
  

 

 

Figure 1.-(A) Rheological behavior comparison to 1.5% alginate of: (1)1% alginate 0.1% HA, 1% alginate 
0.25% HA, 1% alginate 0.5% HA, 1% alginate 1% HA and (2) 0.5% alginate 0.1% HA, 0.5% alginate 
0.25% HA, 0.5% alginate 0.5% HA and 0.5% alginate 1% HA. (B) Micrographs of microcapsules at the 

following compositions: (1) 1% alginate 0.1% HA, (2) 1% alginate 0.25% HA and (3) 0.5% alginate 0.5% 
HA. Note: Scale bar represents 100 µm.  
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Figure 2.-Determination of HA content within microcapsules. (A) HA-FITC content quantification of 1.5 % 
alginate, 1% alginate 0.25% HA, 1% alginate 0.25% HA-FITC, 0.5% alginate 0.5% HA and 0.5% alginate 

0.5% HA-FITC. Micrographs by means of confocal microscopy of (B) 1% alginate 0.25% HA-FITC 

microcapsules and (C) 0.5% alginate 0.5% HA-FITC microcapsules. Note: Values represent mean ± SD and 
*** represents p < 0.001.  
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Figure 3.-Microcapsules surface micrographs by Scanning Electron Microscopy.(A) 1.5% alginate, (B) 1% 
alginate 0.25% HA and (C) 0.5% alginate 0.5% HA. Note: Scale bar represents 1 µm.  
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Figure 4.-Results from swelling assay of 1.5% alginate, 1% alginate 0.25% HA and 0.5% alginate 0.5% HA 
microcapsules expressed as Df/Di: final diameter/initial diameter were Di corresponds to day 0 and Df is 

indicated in the abscises axe.  
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Figure 5.-Viability of D1-MSC-EPO encapsulated in 1% alginate 0.25% HA and 1.5% alginate microcapsules. 
(A)Early apoptotic cell quantification by means of flow cytometry after annexin/PI staining. (B) Dead cell 

quantification by means of flow cytometry aftercalcein/ethidium staining. (C) Micrographs of encapsulated 

cells after calcein/ethidium staining. Note: *: p<0.05 and ***: p<0.001. Scale bar represents 200 µm.  
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Figure 6.-Metabolic activity and membrane integrity of encapsulated D1-MSC EPO in 1% alginate 0.25% HA 
and 1.5% alginate microcapsules. (A) Ratio of metabolic activity between day 21 (D21) and day 1 (D1) after 
encapsulation. (B) Membrane damage at day 1 and 21 after encapsulation. Note: Values represent mean ± 

SD. *: p < 0.05, **: p < 0.01 and ***: p < 0.001.  
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Figure 7.-Release of EPO and VEGF from encapsulated D1-MSC EPO in 1% alginate 0.25% HA and 1.5% 
alginate microcapsules. (A) Ratio of EPO release between day 21 (D21) and day 1 (D1) after encapsulation. 
(B) Ratio of VEGF release between day 21 (D21) and day 1 (D1) after encapsulation. Note: Values represent 

mean ± SD. *: p < 0.05 and ***: p < 0.001.  
 

15x7mm (300 x 300 DPI)  

 

 

Page 7 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 8. Differentiation potential of encapsulated D1-MSCs EPO in 1% alginate 0.25% HA and 1.5% 
alginate microcapsules.  Microscopic images at 4× amplification 3 weeks after differentiation.  
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Abstract 

 The potential clinical application of alginate cell microencapsulation has advanced 

enormously during the last decade. However, the 3D environment created by alginate beads 

does not mimic the natural extracellular matrix surrounding cells in vivo, responsible of cell 

survival and functionality. As one of the most frequent macromolecules present in the 

extracellular matrix is hyaluronic acid, we have formed hybrid beads with alginate and 

hyaluronic acid recreating a closer in vivo cell environment. Our results show that 1% alginate 

0.25% hyaluronic acid microcapsules retain 1.5% alginate physicochemical properties. 

Moreover, mesenchymal stem cells encapsulated in these hybrid beads show enhanced viability 

therapeutic protein release and mesenchymal stem cells potential to differentiate into 

chondrogenic lineage. Although future studies with additional proteins need to be done in order 

to approach even more the extracellular matrix features, we have shown that hyaluronic acid 

protects alginate encapsulated mesenchymal stem cells by providing a niche-like environment 

and remaining them competent as a sustainable drug delivery system.  

Keywords: alginate, microencapsulation, hyaluronic acid, mesenchymal stem cells 

Abbreviations:  

D1-MSCs-EPO: D1 mesenchymal stem cells 

ECM:  extracellular matrix 

EPO: erythropoietin 

HA: hyaluronic acid. 

VEGF: vascular endothelial growth factor. 
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1.Introduction 

 Cell microencapsulation is a technology used for the sustainable controlled release of 

therapeutic proteins that has shown promising results in the future treatment of several diseases 

such as diabetes mellitus or Alzheimer´s disease. The outer layer of the microcapsules allows 

the flow of nutrients and oxygen into the core of the beads, while therapeutic proteins and waste 

are released from the cells outside. Moreover, the microcapsules represent a barrier to the 

recognition by the immune system, avoiding the entrance of immunoglobulins and, therefore, 

circumventing the immune rejection after encapsulated cell implantation [1, 2]. Although 

several biocompatible materials have been involved in cell microencapsulation such as agarose 

[3], chitosan [4] and hyaluronic acid [5], the most common is alginate because of its mechanical 

properties, and the isotonic solutions used instead of cytotoxic solvents [6]. Moreover, alginate 

microcapsules can be coated with polycations such as poly-L-Lysine (PLL), poly-D-lysine 

(PDL) and poly-L-ornithine (PLO) which provide higher resistance [7]. Among other 

applications, alginate microcapsules have been extensively studied in diabetes research by 

enclosing pancreatic islets with promising results. For example, diabetic patients lived without 

daily insulin injections for more than 9 months after intraperitoneal implantation of 

encapsulated pancreatic islets [8]. In addition, the incorporation of the chemokine CXCL12 into 

alginate encapsulated islets generated a long term (> 300 days) immune protective effect in allo- 

and xenogeneic transplantation, as well as a selective increase of intra-graft Treg cells [9]. In 

Alzheimer´s disease, the implantation of microcapsules containing vascular endothelial growth 

factor (VEGF) secreting cells in double mutant amyloid precursor protein/presenilin mice, 

alleviated the symptoms for a period of three months by reducing the total brain amyloid-beta 

peptide load, and decreasing the apoptotic cell death in the cerebral cortex [10]. Moreover, 

nerve growth factor (NGF) secreting encapsulated cells showed no evidence of inflammation or 

device displacement after 12 months post-implantation [11]. Our research group has previously 

studied the microencapsulation of genetically engineered cells to secrete erythropoietin (EPO), 

showing that cell encapsulation allows the long term survival of cells and, therefore, an EPO 
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4 

 

secretion up to 210 days, in allogeneic transplantation, and up to 98 days in xenogeneic 

transplantation [12-14]. 

 Despite the promising results obtained with alginate in cell microencapsulation, this 

biomaterial does not provide the cell-matrix interactions required for cell adhesion and 

signaling, that could prolong even longer the cell survival and functionality [15, 16]. Cell matrix 

interactions are supported by extracellular matrix (ECM) components that supply mechanical 

and physiological support. Hence, different ECMs molecules have been tested in alginate 

encapsulated cells, such as laminin, collagen I or collagen IV, confirming an enhancement in 

encapsulated cell viability [17]. Other approaches trying to simulate the cell-matrix interactions 

provided by ECM are the short synthetic peptides derived from natural proteins that compose 

the ECM, for example the arginine-glycine-aspartic acid (RGD) peptide derived from 

fibronectin. This tripeptide offers advantages over the use of the whole protein like its 

simplicity, cost effectiveness, easy manipulation for functionalization and low immune response 

[18, 19]. Our group has shown its effectiveness enhancing the viability of several encapsulated 

cell types, such as myoblasts, fibroblasts or mesenchymal stem cells [20-22]. Moreover, it has 

been described that RGD in alginate microcapsules promotes the differentiation into bone cells 

when compared to unmodified alginate [23]. However, these short peptides do not accurately 

represent the ECM and do not provide the required signals for a complete reproduction of the 

cell environment in vivo. On this regard, another major component of the ECM distributed 

widely throughout connective, epithelial, and neural tissues is the hyaluronic acid (HA), which 

has been proposed for the preparation of biodegradable ECM-like constructs for tissue 

engineering applications [24]. 

 Hyaluronic acid (HA) is a high molecular weight (MW) anionic non-sulphated 

glycosaminoglycan. It is integrated by the repetition of a disaccharide unit of an N-acetyl-

glucosamine and a β-glucuronic acid, and interacts with cells via the surface receptor CD44. HA 

has been described for being involved in a wide variety of biological procedures like mediation 

of cell-signaling, regulation of cell adhesion and proliferation, and manipulation of cell 
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5 

 

differentiation [25]. Hence, crosslinking of HA forms experimentally controllable hydrogels 

that provide a microstructure similar to native ECM [26]. Therefore, embedding cells within HA 

permits an appropriate structural support and protection, allowing cells to interact in 3D and 

enhance their viability [27]. Moreover, HA helps to reduce the immunogenicity of embedded 

cells because this biocompatible material reduce the adsorption of proteins [28], responsible of 

stimulating the recruitment of immune cells, such as macrophages. In terms of differentiation, 

HA promotes the differentiation towards murine chondrocytes when cultured either in 2D [29], 

or 3D, promoting the synthesis of cartilage tissue [30, 31]. Other authors have combined HA 

with other biomaterials. For example, the combination of HA with gelatin forms a biomimetic 

hybrid hydrogel after photocrosslinking gelation and mimics the ECM of native tissues, 

promoting the cell spreading of HUVEC cells, and improving their mechanical properties 

compared to their single component analogs [32]. Another example of hybrid HA microcapsules 

is the combination with heparin crosslinked by thiolated heparin and methacrylated hyaluronic 

acid via visible light mediated thiol-ene reaction. These hybrid microcapsules showed better 

spreading, proliferation, migration and differentiation of adipose derived mesenchymal stem 

cells than their respective single component analogs [33]. In summary, the combination of 

several biomaterials in microencapsulation technology seems to provide closer cell behavior to 

cells surrounded by ECM-like natural microenvironment than a single biomaterial. The optimal 

combination of the biomaterials that better mimic ECM still need to be determined.  

 In this work, we have identified the best combination of hyaluronic acid and alginate 

that forms hybrid microcapsules with similar physicochemical properties to alginate 

microcapsules, with the hypothesis that the presence of hyaluronic acid will mimic the natural 

ECM environment and, therefore, enhance the encapsulated cell viability and functionality. 

Hence, we have selected the formulation of the hybrid microcapsule based in the rheological 

behavior of an extensive number of combinations between hyaluronic acid and alginate, next 

studying more deeply the physicochemical characteristics of those combinations with similar 

rheological behavior to alginate. Finally, we have evaluated the beneficial effect of HA presence 
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6 

 

in alginate encapsulated D1 mesenchymal stem cells genetically modified to secrete 

erythropoietin, in terms of viability and functionality.  

2. Material and methods. 

2.1. Materials 

Ultra pure low-viscosity (20-200 mPa*s) and high guluronic (LVG) acid alginate (G/M ratio > 

1.5) with MW of 75-200 kDa was purchased from FMC Biopolymer (Norway). Poly-L-Lysine 

hydrobromide (PLL, 15-30 KDa) was purchased from Sigma-Aldrich (St Louis, MO). 

Hyaluronic acid and FITC labelled hyaluronic acid with a MW 1,1 MDa were purchased from 

Contipro (Czech Republic).   

2. 2. Cell culture. 

 Murine D1 MSCs engineered to secrete erythropoietin (EPO) were grown with 

complete medium consisting of Dulbecco’s modified Eagles’s medium (Gibco) supplemented 

with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin solution (Gibco) at 37 ºC 

in humidified 5% CO2 atmosphere. Cells were passaged every 4–5 days. 

2.3. Cell microencapsulation. 

 The following solutions suspended in 1% mannitol of sodium hyaluronate,1–1,25 MDa 

(Contipro) and alginate (FMC Biopolymer) were performed: 1% alginate 0.1% HA, 1% alginate 

0.25% HA, 1% alginate 0.5% HA, 1% alginate 1% HA, 0.5% alginate 0.1% HA, 0.5% alginate 

0.25% HA, 0.5% alginate 0.5% HA,0.5% alginate 1% HA. Final solutions were filtered with a 

0.20 µm syringe filter (Millipore, MA, USA).All the solutions were extruded in an electrostatic 

atomization generator (Nisco®) and the resulting alginate beads were completely gelled by 

agitation for 15 min in a 55 mM CaCl2. Next, beads were ionically linked with 0.05% (w/v) 

PLL for 5 min, followed by a second coating with 0.1% alginate for another 5 min. All the 

procedure was performed at room temperature, under aseptic conditions and in complete 

medium. 
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 For cell microencapsulation, cells were suspended in the solutions of sodium 

hyaluronate and alginate obtaining 5x106 cells/mL of solution following the aforementioned 

procedure for beads formation. The morphology and diameter of the microcapsules were 

assessed under an inverted optical microscopy (Nikon TSM). 

2.4. Rheological properties. 

 The viscosity from all the solutions (1% alginate 0.1% HA, 1% alginate 0.25% HA, 1% 

alginate 0.5% HA, 1% alginate 1% HA, 0.5% alginate 0.5% HA, 0.5% alginate 0.75% HA, 

0.5% alginate 1% HA)were assessed on the rheometer AR1000 (TA instruments) with 40 mm 

flat plate geometry and compared to the viscosity of 1.5% alginate. Viscosity behavior was 

determined in 1 drop of 500 µL onto the rheometer platform by dynamic shear measurements in 

a frequency sweep range from 0,01 to 100 Hz at 20 °C. The gap between the upper plate and 

sample was set up to 1000 µm. Three independent measurements were conducted for each 

solution. 

2.5. HA content determination within hybrid microcapsules. 

 HA FITC labelled (Contipro, 1.1 MDa) and alginate were suspended in 1% mannitol at 

the following solutions: 1% alginate 0.25% hyaluronic acid and 0.5%alginate 0.5% hyaluronic 

acid. 1.5% alginate solution was also prepared as control. Microcapsules from the three 

solutions were performed as previously described, but protected from light. Next, microcapsules 

were imaged under a fluorescent microscope (Olympus FV500) and their fluorescence was 

quantified at 488 nm excitation and 520 nm with an Infinite M200 TECAN plate reader. Three 

independent experiments were performed for each solution.  

2.6. Scanning Electron Microscopy (SEM). 

 The surface of the different microcapsules was analyzed by SEM (Scanning Electron 

Microscopy). Samples were fixed using 2% glutaraldehyde in 0.1 M Sörenson buffer (pH 7.4), 

washed in iso-osmolar Sörenson/sucrose buffer and postfixed with 1% osmium tetroxide in 

Sörenson buffer. Microcapsules were washed three times, dehydrated through ethanol series and 
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8 

 

washed three times in hexamethyldisilazane prior to air drying. Finally, samples were coated 

with gold using an Emitech K550X sputter coater. Microcapsules surface was imaged using a 

scanning electron microscope (Hitachi S-4800). 

2.7.Swelling properties. 

 The osmotic resistance of alginate-HA hybrid microcapsules (1% alginate 0.25% HA; 

0.5%alginate 0.5% HA) was determined by the increase of diameter of microcapsules in a 

sequential treatment with 1% (w/v) sodium citrate for 6 days and compared to 1.5% alginate 

microcapsules. Briefly, 100 µL of microcapsules were mixed with 900 µL of PBS and placed 

into a 24-well plate. Plates were incubated for 1 h at 37 ºC while shaking at 500 rpm. Next, 

supernatants were removed from each well, 800 µL of citrate solution added and incubated for 

24 hours at 37 ºC. Finally, the diameter of 20 microcapsules/sample were quantified under an 

inverted optical microscopy (Nikon TSM). Results were expressed as Df/Di, where Df (final 

diameter) is the diameter of the microcapsules after citrate treatment and Di (initial diameter) is 

the diameter before citrate treatment. Three independent experiments were performed for each 

sample. 

2.8.Early apoptosis quantification. 

 Early apoptosis of encapsulated D1 MSCs was quantified by means of Annexin-V-FITC 

apoptosis Detection Kit (Sigma-Aldrich). Encapsulated cells in 1.5% alginate, 1% alginate 

0.25% HA and 0.5% alginate 0.5% HA were analyzed at days 1, 7 and 21 post-encapsulation. 

Briefly, 200 µL of microcapsules were incubated with 1mg/ml alginate lyase (Sigma Aldrich) 

for 30 minutes at 37 ºC. The lysate was rinsed twice with DPBS and resuspended in binding 

buffer consisting of 10 mM HEPES/NaOH, pH 7.5 containing 0.14 M NaCl and 2.5 Mm CaCl2. 

Samples were stained with annexin V-FITC and propidium iodide for exactly 10 min at room 

temperature and protected from light. Unstained samples or stained only with annexin V-FITC 

or propidium iodide were established as controls. Apoptotic cells were quantified with a BD 
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9 

 

FACS Calibur flow cytometer. At least three independent experiments were performed for each 

solution.  

2.9. Quantification and imaging of cell viability. 

 Cell viability was quantified by means of LIVE/DEAD viability/cytotoxicity kit 

(InvitrogenTM) after 1, 7 and 21 days of encapsulation. Cells were released from microcapsules 

by alginate lyase treatment as described above and after rinsing with DPBS, they were 

resuspended in culture medium with 100 nM calcein AM and 8 nM ethidium homodimer-1. 

Solutions were incubated for 20 min at room temperature, protected from light and dead cells 

were quantified with a BD FACS Calibur flow cytometer. Unstained samples or stained only 

with 100 nM calcein AM or 8 nM ethidium homodimer-1 were used as controls. At least three 

independent experiments were performed for each solution.  

 For microscopy imaging a volume of 25 µL of microcapsules were rinsed twice in 

DPBS and resuspended in 500 µL of 0.5 µM calcein AM and 0.5 µM ethidium homodimer-1 in 

DPBS. Next, solutions were placed in a 96-well plate and incubated at room temperature 

protected from light for 45 minutes. Samples were observed under a Nikon TMS confocal 

microscope at the wavelength of excitation 495 nm/emission 515 nm (for calcein AM staining) 

and excitation 495 nm/emission 635 nm (for ethidium homodimer staining). Random images 

were analyzed with the Eclipse Net software, version 1.20.0.  

2.10.Study of membrane integrity. 

Membrane integrity of encapsulated D1 MSCs was determined by the in vitro toxicology assay 

kit Lactic Dehydrogenase based (Sigma–Aldrich) at day 1 and 21 post-encapsulation following 

manufacturer recommendation. For the assay, 100 µL of microcapsules/sample were rinsed 

twice with culture medium, resuspended in 1 mL of complete medium and plated in two wells 

of a 24-well-plate. Wells were incubated for 90 minutes after adding 70 µL of lysis buffer to 

one well and 70 µL of culture medium to the other. Next, 50 µL of supernatant from each well 

was incubated with the kit cocktail mixture for 30 minutes, at room temperature and protected 
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10 

 

from light. The absorbance was read out on an infinite M200 TECAN microplate reader at a 

wavelength of 490 nm, with absorbance reading at 690 nm as background. At least three 

independent experiments were analyzed for each condition. 

2.11. Metabolic activity assay. 

 Metabolic activity was determined using Cell Counting Kit-8CCK-8 (Sigma–Aldrich) at 

day 1 and 21 after encapsulation following manufacturer recommendations. For CCK8 assay, 

25 µL of microcapsules were rinsed, resuspended with 500 µL of culture medium and plated in 

5 wells in a 96-well plate. After adding 10 µL of CCK-8 solution to each well, plates were 

incubated for 4 h at 37 °C inside a wet chamber. Absorbance was read out on an Infinite M200 

TECAN plate reader at 450 nm with reference wavelength at 650 nm. Three independent test 

were analyzed for each condition.  

2.12. EPO and VEGF quantification. 

 The secretion for 24 hours from culture supernatants at days 1 and 21 after 

encapsulation of EPO and VEGF was quantified. A volume of 100 µL of microcapsules were 

rinsed twice with culture medium, resupended in 1mL of medium and incubated for 24 hours at 

37 ºC and 5% CO2. Then, supernatants were collected. Next microcapsules were culture for 21 

days, changing medium every 2 days, and rinsing twice 24 hours before collecting supernatant 

at the end of the culture. The EPO secretion from the supernatants was quantified by Quantikine 

IVD EPO ELISA kit (R&D Systems) while the secretion of VEGF was quantified by Human 

VEGF Standard ABTS ELISA Development Kit (Peprotech) following manufacturer 

recommendations. Three independent samples and controls for each condition were assayed. 

The results were expressed as D21/D1, where D21 (final value) is the amount of EPO or VEGF 

secretion by encapsulated cells at day 21 and D1(initial value) at day 1. 

2.13. Differentiation of mesenchymal stem cells. 

 Encapsulated D1-MSCs were differentiated into adipocytes, osteocytes and 

chondrocytes. Encapsulated cells were incubated for 5 days with MSCs culture medium, 
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changing medium every 3 days, at 37 ºC with 5 % CO2 atmosphere. After cells within 

microcapsules received alginate or alginate-HA stimulus for 5 days, de-encapsulated cells 

attached to the bottom of the plate were studied for differentiation. De-encapsulated D1-MSCs 

were incubated with complete mesenchymal stem cell medium as control in all the 

differentiations. For adipogenic differentiation, 200 µl of encapsulated D1-MSCs were 

incubated with adipogenic differentiation medium composed of DMEM-High glucose (Gibco) 

supplemented with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin solution 

(Gibco), 0.5 µM dexamenthasone (Sigma-Aldrich), 0.5 µM isobutylmethylxanthine (Sigma-

Aldrich) and 50 µM indomethacin (Sigma-Aldrich). Encapsulated cells were incubated for 3 

weeks, changing medium every 3 days, at 37 ºC with 5% CO2 atmosphere. Cells were fixed 

with 10% formalin (Sigma-Aldrich) for 1 hour and stained with oil-red-C (Sigma-Aldrich) for 5 

minutes at room temperature.  

 For osteogenic differentiation, 200 µl of encapsulated D1-MSCs were incubated with 

osteogenic differentiation medium composed of DMEM-High glucose (Gibco) and 

supplemented with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin solution 

(Gibco), 100 nM dexamenthasone (Sigma-Aldrich), 20 nm β-glycerophosphate (Sigma-Aldrich) 

and 0.5 µM L-ascorbic acid (Sigma-Aldrich).  and 50 µM indomethacin (Sigma-Aldrich). Cells 

were incubated for 3 weeks, changing medium every 3 days. Attached cells were fixed with 

10% formalin (Sigma-Aldrich) for 1 hour and stained with alizarin red-S (Sigma-Aldrich) for 5 

minutes at room temperature. 

 Chondrogenic differentiation was tested incubating 200 µl of encapsulated D1-MSCs 

with chondrogenic differentiation medium composed of DMEM-High glucose (Gibco) 

supplemented with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin solution 

(Gibco), 10 ng/mL TGF-β1 (Sigma-Aldrich), 50 nM L-ascorbic acid (Sigma-Aldrich) and 6.25 

µg/ml bovine insulin (Sigma-Aldrich). After changing medium every 3 days during 21 days, 

attached cells were fixed with 10% formalin (Sigma-Aldrich) for 1 hour and stained with alcian 

blue (Sigma-Aldrich) for 30 minutes at room temperature. 
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2.14. Statistics 

 Statistical analysis was performed with SPSS software, version 21.00.1. Data was 

expressed as means ± standard deviation and differences were considered significant for 

comparison of groups using ANOVA, Tukey’s Post Hoc Test when p < 0.05 after assessing 

their normal distribution. 

3. Results. 

3.1. Characterization of biomaterial. 

 First, we tried to search several hyaluronic acid/alginate composites that could show the 

same viscosity than 1.5% alginate, the standard concentration for cell encapsulation in our 

research group. On this regard, the rheological behavior of different hyaluronic acid and 

alginate mixtures at the following proportions were compared to 1.5% alginate: 1% alginate 

0.1% HA, 1% alginate 0.25% HA, 1% alginate 0.5% HA, 1% alginate 1% HA, 0.5% alginate 

0.1% HA, 0.5% alginate 0.25% HA, 0.5% alginate 0.5% HA and 0.5% alginate 1% HA. 

Thereby, 1% alginate 0.25% HA showed the most similar rheological behavior to 1.5% alginate 

and, therefore, similar viscosity (Fig 1.A). Moreover, close similarities to 1.5% alginate were 

detected with 1% alginate 0.1 %HA and 0.5% alginate 0.5% HA, while 1% alginate 0.5% HA, 

1% alginate 1% HA, 0.5% alginate 0.1% HA, 0.5% alginate 0.25% HA, and 0.5% alginate 1% 

HA displayed differences with 1.5% alginate (Fig1.A). 

 1% alginate 0.25% HA,1% alginate 0.1 %HA and 0.5% alginate 0.5% HA were selected 

as the compositions to be tested for encapsulation by means of an electrostatic atomization 

generator (Nisco ®). Spherical homogenous microcapsules were formed with all the 

compositions providing smooth surfaces similar to 1.5% alginate, with some wrinkled surfaces 

in microcapsules formed by 0.5% alginate 0.5% HA (Fig 1.B). The diameters shown at all the 

microcapsules independently of the composition was of 450 µm. We decided to discard 1% 

alginate 0.1% HA mixture for the following assays since it contains a low concentration of HA 
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and any effect detected with this mixture should be enhanced in the 1% alginate 0.25% HA 

composition. 

 With the selected compositions, 1% alginate 0.25% HA and 0.5% alginate 0.5% HA, it 

resulted imperative to determine the content of HA within the microcapsules. So, we next 

proceeded to carefully analyze and quantify the content of HA inside them. On this regard, we 

elaborated microcapsules with FITC-labelled hyaluronic acid at the same molecular weight (1.1 

MDa) than the aforementioned HA. FITC-labelled hyaluronic acid afforded us to quantify the 

HA content by measuring the fluorescence intensity and to observe the fluorescence under a 

confocal microscope. Thereby, we quantified double fluorescence intensity of 0.5% alginate 

0.5% HA-FITC compared to 1% alginate 0.25% HA-FITC with no fluorescence intensity in 

their respective controls without FITC and in 1.5% alginate (Fig 2.A). The fluorescence of these 

composites was confirmed by means of confocal microscopy (Fig 2.B,C). No fluorescence was 

detected in their respective controls (data not shown). However, the higher intensity in 0.5% 

alginate 0.5% HA-FITC compared to 1% alginate 0.25% HA-FITC due to a higher presence of 

HA-FITC was not noticeable with this technology.  

 After determining the presence of HA within the microcapsules, we imaged the surface 

of the microcapsules by scanning electron microscopy (SEM) since smoother surfaces on the 

alginate microcapsules have shown better biocompatibility in vivo. Micrographs from SEM 

showed differences in the surface smoothness of the microcapsules indicating that the presence 

of HA induce to differences in the microcapsules surface (Fig 3), even when rheological 

behavior is similar. While, alginate microcapsules displayed a smooth and homogeneous 

surface, microcapsules containing HA displayed a wrinkled and heterogeneous surface, 

especially in 0.5% alginate 0.5% HA microcapsules. So, we decided to study if these 

differences could be reflected on the swelling behavior of the microcapsules. No significant 

differences were detected when these studies were performed 6 days along. After placing 

microcapsules into a monovalent ion solution like sodium citrate, 1% alginate 0.25% HA and 

0.5% alginate 0.5% HA showed similar expansion of the core diameter than 1.5% alginate 
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microcapsules (Fig 4). These results indicate that the presence of HA in the microcapsules does 

not affect the conversion of gel into liquid caused by a monovalent ion solution, independently 

of the HA concentration and, therefore, the rupture ratio in vivo of hybrid microcapsules will be 

similar to alginate microcapsules. 

3.2. In vitro studies with encapsulated cells. 

 After observing that alginate HA hybrid microcapsules had similar rheological behavior 

and osmotic resistance than alginate microcapsules, we encouraged to assess the impact in the 

viability and bioactivity of encapsulated cells by the presence of HA within alginate 

microcapsules. We proceeded to encapsulate cells with the selected alginate-HA hybrid 

biomaterials. We chose to study D1-MSCs genetically modified to secrete EPO because, on the 

one hand, MSCs are being studied for clinical applications due to their immune tolerance 

properties and, on the other hand, their ability to secrete EPO allows their study as a sustainable 

drug delivery system. Thus, 1% alginate 0.25% HA microcapsules did not represent any issue in 

the encapsulation procedure of D1-MSCs-EPO while microcapsules composed by 0.5% alginate 

0.5% HA agglomerated and did not display an appropriate core stability, releasing cells outside 

the capsule. Therefore, in the following assays we compared 1% alginate 0.25% HA to 1.5% 

alginate excluding the hybrid biomaterial composed by 0.5% alginate 0.5% HA from our futures 

studies. 

 First, we quantified the percentage of early apoptotic cells within the microcapsules for 

21 days after cell encapsulation, by means of annexinV/propidium iodide staining and 

subsequent quantification by flow cytometry. Apoptotic cells percentage was lower in 1% 

alginate 0.25% HA than in 1.5% alginate the next day after encapsulation without statistical 

significance, showing the same percentage of apoptotic cells 7 days after encapsulation in both 

types of microcapsules (Fig 5A). However, a significant decrease of apoptotic cells (p<0.05) 

was detected in 1% alginate 0.25% HA encapsulated cells 21 days after encapsulation compared 

to 1.5% alginate (Fig5.A), indicating that the presence of HA within the alginate microcapsules 

influences apoptotic processes of encapsulated D1-MSC cells overtime. Next, we quantified if 
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the percentage of dead cells was also modified by the HA presence within the alginate 

microcapsules, by means of calcein/ethidium staining and subsequent flow cytometry. In 

correlation with apoptotic cell percentage, no significant differences were quantified in the 

percentage of dead cells the next day after encapsulation (Fig 5.B.). However, 7 days after 

encapsulation, the presence of HA in alginate microcapsules reduced significantly (p<0.001) the 

number of dead cells, even when apoptotic cell percentage did not show differences (Fig 5.B.). 

This result was also reflected at day 21 after encapsulation, when the presence of HA 

significantly (p<0.001) reduced the number of dead cells similarly to apoptotic cell percentage 

at this time point (Fig 5.B.). To verify these results, we stained encapsulated D1-MSC-EPO in 

1% alginate 0.25% HA and 1.5% alginate with calcein/ethidium and observed them under 

fluorescent microscope. Micrographs obtained after staining confirmed the data displaying a 

higher number of alive cells in 1% alginate 0.25% HA capsules than in 1.5% alginate, 

especially at day 21 after encapsulation (Fig 5.C, green staining). 

 Because the main differences in viability were found at day 21 after encapsulation, we 

proceeded to quantify the metabolic activity at this time point. We quantified metabolic activity 

by the commercially available CCK8 assay studying the progression of cell metabolic activity 

from the first day after encapsulation until day 21. The increment in metabolic activity was 3-

fold significantly higher (p<0.001) in D1-MSC EPO encapsulated in 1% alginate 0.25% HA 

capsules than in 1.5% alginate (Fig 6.A). We also analyzed and compared the membrane 

integrity of the encapsulated D1-MSC EPO in both types of microcapsules determining if there 

was a correlation with the viability and the metabolic activity detected. By means of the 

commercial assay Lactic Dehydrogenase based kit, we were able to detect that the percentage of 

membrane damage was always significantly lower (p<0.01 at day1 and p<0.05 at day 21) in D1-

MSC EPO encapsulated in 1% alginate 0.25% HA capsules than in 1.5% alginate (Fig 6.B). 

These analyses confirmed that the presence of HA in alginate microcapsules not only improves 

the viability of the encapsulated D1-MSC EPO, but also improves their metabolic activity and 

the integrity of their membrane.  
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 We also aimed to study the application of the hybrid biomaterial as a sustainable drug 

delivery system by taking advantage of the ability of D1-MSCs EPO to secrete EPO. Thus, we 

compared the progression of EPO release by encapsulated D1-MSCs EPO in 1.5% alginate 

microcapsules and 1% alginate 0.25% HA microcapsules from the first day after encapsulation 

until day 21. The hybrid 1% alginate 0.25% HA microcapsules provided 2-fold significant 

increment (p < 0.001) in EPO release than 1.5% alginate microcapsules (Fig 7.A.), indicating 

that the presence of HA, through its influence in the viability, metabolic activity and membrane 

integrity, helps to improve the release of a therapeutic protein secreted by encapsulated 

genetically modified cells, and therefore improves the capacity of alginate microcapsules as aa 

sustainable release system. 

 The presence of HA in alginate microcapsules could also be influencing the release of 

endogenous proteins secreted by MSCs. Hence, we compared the progression of VEGF release 

by encapsulated D1-MSCs EPO in 1.5% alginate microcapsules and 1% alginate 0.25% HA 

microcapsules from the first day after encapsulation until day 21. Hybrid 1% alginate 0.25% 

HA microcapsules provided higher VEGF release increment (p < 0.05) than 1.5% alginate 

microcapsules (Fig 7.B.). However, this increment was lower than the increment observed in 

EPO, indicating that the presence of HA in alginate microcapsules influences both the release of 

transgenic and endogenous proteins in encapsulated MSCs, but this influence is higher on 

transgenic than endogenous proteins. 

 Finally, we compared the potential of encapsulated D1-MSCs within 1.5% alginate and 

1% alginate 0.25% HA into . three mesoderm lineages: adipogenic, osteogenic and 

chondrogenic. After culturing encapsulated D1-MSCs in complete mesenchymal stem cell 

medium for 7 days, attached cells were exposed to differentiation media for 21 days and next 

stained. The presence of vacuoles characteristic of adipogenic differentiation was detected with 

no qualitative differences between D1-MSCs from 1.5% alginate and 1% alginate 0.25% HA 

(Fig 8A).  The calcified deposition identifying osteogenic differentiation was also detected in 

both type of microcapsules without qualitative differences (Fig 8B). However, higher amount of 

Page 25 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 

 

sulfated proteoglycan deposits, indicative of functional chondrocytes, were displayed in 1% 

alginate 0.25% HA than in 1.5% alginate matrix (Fig 8C), suggesting that the incorporation of 

HA in alginate matrixes upgrades D1-MSCs potential for chondrogenic differentiation. 

4. Discussion. 

 Cell encapsulation technology allows the continuous release of therapeutic factors 

avoiding the need of repeated drug administration. It has succeeded in the treatment of several 

pathologies showing high potential for its clinical application. However, before being translated 

from bench to bedside, several challenges still need to be overcome, such as the development of 

a matrix containing proteins from the ECM that mimics a closer natural cell environment and 

enhance cell survival and functionality. HA is one of the major components of the ECM [24], 

representing a good candidate in microencapsulation technology in order to enhance cell 

signaling, regulation of cell adhesion and proliferation, as well as manipulation of cell 

differentiation [25]. Therefore, we decided to study the incorporation of this macromolecule 

within alginate microcapsules since alginate has been the most commonly used biomaterial in 

cell encapsulation [6].  

 We selected HA with a MW of 1.1 MDa because at this MW, HA-coated cell cultures 

show the highest cell adhesion rate, decreasing the cell adhesion and proliferation when MW is 

increased [25]. Thus, we elaborated different solutions by mixing alginate and HA at different 

proportions to compared their rheological behavior with 1.5% alginate in order to find suitable 

mixtures that display similar viscosity properties of non-newtonian fluid like 1.5% alginate. We 

chose 1% alginate 0.25% HA and 0.5% alginate 0.5% HA due to, on the one hand, their similar 

viscosity behavior to 1.5% alginate along the frequency range studied and, on the other hand, 

their ability to form microcapsules by an electrostatic atomization generator. High HA 

concentrations increased viscosity over 1.5% alginate ratios when mixed with either 1% or 0.5% 

alginate, maybe due to a higher presence of hydrogen bonding between hydroxyl groups along 

the chains [34]. However, low HA concentrations were not able to increase solutions viscosity 

to 1.5% alginate values, precluding their use in cell encapsulation. In fact, when alginate 
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increased from 0.5% to 1%, it was enough to add HA at 0.25% instead of 0.5% to reach the 

same viscosity than 1.5%.alginate. We confirmed the presence of HA inside the selected 

microcapsules by imaging and by quantifying the emitted fluorescence from microcapsules after 

their performance with HA-FITC. The fluorescence of 0.5% alginate 0.5% HA was significantly 

higher than the one obtained from 1% alginate 0.25% HA but it did not exactly double, 

indicating that a release of HA could occur in 0.5% alginate 0.5% HA microcapsules. The 

breakage during the performance of 0.5% alginate 0.5% HA microcapsules could explain the 

release and, therefore, a lower HA-FITC intensity than expected.  

 We detected differences in the uniformity and the cross linking among the surface of 

both HA-alginate combinations and 1.5% alginate after forming the microcapsules. In spite of 

the observed differences, all samples showed a smooth surface, which have shown to provide 

better biocompatibility than rough surfaces [35]. We next confirmed that surface differences 

were not reflected in the swelling behavior, indicating that the osmotic resistance of all the 

microcapsules was enough to preserve them in an in vivo environment, avoiding a cell exposure 

to the host [36]. The similarities between the macromolecular structure of alginate and 

hyaluronate, allowing the formation of an alginate network where hyaluronic maybe 

accommodated, might explain the same swelling behavior among all microcapsules [37].  

 After our extensive physicochemical evaluation of the new hybrid microcapsules, we 

proceeded to encapsulate D1-MSCs EPO to determine the beneficial impact of the presence of 

HA within alginate microcapsules. The first bottleneck we met was the plugging up of the 

electrostatic atomization generator when trying to encapsulate D1-MSCs EPO in 0.5% alginate 

0.5% HA, that when overcome, generated microcapsules that agglomerated and released cells 

outside the capsules, precluding future studies. However, 1% alginate 0.25% HA encapsulated 

MSCs displayed homogenous round microcapsules with smooth shape. The presence of HA in 

the aforementioned microcapsules reduced the percentage of apoptotic MSCs overtime 

compared to 1.5% alginate, which could be mediated by the endocytic internalization of HA 

through the surfaced receptor CD44 expressed in MSCs, and subsequent protection of DNA 
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from damage [38]. In fact, it has been proven that the pretreatment of chondrocytes with 

hyaluronic acid decreases mitochondrial DNA damage while enhancing DNA repair capacity, 

cell viability, preservation of ATP levels and amelioration of apoptosis [39]. This beneficial 

effect seems to be mediated by the CD44 receptor, since anti-CD44 antibody at saturating 

concentrations abolishes the protective effects of hyaluronan, suggesting that CD44 mediates 

this mechanism [40]. The reduction in apoptotic cells was also reflected in a reduction in cell 

death in the hybrid microcapsules, showing a higher number of alive cells. HA has shown to 

directly influence the activation of cell proliferation. High concentration of HA (> 2mg/ml) 

causes the release of endogenous growth factors, stimulating cell-cell interactions, that results in 

faster cell proliferation in vitro [41]. Thus, the growth rate of adipose derived MSCs shortly 

supplemented with HA is increased in culture at early passages, contributing to their lifespan 

extension, with a marked reduction of cellular senescence and a prolonged differentiation 

potential [42]. Moreover, the presence of HA in the hybrid microcapsules increased the 

metabolic activity of encapsulated MSCs, similarly to tendon derived cells exposed to HA [43], 

while reducing the membrane damage suffered by MSCs the next day after encapsulation [44]. 

All together afford us to conclude that HA protects encapsulated MSCs from the high stress 

derived from the encapsulation process. 

 We also aimed to evaluate the controlled released of a therapeutic protein from our 

hybrid microcapsules, thanks to the ability of the genetically modified MSCs to secrete EPO. 

Thus, we could quantify that MSCs increase EPO secretion for 21 days when allocated in 

microcapsules containing HA, similarly to hydrogels formed by 100% HA [45]. This increase of 

transgenic protein secretion was also correlated with an endogenous protein increment, 

reflecting that the secretion enhancement might be related with the boost of metabolic activity. 

 Finally we assessed the MSCs potential to differentiate into adipogenic, osteogenic and 

chondrogenic lineages shown in 2D [46]. It has been previously described the alginate 

encapsulated MSCs are able to differentiate into the above mentioned lineages [47] but we have 

demonstrated that the presence of HA into an alginate matrix promotes the differentiation of 
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MSCs into chondrocytes maybe due to an induction of aggrecan and proteoglycan 

accumulation, nodule formation, and inhibition of TNF-alpha induced inhibition of 

chondrogenic differentiation [29]. 

5. Conclusions. 

 Our work have shown that it is possible to produce hybrid microcapsules of 1% alginate 

0.25% HA containing MSCs that retain 1.5% alginate physicochemical properties, while 

mimicking a natural ECM environment, which helps to enhance the viability and functionality 

of encapsulated cells. However, future studies need to be performed with the inclusion of other 

proteins derived from ECM in order to improve these beneficial effects, while maintaining the 

physicochemical properties of the microcapsules.  

 We can conclude that HA protects MSCs when encapsulated within alginate, providing 

a niche-like environment and improving the beneficial effects of alginate microcapsules after 

encapsulated MSCs implantation. Encapsulated MSCs into such bio-artificial niches are 

protected and remain competent in terms of cell delivery or sustained drug release systems. 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the support to cell microencapsulation research from 

the University of the Basque Country UPV/EHU (UFI11/32 and EHUA 16/06) and the Basque 

Country Government (Grupo de Investigación Consolidado del Sistema Universitario Vasco, 

No ref: IT428-10). Authors also wish to thank the intellectual and technical assistance from the 

ICTS “NANBIOSIS”, more specifically by the Drug Formulation Unit (U10) of the CIBER in 

Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN) at the University of Basque 

Country (UPV/EHU). Finally, authors would like to acknowledge to Contipro enterprise for 

providing with HA-FITC biomaterial.  

DECLARATION OF INTEREST STATEMENT 

The authors report no conflicts of interest 

Page 29 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21 

 

 

Page 30 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 

 

REFERENCES 

[1] M. Hashemi, F. Kalalinia, Application of encapsulation technology in stem cell therapy, Life 
sciences 143 (2015) 139-46. 

[2] J.L. Wilson, T.C. McDevitt, Stem cell microencapsulation for phenotypic control, 

bioprocessing, and transplantation, Biotechnology and bioengineering 110(3) (2013) 667-82. 

[3] S.M. Dang, S. Gerecht-Nir, J. Chen, J. Itskovitz-Eldor, P.W. Zandstra, Controlled, scalable 

embryonic stem cell differentiation culture, Stem Cells 22(3) (2004) 275-82. 

[4] Z. Li, M. Leung, R. Hopper, R. Ellenbogen, M. Zhang, Feeder-free self-renewal of human 

embryonic stem cells in 3D porous natural polymer scaffolds, Biomaterials 31(3) (2010) 404-
12. 

[5] S. Gerecht, J.A. Burdick, L.S. Ferreira, S.A. Townsend, R. Langer, G. Vunjak-Novakovic, 

Hyaluronic acid hydrogel for controlled self-renewal and differentiation of human embryonic 
stem cells, Proc Natl Acad Sci U S A 104(27) (2007) 11298-303. 

[6] N. Siti-Ismail, A.E. Bishop, J.M. Polak, A. Mantalaris, The benefit of human embryonic 

stem cell encapsulation for prolonged feeder-free maintenance, Biomaterials 29(29) (2008) 

3946-52. 

[7] M. De Castro, G. Orive, R.M. Hernandez, A.R. Gascon, J.L. Pedraz, Comparative study of 

microcapsules elaborated with three polycations (PLL, PDL, PLO) for cell immobilization, J 

Microencapsul 22(3) (2005) 303-15. 

[8] P. de Vos, M.M. Faas, B. Strand, R. Calafiore, Alginate-based microcapsules for 

immunoisolation of pancreatic islets, Biomaterials 27(32) (2006) 5603-17. 
[9] T. Chen, J. Yuan, S. Duncanson, M.L. Hibert, B.C. Kodish, G. Mylavaganam, M. Maker, H. 

Li, M. Sremac, M. Santosuosso, B. Forbes, S. Kashiwagi, J. Cao, J. Lei, M. Thomas, C. 

Hartono, D. Sachs, J. Markmann, A. Sambanis, M.C. Poznansky, Alginate encapsulant 
incorporating CXCL12 supports long-term allo- and xenoislet transplantation without systemic 

immune suppression, Am J Transplant 15(3) (2015) 618-27. 

[10] C. Spuch, D. Antequera, A. Portero, G. Orive, R.M. Hernandez, J.A. Molina, F. Bermejo-
Pareja, J.L. Pedraz, E. Carro, The effect of encapsulated VEGF-secreting cells on brain amyloid 

load and behavioral impairment in a mouse model of Alzheimer's disease, Biomaterials 31(21) 

(2010) 5608-18. 

[11] L.U. Wahlberg, G. Lind, P.M. Almqvist, P. Kusk, J. Tornoe, B. Juliusson, M. Soderman, E. 

Sellden, A. Seiger, M. Eriksdotter-Jonhagen, B. Linderoth, Targeted delivery of nerve growth 

factor via encapsulated cell biodelivery in Alzheimer disease: a technology platform for 

restorative neurosurgery, Journal of neurosurgery 117(2) (2012) 340-7. 

[12] A. Murua, M. de Castro, G. Orive, R.M. Hernandez, J.L. Pedraz, In vitro characterization 

and in vivo functionality of erythropoietin-secreting cells immobilized in alginate-poly-L-
lysine-alginate microcapsules, Biomacromolecules 8(11) (2007) 3302-7. 

[13] G. Orive, M. De Castro, S. Ponce, R.M. Hernandez, A.R. Gascon, M. Bosch, J. Alberch, 

J.L. Pedraz, Long-term expression of erythropoietin from myoblasts immobilized in 
biocompatible and neovascularized microcapsules, Mol Ther 12(2) (2005) 283-9. 

[14] S. Ponce, G. Orive, A.R. Gascon, R.M. Hernandez, J.L. Pedraz, Microcapsules prepared 

with different biomaterials to immobilize GDNF secreting 3T3 fibroblasts, Int J Pharm 293(1-2) 

(2005) 1-10. 

[15] X. Huang, X. Zhang, X. Wang, C. Wang, B. Tang, Microenvironment of alginate-based 

microcapsules for cell culture and tissue engineering, Journal of bioscience and bioengineering 

114(1) (2012) 1-8. 
[16] K.Y. Lee, D.J. Mooney, Alginate: properties and biomedical applications, Progress in 

polymer science 37(1) (2012) 106-126. 

[17] A. Llacua, B.J. de Haan, S.A. Smink, P. de Vos, Extracellular matrix components 
supporting human islet function in alginate-based immunoprotective microcapsules for 

treatment of diabetes, Journal of biomedical materials research 104(7) (2016) 1788-96. 

[18] J.H. Collier, T. Segura, Evolving the use of peptides as components of biomaterials, 

Biomaterials 32(18) (2011) 4198-204. 

Page 31 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

[19] D.F. Williams, The role of short synthetic adhesion peptides in regenerative medicine; the 

debate, Biomaterials 32(18) (2011) 4195-7. 

[20] A. Garate, J. Ciriza, J.G. Casado, R. Blazquez, J.L. Pedraz, G. Orive, R.M. Hernandez, 

Assessment of the Behavior of Mesenchymal Stem Cells Immobilized in Biomimetic Alginate 
Microcapsules, Molecular pharmaceutics 12(11) (2015) 3953-62. 

[21] A. Garate, E. Santos, J.L. Pedraz, R.M. Hernandez, G. Orive, Evaluation of different RGD 

ligand densities in the development of cell-based drug delivery systems, Journal of drug 
targeting 23(9) (2015) 806-12. 

[22] E. Santos, A. Garate, J.L. Pedraz, G. Orive, R.M. Hernandez, The synergistic effects of the 

RGD density and the microenvironment on the behavior of encapsulated cells: in vitro and in 
vivo direct comparative study, Journal of biomedical materials research 102(11) (2014) 3965-

72. 

[23] M.B. Evangelista, S.X. Hsiong, R. Fernandes, P. Sampaio, H.J. Kong, C.C. Barrias, R. 

Salema, M.A. Barbosa, D.J. Mooney, P.L. Granja, Upregulation of bone cell differentiation 

through immobilization within a synthetic extracellular matrix, Biomaterials 28(25) (2007) 

3644-55. 
[24] G.D. Prestwich, J.W. Kuo, Chemically-modified HA for therapy and regenerative 

medicine, Curr Pharm Biotechnol 9(4) (2008) 242-5. 

[25] N. Zhao, X. Wang, L. Qin, Z. Guo, D. Li, Effect of molecular weight and concentration of 
hyaluronan on cell proliferation and osteogenic differentiation in vitro, Biochemical and 

biophysical research communications 465(3) (2015) 569-74. 

[26] H. Tan, K.G. Marra, Injectable, Biodegradable Hydrogels for Tissue Engineering 

Applications, 2010, p. 1746. 

[27] J.J. Schmidt, J. Rowley, H.J. Kong, Hydrogels used for cell-based drug delivery, Journal of 

biomedical materials research 87(4) (2008) 1113-22. 

[28] M. van Beek, A. Weeks, L. Jones, H. Sheardown, Immobilized hyaluronic acid containing 

model silicone hydrogels reduce protein adsorption, Journal of biomaterials science 19(11) 

(2008) 1425-36. 

[29] E. Sato, T. Ando, J. Ichikawa, G. Okita, N. Sato, M. Wako, T. Ohba, S. Ochiai, T. Hagino, 
R. Jacobson, H. Haro, High molecular weight hyaluronic acid increases the differentiation 

potential of the murine chondrocytic ATDC5 cell line, J Orthop Res 32(12) (2014) 1619-27. 

[30] C.R. Correia, L.S. Moreira-Teixeira, L. Moroni, R.L. Reis, C.A. van Blitterswijk, M. 
Karperien, J.F. Mano, Chitosan scaffolds containing hyaluronic acid for cartilage tissue 

engineering, Tissue engineering 17(7) (2011) 717-30. 

[31] C.H. Wu, C.S. Ko, J.W. Huang, H.J. Huang, I.M. Chu, Effects of exogenous 

glycosaminoglycans on human chondrocytes cultivated on type II collagen scaffolds, Journal of 

materials science 21(2) (2010) 725-9. 

[32] G. Camci-Unal, D. Cuttica, N. Annabi, D. Demarchi, A. Khademhosseini, Synthesis and 
characterization of hybrid hyaluronic acid-gelatin hydrogels, Biomacromolecules 14(4) (2013) 

1085-92. 

[33] K. Gwon, E. Kim, G. Tae, Heparin-hyaluronic acid hydrogel for efficient cellular activities 
of 3D encapsulated adipose derived stem cells, Acta Biomater  (2016). 

[34] M.K. Cowman, S. Matsuoka, Experimental approaches to hyaluronan structure, 

Carbohydrate research 340(5) (2005) 791-809. 
[35] C.M. Bunger, C. Gerlach, T. Freier, K.P. Schmitz, M. Pilz, C. Werner, L. Jonas, W. 

Schareck, U.T. Hopt, P. de Vos, Biocompatibility and surface structure of chemically modified 

immunoisolating alginate-PLL capsules, Journal of biomedical materials research 67(4) (2003) 

1219-27. 

[36] X. Liu, W. Xue, Q. Liu, W. Yu, Y. Fu, X. Xiong, X. Ma, Q. Yuan, Swelling behaviour of 

alginateâ€“chitosan microcapsules prepared by external gelation or internal gelation technology, 

Elsevier, 2004, pp. 459-464. 

[37] P. Maturavongsadit, X. Bi, K. Metavarayuth, J.A. Luckanagul, Q. Wang, Influence of 

Cross-Linkers on the in Vitro Chondrogenesis of Mesenchymal Stem Cells in Hyaluronic Acid 
Hydrogels, ACS Appl Mater Interfaces  (2016). 

Page 32 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24 

 

[38] H. Zhao, T. Tanaka, V. Mitlitski, J. Heeter, E.A. Balazs, Z. Darzynkiewicz, Protective 

effect of hyaluronate on oxidative DNA damage in WI-38 and A549 cells, International journal 

of oncology 32(6) (2008) 1159-67. 

[39] V. Grishko, M. Xu, R. Ho, A. Mates, S. Watson, J.T. Kim, G.L. Wilson, A.W.t. Pearsall, 
Effects of hyaluronic acid on mitochondrial function and mitochondria-driven apoptosis 

following oxidative stress in human chondrocytes, The Journal of biological chemistry 284(14) 

(2009) 9132-9. 
[40] M. Lakshman, V. Subramaniam, U. Rubenthiran, S. Jothy, CD44 promotes resistance to 

apoptosis in human colon cancer cells, Experimental and molecular pathology 77(1) (2004) 18-

25. 
[41] X. Zou, H. Li, L. Chen, A. Baatrup, C. Bunger, M. Lind, Stimulation of porcine bone 

marrow stromal cells by hyaluronan, dexamethasone and rhBMP-2, Biomaterials 25(23) (2004) 

5375-85. 

[42] P.Y. Chen, L.L. Huang, H.J. Hsieh, Hyaluronan preserves the proliferation and 

differentiation potentials of long-term cultured murine adipose-derived stromal cells, 

Biochemical and biophysical research communications 360(1) (2007) 1-6. 
[43] L. Osti, M. Berardocco, V. di Giacomo, G. Di Bernardo, F. Oliva, A.C. Berardi, 

Hyaluronic acid increases tendon derived cell viability and collagen type I expression in vitro: 

Comparative study of four different Hyaluronic acid preparations by molecular weight, BMC 
Musculoskelet Disord 16 (2015) 284. 

[44] J. Ciriza, L. Saenz del Burgo, M. Virumbrales-Munoz, I. Ochoa, L.J. Fernandez, G. Orive, 

R.M. Hernandez, J.L. Pedraz, Graphene oxide increases the viability of C2C12 myoblasts 

microencapsulated in alginate, Int J Pharm 493(1-2) (2015) 260-70. 

[45] K. Motokawa, S.K. Hahn, T. Nakamura, H. Miyamoto, T. Shimoboji, Selectively 

crosslinked hyaluronic acid hydrogels for sustained release formulation of erythropoietin, 

Journal of biomedical materials research 78(3) (2006) 459-65. 

[46] M.S. Jeon, T.G. Yi, H.J. Lim, S.H. Moon, M.H. Lee, J.S. Kang, C.S. Kim, D.H. Lee, S.U. 

Song, Characterization of mouse clonal mesenchymal stem cell lines established by 

subfractionation culturing method, World journal of stem cells 3(8) (2011) 70-82. 
[47] A. Goren, N. Dahan, E. Goren, L. Baruch, M. Machluf, Encapsulated human mesenchymal 

stem cells: a unique hypoimmunogenic platform for long-term cellular therapy, Faseb J 24(1) 

(2010) 22-31. 
 

 

Page 33 of 35

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25 

 

FIGURE LEGENDS 

Figure 1.-(A) Rheological behavior comparison to 1.5% alginate of: (1)1% alginate 0.1% HA, 

1% alginate 0.25% HA, 1% alginate 0.5% HA, 1% alginate 1% HA and (2) 0.5% alginate 0.1% 

HA, 0.5% alginate 0.25% HA, 0.5% alginate 0.5% HA and 0.5% alginate 1% HA. (B) 

Micrographs of microcapsules at the following compositions: (1) 1% alginate 0.1% HA, (2) 1% 

alginate 0.25% HA and (3) 0.5% alginate 0.5% HA. Note: Scale bar represents 100 µm. 

Figure 2.-Determination of HA content within microcapsules. (A) HA-FITC content 

quantification of 1.5 % alginate, 1% alginate 0.25% HA, 1% alginate 0.25% HA-FITC, 0.5% 

alginate 0.5% HA and 0.5% alginate 0.5% HA-FITC. Micrographs by means of confocal 

microscopy of (B) 1% alginate 0.25% HA-FITC microcapsules and (C) 0.5% alginate 0.5% 

HA-FITC microcapsules. Note: Values represent mean ± SD and *** represents p < 0.001.  

Figure 3.-Microcapsules surface micrographs by Scanning Electron Microscopy.(A) 1.5% 

alginate, (B) 1% alginate 0.25% HA and (C) 0.5% alginate 0.5% HA. Note: Scale bar represents 

1 µm. 

Figure 4.-Results from swelling assay of 1.5% alginate, 1% alginate 0.25% HA and 0.5% 

alginate 0.5% HA microcapsules expressed as Df/Di: final diameter/initial diameter were Di 

corresponds to day 0 and Df is indicated in the abscises axe. 

Figure 5.-Viability of D1-MSC-EPO encapsulated in 1% alginate 0.25% HA and 1.5% 

alginate microcapsules. (A)Early apoptotic cell quantification by means of flow cytometry 

after annexin/PI staining. (B) Dead cell quantification by means of flow cytometry 

aftercalcein/ethidium staining. (C) Micrographs of encapsulated cells after calcein/ethidium 

staining. Note: *: p<0.05 and ***: p<0.001. Scale bar represents 200 µm. 

Figure 6.-Metabolic activity and membrane integrity of encapsulated D1-MSC EPO in 1% 

alginate 0.25% HA and 1.5% alginate microcapsules. (A) Ratio of metabolic activity 

between day 21 (D21) and day 1 (D1) after encapsulation. (B) Membrane damage at day 1 and 
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21 after encapsulation. Note: Values represent mean ± SD. *: p < 0.05, **: p < 0.01 and ***: p 

< 0.001. 

Figure 7.-Release of EPO and VEGF from encapsulated D1-MSC EPO in 1% alginate 

0.25% HA and 1.5% alginate microcapsules. (A) Ratio of EPO release between day 21 (D21) 

and day 1 (D1) after encapsulation. (B) Ratio of VEGF release between day 21 (D21) and day 1 

(D1) after encapsulation. Note: Values represent mean ± SD. *: p < 0.05 and ***: p < 0.001. 

Figure 8. Differentiation potential of encapsulated D1-MSCs EPO in 1% alginate 0.25% 

HA and 1.5% alginate microcapsules.  Microscopic images at 4× amplification 3 weeks after 

differentiation.  
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