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Abstract

Human pluripotent stem cells (hPSCs) may be differentiated into any adult cell type and therefore 

hold incredible promise for cell therapeutics and disease modeling. There is increasing interest in 

three-dimensional (3D) hPSC culture because of improved differentiation outcomes and potential 

for scale up. Our team has recently described bioactive heparin (Hep)-containing core–shell 

microcapsules that promote rapid aggregation of stem cells into spheroids and may also be loaded 

with growth factors for the local and sustained delivery to the encapsulated cells. In this study, we 

explored the possibility of further modulating bioactivity of microcapsules through the use of an 

ultrathin coating composed of tannic acid (TA). Deposition of the TA film onto model substrates 

functionalized with Hep and poly(ethylene glycol) was characterized by ellipsometry and atomic 

force microscopy. Furthermore, the presence of the TA coating was observed to increase the 

amount of basic fibroblast growth factor (bFGF) incorporation by up to twofold and to extend 

its release from 5 to 7 days. Most significantly, TA-microcapsules loaded with bFGF induced 

higher levels of pluripotency expression compared to uncoated microcapsules containing bFGF. 

Engineered microcapsules described here represent a new stem cell culture approach that enables 

3D cultivation and relies on local delivery of inductive cues.

Graphical Abstract
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1. INTRODUCTION

Human pluripotent stem cells (hPSCs) are capable of unlimited proliferation and may be 

differentiated into any adult cell type.1,2 Because of these properties, hPSCs hold incredible 

potential as a source of adult cells for cellular therapies, tissue engineering, and disease 

modeling.3-5 Increasingly, the stem cell biology community has recognized both biological 

(e.g., improved differentiation outcomes) and practical benefits (e.g., scale up) of cultivating 

hPSCs in a 3D format.6-9 3D culture formats recently reported in the literature include 

hanging drop,10,11 scaffold-based 3D culture,12 as well as spheroid cultures under stirring or 

rocking conditions.13-16 Despite these published reports, there remains a need for efficient 

and cost-effective differentiation protocols.

Microcapsules represent an interesting format for encapsulation and cultivation of stem 

cells.17-20 Several reports described maintenance of pluripotency and proliferation of 

stem cells inside alginate hydrogel microbeads.21,22 More recent reports focused on 

directed differentiation of encapsulated PSCs. For example, Finklea et al. demonstrated 

the use of PEG-fibrinogen microspheres for encapsulation of PSCs and differentiation of 

cardiomyocytes.23 He et al. developed microcapsules composed of an alginate shell and a 

hyaluronic acid-enriched core and also demonstrated high-efficiency cardiac differentiation 

of PSCs.24 Our team has also been interested in the use of core–shell microcapsules for 

the cultivation and differentiation of PSCs. Previously, we demonstrated that microcapsules 

with a PEG hydrogel shell and an aqueous core may be used to (1) promote aggregation 

of encapsulated stem cells into spheroids and (2) protect encapsulated spheroids against 

mechanical agitation in a stirred bioreactor.25 Most recently, we described bioactive Hep-

containing core–shell microcapsules that may be loaded with growth factors (GFs) for local 

and sustained delivery of inductive cues to the encapsulated hPSC spheroids.26
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In the present study, we sought to further modulate physicochemical and biological 

properties of microcapsules through the use of an ultrathin coating (see Scheme 1). There 

have been a number of reports describing ultrathin coating approaches for stem cell 

cultivation and differentiation.27-31 Multilayer films of polyelectrolytes such as heparin or 

chondroitin sulfate have been used to control the loading and release of GFs for proliferation 

and differentiation of stem cells.27 In another approach, nanofilm coatings composed of 

vitronectin or fibronectin were used to mimic ECM–cell interactions and improve cultivation 

of iPSCs.30,31 We should point out that the abovementioned studies were concerned with 

direct deposition of ultrathin coatings on cells, and to the best of our knowledge, there have 

not been reports describing ultrathin coatings applied to microcapsules carrying stem cells.

We chose to employ tannic acid (TA), a polyphenol derivative composed of gallic acid 

linked to a glucose core, because of its biocompatibility and ease of deposition.32,33 The 

presence of phenyl groups in the TA structure promotes hydrogen bonding and hydrophobic 

interactions with proteins.34,35 We hypothesized that an ultrathin coating may be used to 

further modulate bioactivity of our heparin-containing microcapsules.

We first characterized film assembly, thickness, and surface morphology on a model planar 

substrate (silicon) and then proceeded to coat microcapsules. Subsequently, we characterized 

effects of TA coating on permeability and GF loading/release properties of heparin-based 

microcapsules. Finally, we demonstrated that the presence of the TA coating improved the 

pluripotency expression of encapsulated hPSC spheroids.

2. MATERIALS AND METHODS

2.1. Materials.

Sodium heparin was purchased from Smithfield BioScience (Cincinnati, OH, USA). 

Methacrylic anhydride (MA), absolute ethanol, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide, cysteamine, dithiothreitol (DTT), 35 kDa PEG, triethanolamine (TEA), 

mineral oil, Span-80, iron(III) chloride hexahydrate (FeCl3·6H2O), TA, deferiprone (DFP), 

fluorescein isothiocyanate (FITC), and bovine serum albumin (BSA) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). A 3.5 kDa Mw cut-off (MWCO) dialysis 

bag was purchased from Spectrum Laboratories (Rancho Dominguez, CA, USA). 1-

Hydroxybenzotriazole hydrate was from AnaSpec Inc (Fremont, CA, USA). 10 kDa four-

arm PEG-maleimide (PEG4MAL) was purchased from Laysan Inc (Arab, AL, USA). We 

followed previously published protocols to synthesize heparin–methacrylate (Hep–MA)26 

and heparin–thiol (Hep–SH).36,37

Passage 3 mouse embryonic fibroblasts (MEFs) (EmbryoMaxR PMEF P3, Strain CF-1, 

Untreated) were purchased from MilliporeSigma (Burlington, MA, USA). Dulbecco’s 

modified Eagle medium (DMEM), ES-FBS, penicillin–streptomycin (P/S), DMEM/F12, 

Knockout Serum Replacer (KOSR), non-essential amino acids (NEAA), GlutaMAX, 2-

mercaptoethanol, and TrypLE Express were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). AggreWell 400, Optiprep densifier, and mTeSR medium were from 

STEMCELL Technologies (Vancouver, Canada). The live/dead staining kit and donkey anti-

mouse IgG secondary antibody-Alexa Fluor 546 were obtained from Invitrogen (Waltham, 
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MA, USA). The anti-SOX2 antibody, bFGF, and an ELISA kit for bFGF were purchased 

from R&D Systems (Minneapolis, MN, USA). DAPI was from Vector Lab (San Francisco, 

CA, USA). A 100 μm cell strainer was from Cardinal Health (Dublin, OH, USA). An RNA 

extraction kit (RNeasy kit) was obtained from Qiagen (Valencia, CA, USA). The OCT 

compound was purchased from Fisher Healthcare (Waltham, MA, USA).

2.2. Maintaining and Expanding PSCs.

We used the human embryonic stem cell line H9 in this study. H9 cells were maintained 

on an irradiated MEF feeder layer. P3 MEFs were cultured and expanded for two more 

passages (P5) in a medium based on DMEM with 10% ES-FBS, 1% P/S, and 2 mM 

GlutaMAX. The cells at passage 5 were trypsinized, collected in a 15 mL conical tube, and 

then irradiated at 20 Gy to mitotically inactivate them as feeder cells. The irradiated MEFs 

were cryopreserved at a concentration of 2 × 106 cells/vial for later use.

MEFs were seeded in a six-well plate with a concentration of 3 × 105 cells/well and 

cultured for 24 h. Afterward, the MEF media were removed, and H9 cells were seeded 

at a concentration of 2 × 104 cells/well. Pluripotency media (referred to as H9 media in 

the paper) were composed of DMEM/F12, 20% KOSR, 1× NEAA, 2 mM GlutaMAX, 0.1 

mM 2-mercaptoethanol, and 100 ng/mL bFGF. Media (2 mL per well) were changed daily 

over the course of 5 days. Unencapsulated H9 spheroids were used as one of the controls 

for our study. These spheroids were created by seeding H9 cells into a commercial 3D 

culture plate (AggreWell). We previously determined that this cell concentration resulted in 

a seeding density of ~200 cells per well and produced spheroids that were comparable in 

dimensions (150 μm in diameter) to those observed inside microcapsules. H9 media (see 

above for composition) were used for cultivation of spheroids in AggreWell plates. Media 

were changed every other day.

2.3. Fabrication of Microfluidic Devices for Stem Cell Encapsulation.

We have previously described a microfluidic encapsulation system consisting of a 

filtration device located upstream of a flow-focusing capsule fabrication device.26 Detailed 

protocols for fabricating and operating this encapsulation system have been reported 

elsewhere.26,38 Briefly, a co-axial flow-focusing device for cell encapsulation was fabricated 

by polydimethylsiloxane (PDMS) soft lithography. The device consisted of a total of four 

PDMS layers that were arranged into mirrored halves, each half with structures of three 

different heights. The mirrored PDMS slabs were treated with oxygen plasma and bonded 

to create a non-planar (3D) co-axial flow-focusing device. This device had channels of three 

heights: (1) 120 μm for the aqueous core channel, (2) 200 μm for aqueous shell channels, 

and (3) 300 μm for shielding oil, cross-linker oil, and capsule collection channels. The 

filtration microfluidic device consisted of a single 50 μm tall chamber populated with 200 

μm triangle posts. The spacing between the posts varied from 400 μm at the inlet to 30 at the 

outlet.16 This device was designed to trap cell aggregates and to ensure that single cells but 

not cell clusters enter the capsule fabrication device.
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2.4. Operation of the Microfluidic Cell Encapsulation System.

Fabrication of core–shell microcapsules proceeded as follows. The co-axial flow-focusing 

microfluidic device was loaded with four different solutions: (1) core solution with 8% 

(w/v) PEG (35 kDa) and 17% (v/v) Optiprep densifier; (2) shell solution with 4% (w/v) 

Hep–MA, 8% (w/v) PEG4MAL (10 kDa), and 15 mM TEA; (3) shielding oil with mineral 

oil and 0.5% Span-80; and (4) a cross-linking emulsifier with 60 mM DTT dispersed in 

mineral oil with 3% Span-80. Each of the four solutions was filtered through 0.2 μm 

filters and loaded into syringes under sterile conditions and infused into separate inlets of 

a microfluidic device using syringe pumps (Harvard Apparatus) at the following rates: core 

(4 μL/min), shell (4 μL/min), shielding oil (50 μL/min), and cross-linking oil (60 μL/min). 

Microcapsules were then collected into a 15 mL in volume Falcon tube containing 1% BSA 

in 1× phosphate buffered saline (PBS) and incubated at 37 °C for 30 min. The capsules 

resided in the oil phase layer above the aqueous layer in the tube and slowly partitioned 

into the liquid phase. The mineral oil in the tube was aspirated, and microcapsules were 

harvested using a 100 μm cell strainer.

For cell encapsulation experiments, H9 cells were digested using TrypLE Express and 

re-suspended in the core solution at a concentration of 5 × 107 cells/mL. Flow rates of the 

core, shell, shielding oil, and cross-linker oil streams were maintained at 4, 4, 50, and 60 μL/

min, respectively. A cell suspension solution was first passed through the filter device and 

injected into the encapsulation device.26 The H9 encapsulated microcapsules were collected 

into a 15 mL tube filled with 5 mL of mTeSR medium, then distributed into a six-well plate, 

and incubated at 37 °C with 5% CO2.

2.5. Tannic Acid–Fe3+ Film (TA Film) Coating.

2.5.1. TA Film Formation on Planar Substrates.—We wanted to first use planar 

substrates to deposit and characterize TA films.39,40 Si wafers sputter-coated with a 100 

nm Au layer (10 mm × 10 mm) and surface plasmon resonance (SPR) chips (Biosensing 

Instruments) were cleaned by first immersing in isopropanol for 30 min while ultra-

sonicating and then exposed to oxygen plasma for 3 min. Subsequently, the substrates were 

immersed in a 1:2 mixture of Hep–thiol (0.5 mg/mL in 1× PBS) and PEG–thiol (1 mg/mL 

in 1× PBS) and kept overnight at 25 °C in the dark. The substrates were rinsed three times 

with 1× PBS and dried in air. To deposit the TA film, substrates containing a Hep–PEG layer 

were placed into a 5 mL centrifuge tube, and 2.4 mL of DI water was added. Then, 0.3 mL 

of both TA and FeCl3·6H2O solutions were sequentially added to adjust final concentrations 

of TA and FeCl3·6H2O in the solution to 0.4 and 0.1 mg/mL, respectively. To change the pH 

to around 7, 1 M NaOH solution was added. The solution in the tube was vigorously agitated 

for 10 s to form the TA layer. Then, the gold substrate was washed with 1× PBS three times 

to remove unbound TA and FeCl3·6H2O. The film preparation process was repeated until the 

desired number of layers was formed.

2.5.2. Coating on Hep Microcapsules with TA Film.—The protocol for depositing 

a TA film onto microcapsules was similar to the coating of a planar substrate. Briefly, 

2000 Hep microcapsules were placed in 2.4 mL of DI water in a 15 mL conical 

tube. Subsequently, 0.3 mL of TA (0.1 mg/mL) was added first, followed by 0.3 mL 
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of FeCl3·6H2O (0.1 mg/mL). We followed a previously reported protocol for TA film 

formation.39 Briefly, interactions between TA and Fe3+ ions resulted in a product that 

changed the solution color to purple. Once this color change was observed, the solution pH 

was adjusted to 7 by adding 4 μL of 1 M NaOH. This was done in order to improve the 

efficiency of the polymerization reaction. The mixture was agitated by gentle pipetting for 

10 s. Then, the Hep microcapsules were collected using a 100 μm strainer to remove the 

residual solution and were washed with 1× PBS 5–7 times while on the strainer to remove 

unbound TA and FeCl3·6H2O. The process was repeated in the exact same way to add new 

TA layers.

2.5.3. Depositing TA Film in Monolayer Cultures of hPSCs.—We envisioned the 

possibility of TA deposits not only on microcapsules but also on encapsulated cells and 

wanted to assess whether such direct deposition of TA has positive or negative effects 

on viability and pluripotency of H9 cells. For this experiment, 1 × 105 cells/well of H9 

cells were seeded on a six-well plate and maintained in H9 pluripotency media for one 

day. Subsequently, media were aspirated, and cells were exposed to 0.1 mg/mL of TA and 

FeCl3·6H2O in 1× PBS. Then, 1 M of NaOH was added to adjust the pH to neutral, and 

the solution was agitated for 10 s. The solution was removed and washed with 1× PBS five 

times. The H9 cells were cultured in H9 media for 5 days and analyzed by RT-PCR for 

expression of pluripotency markers.

2.6. Characterization of TA Coating.

2.6.1. Quantification of Thickness, Surface Topography, and the Amount of 
TA Deposited onto Model Planar Substrates and on Microcapsules.—Film 

thickness and surface topography of the TA film on a flat substrate were measured by 

ellipsometry (LSE-USB, Gaertner Scientific) and atomic force microscopy (AFM; NX-10, 

Park Systems), respectively. To quantify the amount of deposited TA, Hep–PEG-grafted Au 

substrates were prepared to contain three TA layers. Then, the substrates were immersed in 

1–50 mM of DFP aqueous solution at 37 °C for 3 days. Degradation of the film was assessed 

by making ellipsometry measurements at different time points.

The amount of TA deposited on microcapsules was quantified by UV–vis spectroscopy 

(NanoDrop One-C; Thermo Fisher Scientific) as follows. Batches of 10,000 Hep capsules 

were coated with 1, 3, or 5 layers of TA as described before. Subsequently, capsules were 

immersed in 1 mM DFP solution at 37 °C for 3 days to degrade the TA film solution. The 

solution containing the disassembled TA film was analyzed by UV–vis absorption. Because 

absorption spectra of DFP and TA overlapped in the 200–290 nm wavelength range, we 

only considered absorption peaks at 300 nm for quantitation of TA. Calibration curves 

were constructed by measuring absorbance values for TA concentrations ranging from 0 to 

125 μg/mL, TA concentrations from unknown samples were then determined using these 

calibration curves.

2.6.2. SPR Analysis of bFGF Binding to Model Surfaces.—Au-coated SPR chips 

were functionalized with the Hep–PEG or Hep–PEG/TA film as described in Section 2.5.1. 

A solution of bFGF in 1× PBS (100 ng/mL, 120 μL) was injected into the flow cell of 
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an SPR instrument at a flow rate of 20 μL/min. Binding studies were carried out using 

SPR from Biosensing Instruments with control and data analysis software (Biosensing 

Instruments Inc).

2.6.3. Microscopy Characterization of TA Film Formation on Microcapsules.
—TA layer adsorption onto microcapsules was characterized by fluorescence microscopy 

following a strategy described in the literature.39 This strategy entailed first labeling BSA 

with isothiocyanate in FITC using a standard protocol. Then, TA-coated microcapsules were 

incubated in 1 mg/mL of BSA-FITC in 1× PBS for 30 min at 37 °C. A similar protocol was 

used to visualize the presence of the TA film atop 2D cultures of H9 cells. After incubation 

with BSA-FITC and prior to fluorescence imaging, capsules or cell cultures were washed 

three times with 1× PBS. Microscopy was carried out using standard fluorescence (IX83, 

Olympus) and confocal microscopes (LSM 780, Zeiss).

2.6.4. Assessing Permeability of the Hep Microcapsule with and without the 
TA Film.—To quantify permeability, 2000 microcapsules were loaded with FITC-dextran (1 

μM in 1× PBS, either 20, 70, or 2000 kDa) for 3 h at 37 °C. Subsequently, microcapsules 

were quickly transferred into pristine 1× PBS solution and mounted onto a microscope 

(IX83, Olympus) to characterize release of fluorescent dextran. Images of microcapsules 

were analyzed using ImageJ. The same protocol was carried out for microcapsules carrying 

0, 1, or 3 layers of TA.

2.6.5. Estimating Permeability and Diffusivity of TA-Coated Microcapsules 
Using Modeling.—Diffusivity values were estimated using a custom-developed function 

in MATLAB (MathWorks). The function estimates permeability (m/s) of the dextran 

molecule across the microcapsule from the experimental intensity data normalized to the 

initial (t = 0) intensity. The MATLAB function pdepe was used to solve the dimensionless 

form of the unsteady diffusional transport equation and associated boundary and initial 

conditions

∂C′
∂t′ = 1

r′2
∂

∂r′ r′2∂C′
∂r′

Initial condition: att′ = 0, C′ = 1

Boundary conditions: atr′ = 0, ∂C′ ∕ ∂r′ = 0, atr′ = 1, ∂C′ ∕ ∂r′ = − αC′

Here, C′ = C ∕ C0, r′ = r ∕ R, t′ = tD ∕ R2, α = PR ∕ D, Ris the radius of the microcapsule (200 

μm), C0 is the initial intensity, D is the diffusivity of the dextran in the aqueous core (44, 

33, and 0.9 μm2/s for 20, 70, and 2000 kDa dextran, respectively), and P is the permeability 

of the dextran molecule in the shell. For an initial guess of the permeability value, the 

solution of the above equation yielded normalized concentration values as a function of 

the dimensionless radial position and at experimental time points. Concentration versus 

radial position data were integrated across the sphere and averaged to obtain mean intensity 

values versus time from the model. These were compared to experimental data at various 

time points, and an objective function was established using summed square values of the 
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error between the experimental data and the model estimate. The objective function was 

minimized using the MATLAB function fmincon using α as a parameter to yield an optimal 

value of dextran permeability across the shell. The MATLAB code is illustrated in the 

Appendix in detail.

2.7. Loading and Release of bFGF.

We tested two different protocols for coating the TA film and loading bFGF in Hep 

microcapsules. The “coat-then-load” protocol involved depositing the TA film first and 

loading bFGF second. This sequence was reversed for the “load-then-coat” protocol.

For the “load-then-coat” protocol, 2000 Hep microcapsules were placed into 2 mL of 100 

ng/mL bFGF solution in 1× PBS for 3 h at 37 °C. Then, the microcapsules were collected 

using a 100 μm strainer and coated with either 1 or 3 layers of TA as described above. To 

establish a rigorous control for microcapsules without TA, we imitated the coating protocol 

(washing, pipetting, etc.) but did not include TA–Fe reagents in the solution. The “coat-then-

load” protocol was carried out by first depositing 1 or 3 layers of TA onto microcapsules and 

then immersing microcapsules in the bFGF solution as described above.

To assess the release of bFGF, 2000 microcapsules were placed on a 100 μm strainer inside 

2 mL of 1× PBS in a well of a six-well plate. Capsules were moved into fresh solution of 

1× PBS at specific points in time, and the residual solution was analyzed for bFGF using 

ELISA and a microplate reader (Synergy H1, BioTek).

We also fluorescently labeled bFGF to visualize GF incorporation into microcapsules. 

Labeling bFGF with FITC was carried out using a standard protocol.41 Loading of bFGF-

FITC into microcapsules was accomplished according to the protocol described in the 

paragraph above. After loading, Hep microcapsules were moved to pristine 1× PBS and 

were imaged using a fluorescence microscope.

2.8. Depositing the TA Film onto Hep Microcapsules with Stem Cells and Assessing 
Pluripotency.

After encapsulation, H9 cells were maintained in pluripotency media (mTeSR) for 1 day 

to promote spheroid formation. Then, Hep microcapsules were transferred into H9 media 

for 24 h to load bFGF. Deposition of the TA layer was carried out as described above 

(Section 2.5.2 TA film coating on Hep microcapsules). TA-coated or bare microcapsules 

were separated into two groups based on the mode of bFGF presentation and were 

cultured for an additional 4 days. In one group, capsules were cultured in H9 media 

supplemented with bFGF. This group was called “soluble” throughout the paper. The other 

group of microcapsules was cultured in H9 media without bFGF. This group was called 

“immobilized” because encapsulated stem cells only experienced bFGF that was loaded at 

the beginning of the 5 day experiment. The same experimental groups were created for 

microcapsules that were first loaded with bFGF and then coated with TA.
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2.9. Viability and Proliferation of Encapsulated H9 Cells.

H9 cell viability was assessed using the live/dead assay, where live and dead cells emitted 

green and red fluorescence, respectively. The live/dead staining was carried out following 

the manufacturer’s protocol. Cells were imaged using a fluorescence microscope and 

quantified with ImageJ software.

We used H9 cells to quantify cell proliferation in microcapsules. The bright-field cellular 

images were acquired 1, 3, and 5 days after encapsulation. The spheroid size was assessed 

using ImageJ software.

2.10. Assessment of Pluripotency with RT-PCR and Immunofluorescence.

To examine levels of pluripotency gene expression, 2000 microcapsules containing hPSC 

spheroids were broken up by applying an electronic pestle for 5 min in the cell lysis 

buffer. Then, total RNA was extracted using a commercial kit following the manufacturer’s 

instructions. Approximately 50–60 ng of total extracted RNA was used for synthesis of 

cDNA, following the reverse transcription kit protocol (Roche). The primer sequences used 

for RT-PCR are listed in Table S1. Gene expression was verified using the QuantStudioTM 5 

System (Thermo Fisher Scientific) with SYBR Green and was normalized to glyceraldehyde 

3-phosphate dehydrogenase. The amplification procedure for real-time PCR consists of 40 

cycles of denaturation at 95 °C for 5 s, annealing at 55 °C for 15 s, and extension at 69 °C 

for 20 s. The final analysis was performed based on the threshold cycles using the ΔΔCT 

method.

For immunofluorescence staining, encapsulated or bare spheroids were fixed with 4% 

paraformaldehyde for 1 h and subsequently immersed in 30% v/v sucrose solution in 1× 

PBS for 24 h. Before cryo-sectioning, the spheroids were imbedded in the OCT compound. 

The samples were sectioned into 10 μm thick slices using a cryostat (Leica CM1950) and 

placed on a glass slide. The sectioned spheroids were then permeabilized by immersing in 

0.1% Triton X-100 in 1× PBS solution for 20 min and blocked with 2% BSA–PBS for 

1.5 h at 25 °C. Then, the slides were incubated with primary Ab—5 μg/mL of anti-Sox2 

Abs in 1× PBS and 1% w/v of BSA. Then, the slides were immersed in the solution of 

secondary Ab—2 μg/mL of donkey anti-mouse IgG and secondary antibody-Alexa Fluor 

546—and were treated for 1 h in the dark to conjugate to primary antibodies. Finally, 50 μL 

of mounting medium containing DAPI was dispensed onto sectioned spheroids and placed 

under a coverslip (170 μm; Fisher Healthcare). Imaging was assessed using an Olympus 

fluorescence microscope.

2.11. Statistical Analysis.

All experiments were performed at least in three replications. To verify the significance of 

each group in the case of more than three groups, one-way ANOVA analysis followed by 

Tukey’s post hoc was evaluated. For comparison significance between the two groups, a 

paired Student’s t-test for control and experimental data was evaluated. The significance 

was denoted as *, **, ***, and NS, which means p < 0.05, p < 0.01, p < 0.001, and 

non-significant, respectively.
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3. RESULTS AND DISCUSSION

3.1. Characterization of the TA Film.

Our team has an interest in developing microcapsules with a PEG–Hep shell and an aqueous 

core that may be loaded with GFs for local and continuous delivery to the encapsulated 

stem cells.26 In this paper, we wanted to test a hypothesis that coating a microcapsule 

with an ultrathin film may further enhance the phenotype of the encapsulated stem cells 

by either slowing down the diffusion or improving the retention of GFs. To form an 

ultrathin coating, we focused on TA—a polyphenol with a glucose core—that has been 

shown to rapidly assemble into structured thin films in the presence of metal ions such as 

Fe3+.39,40,42 TA molecules interact with Fe ions via coordination bonding and form stable 

films of defined thickness. TA is a common food additive present in green tea or wine and, 

therefore, has excellent biocompatibility.43,44 We envisioned that a TA film would overcoat a 

microcapsule as shown in Figure 1A. However, before proceeding to microcapsule coating, 

we wanted to characterize properties of a TA film under better-controlled conditions using 

surface analysis approaches. For this purpose, gold-coated Si substrates were functionalized 

using a 2:1 solution mixture of PEG–thiol and Hep–thiol in order to approximate the 

stoichiometry of PEG and Hep molecules in the hydrogel shell. The PEG–thiol and Hep–

thiol molecules assembled and formed a 2.5 nm layer on the substrate as measured by 

ellipsometry. A subsequent step of incubating a substrate in a solution containing TA and 

Fe3+ molecules resulted in deposition of a 6.5 nm layer (see Figure 1B). Interestingly, a 

similar thickness increase was observed when depositing the second and third layers of TA. 

Thus, ellipsometry analysis revealed that TA films could be formed on a substrate containing 

a Hep–PEG layer and that multiple TA layers could be assembled sequentially. Additional 

characterization of substrates was performed by AFM. As shown in Figure 1C, deposition 

of the TA film resulted in the appearance of sparsely dispersed 30–40 nm clusters. The 

presence of similar clusters has been reported previously and may represent non-uniformity 

in film formation or presence of TA–Fe3+ nucleation sites.45-47 The deposition of three 

layers of the TA film produced substrates with a much denser distribution of the clusters. 

The surface roughness (Rq) increased from 4.108 to 6.682 nm for 1- and 3-layer TA films, 

respectively. Thus, AFM analysis confirmed the deposition of TA films onto the PEG–Hep 

layer and pointed to expansion of nucleation sites as a possible film growth mechanism.48

In the next set of experiments, we characterized deposition of the TA film on Hep 

microcapsules. The microcapsules are fabricated using a flow-focusing microfluidic device 

as described in our previous publications and in Figure S1. Co-axial core and shell 

flow streams are ejected into the oil stream, forming droplets. These droplets are then 

polymerized in situ in the microfluidic device by reaction of a dithiol cross-linker (DTT) 

with PEG4MAL molecules present in the shell. The core contains non-reactive high MW 

PEG molecules that leach out and are displaced by water molecules. The result is the 

formation of microcapsules with a hydrogel shell (~10–15, μm) and an aqueous core.26 

These microcapsules are incubated in the solution containing TA and Fe3+ to create an 

ultrathin film. Because TA interacts with proteins via hydrogen bonding or hydrophobic 

interactions,49 we used BSA-FITC to visualize the presence of the thin film. As seen 

from Figure 1D, BSA-FITC molecules interacted with TA-coated microcapsules but not 
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with bare microcapsules. Confocal microscopy revealed that the fluorescence signal was 

localized to the perimeter of a capsule, forming ~2.84 and 6.81 μm annulus for 1- and 

3-layer TA coatings, respectively. These observations pointed to the depth of penetration of 

TA molecules into and TA–Fe network growth inside the hydrogel—a behavior that was 

fundamentally different from that of planar substrates.

As the next step, we quantified the amount of TA deposited onto microcapsules as a function 

of layer number. To achieve this, we first used TA-coated Si substrates and ellipsometry 

measurements to establish the concentration of the iron chelator (DFP) and incubation 

time that led to complete dissociation of the TA film (see Figure S2). Then, these optimal 

conditions were used to dissociate the TA coating from microcapsules. The concentration 

of TA in the solution was established with spectrophotometry using a calibration curve (see 

Figure S3). This experiment revealed that deposition of 1, 3, or 5 layers resulted in 3.79, 

4.33, and 5.31 ng of TA per capsule, respectively (Figure 1E). Unlike a solid substrate 

where film thickness (and the amount of deposited material) scaled linearly with the number 

of layers, the amount of TA adsorbed onto microcapsules increased only moderately and 

non-linearly with the number of layers. This may be explained by the different mode of 

film formation in the hydrogel that likely occurred along the polymeric segments and around 

water-retaining pores.

3.2. Assessing Diffusivity of Hep Microcapsules after Deposition of TA Film.

Fluorescence imaging of FITC-dextran was used to assess diffusivity of microcapsules as 

a function of TA film deposition. In this experiment, microcapsules were first loaded by 

incubating with FITC-dextran (20, 70, or 2000 kDa) and then transferred to pristine PBS 

solution to observe changes in fluorescence of microcapsules during release. In-capsule 

fluorescence was monitored and plotted over time to create release curves of the type shown 

in Figure 2A,C,E. These data were also fitted to an unsteady-state diffusional transport 

equation to estimate diffusivity and permeability of the hydrogel shell for dextrans of 

different MWs.

The results of this experiment are compiled in Figure 2 and may be used to draw several 

observations. First, as shown in Figure 2A, the presence of one layer of TA resulted in 

a modest (~1.4-fold) decrease in diffusivity for 20 kDa dextran when compared to bare 

capsules. A three-layer TA coating had a 2.6-fold lower diffusivity compared to that of bare 

capsules. For both coating types, complete release occurred after 2 h (Figure 2B). Given that 

20 kDa of dextran approximates the size of bFGF, this observation suggests that TA coating 

was not expected to slow down diffusion of bFGF enough to affect a multi-day stem cell 

culture experiment.

In contrast, 70 and 2000 kDa dextrans diffused more slowly from overcoated microcapsules, 

with 40–60% of fluorescence retained in such microcapsules at a 30 min time point (Figure 

2C-F). Only 20–30% of fluorescence was observed in bare microcapsules at the same time 

point. It is also worth noting that residual in-capsule fluorescence was only observed at 

a 2 h timepoint for 2000 kDa dextran release from microcapsules containing three layers 

of TA. This suggests once again that TA coating does not appreciably impede diffusion 

of molecules on the size scale of large proteins. Given that hydrodynamic radii of 20, 70, 
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and 2000 kDa dextrans are ~4, ~6, and 27 nm respectively,50 we estimate the pore size for 

microcapsules without TA coating and with one layer of TA film to be >30 nm. In the case 

of a three-layer TA coating, the pore size may be in the 10–30 nm range.

3.3. Effects of TA Coating on Loading and Release of bFGF.

Our goal is to use bioactive microcapsules for cultivation of PSCs. bFGF is the key 

inductive signal in most pluripotency maintenance protocols.51 We have previously shown 

that Hep microcapsules retain and release bFGF in a controlled manner over the course of 

5 days.26 In this paper, we wanted to assess the effects of the TA film on release of bFGF 

from Hep microcapsules. We explored two modes of bFGF incorporation into overcoated 

microcapsules. (1) The “load-then-coat” method, with microcapsules first incubated in 100 

ng/mL of bFGF solution for loading and then coated with the TA film. For this loading 

protocol, we had an additional experimental group called bare + coating that was designed 

to simulate rigorous washing involved in TA coating and to account for the potential loss of 

bFGF during such washing. We note that bFGF was loaded, but the film was not deposited 

on capsules for the bare + coating experimental group. (2) The other protocol explored here 

was “coat-then-load,” with microcapsules first coated by TA and then loaded with bFGF.

Given that 1 and 3 layers were shown to result in a similar amount of TA incorporation 

into microcapsules as well as in similar diffusion properties for 20 and 70 kDa dextrans that 

best approximated the size of GFs, henceforth, we focused on one-layer TA coating. After 

loading bFGF, microcapsules were transferred into pristine PBS solution and maintained 

for 7–10 days with daily solution changes. ELISA was used to quantify (1) the amount 

of bFGF loaded after initial incubation and (2) release of bFGF over time. Figure 3 

summarizes outcomes for this set of experiments. Looking at the “load-then-coat” method 

for incorporating bFGF and TA into microcapsules (see Figure 3A-C), it may be noted that 

the presence of TA coating resulted in a much slower release of bFGF compared to bare 

microcapsules. On day 2, only 45% of bFGF was released from coated capsules compared to 

80% from bare capsules. It is also worth noting that the amount of bFGF loaded into coated 

and bare microcapsules was similar, which is 19 and 17 ng, respectively (per 2000 capsules). 

The other scenario explored here was “coat-then-load,” where the TA film was first formed 

on microcapsules and bFGF was loaded as a second step. The experimental results for this 

scenario are described in Figure 3D-F. It may be noted that differences in release profiles 

for this scenario were not as dramatic as those described for “load-then-coat” microcapsules. 

After 2 days, ~75 and 85% of bFGF were released from coated and bare microcapsules, 

respectively. However, it was interesting to observe that the amount of loaded bFGF was 

twofold higher for coated microcapsules compared to that of bare microcapsules (~40 vs ~21 

ng per 2000 capsules). This suggests that, in the coated microcapsules, Hep binding sites 

are supplemented with TA moieties, resulting in greater capacity for uptake of bFGF. This 

observation is consistent with reports describing avid interactions of GFs with TA coating 

via hydrogen bonding and hydrophobic interactions.52,53

We went back to the model substrates to carry out SPR analysis and confirm bFGF 

deposition onto chemical layers resembling those comprising microcapsules. This analysis 

(see Figure S4 and Table S2) revealed that the TA layer deposited atop the Hep–PEG layer 
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adsorbed ~three times more bFGF compared to the Hep–PEG layer alone. SPR analysis on 

model substrates in combination with ELISA for microcapsules confirms that the presence 

of TA coating enhances loading of bFGF.

Our experiments underscore differences in loading and release of bFGF for the “load-then-

coat” versus “coat-then-load” modes of microcapsule preparation. For the former, the release 

appears to be slower, likely because bFGF molecules imbedded in the Hep hydrogel are 

diffusing through and binding to the TA layer on the way out. For the latter mode of 

capsule preparation, bFGF molecules localize at the TA/water interface and are released 

more rapidly; however, the loading capacity for bFGF is increased by a factor of 2.

Taking dextran diffusion studies together with loading and release of bFGF, we conclude 

that TA coating does not appreciably affect diffusivity of a microcapsule but does enhance 

its capacity for binding bFGF. Thus, TA–GF affinity interactions governed slower release of 

bFGF from overcoated microcapsules observed in Figure 3A,C.

3.4. Assessing the Effects of a TA Coating on Viability and Proliferative Capacity of the 
Encapsulated PSCs.

Having characterized the effects of TA coating on loading and release of bFGF from 

microcapsules, we proceeded to investigate its effects on viability and proliferative capacity 

of hPSCs. Feeder-dependent H9 cells were used for these experiments. H9 cells were 

encapsulated with a flow-focusing device as described in Figure S1 using an input 

concentration of 50 × 106 cells/mL. A typical encapsulation run produced 400 μm diameter 

microcapsules with 90% cell occupancy,25 200 cells per capsule and viability >90% (see 

Figures 4A,B and S5). Encapsulated H9 cells were placed into mTeSR media for 24 h and 

began to aggregate within that timeframe. TA coating was applied 1 day after encapsulation, 

and then microcapsules were switched to H9 pluripotency media (containing bFGF) and 

cultured for a total of 5 days. As seen from a panel of images in Figure 4C, spheroids 

proliferated rapidly inside microcapsules. Importantly, TA coating had no discernible effects 

on viability (Figure 4B) or proliferative capacity of H9 cells (Figure 4C,D). The results 

described in this section support the notion of TA coating being non-toxic to and compatible 

with the encapsulated hPSCs.

3.5. Evaluating Pluripotency of the Encapsulated hPSCs.

As the final step in our study, we wanted to evaluate how pluripotency maintenance of 

H9 cells is affected by encapsulation, TA coating, and immobilization of bFGF. We have 

recently published a study that described encapsulation of feeder-independent HUES-8 cells 

adapted for 3D cultures.25,26 This past study demonstrated that Hep microcapsules loaded 

with bFGF and TGF-β1 supported the pluripotent phenotype of HUES-8 cells. Importantly, 

inductive cues were loaded once and then released locally to the encapsulated cells over 

the course of 5 days. The present study not only focuses on further enhancing bioactivity 

of microcapsules but also uses an H9 cell line that is feeder dependent. We proceeded 

to characterize the pluripotency of encapsulated stem cells, benchmarking them against 

standard cultures on feeders as well as against H9 spheroid cultures without capsules. Thus, 
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we wanted to discern whether differences in pluripotency were due to bioactivity of the 

microcapsule or the culture format (2D vs 3D).

Is it possible that TA film deposits directly on the encapsulated stem cells and, if so, may 

it have a positive effect on cell phenotype expression? To answer this question, we first 

investigated the presence of TA moieties on the encapsulated cells. As before, BSA-FITC 

was employed for visualization of TA coating. As shown in Figure S6, we did indeed see 

co-localization of green fluorescence with encapsulated cells, suggesting that TA molecules 

were deposited onto cells. As the next step, we wanted to account for the possibility that TA 

had a direct positive effect on stem cell pluripotency, for example, by binding and localizing 

bFGF atop cells. We, therefore, created another control culture condition with H9 cells 

cultured on feeders and overcoated with the TA film. This condition was denoted as 2D 

w/TA.

As discussed in the preceding section, we studied two scenarios for loading microcapsules 

with bFGF and coating with TA—“load-then-coat” and “coat-then-load”. When compared 

with uncoated microcapsules, the former scenario was associated with slower release, 

while the latter resulted in twofold higher incorporation of bFGF. Here, we assessed 

pluripotency gene expression and carried out immunofluorescence staining for both types 

of microcapsules. In addition, we also compared the effects of one-time loading of bFGF 

into microcapsules and subsequent cultivation without bFGF in the media (denoted with 

superscript Imm), to exposure of encapsulated stem cells to soluble bFGF with daily media 

exchanges (denoted by superscript Sol).

Figure 5A summarizes RT-PCR analysis of three pluripotency genes for the “load-then-coat” 

microcapsules. The first observation is that the three control groups without Hep gel (2D, 

2D w/TA, and spheroid) had similar levels of pluripotency gene expression after 5 days of 

culture in H9 pluripotency media complete with 100 ng/mL bFGF. This means that (1) TA 

coating deposited directly onto H9 cells did not improve their pluripotency and (2) the 3D 

spheroid format alone did not contribute to improved pluripotency. The second observation 

was that H9 cells in bare Hep microcapsules (w/o TA coating) expressed significantly 

better levels of pluripotency genes compared to controls. The reader may remember that 

we wanted to account for potential loss of bFGF due to rigorous washing that is part of 

the TA coating. Therefore, uncoated microcapsules were incubated with bFGF and then 

underwent a protocol that mimicked coating without depositing TA. This group was called 

bare + coating (C). For this group, one-time loading of bFGF induced similar levels of 

Sox2 and Oct4 expressions on day 5 of culture compared to daily exposure to soluble 

bFGF during this timeframe. The exception was the Nanog expression, where the bare + 

CSol condition was significantly better than bare + CImm. A third observation was that TA 

coating of microcapsules resulted in a moderate but significant increase in pluripotency gene 

expression compared to uncoated or bare microcapsules. Pluripotency was confirmed using 

immunofluorescence staining and is shown in Figures 5B and S7.

Figure 5C summarizes the pluripotency gene expression for “coat-then-load” microcapsules. 

Similar to the discussion above, H9 cells in Hep microcapsules expressed much 

better pluripotency compared to standard culture conditions (both 2D and 3D). Here, 
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microcapsules coated with TA and exposed to soluble bFGF in pluripotency media 

(TASol) induced significantly better expression of pluripotent genes compared to uncoated 

microcapsules or coated microcapsules loaded with bFGF without further supplementation 

of this signal in the media (TAImm). For the TASol condition, Oct4 was 3.94-fold and 

Nanog was 1.58-fold higher compared to the BareImm experimental group. While Sox2 

gene expression was not significantly different between TASol and BareImm conditions, 

immunofluorescence staining and subsequent quantitation revealed higher levels of Sox2 

staining in TASol microcapsules compared to BareImm and TAImm conditions (see Figures 

5D and S7).

The results described in Figure 5 are exciting for multiple reasons. First, we highlight 

that H9 cells cultured in bioactive microcapsules in the absence of feeder cells express 

pluripotency genes at a much higher level than in standard cultures on feeders. This suggests 

that a higher level of pluripotency signaling in Hep microcapsules nullifies the need for 

feeders, at least for this particular cell line. We also highlight the fact that bioactive 

Hep-containing microcapsules may be loaded with inductive cues for sustained release 

to the encapsulated stem cells. Such a culture format may obviate the need for daily 

supplementation of soluble bFGF and may make cultivation of hPSC more affordable.

Finally, we demonstrate that the presence of TA coating on Hep microcapsules further 

enhances their bioactivity. Here, coated microcapsules loaded with bFGF (immobilized 

condition) induced significantly better pluripotency gene expression compared to bare 

microcapsules with either immobilized or soluble bFGF. We should note, however, that the 

best pluripotency gene expression was observed for “coat-then-load” microcapsules exposed 

to soluble bFGF. The reader may recall that such capsules had a twofold better loading 

capacity for bFGF compared to standard Hep microcapsules. We therefore surmise that the 

ability to sustain a high local concentration of bFGF in these microcapsules translates into 

improved pluripotency.

4. CONCLUSIONS

This study focused on ultrathin TA coating for modulating bioactivity of Hep-containing 

microcapsules. We first characterized TA film formation on model solid substrates and 

then explored coating of hydrogel microcapsules. This comparison revealed that while the 

amount of TA scaled linearly with the number of layers on a solid substrate, it increased 

only moderately on hydrogel microcapsules. We also noted that the TA film/network 

was formed not as an outer layer at the hydrogel shell–aqueous interface but within 

the hydrogel shell. While this remains to be proven experimentally, it is likely that TA 

deposition occurred along the polymer chains and around the water-filled pores of the 

hydrogel. TA coating was associated with only a modest decrease in diffusivity across the 

hydrogel shell of microcapsules, as confirmed with fluorescent dextrans. The TA coating 

did, however, have pronounced effects on increased loading and extended release of bFGF—

an inductive cue commonly used for maintenance of hPSCs. Depending on the TA coating 

format, bFGF release could be extended from 5 to 7 days, or its loading amount could be 

increased by a factor of 2 compared to uncoated Hep microcapsules. The improved loading 

and release characteristics of coated microcapsules are attributable to affinity interactions 
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between TA moieties and bFGF molecules. Importantly, TA-coated microcapsules induced 

better expression of pluripotency markers in the encapsulated H9 cells. To the best of our 

knowledge, this is the first description of an ultrathin coating used to improve bioactivity 

of microcapsules and maintenance of encapsulated PSCs. Moving forward, we will leverage 

TA-coated microcapsules to carry out directed differentiation along pancreatic and hepatic 

lineages.
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Figure 1. 
Characterization of TA film formation on model substrates and on microcapsules. (A) 

Chemistry of the TA film with a close-up view of the coordination complexes between 

TA and Fe ions. (B) Ellipsometry analysis of changes in thickness due to the deposition 

of multiple TA layers onto a model gold substrate containing the PEG–SH/Hep–SH layer. 

(C) AFM analysis of topography for 1- and 3-layer TA coatings. (D) Microcapsules coated 

with different numbers of TA layers were incubated in BSA-FITC and characterized by 

microscopy to visualize localization of the TA film. (E) Microcapsules coated with TA 

layers were exposed to the Fe chelator to disassemble the film. The amount of TA removed 

from microcapsules was quantified using UV–vis.
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Figure 2. 
Diffusivity of TA-coated microcapsules assessed using FITC-dextrans. Capsules were 

loaded with FITC-dextran and then moved to pristine solution to monitor the decrease of 

in-capsule fluorescence over time. (A) In-capsule fluorescence as a function of TA layer 

number for diffusion of 20 kDa FITC-dextran. (B) Fluorescence images of microcapsules 

that correspond to black arrows in part A. (C) In-capsule fluorescence as a function of 

TA layer number for diffusion of 70 kDa FITC-dextran. (D) Fluorescence images of 

microcapsules that correspond to black arrows in part C. (E) In-capsule fluorescence 

analysis as a function of time for 2000 kDa FITC-dextran. (F) Fluorescence images that 

correspond to time points identified with black arrows in part E. (G) Experimental results 

from parts A, C, and E were fitted to a diffusion model setup in MATLAB to determine 

permeability and diffusivity values.
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Figure 3. 
Loading and release of bFGF from TA-coated microcapsules. (A) Microcapsules were 

first loaded with bFGF and then coated with the TA film. Solution bathing microcapsules 

were sampled daily and analyzed by ELISA to establish cumulative release of bFGF. 

Microcapsules in the bare + control group were exposed to rigorous washing associated 

with coating but did not receive TA coating. This was done to account for the possibility 

of GF release due to washing. (B) ELISA was used to determine the amount of bFGF 

loaded into microcapsules. (C) Use of FITC-labeled bFGF to confirm retention and 

release of this GF for “load-then-coat” microcapsules. (D) Different modes of the ultrathin 

film assembly and GF loading where capsules were first overcoated with TA and then 

loaded with bFGF. ELISA was used to determine bFGF release from microcapsules. (E) 

Results of ELISA analysis of the bFGF loading into “coat-then-load” microcapsules. (F) 

Visualizing retention and release from “coat-then-load” microcapsules using FITC-labeled 

bFGF. Description of experimental groups: “load-then-coat”—load bFGF into capsules and 

then coat with TA; bare—bare Hep microcapsules; bare + coating—bare Hep microcapsules 

with only the coating process in the absence of TA; (1) layer—1-layer TA-coated on bare 

Hep microcapsules. “Coat-then-load”—coat the TA layer first and then load bFGF into 

capsules; bare—Hep microcapsules without TA coating; 1-layer—TA-coated on bare Hep 

microcapsules.
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Figure 4. 
Assessing viability and proliferative capacity of encapsulated stem cells. (A) Brightfield and 

fluorescence (live/dead) images of H9 cells ~2 h after encapsulation and TA coating. Cells 

were highly viable, as indicated by green fluorescence and little to no red fluorescence. 

(B) Viability of cells in 10 capsules was analyzed using ImageJ. No significant differences 

in viability were observed between bare and TA-coated microcapsules. (C) Brightfield 

images recording stem cell spheroid size change in bare and coated microcapsules. (D) 

Quantification of the spheroid diameter change based on 25 microcapsules revealed no 

significant difference between bare and TA-coated microcapsules. (NS, p > 0.05).
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Figure 5. 
Analysis of pluripotency of the encapsulated stem cells. (A) RT-PCR analysis of 

pluripotency gene expression for stem cells in microcapsules prepared by the “load-then-

coat” method. Various experimental groups are described in greater detail below. (B) 

Immunofluorescence staining for Sox2 (red) and nuclei (blue, DAPI). (C) RT-PCR analysis 

of pluripotency gene expression for stem cells in microcapsules prepared by the “coat-then-

load” method. (D) Immunofluorescence staining for pluripotency marker Sox2 for stem 

cells in “coat-then-load” microcapsules. Statistical analysis—number of samples = 4 (ns, 

p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001). Description of experimental groups: 

2D—standard H9 cultures on MEF in pluripotency media; 2D w/TA—as in previous but 

with TA coating; spheroid—H9 cell spheroids formed in 3D culture plates and maintained 

in pluripotency media; bare + CImm—encapsulated H9 cells that were exposed to rigorous 

washing without TA deposition; loaded with bFGF once and cultured without bFGF in 

the media; bare + CSol—as in previous but bFGF was present in the media during the 

experiment; TAImm—microcapsules loaded with bFGF, then overcoated with the TA film, 

and cultured without bFGF in the media; TASol—as in previous but with bFGF present in the 

media throughout the experiment.
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Scheme 1. Schematic Illustrating Ultrathin Coating of Stem Cell-containing Microcapsules a
a (A) TA molecules were cross-linked with Fe3+ ions to form a film atop and within a 

hydrogel microcapsule. (B) Microcapsules were composed of a Hep–PEG hydrogel shell 

and an aqueous core and carried PSCs. Properties of bare and coated microcapsules were 

compared with respect to loading/release of bFGF (an inductive cue) as well as pluripotency 

maintenance of the encapsulated stem cells.
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