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Macropores in tissue engineering scaffolds provide space for vascularization, cell-proliferation and
cellular interactions, and is crucial for successful tissue regeneration. Modulating the size and density of
macropores may promote desirable cellular processes at different stages of tissue development. Most
current techniques for fabricating macroporous scaffolds produce fixed macroporosity and do not allow
the control of porosity during cell culture. Most macropore-forming techniques also involve non-
physiological conditions, such that cells can only be seeded in a post-fabrication process, which often
leads to low cell seeding efficiency and uneven cell distribution. Here we report a process to create
dynamic hydrogels as tissue engineering scaffolds with tunable macroporosity using stimuli-responsive
porogens of gelatin, alginate and hyaluronic acid, which degrade in response to specific stimuli including
temperature, chelating and enzymatic digestion, respectively. SEM imaging confirmed sequential pore
formation in response to sequential stimulations: 37 �C on day 0, EDTA on day 7, and hyaluronidase on
day 14. Bovine chondrocytes were encapsulated in the Alg porogen, which served as cell-delivery
vehicles, and changes in cell viability, proliferation and tissue formation during sequential stimuli
treatments were evaluated. Our results showed effective cell release from Alg porogen with high cell
viability and markedly increased cell proliferation and spreading throughout the 3D hydrogels. Dynamic
pore formation also led to significantly enhanced type II and X collagen production by chondrocytes. This
platform provides a valuable tool to create stimuli-responsive scaffolds with dynamic macroporosity for a
broad range of tissue engineering applications, and may also be used for fundamental studies to examine
cell responses to dynamic niche properties.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Culturing cells in three dimensions (3D) has been shown to
induce cellular behavior that more closely mimics in vivo scenario
[1e3]. Hydrogels are attractive scaffolds for 3D cell culture and
tissue engineering due to their tissue-like water content, inject-
ability, and tunable properties [4e6]. Extensive efforts have been
made to control various cues of hydrogels including biochemical,
physical and topographical cues, for the purpose of promoting
desirable cellular processes and subsequent tissue formation [7].
Macropores within hydrogels are important microstructures that
promote tissue formation by facilitating diffusion, cell proliferation,
migration, and extracellular matrix (ECM) production.
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Various platforms have been developed to create macroporous
structures within 3D tissue engineering scaffolds, including 3D
printing [8], stereolithography [9e11], polymer phase separation,
lyophilizing [12,13], gas foaming [14], and porogen leaching using
salt, emulsified droplets, or polymeric microspheres [15e19].
Despite the breath of available technology for creating macro-
porosity in 3D scaffolds, several challenges remain before they can
be applied broadly for tissue engineering applications. First, most
methods developed so far only allow fabricating scaffolds with
preformed, fixed porosity. However, different macropore size and
density may be desirable at different stages of tissue development.
While low porosity is preferred for initial structural stability
and protection of transplanted cells, increased porosity over time
is important to accommodate efficient blood vessel ingrowth, nu-
trients diffusion, as well as creating space for cell proliferation
and matrix production [20,21]. Scaffolds made from biodegradable
polymers [22e24] allow increasing porosity over time, but
neering scaffolds with stimuli-responsive macroporosity formation,
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lack direct control over the timing and degree of macropore-
formation in accordance with the stages of tissue formation. Sec-
ond, current methods to fabricate macroporous scaffolds often
involve fabrication conditions that are too harsh for cells to survive,
such as excess heat [16,17], extreme pressure [12,14], non-
physiological salt concentration [15], or use of organic solvents
[16,17]. Therefore, cells can only be seeded onto the prefabricated
macroporous scaffolds, which often leads to low cell seeding effi-
ciency and non-uniform distribution. More recent work has re-
ported co-encapsulating of cells and non-cytotoxic porogens, which
allowed more controlled cell distribution [18,19]. However, these
platforms do not allow dynamic macropore formation and often
lead to limited cell migration due to the trapping by hydrogels.

To overcome the aforementioned limitations, here we aim to
develop a process that allows dynamic formation of macropores in
cell-laden hydrogels in a stimuli-responsive manner (Fig. 1). We
hypothesize that embedding multiple types of stimuli-responsive
porogens in hydrogel scaffolds will lead to sequential formation
of macropores within hydrogels, and such sequential pore forma-
tion will enhance cell proliferation and ECM production over time.
To test our hypotheses, we fabricated type-B gelatin hydrogels
containing three types of microspherical porogens based on type-A
gelatin (Gel-A), alginate (Alg), and glycidyl-methacrylated hyal-
uronic acid (GMHA) (Fig. 1A), which have been widely used as
biomaterials for tissue engineering applications [25e28]. These
porogens degrade in response to specific stimuli including tem-
perature (37 �C), small-molecule chelating, and enzymatic diges-
tion, respectively. The potential of using such porogens as cell-
Fig. 1. Schematic of sequential macropore formation in cell-laden hydrogels using stimul
hyaluronic acid respectively. (A) Forming cell-laden hydrogels by mixing three different ty
Removing porogen 1 to facilitate mass transfer; (C) Removing porogen 2 to release cells
proliferation and deposition of extracellular matrix.
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delivery vehicles was examined by encapsulating neonatal bovine
chondrocytes (BACs) in alginate-based porogens to offer cells initial
protection, while releasing them in a stimuli-responsive manner.
Hydrogels containing multiple porogens were exposed to multiple
stimuli in a stage-wise manner to promote nutrient diffusion
(Fig. 1B), release encapsulated cells into macroporous space
(Fig. 1C), and create space for further cell proliferation and tissue
formation (Fig. 1D). Scaffold morphology was examined using
scanning electron microscopy and fluorescence imaging. Cell
viability, proliferation and tissue formation during sequential
stimuli treatments were also evaluated at multiple time points.

2. Materials and methods

2.1. Materials

Type-A and type-B gelatin, triethylamine, glycidyl methacrylate, alginate so-
dium salt (medium molecular weight), Fluorescein-5-EX N-hydroxysuccinimide
ester (NHS-fluorescein), hyaluronidase, lecithin surfactant, and paraformaldehyde
were purchased from SigmaeAldrich (St. Louis, MO). Hyaluronic acid sodium salt
was purchased from Lifecore Biomedical (Chaska, MN). 4-(2-hydroxyethoxy)
phenyl-(2-hydroxy-2-propyl) ketone, or Irgacure 2959 (Ir2959), was supplied from
Ciba Specialty Chemistry (Basel, Switzerland). Ethylenediaminetetraacetic acid
(EDTA) and disodium citrate were purchased from Fisher Scientific International
(Hampton, NH). All materials were used as received.

2.2. Synthesis of methacrylated Type-B gelatin (GelB-MA)

To make photocrosslinkable gelatin hydrogels, methacrylate end groups were
introduced onto Type B gelatin as previously reported [25]. Briefly, type-B gelatin
(GelB) (10 g) was dissolved in 100 mL DPBS under 50 �C, and methacrylic anhydride
i-responsive porogens. Porogens 1, 2 and 3 are made of type-A gelatin, alginate, and
pes of porogens in 3D gelatin solution, with cell pre-encapsulated in porogen 2; (B)
and facilitate cell proliferation; and (D) removing porogen 3 to promote further cell
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(20 mL) was slowly added under constant stirring at 1000 rpm. The reaction
continued for 3 h at 50 �C. Crude product of GelB-MAwas extracted by dripping the
solution into acetone (3L), which precipitated GelB-MA and removed excessive
methacrylic anhydride and by products. The GelB-MA was purified by dialysis in DI
water, lyophilized, and stored at �20 �C until use.

2.3. Synthesis of methacrylated hyaluronic acid (GMHA)

Methacrylated hyaluronic acid (HA) was synthesized as previously reported
[28]. In brief, hyaluronic acid (HA) sodium salt (5 g, average MW ¼ 65,000) was
dissolved in DI water (180 mL). Triethylamine (37.5 mL) and glycidyl methacrylate
(35.5 mL) were added to methacrylate the hydroxyl groups of HA. The solution was
stirred overnight at room temperature. GMHA was collected by precipitating
the solution in 20-fold volume of acetone in the presence of NaCl crystals (10 g).
The GMHA was purified by dialysis in DI water, lyophilized, and stored at �20 �C
until use.

2.4. Fabricating stimuli-responsive porogens

GelA (10% wt/v) was dissolved in DPBS at 40 �C to form GelA solution. Lecithin
was dissolved in olive oil to a final concentration of 3% wt/v. To form gelatin mi-
croparticles, the olive oil containing lecithin (15mL) was heated to 40 �C and stirred
at 700 rpm in a 20 mL beaker, and GelA solution (3 mL) was added drop-wise into
the stirred olive oil to form awater-in-oil-phase emulsion. After 10 min, the stirring
speed was lowered to 200 rpm, and the emulsion was cooled to 4 �C by ice bath for
30 min. The cooling led to formation of GelA microparticles in olive oil. The GelA
microparticles were collected by gentle centrifuge, washed five times by PBS, and
stored at 4 �C. To fabricate GMHA porogens, GMHA precursor solutionwas prepared
by dissolving GMHA (10 wt%) and Ir2959 (0.05 wt%) in PBS. The olive oil with
lecithin (15mL) was added to a 20 mL beaker and stirred at 700 rpm, and the GMHA
hydrogel precursor (3 mL) was added by drops into the stirred olive oil to form a
water-in-oil-phase emulsion. To create GMHA hydrogel microparticles for porogen,
the emulsionwas exposed to ultraviolet light (365 nm, 4mW/cm2) for 10min under
stirring, which polymerized GMHA and turned the emulsified droplets into
hydrogel microparticles. The microparticles were collected and washed five times
by PBS before stored at 5 �C. To prepare porogen from alginate, alginate dissolved
in DPBS (2% w/v, 10 mL) was added drop-wise into the olive oil containing lecithin
(30 mL) under constant stirring at 1000 rpm for 10 min to form a water-in-oil
emulsion. The emulsion was then rapidly mixed with aqueous solution of
CaCl2 (1% w/v, 40 mL), which crosslinked alginate molecules into spherical
microparticles. The Alg-Ca microparticles werewashed five times by PBS and stored
at 5 �C until use.

2.5. Fabricating hydrogels with multiple stimuli-responsive porogens

GelB-MA hydrogel precursor for the non-dissolving part of scaffold was pre-
pared by dissolving GelB-MA (20 wt%) and Ir2959 (0.05 wt%) in PBS. Each type of the
porogen microparticles (GelA, Alg-Ca, or GMHA) were rinsed three times by the
GelB-MA precursor, and concentrated by removing excess GelB-MA precursor
through a 70 mm nylon mesh, forming a porogen paste. To prepare the dynamic
scaffolds with one type of porogen (mono-porogen scaffold), each porogen paste
was molded (3 mm thick, 5.8 mm in diameter) and exposed to ultraviolet (UV) light
(365 nm and 4 mW/cm2) for 5 min, which crosslinked GelB-MA and turned the
porogen paste into a hydrogel packed with porogen microparticles. To create a
scaffold that contains three types of porogens (tri-porogen scaffold), the porogen
pastes were mixed by equal volumes and was crosslinked following the same
molding and exposure steps.

2.6. Stimuli-responsive pore-formation

2.6.1. Pore-formation in mono-porogen scaffolds
To study the effects of individual type of porogen (GelA, Alg-Ca, and GMHA) on

macropore formation, hydrogels containing mono-porogens were treated by
different stimuli. The scaffold with GelA porogen was incubated in PBS overnight at
37 �C. The scaffold with Alg-Ca porogen was incubated for 2 h in a DPBS solution of
8 mM EDTA (8 mM) and disodium citrate (12 mM). The scaffold with GMHA porogen
was incubated at 37 �C for 3 h in PBS with hyaluronidase (300 units/mL), which
cleaved the b-N-acetylhexosamine-[1/4] glycosidic bonds in hyaluronic acid [29].
After each treatment, the scaffold was rinsed by DI water five times and fluo-
rescently labeled by NHS-fluorescein (15 mg/mL in PBS). Scaffold morphology after
the porogen removal was examined using a Zeiss fluorescence microscope and a
Hitachi S-3400N variable pressure scanning electron microscope (VP-SEM).

2.6.2. Sequential pore-formation in tri-porogen scaffolds
Tri-porogen scaffolds were prepared and treated by the stimuli in a sequential

manner: incubation in 37 �C PBS overnight, incubation in EDTA/disodium citrate
solution for 2 h, and incubation in 37 �C hyaluronidase solution for 3 h. Samples
were collected after each treatment and scaffold morphology was examined using
VP-SEM.
Please cite this article in press as: Han L-H, et al., Dynamic tissue engi
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2.6.3. Characterizing scaffold morphology using scanning electron microscopy
To prepare for SEM imaging, all samples were incubated in PBS at 37 �C

overnight and rinsed by DI water. The hydrated samples were then placed into the
SEM chamber and gradually cooled from room temperature to �25 �C as the
chamber pressure reduced from 1 atm to 50 Pa, following a P/T curve at which water
maintains liquid phase. The samples were imaged under electron-beam intensity at
15 kV and a working distance around 7 mm.

2.7. Cell activities in the scaffolds with dynamic pore-formation

2.7.1. Harvesting and culturing bovine articular chondrocytes (BAC)
Hyaline articular cartilage was dissected from the femoropatellar groove of two

stifle joints from a three-day old calf (Research 87, Marlborough, MA). The cartilage
was sliced into thin pieces and digested in high glucose DMEM containing 1 mg/mL
of collagenase (type II and type IV), 100 U/mL penicillin and 0.1 mg/mL streptomycin
for 48 h at 37 �C. Digested suspension was filtered through a 70 mm nylon mesh,
washed in DPBS and centrifuged at 460 g for 15 min for three times before plating.
The bovine articular chondrocytes (BACs) were expanded in chondrocyte culture
medium containing high glucose DMEM,10% (v/v) fetal bovine serum,10 mM HEPES,
0.1 mM nonessential amino acid, 0.4 mM L-proline, 50 mg/mL ascorbic acid, 1 mM

sodium pyruvate, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Passage 2 BACs
were used for subsequent experiments.

2.7.2. Encapsulating BACs in Alg-Ca porogens
Passage 2 BACs were suspended at 5million cells per mL in DMEM containing 2%

(w/v) sodium alginate. To encapsulate BACs in Alg-Ca porogens, alginate solution
containing BACs was ejected at 0.5 mL/min using a syringe pump into sterile salt
solution containing CaCl2 (1% w/v) and NaCl (0.9% w/v) under stirring (500 rpm).
The resulting cell-containing Alg-Ca porogens were incubated in chondrocyte cul-
ture medium at 37 �C for 1 day before being incorporated into the tri-porogen
scaffolds.

2.7.3. Dynamic macropore formation and controlled delivery of BACs in tri-porogen
scaffolds

Three types of porogens were mixed together by equal volume, molded and
exposed to UV light (365 nm, 4 mW/cm2) for 5 min. All samples were divided into 3
groups (n ¼ 16/group) with exposure to stimuli for single, dual, or tri-porogen
removal. All groups received the removal of GelA porogen by overnight incubation
at 37 �C at day 0. Group 2 received additional Alg-Ca porogen removal (2 h in EDTA/
disodium citrate) on day 7, and group 3 received both Alg-Ca and GMHA porogen
removal by EDTA treatment at day 7 followed by hyaluronidase (3 h) treatment on
day 14. To enhance cell viability, the solutions of EDTA/disodium citrate and hyal-
uronidase were prepared in DMEM. After each treatment, all samples were rinsed in
fresh culture medium for 15 min for five times to remove the stimuli reagents and
dissociated porogen components.

2.7.4. Cell proliferation and morphology
On day 1, 8, 15 and 21, a slice (0.2 mm thick) was collected from the center of

scaffolds from each group for live/Dead staining (Invitrogen) following manufac-
ture’s protocol. On day 21, scaffolds from each group were fixed in 4% para-
formaldehyde overnight and stored in 70% ethanol at 4 �C until processed. Scaffolds
were then embedded in paraffin and cell morphology was examined using H&E
staining. For immunostaining, enzymatic antigen retrieval was performed using 0.1%
trypsin at 37 �C for 15 min, followed by blocking buffer treatment consisting of 2%
goat serum, 3% BSA and 0.1% Triton X-100 in 1XPBS. Sections were then incubated in
rabbit polyclonal antibody to collagen type II and X (Abcam) overnight at 4 �C and
secondary antibody (Alexa Fluor 488 goat anti-rabbit, Invitrogen) incubation for an
hour at room temperature. Nuclei were counterstained with DAPI mounting me-
dium (Vectashield) and images were taken with a Zeiss fluorescence microscope.
Sections were also stained with all reagents without primary antibody for negative
controls. Cell density and collagen deposition were quantified by calculating the
average fluorescence intensity per pixel using open-source program ImageJ.

2.8. Statistics

All quantitative datawere expressed asmean� standard error andwere verified
by analysis of variance using student T-Test with equal variance. P values (two-tails)
of less than 0.05 were considered statistically significant, and p values less than
0.005 were considered statistically highly significant.

3. Results

3.1. Stimuli-responsive pore-formation in mono-porogen scaffolds

Three types of stimuli-responsive porogens were fabricated
based on type-A gelatin (Gel-A), methacrylated hyaluronic acid and
alginate (Fig. 2AeC). When suspended in PBS, the diameter of the
neering scaffolds with stimuli-responsive macroporosity formation,



Fig. 2. (AeC) Experimental scheme for fabricating three types of stimuli-responsive porogens; (D) Co-encapsulating three types of porogens into photocrosslinkable gelatin
hydrogels; (E) Step-wise macropore formation in gelatin hydrogels using stimuli specific for each porogen removal.
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porogen beads range about 150e250 mm for GelA porogen, 200e
300 mm for Alg-Ca porogen, and 100e200 mm for GMHA porogen.
Upon mixing with 20% GelB-MA solution, the size of GelA and
GMHA porogens remained roughly the same while the Alg-Ca
porogen microparticles shrank down to 50e100 mm. Upon expo-
sure to corresponding individual stimulus, hydrogel scaffolds with
mono-porogen formed macroporosity as shown by the fluores-
cence imaging and scanning electron microscopy (Fig. 3). Such
macropores were highly interconnected and resembled the shapes
of porogen microparticles. The GelA porogens resulted in smooth
internal surfaces with micron-scaled mesh (Fig. 3AeB), and such
Fig. 3. Morphology of mono-porogen containing scaffold after porogen removal as shown by
removal of porogens based on type A gelatin (Gel-A) (A, B); alginate-calcium (Alg-Ca) (C, D
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microporosity was also observed in GelB hydrogels containing no
porogen (not shown). In contrast to GelA porogen, Alg-Ca and
GMHA porogens producedmacropores with granulated and fibrous
microstructures (Fig. 3CeF).

3.2. Sequential macropore formation in tri-porogen scaffolds

To examine the efficacy of dynamic macropore formation, tri-
porogen scaffolds were prepared (Fig. 2D) and treated by the
stimuli in a sequential manner (Fig. 2EeH): incubation in 37 �C PBS
overnight, incubation in Ethylenediamine tetraacetic acid (EDTA)/
fluorescence imaging and scanning electron microscopy. Scaffold morphology after the
) and hyaluronic acid (HA) (E, F). Scale bars: 100 mm.

neering scaffolds with stimuli-responsive macroporosity formation,



Fig. 4. Scanning electron microscopy of tri-porogen-based scaffolds upon sequential porogen removal: (A) Illustration; (B) Type A gelatin porogenwas removed by 37 �C incubation;
(C) Alginate-calcium porogen was removed by EDTA/disodium citrate; and (D) Hyaluronic acid porogen was removed by hyaluronidase. Scale bars: 200 mm.
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disodium citrate solution for 2 h, and incubation in 37 �C hyal-
uronidase (HAdase) solution for 3 h.

Treating tri-porogen scaffolds by a series of stimuli led to
sequential macropore formation (Fig. 4). Macropores began to
emerge from the scaffold upon the removal of GelA porogen by
Fig. 5. Cell viability and morphology in hydrogels containing three types of porogens over 2
porogen removal (EDTA D7) and tri-porogen removal (EDTA D7 þ HAdase D14). Scale bars
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temperature change (25e37 �C) (Fig. 4B). The macroporosity level
at this stage was low and the pores were only slightly inter-
connected, as most of scaffold volumewas still occupied by the Alg-
Ca and GMHA porogens. Upon EDTA treatment, the macroporosity
increased markedly with the dissolution of Alg-Ca porogens
1 days. Three groups were examined including single porogen removal (control), dual
: 100 mm.
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(Fig. 4C). HAdase treatment led to further increase in porosity with
the removal of GMHA porogens (Fig. 4D), which formed highly
macroporous scaffold with great interconnectivity.

3.3. Cell proliferation and ECM production in tri-porogen scaffolds

3.3.1. Effects of sequential macropore formation on cell proliferation
To examine the effect of dynamic macropore formation to 3D

cell culture, the aforementioned tri-porogen scaffolds were pre-
pared with BACs laden Alg-Ca porogen, and treated by the stimuli.
Compared to the control scaffold without exposure to EDTA and
HAdase, sequential treatments (EDTA on day 7 and HAdase on day
14) led to much higher BAC proliferation over three weeks (Fig. 5).
On day 1, the BACs from all groups were still in the Alg-Ca porogen
andmaintained spherical morphology (not shown). On day 8, slight
cell spreading started to emerge in all groups (Fig. 5AeC). By day 15,
the two groups treated by EDTA (Fig. 5E, F) showed extensive cell
spreading and dramatically enhanced cell density close to conflu-
ence, whereas minimal cell spreading and growth was observed in
the control group (non-treated) (Fig. 5D). Similar trend was
observed in all groups by day 21 (Fig. 5GeI).

3.3.2. Effects of sequential macropore formation on extracellular
matrix (ECM) deposition

H&E staining and immunofluorescence staining were per-
formed to examine cell and ECM morphology at day 21 (Fig. 6).
Compared to the control group, groups treated with EDTA on day 7
Fig. 6. Histology of chondrocyte-laden hydrogels containing three types of porogens by day 2
type-X collagen. Scale bars: 100 mm (Inset: 15 mm).
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performed higher cell density and more extensive ECM deposition.
Group receiving further HAdase treatment at Day 14 showed
further increase in cell density and ECM production, with extensive
amount of type II and type X collagen deposited throughput the
scaffold.

Quantifications based on the immunostaining showed that the
increase in cell density and ECM production in response to dynamic
pore-formation was statistically significant (Fig. 7AeC). By day 21,
the cell density in the two groups treated with EDTA was compa-
rable and 1.5 fold higher than the non-treated group (p < 0.005)
(Fig. 7A). Groups treated with EDTA showed 31% more type II
collagen compared to the control group (p < 0.05), and
EDTAþHAdase led to further increased collagen II deposition (95%)
(Fig. 7B). Similarly, these two groups showed w1e2 fold higher
type X collagen deposition compared to the control (p < 0.001)
(Fig. 7C). Tri-porogen removal (EDTA þ HAdase) led to higher
amount of collagen deposition compared to the group treated with
dual porogens removal (EDTA), but the difference was not statis-
tically significant.

4. Discussion

Here we report the development of a platform for introducing
dynamic macroporosity in cell-laden hydrogels using stimuli-
responsive porogens. Sequential exposure to multiple stimuli
(temperature, small chelating molecules, and enzyme) led to
gradual formation of interconnected macropores throughout 3D
1. (AeC) H&E staining, (DeF) immunofluorescence staining of type II collagen, and (G-I)

neering scaffolds with stimuli-responsive macroporosity formation,



Fig. 7. Quantified cell density and matrix deposition in chondrocyte-laden hydrogels
based on immunofluorescence staining. (A) Cell density; (B) Amount of Type-II
collagen; (C) Amount of type-X collagen. (Error bars: standard deviation;
*: p < 0.005; **: p < 0.001).
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scaffolds. We have chosen biomaterials commonly used for tissue
engineering applications (gelatin, alginate, and hyaluronic acid) to
fabricate the porogens, and the process is non-cytotoxic. Sequential
porogen removal led to the significantly enhanced cell proliferation
and ECM production compared to the control scaffold with fixed
macroporosity. Our data also demonstrated that such porogens may
also be used as cell-delivery vehicles for temporal cell release in 3D
scaffold. The macropores created by porogen removal are highly
interconnected and the size of macropores can be tuned by modu-
lating the diameter of porogens. We have created macropores about
one order of magnitude larger than the size of cells, which can be
advantageous for tissue formation by facilitating vascularization, cell
proliferation, and production of ECM components. The surface
topography of macropores can be further tuned by the porogen
material of choice, which may be a result of charge interactions
between the different polymers (Fig. 3DeF). Given that topograph-
ical cues also play an important role in regulating cell behavior,
choosing porogens materials that produce desirable topographical
cues may also be exploited to promote cell behavior that is sensitive
to the micro- or nano-structures in hydrogels [30e33].

To examine the effects of dynamic pore-formation on cell pro-
liferation and ECM deposition in 3D, we have chosen neonatal
bovine chondrocytes as a model cell type and encapsulated chon-
drocytes in Alg-Ca porogens, followed by mixing with two other
porogens to form a tri-porogen based scaffold. Prior to the exposure
of EDTA, the BACs maintained its density and morphology,
Please cite this article in press as: Han L-H, et al., Dynamic tissue engi
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suggesting that BACs remained trapped in Alg-Ca porogens.
Following EDTA exposure at day 7, Alg-Ca porogen was dissolved
and the chondrocytes proliferated and reached confluency within a
week. In contrast, chondrocytes in the control group without EDTA
exposure showed minimal cell proliferation and spreading
throughout the culture period. The ECM production by the chon-
drocytes (type II and type X collagen) was significantly enhanced by
Alg-Ca porogen removal, and was further enhanced by 50% with
additional GMHA porogen removal (Fig. 7A, B). Given that higher
collagen deposition correlated with BAC aggregation (insets of
Fig. 6DeI), the enhanced production of type II and type X collagen
may be contributed by the increased level of cellecell contact
following GMHA porogen removal (Fig. 5). Removing Alg-Ca
porogen alone led to enhanced cell proliferation and spreading,
which reached confluence by day 15 (Figs. 5 and 7). Together, these
results demonstrate several advantages of the platform developed
herein in comparisonwith previously reported macropore-forming
methods. First, dynamic pore-formation allows the temporal con-
trol of cell-releasing and the pace of cell proliferation and ECM
production, which can be applied to promoting desired cell pro-
cesses at different stages of tissue development. Recently, several
groups have demonstrated co-encapsulating cells and non-
cytotoxic porogens for macropore formation in situ [18,19], but
these methods do not allow controlled cell-releasing nor dynamic
pore-formation. Second, our process is non-cytotoxic and allows
more homogeneous cell distribution, which is important to
mediate cell viability and the tissue-forming efficiency in 3D.

One challenge associatedwith porogens removal is the potential
decrease in scaffold mechanical property, which will be particularly
important for engineering weight-bearing tissues such as bone and
cartilage. This may be overcome by controlling the timing of stimuli
exposure for pore-formation in accordance with the pace of cell
proliferation and ECM production, such that the decrease in scaf-
fold mechanical strength can be compensated by the newly formed
tissues [34]. An alternative strategy is to incorporating fibrous
materials [35], such as PLGA microfibers in the scaffold, which may
enhance scaffold rigidity. While here we demonstrated an example
using hydrogel-based scaffolds, such dynamic pore-formation
strategy may also be combined with other scaffolds, in which the
mechanical property can be dominated by the mechanical strength
of the scaffold of choice, and the dissolution of stimuli-responsive
porogens may not cause significant changes in the bulk mechani-
cal property.

Using gelatin, Alg-Ca, and GMHA as model porogens, here we
demonstrated the concept of dynamic macropore formation as well
as the potential of controlling macroporosity in a temporal manner
to facilitate cell proliferation and tissue formation. This platform
may be further extended by exploiting other materials as porogens
that can be degraded using different stimuli such as hydrolysis,
MMP-sensitive peptides [36] or photo-degradation [22].

5. Conclusion

In summary, here we report a process to create 3D hydrogels
with dynamically tunable macroporosity using stimuli-responsive
porogens including type-A gelatin, alginate and hyaluronic acid.
Upon exposure to specific stimuli at multiple time points, highly
interconnected macropore formationwas observed throughout the
3D hydrogels and such stimuli-responsive porogens can also serve
as cell-delivery vehicles for temporal cell release within 3D scaf-
folds. Our results showed effective cell release from Alg porogen
with high cell viability, and sequential macropore formation led to
markedly increased cell proliferation and extracellular matrix
production by chondrocytes throughout the 3D scaffolds. The
platform reported herein provides a valuable tool to create dynamic
neering scaffolds with stimuli-responsive macroporosity formation,
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tissue engineering scaffolds to facilitate desirable cellular fate
processes and tissue formation in a stimuli-responsive manner. It
may also be utilized as a valuable in vitro model for fundamental
studies to examine cell responses to dynamic niche properties such
as loss of biochemical or physical cues, which is often found in
various diseases progression processes.
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