porosity into tissue engineering scaffolds [58]. This method in-
volves the casting of a polymer/porogen solution followed by
solvent evaporation and removal of the incorporated porogen
through aqueous washing methods. Various porogens, includ-
ing sodium chloride (NaCl) [59], paraffin spheres [60], sugar
crystals [61], gelatin [62], and polymers [63], have been suc-
cessfully used to fabricate porous structures. NaCl is perhaps
the most widely used porogen, but the wide variations of pore
sizes, lack of interconnectivity, irregular pore geometry, and the
inability to produce submicron and nanoscale pore sizes have
limited the use of this porogen in current tissue engineering ap-
plications. Therefore, a convenient, cost-effective pore creation
technology to fabricate scaffolds with controlled architectures
and that can be applied to a wide range of biomaterials would
be a valuable tool for the field of tissue engineering.

Crystallization is a process that occurs naturally in the
formation of minerals and snowflakes, and has been utilized in
industrial settings for the past 30 years to produce salts, pow-
ders, and silicon crystal wafers [64]. Recent research involving
nucleation and crystallization science has been directed toward
a variety of biological applications, including protein research
[65] and the fabrication of microstructures and nanoparticles
[66]. The process of crystallization (Fig. 1A) is based upon a
change in phase of a material from a solvated state to a crystal
lattice structure due to a reduction in free energy of the solution.
As the transition from high to low free energy occurs, the solute
molecules cluster into nuclei in the nanometer scale in a process
termed “nucleation” (Fig. 1A-3). Once the nuclei reach a critical
size, the molecules of the solute rearrange into a crystal struc-
ture, and crystal growth is initiated (Fig. 1A-4) [67]. We hypoth-
esize that controlling specific parameters of the crystallization
process such as the nature of the solute, supersaturation level,
solution temperature, stirring/mixing, and crystal growth time
can potentially produce crystals with a high level of control over
the shapes and sizes for tissue engineering scaffold fabrication
[64],[67].

The rationale behind this approach is that 1) crystalliza-
tion technology can be used to generate NaCl porogens of
a controlled size with a narrow size distribution to fabricate
tissue engineering scaffolds with better control over poros-
ity and pore size; 2) crystallization technology can be used
to generate pores of a distinct shape to create scaffolds with
regular pore geometry; 3) crystallization can allow for the
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Fig. 1. (A) Schematic representation of the nucleation and crystallization process. (1) NaCl salt is combined with water and (2)
dissolved by ion dissociation. (3) Under a reduction of solution free energy, the dissociated ions are driven to form a nucleus.
(4) Upon further reduction of free energy of the solution results in crystal growth. (B) Schematic representation of NaCl
nucleation and crystallization experimental setup. (1) NaCl salt and deionized water is combined into a round bottom flask to
create a supersaturated solution. (2) The temperature of the supersaturated solution is elevated until the salt is completely
dissolved. (3) The temperature of the system is then reduced to initiate nuclei formation and crystal growth. (4) The
crystallized salt is then vacuum filtered in an oven maintained at the respective nucleation temperature, and collected from
the filter paper (5).

generation of NaCl porogens in the submicron and nanoscale
range to fabricate scaffolds with topographies that better mimic
the native ECM; 4) incorporation of the submicron NaCl with
other fabrication methods will increase the interconnectivity
of the resulting scaffold for enhanced cellular communication
and mass transport; 5) the salt generated in this technique can
be applied with microelectromechanical system (MEMS)-based
technologies to control cellular organization while providing
a means for cell communication; 6) unlike some of the previ-
ous techniques, this scaffold fabrication process used in this
technique can be applied to a wide variety of materials; and

7) this pore technology is easy, convenient, cost-effective, and
does not require the use of complex machinery, which facilitates
widespread use in academic laboratories and industry.

The aim of the present study is to explore the feasibil-
ity of using the principles behind crystallization to create NaCl
porogens, which can be used to address the limitations of pre-
vious ground and sieved porogens for various biomedical ap-
plications. We focus on characterizing the effects of various
crystallization parameters such as solution concentration, solu-
tion temperature, and crystallization time on the resulting NaCl
crystal size. To show the feasibility and future potential of this
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new pore generation technique, the resulting NaCl porogens
produced were used to increase the interconnectivity of tradi-
tional salt-leached scaffolds, and the fabrication of microchan-
neled elastomeric scaffolds and multiphasic vascular grafts.

2. Materials and methods
2.1. Materials
All materials were purchased from Fisher Scientific (Pittsburgh,
PA, USA), and all chemicals were purchased from Sigma–Aldrich
(St. Louis, MO, USA) unless specified otherwise and used as
received.

2.2. NaCl porogen fabrication
NaCl porogens were fabricated according to the schematic rep-
resentation shown in Fig. 1B. Briefly, NaCl salt (99.0% purity)
was dissolved in deionized water produced from a Direct-Q Wa-
ter Purification System (Millipore, Billerica, MA, USA) at various
concentrations above the supersaturation level at 25◦C. The su-
persaturated NaCl solution was placed in a round bottom glass
flask fitted with a magnetic pear-shaped stir bar. The flask con-
taining the supersaturated solution was then lowered into an oil
bath maintained at 115◦C. The contents were stirred at 400 rpm,
and allowed to boil under reflux. After 30 Min, the temperature
of the system was reduced to predetermined crystallization tem-
peratures and allowed to stir for predetermined crystallization
times to initiate nuclei formation and crystal growth. Following
the end of the crystallization time period, the contents of the
flask were filtered in an oven maintained at the respective crys-
tallization temperature to collect the salt crystals. Various NaCl
solution concentrations, crystallization times, and crystalliza-
tion temperatures were studied to determine the effects on the
resulting NaCl crystal size and shape.

2.3. Porogen characterization
The collected NaCl porogens were dried under vacuum, sput-
ter coated with silver, and examined under a Hitachi S-3000N
scanning electron microscope (SEM) (Hitachi, Pleasanton, CA,
USA). Image J analysis software was used to determine the salt
porogen sizes. To characterize the salt porogen geometries, 10
random locations were selected and a total of 30 measurements
(latitudinal and longitudinal widths) were recorded at each lo-
cation.

2.4. Crosslinked urethane-doped
polyester synthesis
Crosslinked urethane-doped polyester (CUPE) pre-polymers
were synthesized in two distinct steps similar to previously pub-
lished methods [68]. The first step involves the synthesis of a
pre-POC oligomer, which is chain extended by 1,6-hexamethyl
diisocyanate (HDI) in the second urethane-doping step. Briefly,
a POC pre-polymer was first synthesized by reacting a 1.0:1.1
monomer ratio of citric acid and 1,8-octanediol, respectively,
in a three-necked round bottom flask fitted with an inlet and
outlet adapter at 160◦C under a constant flow of nitrogen [53].

Once all the monomers had melted, the temperature of the
system was lowered to 140◦C, and the reaction mixture was al-
lowed to continue for 60 Min to create the POC pre-polymer.
The POC pre-polymer was then purified by dropwise precipita-
tion in deionized water. The undissolved pre-polymer was col-
lected and lyophilized for 48 H to obtain the pre-POC oligomer
(molecular weight 820 Dalton). In the second step, pre-CUPE
was synthesized through the chain extension of the pre-POC.
Pre-POC was dissolved in 1,4-dioxane (3.0 wt%), and the result-
ing solution was allowed to react with HDI in a clean reaction
flask under constant stirring at 55◦C using stannous octoate as
a catalyst (0.1 wt%).

2.5. Traditional scaffold fabrication
To fabricate traditional NaCl salt-leached scaffolds, pre-CUPE
was mixed with NaCl salt with an average crystal size in the
range of 150–250 μm in a 1:10 polymer-to-salt ratio by weight
using traditional grinding and sieving methods. The pre-polymer
solution was mixed until a viscous paste was formed. The result-
ing slurry was placed in a Teflon mold, placed in a laminar flow
hood overnight for solvent evaporation, and then transferred to
an oven maintained at 80◦C to crosslink the polymer through
the condensation of pendant citric acid COOH and OH on the
polymer backbone or branches. Next, the salt was leached out
by immersion in deionized water for 72 H with water changes
every 12 H. Finally, the resulting scaffolds were lyophilized for
36 H to remove any traces of water.

2.6. Interconnected scaffold fabrication
To fabricate traditional scaffolds with improved interconnectiv-
ity, pre-CUPE was mixed with equal amounts of NaCl salt (av-
erage crystal size in the range of 150–250 μm from traditional
grinding and sieving methods) in combination with NaCl salt
(average crystal size in the range of 1–10 μm from nucleation
and crystallization) in a 1:10 polymer-to-combined salt ratio by
weight. The pre-polymer solution was mixed until a viscous
paste was formed. The resulting slurry was placed in a Teflon
mold, placed in a laminar flow hood overnight for solvent evap-
oration, and then transferred to an oven maintained at 80◦C to
crosslink the polymer. Next, the salt was leached out by immer-
sion in deionized water for 72 H with water changes every 12 H.
Finally, the resulting scaffolds were lyophilized for 36 H to
remove any traces of water.

2.7. Porous microchanneled scaffold fabrication
Microchanneled scaffolds were fabricated similarly to previ-
ously published methods [54]. The microchannel pattern was
transferred from polydimethylsiloxane (PDMS) molds to CUPE.
Briefly, pre-CUPE was mixed with NaCl salt with an average
crystal size in the range of 1–10 μm in a 1:5 polymer-to-salt
ratio by weight using nucleation and crystallization methods.
The pre-polymer solution and salt were cast onto the PDMS
microchannel mold and placed under vacuum to remove any
air trapped in the channels. The microchannels filled with poly-
mer and salt were then transferred to an oven maintained at
80◦C to crosslink the polymer. Next, the salt was leached out by
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immersion in deionized water for 72 H with water changes every
12 H. Finally, the microchanneled scaffolds were lyophilized for
36 H to remove any traces of water.

2.8. Multiphasic small diameter graft fabrication
Briefly, 3 mm outside diameter steel rods (McMaster-Carr,
Atlanta, GA, USA) were dipped once into a dilute solution of
pre-CUPE in 1,4-dioxane (1.0 wt%). Before the solution could
dry, the rods were coated with the salt porogen created from
nucleation and crystallization methods with an average pore
size in the range of 1–10 μm. After the salt application, the rods
were coated one additional time with pre-CUPE. Following the
fabrication of the elastic membrane, a pre-CUPE solution was
mixed with NaCl salt with an average crystal size in the range of
150–250 μm in a 1:10 polymer-to-salt ratio by weight using tradi-
tional grinding and sieving methods. The polymer solution was
mixed thoroughly with the salt until a viscous paste was formed.
The resulting slurry was cast onto the steel rods, and then placed
in a laminar flow hood overnight for solvent evaporation. Once
the solvent was removed, the scaffolds were post-polymerized
in an oven maintained at 80◦C to crosslink the polymer. Next,
the salt in the tubular scaffold was leached out by immersion
in deionized water for 72 H with water changes every 12 H. The
scaffolds were removed from the steel rods by immersion in
50% ethanol. Finally, the scaffolds were lyophilized for 36 H to
remove any residual water.

2.9. Scaffold geometry characterization
To view the cross-sectional morphology, scaffold samples were
freeze fractured using liquid nitrogen, sputter coated with silver,
and examined under SEM. Image J analysis software was used to
determine the scaffold geometries. To characterize the scaffold
geometries, three random locations were selected and a total
of 30 measurements were recorded at each location.

The individual sections of the scaffold porosity were mea-
sured using the Archimedes’ Principle, similar to previously
published methods [69]. Briefly, a density bottle was used to
measure the density and porosity of the scaffold using ethanol
(density ρe) as the displacement liquid at 30◦C. The density
bottle filled with ethanol was weighed (W1). A scaffold sam-
ple of weight WS was immersed into the density bottle, and
the air trapped in the scaffold was evacuated under vacuum.
Next, the density bottle was supplemented with ethanol, filled,
and weighed (W2). The ethanol-saturated scaffold was removed
from the density bottle, and the density bottle was weighed
(W3). The following parameters of the scaffold were calculated:
the volume of the scaffold pore (VP), the volume of the scaffold
skeleton (VS), the density (ρS), and the porosity (ε). The fol-
lowing formulas for the volume mass index (VP/VS) were used
[69]:

VP = (W2 − W3 − WS)/ρe

VS = (W1 − W2 − WS)/ρe

ρS = WS/VS = WSρe/(W1 − W2 + WS)

ε = VP/(VP + VS) = (W2 − W3 − WS)/(W1 − W3)

Scaffold interconnectivity was determined with Image J
software. Briefly, the total area of a pore (At) and the area of
each micropore above 20 μm in diameter (A1, A2, A3, etc.) were
calculated. The interconnectivity index was defined as described
by previous methods [70]:

Interconnectivity Index (%)

= Total Area of Micropores ( A1 + A2 + A3 + · · ·)
Total Area ( At)

× 100

The interconnectivity index for all the different pores in the
image was calculated and an average of this value was taken
as the final value. More than 10 SEM pictures for each sample
were analyzed.

2.10. Statistical methods
Data were expressed as the mean ± standard deviation. The
statistical significance between two sets of data was calculated
using a two-tail Student’s t-test. Nonparametric one-way anal-
ysis of variance tests were also performed where appropriate.
Data were taken to be significant when a P<0.05 was obtained.

3. Results and discussion
A new generation of NaCl porogen was created to address the
limitations of previous porogen leaching designs. The princi-
ples behind nucleation and crystallization science were used as
a means to produce NaCl crystals with control over the resulting
porogen shape and size within a narrow size distribution, which
is not possible using the current grinding and sieving meth-
ods. By controlling the free energy of the NaCl solution through
the supersaturation concentration and nucleation temperature,
various NaCl shapes and size distributions were created, which
can be used in a wide variety of tissue engineering scaffold
applications, where the pore size, porosity, and interconnectiv-
ity need to be precisely controlled to meet the tissue-specific
requirements for proper regeneration.

Scanning electron microscope images for NaCl porogens
nucleated at various concentrations at a fixed crystallization
temperature (95◦C) are shown in Figs. 2A–2C. The results
show that the resulting NaCl porogen shape could be con-
trolled through the solubility of the NaCl. At a lower concen-
tration (0.36 g/mL), the NaCl porogens were spherical in mor-
phology (Fig. 2A). As the concentration of the NaCl increased
(0.37 and 0.38 g/mL), the resulting NaCl crystals were rhom-
boidal and cuboidal in geometry, respectively. The resulting
NaCl porogen geometry was ultimately dictated by the solu-
bility, or concentration of the supersaturated solution, which
ultimately affected the crystal growth. As the NaCl nuclei are
initiated through the reduction of free energy (temperature re-
duction), the porogen shapes become spherical in shape. Using
the same conditions, a further reduction in free energy through
the increased supersaturated concentrations initiated the crys-
tal growth phase, resulting in the rhomboidal and final cuboidal
geometries.

The resulting NaCl porogen size could also be controlled
through the nucleation temperature. Figures 2D–2I show the
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Fig. 2. SEM images of NaCl salt crystallized at different conditions to show control over porogen shape. (A) At higher solubility
(0.36 g/mL), NaCl crystals take on spherical crystal morphology. As the solubility decreases (0.37 g/mL), NaCl crystals then
take on a rhomboidal morphology (B), and result in a final cuboidal morphology (0.38 g/mL) (C). SEM images of NaCl salt
crystals crystallized at (D) 90◦C, (E) 85◦C, (F) 80◦C, (G) 70◦C, (H) 60◦C, and (I) 50◦C to show control over porogen size (salt
concentration 0.38 g/mL).

SEM images of NaCl porogens nucleated at 90◦C, 85◦C, 80◦C,
70◦C, 60◦C, and 50◦C at a fixed concentration of 0.38 g/mL. The
results show that as the nucleation temperature was reduced,
the resulting NaCl crystal increased in size due to the reduction
in free energy of the solution. The salt sizes produced ranged
from 2.59 ± 0.90 μm at 90◦C up to 95.39 ± 11.46 μm at
50◦C (Fig. 3A). As the results show, the resulting NaCl porogen
size can be precisely controlled within a narrow range to meet
the needs for specific tissue engineering applications where
the pore sizes must be consistent. Although the results show
a maximum size of 106 μm, increased sizes can be obtained
by lowering the nucleation temperature. Salt sizes as small as
461.56 ± 98.86 nm can be produced when nucleated at 99◦C
at 0.38 g/mL, showing the ability to produce porogens in the
nanoscale range.

Adjusting the supersaturation concentration can also con-
trol the NaCl porogen size. Figure 3B shows the results from the
NaCl porogen study in which the supersaturation concentration
was increased from 0.30 up to 0.39 g/mL with a fixed nucleation
temperature of 80◦C. As the supersaturation concentration was
increased from 0.30 to 0.39 g/mL, the resulting porogen size

increased from 5.74 ± 0.57 to 68.23 ± 5.49 μm, respectively.
In addition, the nucleation time was also controlled to evaluate
the effects on NaCl crystal size. Figure 3C shows a correlation be-
tween the increased nucleation time and resulting crystal size.
Thus, similar to using the temperature to control the porogen
size, the concentration of the supersaturated solution and crys-
tallization time can be used as an additional method to fine-tune
the NaCl size within a narrow range.

When compared with traditional grinding and sieving
methods to produce NaCl porogens, the nucleation and crystal-
lization technique provides superior control over the resulting
size distribution. Figure 4A shows the SEM images of NaCl pro-
duced after being sieved through a 50 μm sieve, and ground
using a coffee grinder to produce even smaller porogen sizes.
We believe that the method will produce the smallest porogen
sizes possible in normal laboratory settings without the use of
expensive equipment. Figure 4B shows the SEM images of NaCl
nucleated at a concentration of 0.33 g/mL and 80◦C. The re-
sults show that the grinding and sieving methods produce NaCl
porogens 13.89 ± 12.49 μm, whereas the nucleation and crys-
tallization method produced NaCl porogens 13.78 ± 1.18 μm
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Fig. 3. Resulting NaCl crystal sizes obtained by crystallizing at various (A) nucleation temperatures (salt concentration
0.38 g/mL), (B) NaCl concentrations (nucleation temperature 80◦C), and (C) nucleation times (salt concentration 0.37 g/mL
and nucleation temperature 80◦C).

Fig. 4. SEM images of (A) traditional sieved and ground NaCl, (B) crystallized NaCl at a concentration of 0.33 g/mL at 80◦C, and
(C) graphical representation of the sieved and ground salt versus salt obtained from the nucleation and crystallization
methods. No significant difference in NaCl crystal size was seen (P > 0.05); however, crystallization provides better control
over the size variations.

(Fig. 4C). No significant difference in the mean size was seen
between the two methods due to the large size distribution
of the grinding method (P > 0.05). However, the nucleation
and crystallization method allows for the generation of porogen
sizes with a narrow size distribution, which will be beneficial
in creating tissue engineering scaffolds with uniform pore sizes
throughout the construct.

Tissue engineering scaffolds produced by traditional salt
leaching methods typically are plagued by the presence of
“dead” pores, which hinder cell–cell communication, mass
transport, and cell infiltration. Figure 5A shows a SEM image
of a CUPE 1.2 scaffold prepared using traditional salt leaching
methods. Figure 5B shows the pore structure, which reveals
the closed walls and dead pores. The interconnectivity index of
the scaffold was measured as 2.98 ± 0.67%. When NaCl poro-
gens produced from the nucleation and crystallization methods
were incorporated with the traditional salt leaching methods,
the interconnectivity was greatly improved. Figures 5C and 5D
show the SEM images from CUPE 1.2 scaffolds created using
both traditional and nucleation techniques to prepare scaffolds
with improved interconnectivity with the potential for enhanced
cell–cell communication and mass transport, which play a large

role in the overall success of a tissue engineering scaffold. For
example, studies have shown that the reciprocal interactions
from the cell–cell communication between endothelial cells and
mesenchymal stem cells have shown promise in generating
vascularized bone–tissue engineering constructs [71]. Scaffolds
created from this method showed an interconnectivity index of
19.17 ± 2.91%, which shows a great improvement over the pre-
vious traditional scaffold fabrication technique (P < 0.01). The
pore morphology of the interconnected scaffolds also shows
microscale and nanoscale topographies, which can be benefi-
cial in reproducing surfaces that better mimic the native ECM
for enhanced cell adhesion and differentiation. As the pore in-
terconnectivity is an important aspect and plays a large role in
the success of tissue engineering scaffolds, future research will
focus on the use of alternative approaches such as mercury in-
trusion porosimetry [72], 3D microtomography [73], or 2D image
analyses [74] to provide an improved quantification evaluation
of the pore interconnection.

The nucleation and crystallization porogen method al-
lowed for the fabrication of uniform porogen sizes smaller
than traditional methods, which can be used in MEMS-based
tissue-engineering applications. MEMS technologies have
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Fig. 5. SEM images of crosslinked urethane-doped polyester (CUPE) scaffolds prepared using only sieved 150–250 μm salt
(A) 100 × and (B) 250 × to show the presence of dead pores. SEM images of CUPE scaffolds prepared using 150–250 μm salt
in combination with crystallized submicron NaCl porogens to increase scaffold interconnectivity (C) 200 × and (D) 600 × .
Cross-sectional SEM images of CUPE (E) porous microchanneled scaffolds and (F) multiphasic small diameter vascular grafts
using submicron salt obtained from the nucleation and crystallization method.

recently been used with hydrogels and biodegradable elas-
tomers to fabricate 3D structures with the ability to control
cell adhesion, cell morphology, and create microvasculature
using the physical cues of the construct to influence cell be-
havior [75–77]. Porous microchanneled MEMS scaffolds offer
unique advantages in that cells can be evenly seeded onto
the channels, the seeded scaffolds can be stacked together to

form complex heterogeneous tissue constructs, the submicron
porosity of the scaffold can allow for cell communication without
cell migration into different layers, and the microchannel space
can allow for nutrient supply through culture medium perfu-
sion and influence cell organization by aligning the cells using
contact guidance [78]. However, the introduction of submicron
pores into MEMS-based scaffolds for cell communication while
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preventing cell migration has been primarily accomplished us-
ing TIPS techniques [79]. Figure 5E shows the SEM image of
porous microchanneled CUPE 1.2 scaffolds using MEMS-based
techniques in combination with nucleation and crystallization
pore generation methods. Through this new pore generation
technique, submicron porosity can now be introduced into
MEMS-based techniques. Although only CUPE was used as the
material to fabricate porous scaffolds in this study, the nucle-
ation and crystallization pore generation technique can poten-
tially be applied to a wider selection of available materials to
accommodate for the strict requirements of engineering various
tissues.

We have also shown the fabrication of novel small diame-
ter grafts using the nucleation and crystallization pore genera-
tion technology for vascular tissue engineering. To recreate the
stratified cellular architecture of native vessels, we have pro-
posed the fabrication of anatomically correct multiphasic small
diameter grafts. As shown in Fig. 5F, we have constructed vas-
cular grafts with two distinct layers: 1) a microporous luminal
permeable elastic membrane to promote graft endothelializa-
tion while allowing for cell communication and 2) a porous tunica
medial layer for smooth muscle and fibroblast cell proliferation.
We believe that a small diameter vascular graft created with
this type of distinct layered architecture will better mimic the
native vessel anatomy to potentially improve graft function. In
native blood vessels, endothelial cells and smooth muscle cells
influence each other via the signaling molecules secreted by
both cell types [80–84] through the internal elastic lamina. The
failure of previously developed vascular grafts has been cor-
related with the lack of a functional endothelial luminal layer
due to inappropriate luminal topographies, which result in graft
thrombosis and neointimal hyperplasia [85]. The microporous
luminal layer created using the nucleation and crystallization
methods will provide the topography necessary for endothelial
cell adhesion and proliferation while allowing for endothelial
and smooth muscle cell communication. This scaffold fabrica-
tion method in combination with nucleation and crystallization
pore generation technology provides a new avenue to fabricate
complex heterogeneous porous scaffolds with different porosi-
ties, pore sizes, pore shapes, and interconnectivity among each
layer to accommodate for specific cell types in the regeneration
of multicellular tissues such as skin, blood vessels, liver, pan-
creas, and cartilage where the compartmentalization of different
cell types is necessary [49],[86],[87].

4. Conclusion
A new generation of NaCl porogen has been developed for tis-
sue engineering scaffold fabrication using the principles behind
nucleation and crystallization science. This new porogen tech-
nology provides a facile, convenient, more precise, and cost-
effective method over traditional sieving and grinding tech-
niques to generate NaCl porogens within a narrow size range,
which can be applied to a wide variety of biomaterials. The sub-
micron NaCl porogens created using this new technique were
used to fabricate porous and elastic multiphasic small diameter
vascular grafts and microchanneled scaffolds for potential use in

soft tissue engineering applications. This new pore generation
technique may serve as a powerful tool and add to the current
repertoire of tissue engineering scaffold design methods.
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