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Abstract
Porous biodegradable scaffolds have many applications in bioengineering, ranging
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from cell culture and transplantation, to support structures, to induce blood vessel
and tissue formation in vivo. While numerous strategies have been developed for the
manufacture of porous scaffolds, it remains challenging to control the spatial organization of the pores. In this study, we introduce the use of the granular convection
effect, also known as the muesli or brazil nut effect, to rapidly engineer particulate
templates with a vertical size gradient. These templates can then be used to prepare
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scaffolds with pore size gradients. To demonstrate this approach, we prepared templates with particle size gradients, which were then infused with a prepolymer solu-
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tion consisting of the pentaerythritol ethoxylate (polyol), sebacoyl chloride (acid
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chloride), and poly(caprolactone). Following curing, the template was dissolved to
tuned depending on the size range of the particulates used. The application of these
scaffolds was demonstrated using pancreatic islets, which were loaded via centrifugation and retained within the scaffold's pores without a decrease in viability. The proposed strategy provides a facile approach to prepare templates with spatially
organized pores that could potentially be used for cell transplantation, or guided tissue formation.
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I N T RO DU CT I O N

2014a), as carriers for the implantation of cells (Bencherif et al., 2015;
Sittinger, Hutmacher, & Risbud, 2004), or as reservoirs for the delivery

Porous, biodegradable scaffolds offer many attractive structural and

of active compounds (Kim, Knowles, & Kim, 2004b). An important

chemical features for tissue engineering applications. In particular,

consideration in all of these applications is the porosity of the scaf-

scaffolds have been extensively employed to induce subcutaneous

fold. For instance, the pore shape and size has been shown to be criti-

blood vessel recruitment (Sussman, Halpin, Muster, Moon, & Ratner,

cal for the infiltration of macrophages in subcutaneously implanted
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scaffolds, and therefore, the ability to modulate foreign body
responses (Sussman, Halpin, Muster, Moon, & Ratner, 2014). In certain applications, it is desirable to have a hierarchical distribution of
pore sizes or porosity gradients to reproduce natural geometries and
features. For example, articular cartilage presents a number of gradients in cell number and size, as well as structural gradients in the
extracellular matrix (ECM) composition. Therefore, Di Luca et al.
(2016) investigated the differentiation of human mesenchymal stromal cells on 3D printed scaffolds with a step gradient in pore sizes,
which lead to an increase of chondrogenic markers and compact ECM
formation in comparison to nongradient scaffolds. Sherwood et al.
(2002) also demonstrated that 3D printed scaffolds with complex
porous and compositional gradients could be used to maximize chondrocyte ingrowth while maintaining optimal mechanical properties.
Thus, porous scaffolds for which the pore distribution can be controlled offer possibilities to create gradients that could mimic natural
tissue architectures (Sant, Hancock, Donnelly, Iyer, & Khademhosseini,
2010), or to organizing cells or cell spheroids within the scaffold for
cell delivery applications (Miao & Sun, 2010).
The porosity of implantable scaffold can be generated through different techniques, including gas forming (Ozcelik et al., 2014), porogen
leaching (Ozcelik et al., 2018; Park et al., 2015), cryofreezing (Kumara, Mishraa, Reinwaldb, & Bhata, 2010), and more recently 3D printing
(Armstrong, Burke, Carter, Davis, & Perriman, 2016; De France, Xu, &

S C H E M E 1 Illustration showing the fabrication of ordered porous
scaffolds using particle size gradient templates, and their loading with
pancreatic islets; sucrose particles were added to a microcentrifuge
tube and vortexed to enable self-organization through granular
convection to provide the template, to which a polymer precursor
solution was added via centrifugation and allowed to cross-link.
Subsequently, the sugar was dissolved in water leaving a pore size
gradient scaffold that was loaded with human pancreatic islets

Hoare, 2018). Each technique has its advantages and disadvantages, as
well as being suited for the production of scaffolds with particular pore

and self-organization of table sugar (i.e., sucrose) porogen particles. By

size ranges and microarchitectures (Hollister, 2005; Miao & Sun, 2010;

employing granular convection effects observed for particles of differ-

Seidi, Ramalingam, Elloumi-Hannachi, Ostrovidov, & Khademhosseini,

ent sizes, we conveniently organized sieved sucrose crystals into a size

2011). While gas forming reactions allow for the rapid creation of highly

gradient within a container, thus forming an organized porogen tem-

interconnected porous scaffolds in a single step, the pore size and spatial

plate, which could be used to prepare replica scaffolds (Grossman,

distribution of the pores is often difficult to control. An alternative tech-

1997; Wibowo et al., 2016). Under mechanical agitation, particles of

nique that enables the spatial control of large pores and thus the formation

various sizes undergo size segregation and self-organize into a size gra-

of pore size is 3D printing, which has been used to prepare templates and

dient with the bigger particles emerging on top through granular con-

scaffolds from thermoplastic materials (Di Luca et al., 2016; Di Luca,

vection effects, also commonly referred to as the muesli effect or Brazil

Szlazak, et al., 2016; Sherwood et al., 2002). In contrast, particulate packing

nut effect. This phenomenon can occur for several reasons, and the

(i.e., porogen leaching) approaches employ soluble particles that can be

exact mechanism is dependent on the type of mechanical motion

later removed without impacting the characteristics of the scaffold, and

(Elperin & Golshtein, 1997; Liao & Hsiau, 2016; Liffman, Metcalfe, &

provide access to lower pore sizes as compared to 3D printed templates.

Cleary, 1997; Maurel, Ballouz, Richardson, Michel, & Schwartz, 2017;

The porogen particles are generally packed together to form a template

Pastor, Maza, Zuriguel, Garcimartín, & Boudet, 2007; Rehman, Wu, Li,

and the scaffold precursor solution is poured into the channels formed

Zhang, & Wang, 2016). The potential application of the resulting scaf-

between the particles. The scaffold precursor is then allowed to cure

folds for tissue engineering was then investigated through loading with

before the template is washed away. As the pore size of the resulting scaf-

human pancreatic islets, which could be used for their potential trans-

fold is related to the size of the porogen particles, this approach allows

plantation (Scheme 1). As part of this preliminary study, the optimal

efficient control of the scaffold pore size (Annabi et al., 2010). Previously it

pore size and pore size gradient were identified, and the cytotoxicity of

has been demonstrated that automated deposition techniques can be

the scaffold was assessed on mouse and human pancreatic islets.

used to organize the porogen particles into size step-gradients, allowing
the fabrication of scaffolds with pore size gradients (Zhang, Lu, Kawazoe, &
Chen, 2013). However, such deposition techniques can be time-consum-

2

M A T E R I A L S A N D M ET H O D S

|

ing, and require specialist and expensive equipment. Thus, there is a need
for straightforward and efficient approaches for the fabrication of scaffolds

2.1

|

Materials

with tuneable pore size gradients.
The aim of this study was to demonstrate the facile fabrication of

Poly(ε-caprolactone) diol (PCL; MW = 2000 g/mol), sebacoyl chlo-

degradable scaffolds with pore size gradients using particulate packing

ride (SC), and pentaerythritol ethoxylate (PE; MW = 797 g/mol) were
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purchased from Sigma Aldrich and used as received. Food grade

manually calculated using Image J (NIH) and the pore size distribution

sucrose was obtained from Woolworths (Australia). Dichloromethane

was calculated in Excel (Microsoft). The scaffold microarchitecture

(DCM; AR grade) and sodium bicarbonate were obtained from Chem-

and porosity were analyzed using a Xradia MicroXCT 400 micro

Supply (Australia) and used as received. Phosphate-buffered saline

tomography system.

(PBS) (pH 7.4) was made from NaCl, KCl, Na2HPO4, and KH2PO4 and
concentrated HCl obtained from Chem-Supply (Australia).

2.2.4
2.2

Methods

|

|

Mechanical testing

For mechanical testing, the porous scaffolds were manufactured in
plastic vials (10 mm diameter) to obtain cylinders. The cylindrical scaf-

2.2.1 | Fabrication of porous polyester-ether
scaffolds and pore gradient polyester-ether scaffolds

folds were tested on an EZ-LX mechanical tester (Shimadzu, Japan)
with a 10 mm platen at a stroke rate of 1 mm/min, using a 50 N load
cell. The strain–stress curves were recorded, and the compressive

Sucrose crystals were milled (Fritsch, Germany) to obtain a fine pow-

elastic moduli were calculated directly in the Trapezium X software

der, which was sieved (Fritsch, Germany) to obtain sucrose particles

(Shimadzu, Japan).

with size ranges of between 100–150, 150–230, 230–400, and
400–600 μm. To prepare porous polyester-ether (PPE) scaffold templates, sucrose particles with a specific pore size range (300 mg) were

2.2.5

|

MIN6, MS1, and 3T3 cell culture

weighed into microcentrifuge tubes (1.5 ml), centrifuged (5000 rpm,
2 min), fused in a sealed humid chamber at 60 C for 6 hr, and dried

MIN6 (ThermoFisher Scientific), MS-1 (ATCC CRL-2279), and 3T3

under vacuum (0.5 mPa) for 24 hr. The same procedure was used to

(ATCC CRL-1658) cells were cultured in high-glucose Dulbecco's

prepare pore gradient polyester-ether (PGPE) scaffold templates, with

modified Eagle's medium (Sigma) supplemented with 15% vol/vol fetal

the exception that the microcentrifuge tubes were vortexed for 2 min

bovine serum, 2.5% vol/vol 1 M HEPES (Gibco), 1% vol/vol glutamax

(1000 rpm) prior to centrifugation. To prepare the PPE and PGPE

(Gibco), 1% vol/vol penicillin/streptomycin (Thermo Fisher), and

scaffolds, precursor solutions were freshly prepared, and 1 ml was

1% vol/vol β-mercaptoethanol solution (5 μl/L, Sigma). Once conflu-

immediately added on top of the fused templates and centrifuged at

ent, cells were trypsinized with a solution of 0.05% trypsin/EDTA

15,000 rpm for 10 min. The precursor solutions consisted of PE

(Sigma Aldrich).

(1.43 g, 1.79 mM) and SC (0.85 g, 3.54 mM) in DCM (2 ml) for PPE0
scaffolds, PE (1.28 g, 1.61 mM), SC (0.85 g, 3.54 mM) and PCL (0.14 g,
0.07 mM) in DCM (2 ml) for PPE10, and PE (1.07 g, 1.34 mM), SC
(0.85 g, 3.54 mM) and PCL (0.36 g, 0.18 mM) in DCM (2 ml) for PPE25

2.2.6 | Resazurin assay for determination of
scaffold cytocompatibility

and PGPE25 scaffolds. The template and scaffolds were removed from
the microcentrifuge tube directly after centrifugation and immersed in

The cytocompatibility of PGPE25 was assessed by quantifying the

5 mM NaHCO3 (50 ml) solution for 24 hr. The solution was changed

number of viable MIN6, MS-1, or 3T3 cells using a resazurin assay

every 2 hr after the first hour until the seventh hour. The amount of

(Sigma-Aldrich). The cells were seeded in 12 well plates at a density of

sucrose in the solution was measured using a refractometer (Mettler

2 × 105 cells/ml in 2.5 ml of cell culture medium in each well. The cells

Toledo 30PX). The scaffolds were then vacuum dried (0.1 mbar) for

were incubated for 24 hr at 37 C in contact with PGPE25, which flo-

16 hr at room temperature to obtain the dehydrated porous scaffold.

ated on top of the cell medium. The cell culture medium was then replaced in each well with 250 μl of a stock solution of resazurin
(1.5 mg/ml) and 2.5 ml of media. The well plates were placed in the

2.2.2

|

Swelling and degradation studies

incubator at 37 C for 1 hr. Finally, the fluorescence was recorded on
a Biotek Synergy HT plate reader (Winooski, VT). Each sample was

Preweighed scaffolds (~165 mg) were submerged in PBS solution (50 ml)

tested in triplicate. The results were expressed in percentage of cell

and incubated at 37 C under static conditions. Each week the pH of the

survival relative to cells incubated in media in the absence of PGPE25

solutions was measured and the scaffolds were weighted and placed in

(100% viability).

fresh PBS solution. The change of mass of the scaffolds and pH of the
solution was calculated using three replicates for each scaffold formulation.

2.2.7
2.2.3

|

Pore size measurement

|

Human islet isolation and culture

Human islets were obtained through the isolation center at the St
Vincent's Institute (Melbourne, Australia), with appropriate human

The dehydrated porous scaffolds were longitudinally cut and imaged

ethics approval from the Human Research Ethics Committee (HREC)

using a Gemini SEM (Zeiss, Germany). The pore sizes were then

at St Vincent's Hospital, Melbourne (protocol number: HREC-011-04).
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A human pancreas was obtained, with informed consent for

nonporous polyester-ether (NPE) scaffolds (25 mol% PCL) or in

research from the next of kin, from a heart-beating, brain-dead

PGPE25 conditioned media (obtained from incubating PGPE25 [50 mg]

donor. Human islets were purified by intraductal perfusion and

with complete CMRL [5 ml] for 24 hr). Subsequently, nonviable

digestion of the pancreas with collagenase followed by purification

human islet cells were stained with 0.5 μg/ml 7-aminoactinomycin D

using ficoll density gradients (Ricordi, Lacy, Finke, Olack, & Scharp,

(7AAD) (BD Bioscience), which is excluded from entering viable cells,

1988). Purified islets were cultured in Connaught Medical

and the percentages of 7AAD negative and positive islet cells were

Research Laboratories (CMRL) 1066 medium (Invitrogen) sup-

determined by fluorescence-activated cell sorting (FACS).

plemented with 10% human serum albumin, 100 U/ml penicillin,
100 mg/ml streptomycin, and 2 mM L-glutamine (complete CMRL),
in a 37 C, 5% CO2 humidified incubator. Fixed isolate preparations

2.2.12

|

Live/dead assays

were prepared by incubating the sample at room temperature for
30 min in 4% paraformaldehyde.

For fluorescein diacetate (FDA)/propidium iodide (PI) staining of
human islets, islets were stained with 2 μg/ml FDA and 50 μg/ml PI
from Sigma Aldrich (St. Louis, MO) in CMRL medium for 5 min in the

2.2.8

Mouse islet isolation

|

dark. Islets were subsequently imaged using a noninverted Leica
DFC295 microscope at ×10 magnification.

Mouse islets were isolated using collagenase P (Roche, Basel, Switzerland) and Histopaque-1077 density gradients (Sigma-Aldrich) as previously described (Graham et al., 2016).

3
3.1

2.2.9 | Loading of pancreatic islets in pore gradient
scaffolds

RESULTS AND DISCUSSION

|
|

Mixed pore size scaffold fabrication

Prior to making gradient pore scaffolds, the scaffold composition was
optimized using a mixed pore distribution. PPE scaffolds were prepared

The cone-shaped porous scaffolds were inserted in 1.5 ml microce-

from PE, SC and α,ω-dihydroxy poly(ε-caprolactone) (PCL) precursors

ntrifuge tubes (Eppendorf ) that had been cut at the bottom to

(Figure 1a) using a porogen leaching approach and acid chloride chemis-

allow free flow of solutions through the scaffold and out of the

try as previously described (Ozcelik et al., 2018; Ozcelik, Blencowe,

tube. The 1.5 ml tube was then inserted into a 2 ml microce-

et al., 2014). Sucrose was selected to prepare the porogen template

ntrifuge tube (Eppendorf ) to allow recovery of the flow through.

due to its biocompatibility and high water solubility (2 g/ml at 20 C)

The islet solutions were (50 islets in 0.5 ml) loaded on top of the

(Tsavas et al., 2002). To prepare the PPE scaffolds, presieved sucrose

porous scaffolds and the tubes were centrifuged at 500 rpm for

was placed in a vial and fused under a humid environment to afford the

5 min. The flow through and remaining solution on top of the

template, to which a solution of precursors was added with centrifuga-

porous scaffold were recovered for further characterization. The

tion and allowed to cure prior to washing to remove the template and

islets successfully loaded in the scaffold were recovered by cutting

afford the scaffold. Initially, PPE scaffolds were fabricated using 25 mol

the scaffold longitudinally and washing with PBS to recover the

% PCL and templates prepared from sucrose particles with a size range

loaded islets for imaging.

of 400–600 μm to determine the optimal time to remove any leachables following the curing process. As the cross-linking reaction generates hydrogen chloride, the scaffolds were placed in a 5 mM sodium

2.2.10 |
scaffolds

Quantification of human islets in the

bicarbonate solution (that was changed at regular intervals) to neutralize the acid and dissolve the sucrose template. The pH and refractive
index (RI) of the washing solutions were monitored over time. pH mea-

Determination of the islets in the scaffold, the flow through and on top

surements revealed that after an initial decrease (Figure 1b), the pH

was conducted via DNA quantification; human islets were digested into a

remained constant after 5 hr, indicating that all of the acid had been

single cell suspension using trypsin for 10 min at 37 C, and double-

neutralized. Relative to standards, the RI measurements allowed the

stranded DNA stained in hypotonic DNA fragmentation buffer as previ-

concentration of sucrose in solution to be determined (Figure 1c) and

ously described (Wali, Trivedi, Kay, & Thomas, 2015).

indicated that the concentration of sucrose leaching out from the scaffolds plateaued after 5 hr.

2.2.11

|

Human islet viability studies
3.2

|

Scaffold swelling and degradation

To assess the potential toxicity of the scaffold composition and degradation products to islet, human islets were handpicked and cultured

Previously we have shown that the incorporation of PCL into hydro-

for 3 days (37 C, 5% CO2) in complete CMRL medium on top of

philic scaffolds provides improvements in the scaffold mechanical
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F I G U R E 1 (a) Chemical structures of the scaffold precursors used
in this study. (b) pH variation (n = 3) and (c) sucrose template
dissolution (percentage of sucrose released) as a function of scaffold
washing time (n = 3)

properties, and allows the hydrophobicity to be tailored, which may
be desirable for particular cellular interactions or specific applications
(Hamid et al., 2010; Ozcelik et al., 2014). Therefore, PPE scaffolds
were prepared with various amounts of PCL (0, 10, and 25 mol%)
using templates prepared from sucrose particles with a size range of
400–600 μm to afford scaffolds designated as PPE0, PPE10, and
PPE25, whereby the subscript number refers to the mol% amount of
PCL. To study the swelling and degradation behavior of the scaffolds,
the mass change of the scaffolds was monitored when placed in PBS
solution at 37 C over a period of 7 weeks (Figure 2a). For PPE0, the
mass increased by 50% after 1 week, and then gradually decreased at

F I G U R E 2 (a) Mass variation of the PPE scaffolds in PBS over
7 weeks at 37 C relative to their initial weight (n = 3 for each
formulation). (b) pH of the PBS solution in which the porous scaffolds
were immersed over 7 weeks at 37 C (n = 3 for each formulation).
PBS, phosphate-buffered saline; PPE, porous polyester-ether

later time points. As expected, the introduction of hydrophobic PCL
segments into the scaffolds reduced the rate and extent of swelling
(Reshmi, Sundaran, Juraij, & Athiyanathil, 2017), with PPE10 and

that degradation occurs at earlier time points but was not sufficient to

PPE25 both reaching a maximum increase in mass of ~30% after

overcome the buffer capacity (OH, Kang, & Lee, 2006). While a per-

3 weeks. Degradation of the PPE scaffolds occurs through hydrolysis

ceived decrease in pH may be detrimental to cells, it is likely that the

of the ester bonds (Ozcelik, Blencowe, et al., 2014; Ozcelik, Brown,

exchange of fluids and metabolic processes in vivo would prevent

et al., 2014). As PPE0 is more hydrophilic, degradation becomes evi-

such large pH changes from occurring (Schädlich, Kempe, &

dent after 1 week with a gradual decrease in mass over the preceding

Mäder, 2014).

6 weeks, whereas a decrease in mass is not noted until after 3 weeks
for the scaffolds containing PCL; however, this does not preclude degradation occurring at earlier timepoints as swelling and degradation

3.3

|

Mechanical properties of porous scaffolds

may be occurring simultaneously. As hydrolysis of the ester bonds
generates carboxylic acid groups and degradation products containing

To investigate the effect of pore size on the mechanical properties of

acid groups, the pH of the solution was monitored over time

the scaffolds, templates were prepared using sucrose particles with

(Figure 2b). From Week 3, a significant drop in the solution pH was

different size ranges. The sucrose crystals were milled and sieved to

noted for all of the scaffolds, indicating degradation and the formation

obtain defined particle size ranges of 106–150, 150–230, 230–400,

of acid groups. Furthermore, the inclusion of PCL did not significantly

and 400–600 μm, which were used to prepare scaffolds with varying

influence the pH change and extent of degradation over the period

amounts of PCL as before. After removal of the template, the scaf-

studied. As this study was conducted in PBS solution, it is possible

folds were dried and cut to expose the longitudinal cross-sections,
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which were imaged via scanning electron microscopy (SEM) (Figure 3a
and Figure S1). From the SEM images, the average pore sizes of each
of the scaffolds were determined (Figure 3b) and were found to be
smaller than the porogen utilized to template the scaffold. This difference in size may originate from a combination of factors, including the
template fusing process which introduces interconnectivity into the
pore structure, swelling and de-swelling of the scaffold upon hydration and drying, and contraction of the scaffold when dehydrated. The
results also indicate that the pore size was similar across the different
PPE formulations, confirming that the introduction of PCL does not
alter the resulting pore size. To assess the impact of pore size and
PCL content on the mechanical properties of the scaffolds, the compressive elastic modulus (E) was measured in the dry state (Figure 3c),
and compared to NPE scaffolds. For NPE scaffolds, an increase in the
PCL content led to an increase in E from 0.3 to 0.7 MPa, which is a
similar trend to that observed in other studies (Hutmacher et al.,
2001; Ozcelik, Blencowe, et al., 2014). Compared to the nonporous
scaffolds, the introduction of porosity significantly increased the E to
~800 kPa for the porous scaffolds made with 230–400 and
400–600 μm porogen templates and >1 MPa for the porous scaffolds
prepared with 106–150 and 150–230 μm porogen templates. However, for the porous scaffolds, no differences were observed across
the different PPE formulations, suggesting that the hydrophobicity of
the scaffolds can be tailored independently of the mechanical properties. These results demonstrate that the polymer formulation does not
significantly impact the pore sizes or mechanical properties of the
porous scaffold. Therefore, PPE25 was chosen for further studies as it
displayed the least swelling and was the most robust to handle once
hydrated.

3.4

|

Porous gradient scaffolds

Porous gradient polyester-ether (PGPE25) scaffolds containing 25 mol%
PCL were fabricated using porogen templates prepared using granular
convection. To obtain templates with gradient pore size distributions
the sucrose particles (with specific particle size ranges) were placed into
microcentrifuge tubes and agitated, resulting in self-organization of the
particles. This phenomenon, called granular convection, results when
particles of varying size are subjected to vibration, inducing a fast
downward circulation of particles on the side of the container while
particles in the middle of the container are less affected (Kudrolli,

F I G U R E 3 (a) SEM images showing the porosity of the PPE25
scaffolds prepared with different porogen size ranges (calculated from
measuring >200 pores per sample). (b) Calculated mean pore size and
(c) compressive elastic moduli (E) for the different scaffold
compositions and porogen size ranges (n = 3 for each formulation).
SEM, scanning electron microscopy

2004). As the space between the wall of the container and the particles
is limited, the smallest particles are able to move downward, resulting

For scaffolds prepared with 400–600 μm porogen templates, the

in a gradient of particle sizes within the container (Wibowo et al.,

average pore size of the top, middle, and bottom sections were 342

2016). Once loaded into microcentrifuge tubes, the sucrose particles

± 108 μm, 237 ± 80 μm, and 167 ± 73 μm, respectively. This trend

(different size ranges) were vortexed to induce granular convection,

was also observed for 230–400, 150–230, and 106–150 μm porogen

followed by fusing in a humid chamber to afford the pore gradient tem-

templates. For example, scaffolds prepared with 106–150 μm

plates, which were used to prepare the PGPE25 scaffolds. The scaffolds

porogen templates had average pore sizes of the top, middle, and

were longitudinally cut and imaged via SEM (Figure S2) to determine

bottom sections of 102 ± 58 μm, 62 ± 42 μm, and 33 ± 16 μm,

the pore size distributions at three locations (top, middle, and bottom)

respectively. These measurements demonstrate that granular con-

(Figure 4), which confirmed self-organization of the particles in the pre-

vection can be utilized to efficiently arrange porogen particles into a

cursor templates via granular convection.

size gradient, and that this gradient can be transferred to induce a
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porosity gradient into a scaffold. In addition, the PGPE25 scaffold
prepared with 400–600 μm porogen template was imaged by microcomputed tomography to provide an indication of the extent to
which the pores are interconnected (Figures S3 and S4). The porosity
volume fraction for this particular scaffold was determined to
be 61%.

3.5 | Pore size optimization for pancreatic islet
loading
The transplantation of pancreatic islets for the treatment of Type-1
diabetes is currently performed via perfusion of islet suspensions into
the portal vein (Hatziavramidis, Karatzas, & Chrousos, 2013). During
this procedure, many islets die, and patients often require several
transplantations before they can become insulin independent
(Paraskevas, Maysinger, Wang, Duguid, & Rosenberg, 2000). To
improve the transplantation efficiency, one proposed strategy
involves transplantation of the islets in a scaffold to retain the cell
spheroids at the implantation site (Marchioli et al., 2015). To obtain an
optimal loading of the islets within the scaffold, the pore size of the
scaffold needs to be optimized. Bigger pores would not efficiently
capture the islets in the scaffold and smaller pores would not allow
their infiltration into the scaffold. However, this is further complicated
by the fact that the size and shape of pancreatic are inhomogeneous,
increasing the challenge of designing a porous scaffold that could
retain all the different islet sizes. For example, isolated human islets
can vary in diameter between 50 and 400 μm, with an approximate
average of 150 μm (Huang, Harrington, & Stehno-Bittel, 2018; Ramachandran, Huang, & Stehno-Bittel, 2015). A potential solution to this
problem is the porous gradient scaffolds presented herein. The pore
size gradient that can be manufactured by using the granular convection effect could help to maintain islets of varying size within the
scaffold.
First, the loading protocol (Figure 5a) was optimized with fixed
human islets that were stained with 40 ,6-diamidino-2-phenylindole
(DAPI) (Figure 5b[i]), using nongradient PPE25 scaffolds. The labeled
islets were loaded on top of the scaffold and infiltrated into the pores
by gentle centrifugation at 500 rpm for 5 min. The stained islets could
be followed by fluorescence microscopy within the scaffold pores
(Figure 5b[ii]), thus validating the loading protocol. It was also noted
that ~60% of the islets were present in the solution that flowed
through, indicating that the islets were able to transverse completely
through the nongradient scaffolds. Subsequently, fixed human islets
were loaded in pore gradient scaffolds manufactured using templates
with particle size ranges of 230–400 and 400–600 μm. The number
of infiltrated islets was quantified by measuring the DNA content as
compared to a solution of the same islet preparation and same islet
F I G U R E 4 (a–d) Pore size distribution across the top, middle, and
bottom sections of the PGPE25 scaffolds prepared with four
templates of different porogen size ranges, as measured from SEM
images (Figure S2) (calculated from measurement of >100 pores per
section). The average pore sizes across each section of the scaffolds
are provided. SEM, scanning electron microscopy

concentration (Figure 5c) and bright-field microscopy was used to
visualize the islets in the scaffold (Figure 5d). The islets remaining on
top of the scaffold (those that did not pass through the pores) and
those that had flowed completely through the scaffold following centrifugation (500 rpm, 5 min) were quantified (Figure 5d). For the
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F I G U R E 6 (a) Cytotoxicity of the PGPE25 scaffold incubated with
3T3, MIN6, and MS-1 cells after 24 hr (n = 3). Live/dead assay
staining of mouse islets after 4 days culture (b) on Petri dishes
(control), (c) loaded in the scaffold, and (d) loaded and retrieved from
the scaffold (scale bars are 100 μm)
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Cytocompatibility

The biocompatibility of a scaffold is defined by its application and
location of implantation. Previously we have demonstrated that the
PPE scaffolds are biocompatible when implanted subcutaneously in
rats (Ozcelik et al., 2018; Ozcelik, Blencowe, et al., 2014). In this study,
F I G U R E 5 (a) Islet loading protocol: (i) the bottom of a
microcentrifuge tube was cut off and (ii) the porous scaffold was
placed in the tube. (iii) The tube was then placed in a larger
microcentrifuge tube to collect any flow through and the islet
preparation was added on top of the scaffold. (iv) After centrifugation
(500 rpm, 5 min), the scaffold and flow through were retrieved for
analysis. (b) (i) Bright-field microscopy image and fluorescence
microscopy image inset of the fixed islet preparation before loading,
and (ii) fluorescence microscopy image of islets in the PPE25 scaffold
after loading (scale bars are 500 μm). (c) Quantity of human islets
retained within the scaffold compared to the amount of islets that
percolated through or remained on top of the scaffold for PGPE25
made with 230–400 and 400–600 μm porogen gradient templates,
measured as a percentage of DNA content compared to the control
(i.e., amount of loaded islets) (n = 3). (d) (i–iii) Bright-field images
showing infiltration of islets throughout the PGPE25 scaffold; yellow
arrows point toward islets encapsulated in the scaffold (scale bars
are 500 μm)

we aimed to demonstrate that the scaffolds are also nontoxic to cells
that might be used in conjunction with the scaffold, including fibroblast cells (NIH 3T3), pancreatic beta cells (MIN6), and endothelial
cells (MS-1). Therefore, the cells were incubated in contact with the
PGPE25 scaffold and the cell viability was measured after 24 hr using
a resazurin assay (Figure 6a). For all cell types, the viability remained
high (>90%) indicating that the scaffolds are cytocompatible.
In addition, the viability of mouse islets cultured for 3 days in
direct contact with PGPE25 was measured and compared to islets cultured on conventional tissue culture plastic (Figure S5). In addition, to
test the potential toxicity of the scaffold degradation products, islets
were also cultured for 3 days in culture media previously conditioned
with the scaffold. Viability was determined by staining nonviable islet
cells with 7AAD and the percentages of live cells (7AAD negative) and
dead cells (7AAD positive) were determined. The results demonstrated that direct contact with the porous scaffold or conditioned
media had no significant impact on the viability of the islets as compared to the control. These results suggest that the materials and the
method utilized for the manufacturing of the porous gradient scaf-

smaller templated pore gradient scaffold, it was evident that many of

folds afford islet compatible scaffolds.

the islets remained on top, with only ~20% infiltrating into the scaf-

The passage of cells through small openings and channels under

fold. In comparison, the larger templated pore-gradient scaffold

pressure, such as needles during injection (Aguado, Mulyasasmita, Su,

allowed ~60% islet infiltration and was therefore selected for further

Lampe, & Heilshorn, 2012) or nozzles during 3D printer extrusion

testing. For both scaffolds, negligible flow through of islets was noted,

(Blaeser et al., 2016; Forget et al., 2017), can induce shear stress on

indicating that the pore size gradient was optimal for retaining the

the cell walls that may be fatal to the cells. In this study, centrifugation

islets within the scaffolds.

(500 rpm) was used to load the islets into the scaffold's pores, and
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therefore, we also qualitatively assessed the viability of islets that had
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staining, but the majority of the islets were FDA positive (Figure 6c,d,
respectively). These results suggest that the islet viability is
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C O N CL U S I O N

In this study, we demonstrated that granular convection induced in
porogen particle templates through vortexing was a simple, convenient, and rapid approach to generate particle size gradients, and that
these gradients could be translated to replica scaffolds with a pore
size gradient. By using particles with different size ranges, it is possible to engineer scaffolds with tailored pore size gradients. For example, scaffolds prepared with 400–600 μm porogen templates had
average pore sizes of 342 (top), 237 (middle), and 167 μm (bottom),
whereas those prepared with 106–150 μm porogen templates had
average pore sizes of 102 (top), 62 (middle), and 33 μm (bottom). In
addition, scaffolds prepared with 400–600 μm porogen templates
were found to have a porosity volume fraction of 61%. This provides
the opportunity to prepare scaffolds that mimic the hierarchical structure of certain tissues without complex manufacturing strategies, and
to prepare scaffolds with specific pore size gradients for different cellbased tissue engineering applications. To exemplify the potential utility of these pore size gradient scaffolds over traditional porous (nongradient) scaffolds, we studied their application to pancreatic islet (cell
spheroid) loading. Loading of islets into the pore size gradient scaffolds via gentle centrifugation resulted in good infiltration and retention of islets (~60%), as compared to nongradient scaffolds, whereby a
significant proportion of the islets (~ 60%) traversed the scaffold altogether. Furthermore, islets loaded and cultured in the scaffolds for
4 days displayed better viability than those cultured on Petri dishes,
indicating that the loading protocol is not detrimental to the islets.
Taken together, these results demonstrate that the granular convection strategy employed to prepare pore size gradient scaffolds could
be a valuable tool for the preparation of cell-laden tissue engineering
constructs. Furthermore, this approach is also applicable to any scaffold compositions that have been employed with porogen leaching
techniques.
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