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Abstract
Functional tissue regeneration using synthetic biomaterials requires proliferation and heterotypic differentiation of stem/
progenitor cells within a specialized heterogeneous (biophysical–biochemical) microenvironment. The current techniques 
have limitations to develop synthetic hydrogels, mimicking native extracellular matrix porosity along with heterogene-
ous microenvironmental cues of matrix mechanics, degradability, microstructure and cell–cell interactions. Here, we have 
developed a microenvironment modulating system to fabricate in situ porous hydrogel matrix with two or more distinct 
tailored microenvironmental niches within microbeads and the hydrogel matrix for multicellular tissue regeneration. Elec-
trosprayed pectin-gelatin blended microbeads and crosslinked alginate hydrogel system help to tailor microenvironmental 
niches of encapsulated cells where two different cells are surrounded by a specific microenvironment. The effect of different 
microenvironmental parameters associated with the microbead/hydrogel matrix was evaluated using human umbilical-cord 
mesenchymal stem cells (hUCMSCs). The osteogenic differentiation of hUCMSCs in the hydrogel matrix was evaluated 
for bone tissue regeneration. This will be the first report on microenvironment modulating microbead-hydrogel system to 
encapsulate two/more types of cells in a hydrogel, where each cell is surrounded with distinct niches for heterogeneous tis-
sue regeneration.
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Introduction

Stem cells hold great promise for numerous applications 
such as regenerative medicine, personalized disease model 
and drug screening (Lian et al. 2010; Mahla 2016). Each 
of these applications requires stem cells to expand in their 
naïve state or differentiate into specific lineages, which 
remains challenging (Baksh et al. 2004; Mahla 2016; Nich-
ols and Smith 2009). The native stem cell niche, comprising 
of the specialized biophysical and biochemical microenvi-
ronment, is crucial to direct the stem cell’s fate (Augello 
et al. 2010; Kolf et al. 2007). Inspired by the native stem cell 
niche, efforts have been made to develop a broad range of 
materials and related techniques for developing engineered 
hydrogel platforms to regulate stem cell fate by controlling 

microenvironmental parameters such as matrix mechanics, 
degradability, cell-adhesive ligand presentation, microstruc-
ture, porosity and cell–cell interactions (Madl and Heilshorn 
2018; Rosales and Anseth 2016).

Stem cells encapsulated alginate hydrogel have been 
extensively used for tissue engineering applications due to 
their easy preparation and tenable biophysical properties 
such as degradation, biocompatibility, non-antigenicity and 
matrix mechanics (Jeon et al. 2009; Sun and Tan 2013; Yan 
et al. 2016). Mesenchymal stem cells (MSC) in the alginate 
3D hydrogel matrix differentiates into different lineages such 
as osteogenic, myogenic and neurogenic depending upon 
the elastic moduli (Pek et al. 2010; Yao et al. 2016) and 
time-dependent mechanical properties(Sánchez et al. 2020) 
of the substrate. Similarly, hydrogel matrix degradation 
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plays an important role in the mechanosensitive differentia-
tion of stem cells (Guvendiren and Burdick 2013). MSCs 
differentiate into adipogenic and osteogenic lineages when 
encapsulated into non-degrading hyaluronic acid hydro-
gels and degradable hydrogels, respectively, regardless of 
the matrix stiffness (Duarte Campos et al. 2015; Zhao et al. 
2014). Khetan et al. demonstrated that matrix degradation 
is required for tension generation of encapsulated MSCs for 
osteogenic differentiation (Khetan et al. 2013).

Moreover, regeneration of functional tissue requires 
a co-delivery of stem cells along with two or more 
types of cells (Grainger et al. 2013), for specific lineage 
differentiation(Delorme et  al. 2006; Dissanayaka et  al. 
2015). For bone tissue regeneration, differentiation of stem 
cells into multiple lineages such as osteoblast and endothe-
lial seek cell-specific microenvironment in the hydrogel sys-
tem (Mao et al. 2016; Seebach et al. 2010). As an example, 
MSCs differentiate into osteoblastic lineages more robustly 
in stiffer biomaterials (Mao et al. 2016; Park et al. 2011), 
whereas they differentiate into endothelial lineages in softer 
materials (Wang et al. 2013). Human adipose-derived (hAD-
MSCs) co-cultured with hepatocyte-derived cells promoted 
liver-specific functions of the hepatocytes (Wang et  al. 
2016). Conversely, endothelial cell populations require 
more compliant materials to remodel their microenviron-
ment to promote vasculogenesis (Wang et al. 2013; Wood 
et al. 2010). The multilineage potential of hUCMSCs pro-
vided a strong rationale for their use in stem cell-based bone 
regenerative therapy (Shetty et al. 2010; Wang et al. 2019). 
Moreover, the soluble factors or biochemical cues (such as 
growth factors) are one of the important components of such 
microenvironments and their spatial/temporal concentration 
is important for cell fate determination (Keung et al. 2010, 
2011). Thus, the co-delivery of two populations of cells such 
as stem cells and endothelial or multiple phenotypic stem 
cells for cell differentiation would pave the way for tissue 
repair. It is also important to provide a microenvironment 
having the above-mentioned biophysical and biochemical 
cues for each cell type in a hydrogel system. Current porous 
hydrogels are limited to control/provide a microenvironment 
of biophysical and biochemical parameters in the hydrogel 
matrix for one type of encapsulated cells.

The microenvironmental parameter(s) such as matrix 
topography and/or matrix porosity plays an important role in 
cell migration, proliferation, and differentiation (Janson and 
Putnam 2015). However, in most of the studies on hydrogel 
matrix, the topographical effect has been confined to the 2D 
substrate due to the limitations in material fabrication tech-
niques (Li and Kilian, 2015; Santos et al. 2012). Hydrogels 
with macroporosity, representing engineered 3D materials 
for topographical variation, have been studied for stem cell 
proliferation and differentiation into specific lineages for 
regenerative applications (Haugh et al. 2018). In addition to 

the topographical signature, macroporous hydrogels modify 
the transport properties of the cellular microenvironment 
and affect the stem cell fate (Lutolf et al. 2009; Park et al. 
2019).

Different methods including microparticle templating, 
freeze-drying and gas foaming as well as cross-linking of 
hydrogel micro-ribbons and microgel assembling have been 
used to prepare macroporous hydrogel (Lutolf et al. 2009). 
However, the size scale of pores dictates whether cells expe-
rience a pseudo-2D microenvironment with the freedom to 
spread and migrate or a more confining 3D environment 
(Roach et al. 2010). Gelatin macromers synthetically modi-
fied with methacrylate functionalities mediated macroporous 
hydrogels have been employed for cell encapsulated porous 
hydrogel for tissue regeneration (Benton et al. 2009), where 
temperature-responsive fast dissolution of gelatin leads to 
in situ pore formation in the hydrogel (Dang et al. 2011). 
The fast dissolution of gelatin microbeads may lead to a 
drastic change in the mechanical strength of porous hydro-
gel. Moreover, the current reported porous hydrogel system 
is mainly used for instant pore generation and their prepara-
tion method (such as water–oil emulsion for gelatin porogen) 
does not allow porogen as cell carrier microspheres (Hwang 
et al. 2010).

In this paper, we are reporting microenvironment modu-
lating microbeads to fabricate in situ porous hydrogel matrix 
with two distinct cellular microenvironmental niches. This 
provides tailorable matrix mechanics, degradation, porosity, 
and chemical cues/cell–cell interaction within microbeads 
and in the hydrogel matrix. Furthermore, the electrospray-
ing method of microbead preparation allows encapsulation 
of the cells into microbeads along with other types of cells 
in the hydrogel matrix for heterotypic cell function. Elec-
trospraying microbeads made up of various binary mixtures 
of pectin and gelatin were used to tailor biophysical/bio-
chemical properties of microbeads, which was further mixed 
with alginate as model hydrogel system, for in situ porous 
hydrogel matrix. With this system, we can target various 
heterogeneous tissue repair including bone, skin, periodontal 
region, etc.

We hypothesized that tailoring the biophysical/biochem-
ical microenvironmental parameters of microbeads in the 
alginate hydrogel would modulate the microenvironment to 
instruct stem cells for enhanced cellular function and dif-
ferentiation. To prove our hypothesis, we have characterized 
different microenvironmental parameters of microbead and 
alginate hydrogel, for osteogenic differentiation of human 
umbilical cord mesenchymal stem cells (hUCMSCs) in 
the alginate hydrogel loaded with nanosilicate platelets 
microbeads. Moreover, our microenvironment modulating 
microbead-hydrogel system provides a novel platform to 
encapsulate two types of cells in a hydrogel system where 
each cell is surrounded by a distinct biophysical/chemical 
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niche to instruct heterotypic cell function and multicellular 
tissue regeneration. To the best of our knowledge, we are 
the first to report such a novel hydrogel system for potential 
heterogeneous tissue regeneration. 

Materials and methods

Materials

Sodium alginate (powder, from brown algae) and Gelatin 
(powder, from porcine skin, Type A Bloom strength 175), 
Bovine serum albumin (BSA), β-glycerophosphate, ascor-
bic acid (AA), dexamethasone, formaldehyde, Triton-X 
100, FITC albumin, alizarin red S, Oil-O Red, and para-
nitrophenyl phosphate substrate with glycine buffer, ALP-
BCIP®/NBT, LM Pectin (citrus peel) were purchased from 
Sigma-Aldrich, USA. Laponite XL21 was received as a gift 
sample from BYK, USA. Minimal essential medium–alpha 
modification (alpha MEM), fetal bovine serum (FBS), 
Trypsin–EDTA, antibiotics, fluorescein diacetate (FDA), 
propidium iodide (PI), Alamar blue and Phalloidin were 
procured from Invitrogen, USA, BCA Protein Assay Kit 
was purchased from Thermo Fisher Scientific, USA. Glacial 
acetic acid and calcium chloride were purchased from SRL, 
India. DAPI and Alcian Blue were procured from Alpha 
Aesar, USA. The filter paper was purchased from Millipore. 
For all experiments, Milli-Q water was used. All chemicals 
were used without any modifications. All the organic sol-
vents and chemical reagents used were of analytical grade.

Preparation of pectin‑gelatin microbeads

Pectin (P) and pectin-gelatin (PG) blended solutions of 2% 
and 3% (w/v) were prepared by dissolving in deionized 
water. The variable ratio of pectin and gelatin (1:1, 2:3, and 
1:4 abbreviated as P1G1, P2G3, and P1G4, respectively) 
were constantly stirred for 4 h. The blended solution was 
used to prepare microbeads by electrospraying method. In 
this process, 10 mL of pectin and pectin-gelatin blended 
solution were electrosprayed into 50 mL of calcium chloride 
solution (200 mmol L−1) through a stainless-steel needle 
by varying voltage from 7.0 to 10.0 kV with a pressure of 
0.94 bar at room temperature.

Preparation of laponite loaded microbeads

Pectin (P) and pectin-gelatin (PG) blended solutions of 2% 
and 3% (w/v) were prepared by dissolving in deionized 
water. The variable ratio of pectin and gelatin (1:1, 2:3, and 
1:4 abbreviated as respective P1G1, P2G3, and P1G4) were 
prepared as described earlier. Later laponite [0.5% (w/v)] 
was added to the pectin and pectin-gelatin blended polymer 

solution and stirred overnight for 24 h. Laponite-loaded pec-
tin and pectin-gelatin (L-P, L-P1G1, L-P2G3, and L-P1G4) 
microbeads were then prepared using electrospraying 
method. In this process, 10 mL of laponite containing pectin 
and pectin-gelatin blended solution were electrosprayed into 
50 mL of calcium chloride solution (200 mmol L−1) through 
a stainless-steel needle at a voltage of 10.0 kV and pressure 
of 0.94 bar to obtain laponite loaded microbeads.

Preparation of P‑G microbeads loaded alginate 
hydrogel.

Pectin (P) and pectin-gelatin (PG) blended microbeads 
(200 mg) were mixed with 3% alginate (250 µL) solution. 
The alginate hydrogel (Alg) was prepared and crosslinked 
with calcium chloride solution (200 mmol L−1) in Teflon 
mold (height: 2.0 mm, diameter: 10.0 mm). The microbeads 
encapsulated hydrogel system was further characterized for 
degradation, porosity, swelling behavior and rheology stud-
ies (Supplementary data).

Size distribution analysis of microbeads

The size distribution was calculated using an optical micro-
scope (Olympus CKX-53) fixed with an ocular and stage 
micrometer. In all dimensions at least 100 particles in five 
different fields were inspected. For the measurement of each 
sample, triplicates were used.

Preparation of BSA loaded microbeads/hydrogel 
and their release profile

BSA-loaded pectin and pectin-gelatin microbeads were 
prepared by mixing a known amount of BSA (50 mg) in 
pectin/pectin-gelatin (1  mL) solution and stirred over-
night. The mixture was electrosprayed by using a voltage 
of 10.0 kV and pressure of 0.94 bar in CaCl2 solution. The 
freshly obtained crosslinked microbeads were collected 
and stored carefully. These BSA-loaded microbeads (B-P, 
B-P1G1, B-P2G3, and B-P1G4 (200 mg) with an average 
size of 350 µm were later mixed in 3% sodium alginate 
(250 µL) and crosslinked in Teflon mold (height: 2.0 mm, 
diameter: 10.0 mm) using CaCl2. Similarly, BSA (50 mg) 
was also loaded into 3% sodium alginate solution (1 mL), 
and mixed with microbeads prepared without BSA to make 
matrix-loaded BSA hydrogel. For release study, BSA-loaded 
hydrogels (BSA in the matrix or microbead) were placed in 
a 15 mL capped centrifuge tube containing 8 mL PBS (pH 
7.4) and incubated at 37 °C in an incubator shaker at 70 rpm. 
At defined time intervals (1, 3, 5, 7, and 10 days) of incuba-
tion, 4 mL of supernatant from each tube was taken out to 
measure the concentration of BSA released followed by the 
addition of 4 mL of fresh PBS to maintain sink conditions. 
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The BSA concentrations in the supernatants were deter-
mined using the Micro BCA protein assay kit. The cumula-
tive BSA-release profile from the hydrogels was calculated.

Isolation of human umbilical cord mesenchymal 
stem cells (hUCMSCs)

Human umbilical cords were collected from the Wharton’s 
Jelly in cords of healthy babies by an established method 
after their delivery, which is usually discarded as medical 
waste from MNR hospital, Sangareddy, after obtaining con-
sent from the patient. Experiments were performed as per 
the requirements given by the Institutional Ethics Committee 
(IEC) and Institutional Committee for Stem Cell Research 
(ICSCR) of the Indian Institute of Technology, Hyderabad. 
IEC and ICSCR approved the entire experimental proce-
dures associated with hUCMSCs, which include extraction, 
isolation, culture, and experiments with hydrogels (IITH/
IEC/2018/12). At 37 °C, umbilical cord tissue was digested 
for 1 h, kept for agitation in a solution of 5 mg mL−1 colla-
genase-type 1, then a 25 cm2 culture flask was used to seed 
the minced tissue suspensions using Dulbecco’s modified 
eagles’ medium (DMEM) for culture, supplemented with 
10% fetal bovine serum (FBS), 100 U mL−1 penicillin-G, 
100 μg mL−1 streptomycin and 0.25 μg mL−1 fungi zone. 
Flask was incubated at 37 °C and 5% CO2 with 90% relative 
humidity and the medium was changed every 3 days.

hUCMSCs encapsulation into microbeads

Umbilical cord-derived hUCMSCs were grown in Dul-
becco’s modified eagles’ medium supplemented with 10% 
(v/v) of fetal bovine serum (FBS), and 1% (v/v) of an anti-
biotic–antimycotic solution, at 37 °C, 90% relative humidity 
and 5% CO2 atmosphere. hUCMSCs were encapsulated in 
pectin and all the binary mixtures of pectin-gelatin solution 
at a density of 1 million cells/mL. Cells at passage 4 were 
used for all experiments. The harvested cells were dispersed 
in pectin-gelatin solution for the electrospray. By applying a 
voltage (10.0 kV) and pressure (0.94 bar) between the nee-
dle and collecting stage, the pectin-gelatin blend polymer 
solution with cells or without cells were extruded from the 
needle orifice and split into tiny droplets (Zhang et al. 2019), 
the droplets fell into the solution of 200 mmol L−1 calcium 
chloride.

Later, cell encapsulated microbeads (C-P, C-P1G1, 
C-P2G3, and C-P1G4) (average size of 350  µm) were 
washed thrice in PBS to remove the CaCl2 and transferred 
to well plates supplemented with DMEM culture medium. 
The medium was changed every other day until the study 
was completed. The hUCMSCs loaded PG microbeads 
(500 mg) were later mixed into 1 mL of 3%Alg hydrogel 
solution. The microbeads containing alginate solution 

(200 µL) were transferred to Teflon mold (height: 2.0 mm, 
diameter: 10 mm) and crosslinked by adding 200 mmol L−1 
CaCl2 solution on the polymer surface (1 mm film of Alg). 
To secure the homogeneous matrix formation by uniform 
crosslinking, we have used an adequate amount of calcium 
chloride and relatively thin hydrogel as well as post-soaking 
the hydrogel into CaCl2 solution for 10 min. In this process, 
CaCl2was added slowly into the Teflon mold with a 21-G 
syringe to form an alginate hydrogel. After 3 min, the algi-
nate hydrogels containing PG microbeads were soaked in 
calcium chloride solution for 10 min for further crosslinking. 
The hydrogel was washed with PBS to deplete an excess 
amount of CaCl2 (Choi et al. 2012). These hydrogels were 
later transferred to 48-well culture plates and supplemented 
with 500 µL DMEM culture medium per well. The medium 
was changed every alternate day for 1 week. Later, the 
medium was changed every 3 days. Live/dead assay was 
performed to test the viability of the cells encapsulated 
microbeads. All the materials used for cell culture analysis 
were UV sterilized and performed under a sterile environ-
ment (Supplementary data).

hUCMSCs encapsulated into the hydrogel matrix

Alginate solution (3% w/v) was prepared by suspending 
alginate in PBS (pH 7.4). Deionized water was used to 
dissolve CaCl2to a final concentration of 200 mmol L−1. 
A 0.45 μm membrane filter was used to sterilize both the 
solutions. hUCMSCs were collected from monolayer cul-
ture using trypsin–EDTA, centrifuged, and resuspended 
in the medium at a density of 2 × 106 cells/mL. Passage 4 
cells were used for all experiments. Sterile alginate solution 
was mixed with suspended cells (2 × 106 cells/mL). The PG 
microbeads (500 mg) were added per 1 mL alginate solution. 
The cell-containing alginate–PG microbeads solution was 
then added to the Teflon molds and crosslinked by adding a 
200 mmol L−1 CaCl2 solution on the polymer surface. After 
10 min of crosslinking, hydrogel discs were retrieved and 
washed with PBS to remove excess calcium. These hydro-
gels were later transferred to 48-well culture plates and sup-
plemented with 500 µL DMEM culture medium per well. 
The medium was changed every alternate day for 1 week. 
Later the medium was changed every 3 days. Live/dead and 
DAPI staining was performed to determine the viability of 
cells encapsulated in the hydrogel matrix. Alamar blue assay 
was carried out to evaluate cell proliferation (Supplementary 
data).

In vitro osteogenesis assays

For the in vitro osteogenic assays, hUCMSCs were encap-
sulated into the bulk gel phase (2 × 106 cells/mL) of alginate 
matrix, by mixing in the polymer solution. Later sacrificial 
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laponite (having inherent osteoinductive potential) con-
taining L-PG microbeads (500 mg) with an average size of 
350 µm were mixed into 1 mL of Alg hydrogel solution and 
calcium ion crosslinking was performed. After crosslink-
ing, the hydrogels were transferred to tissue culture substrate 
with DMEM supplemented with 10% Fetal Bovine Serum 
and 1% penicillin/streptomycin. No additional osteogenic 
factors were used for the cell culture study. At pre-deter-
mined time intervals, alkaline phosphatase (ALP) activity 
and staining were performed to evaluate the osteogenic 
behavior of the microbead hydrogel system (Supplemen-
tary data).

Statistical analysis

All experiments were performed in triplicate and expressed 
as mean ± standard deviation. Statistical differences for all 
the experiments between groups were analyzed using one-
way ANOVA with the Tukey post hoc test using Graph Pad 
Prism software for statistical computation. The groups with a 
significant difference were represented with symbols to rep-
resent the difference (*P < 0.05, **P < 0.01, ***P < 0.001).

Results and discussion

Microenvironments modulating hydrogel platform

Engineering hydrogel microenvironment parameters such 
as mechanical strength, degradability, cell-adhesive ligand 
presentation, microstructure, soluble cues, and cell–cell 
interactions are essential to recapitulate the stem or pro-
genitor cell niche for specific functional tissue regeneration 
(Wagers 2012). Generation of functional tissues consisting 
of different types of cells may require a specific microen-
vironment surrounding for stem cells/progenitor cells to 
differentiate into specific lineages such as osteoblast and 
endothelial cells for vascularized bone tissue. Reported 
porous hydrogel systems can modulate the microenviron-
ment specific to one type of phenotype differentiation which 
is uniform throughout the matrix (Wang and Chen 2013).

Here, for the first time, we have reported a method to pre-
pare hydrogel, which is capable of modulating the microen-
vironment parameters specific to dual phenotype differentia-
tion in a single hydrogel system (Fig. 1) as a novel platform 
for heterotypic cellular tissue regeneration. In this study, we 

Fig. 1   Schematic representation of tailored microenvironment modulating microbeads and hydrogel system
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have created a microbead system using blended-biopolymers 
(pectin-gelatin or PG) and electrospraying method to tailor 
physicochemical properties (porosity, degradation, mechani-
cal and chemical cues) and encapsulate cells, respectively, 
in addition to the conventional microenvironment modula-
tion of hydrogel matrix (Fig. 1). Pectin and gelatin blended 
in 1:1 ratio are denoted as P1G1, pectin-gelatin in 2:3 ratio 
as P2G3, and pectin-gelatin in 1:4 ratio as P1G4throughout 
the paper. In using different concentrations of gelatin (50%, 
65%, and 75%) in the pectin-gelatin microbead, we have tai-
lored the degradation of the microbead, and thus porosity to 
regulate a suitable microenvironment. From our preliminary 
experiments, we have optimized the gelatin ratio (50%, 65%, 
and 75%) to achieve a gradual change in the degradation 
among different microbead systems. Thus, the respective 
ratio of the pectin-gelatin is used to ensure a porous hydrogel 
system with controlled degradation and mechanical behavior 
(Hwang et al. 2010).

We have discussed different microenvironment param-
eters within microbead and hydrogel matrix. The scaffold 
shown in Fig. 1 is a pictorial representation of the future 
platform for heterotopic tissue regeneration encapsulating 
two types of cells within two distinct microenvironments. 
In this paper, we have validated the effects of two differ-
ent microenvironments on the osteogenic differentiation 
of hUCMSCs encapsulated in the matrix of the hydrogel 
system.

Microenvironment modulating microbead 
preparation and encapsulation of stem cells

Microbead preparation with tailored size

Microbeads with tailored chemical (blending of biopoly-
mers—pectin and gelatin) and physical properties (size 
and degradation) were prepared by electrospraying method 
(see methodology for details). The effect of different elec-
trospraying parameters such as voltage, flow rate, polymer 
solution concentration and distance on the size of microbead 
were studied (Supplementary data and Table 1). Figure 2 
shows the variation of the size of pectin (P) and pectin-gel-
atin (PG) microbeads at different voltages (7–10 kV) while 
other parameters were kept constant at 1.5 mL min−1 flow 
rate, 10 cm distance, and 200 mmol L−1 of CaCl2and at a 
pressure of 0.94 bar. The electrospraying method resulted in 
a relatively narrow distribution of microbeads for specific 
applied voltage, where the average sizes of the microbead 
can be tuned from 315 to 1500 µm. The average size of 
the pectin based microbeads decreases from 710 ± 40 µm 
to 350 ± 10 µm when the applied voltage changes from 7 to 
10 kV (Fig. 2a–c). Similar to pectin microbeads, a decrease 
in the size is observed in PG (1:1, 2:3, 1:4) blended micro-
beads (Fig. 2d–l). Thereafter, the average size of microbeads 

changed with varying blend compositions for P1G1—
from 710 ± 20 to 340 ± 10 µm (Fig. 2 n), for P2G3—from 
770 + 20 µm to 350 + 10 (Fig. 2o) and P1G4—from 775 ± 20 
to 350 ± 20 µm (Fig. 2 p) when the applied voltage increases 
from 7 to 10 kV. This size distribution data proves the nar-
row size distribution of microbeads (Fig. 2m-p). Similar to 
the electrospinning method, a decrease in particle size with 
increasing applied voltage results from the stretching of pol-
ymer solution due to charge repulsion within the polymer 
(Thompson et al. 2007). The flow rate of the polymer solu-
tion at constant voltages and other electrospraying param-
eters affects the shape of pectin-gelatin microbeads slightly, 
thus, the flow rate of more than 1.5 mL min−1 results in 
cone-shaped microbeads (Figure S2, Supplementary data). 
At constant voltage, the increase in flow rate resulted in 
faster release of stretched polymer microbeads from the nee-
dle tip to crosslinking solution before recovery to spherical 
shape. The effect of other electrospraying parameters such as 
the concentration of polymer solution, CaCl2 concentration, 
and the distance between the nozzle-collector on microbead 
size-shape are shown in the supplementary information (Fig-
ure S1, S2, S3, Supplementary data). 200 mmol L−1 CaCl2 
concentration and 10 cm distance between nozzle tip-to-col-
lector were found optimum at a constant voltage of 10 kV 
and 1.5 mL min−1 of flow rate. Similarly, increasing the 
concentration of pectin and calcium chloride solution tends 
to make the microbeads more spherical and uniform (Fig-
ure S1, S2, S3, Supplementary data). However, the concen-
tration of the polymer solution of 2% pectin, 3% gelatin is 
desired to acquire optimum viscosity and results in spheri-
cal-shaped microbeads when other electrospraying param-
eters are kept constant at their optimum values. Note that 
electrospraying with optimized parameters such as 10 kV, 
10 mL min−1, 2–3% polymer solution, and 10 cm distance 
result in uniform sacrificial microbeads (350 µm size) and 
have been used for other studies such as encapsulation of 
cells and fabrication of microbead loaded hydrogels. The 
crosslinking of P and PG microbeads by Ca2+ ions was due 
to ionic interactions between Ca2+ and carboxylic groups of 
galacturonic blocks of the pectin chain.

Stem cells (hUCMSCs) encapsulated microbeads

hUCMSCs were used as model cells to encapsulate into the 
microbeads using the electrospraying method in a sterile 
environment. As expected from previous reports (Gryshkov 
et al. 2014; Xu et al. 2019), lower voltage (below 10 kV) 
mediated electrospraying process did not result in noticeable 
cell death in the process of hUCMSCs cell encapsulation 
into pectin/pectin-gelatin microbeads (Figure S4, Supple-
mentary data). Moreover, significant cell proliferation was 
observed upon culturing of hUCMSCs encapsulated micro-
beads for 7 days.
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Fig. 2   Optical microscopy 
images of microbeads display-
ing the effect of applied volt-
ages (a–l) on the morphology of 
the P (a–c), P1G1 (d–f), P2G3 
(g–i), P1G4 (j–l) microbeads 
at a flow rate of 10 mL min−1, 
2% pectin,3% gelatin polymer 
solution and a distance of 10 cm 
between nozzle and collector. 
The size distribution analysis 
plot of different microbeads, P 
(m), P1G1 (n), P2G3 (o), and 
P1G4 (p) microbeads. Over 100 
microbeads of each sample were 
measured to plot size distribu-
tion curve. Scale bar is 200 μm
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Microbead encapsulated porous hydrogel system

Tailored degradable microbeads with/without cells were 
used to make a hydrogel system consisting of two unique 
microenvironments, namely conventional bulk hydro-
gel matrix (alginate as a model system) and microbead 
matrix (Fig.  1). Different physicochemical properties 
such as porosity, swelling behavior, degradation and 
mechanical properties of the hydrogel were evaluated. The 
hydrogel microstructure, porosity and swelling behavior 
are depicted in Fig. 3. Micron-scale porosity formation 
within the hydrogel matrix mediated by tailored degrada-
ble microbeads before and after 7 days of degradation was 
evaluated by scanning electron microscopy (Fig. 3a–j). 
The cross-section of alginate hydrogels loaded with pec-
tin (P) microbeads show the presence of microbeads even 
after 7 days of degradation (Fig. 3g), whereas the pectin-
gelatin-blend (PG) microbeads-loaded hydrogel resulted in 
a porous structure with interconnected pores (Fig. 3h–j). 
Moreover, higher gelatin containing microbeads i.e., 
P1G4 loaded alginate hydrogels resulted in higher porous 
microstructure as shown in Fig. 3j. Similarly, pore size 
can be altered by tailoring microbead size with varying 

electrospraying parameters or by changing the pectin-
gelatin composition ratio.

The porosity of the hydrogel after 7 days of incubation in 
PBS at 37 °C was determined and depicted in Fig. 3l. The 
porosity of the microbeads-loaded hydrogel increases with 
the amount of gelatin, thus hydrogel with microbeads of P, 
P1G1, P2G3, and P1G4 resulted in 12%, 18%, 25%, 38%, and 
45% porosity, respectively. It was also observed that the rate 
of hydrogel degradation is affected by the ratio of the concen-
trations of the polymer and the crosslinker used. It was previ-
ously reported that the ratio of alginate to pectin influences the 
gel strength and the swelling properties (Vaziri et al. 2018). 
Alginate along with pectin with a low degree of methoxyl sub-
stitution (DM) has higher stability due to the higher degree of 
crosslinking (Günter et al. 2020). Hence, plain alginate with 
a relatively lower polymer concentration had less swelling 
ratio. Note that no significant pore formation occurred in the 
hydrogel matrix during the flash-freezing and freeze-drying 
process which is further confirmed from the porosity (from 
SEM image and percentage of porosity) in the hydrogel system 
without microbeads (Shapiro and Cohen 1997). The increase 
in the porosities is attributed to the faster degradability of the 
microbeads with a higher amount of gelatin at 37 °C associated 

Fig. 3   Cross-sectional SEM image of hydrogels (a–e) before incuba-
tion in PBS and hydrogels (f–j) after 7 days of incubation in PBS at 
37 °C. Result of swelling ratio (%) of Alg, P, P1G1, P2G3, and P1G4 

microbeads loaded in alginate hydrogel (k). Result of the porosity 
of different microbeads-loaded hydrogels (l). (*P < 0.05, **P < 0.01, 
***P < 0.001). Scale bar is 100 µm
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with gelatin gel-to-sol phase transformation (Sakai et al. 2009) 
(details are in the following section). Porosity within the 
hydrogels is important for the exchange of nutrients, oxygen, 
fluid, cell migration and cellular crosstalk which helps in cel-
lular proliferation and differentiation (Loh and Choong 2013). 
Moreover, suitable porosity is required to facilitate optimal 
attachment, proliferation, and differentiation which depends on 
the cell types and target tissue (Muschler et al. 2004). Recent 
studies revealed that bone cells show higher adhesion and 
optimum attachment in the scaffold with 120–130 μm pore 
size (Lee et al. 2008) whereas another study reported that col-
lagen/glycosaminoglycan (CG) scaffolds with 325 μm porosity 
scaffold resulted in higher proliferation(Murphy et al. 2010). 
Hence, the development of hydrogel with controlled and tai-
lored porosity is essential to create an optimum 3D microen-
vironment specific to cells and tissue. The electrosprayed PG 
blended microbead template system is unique method to make 
hydrogel with optimum pore size and porosity specific to each 
cell type. The effect of the hydrogel porosity and 3D microen-
vironment on the cell viability, proliferation and differentiation 
of encapsulated hUCMSCs were evaluated and described here 
in the following section.

The swelling capability represents the water absorption 
capacity of the hydrogel system. The swelling properties (%) 
of the different microbeads loaded alginate hydrogels in PBS 
(pH 7.4) are shown in Fig. 3k. Hydrogels with PG microbeads 
show a higher swelling ratio (60% to 85%) compared to 30% 
for hydrogel without microbeads (Alg), which increases from 
45% with pectin (P) microbeads hydrogel to 85% with pectin-
gelatin (P1G4) microbeads hydrogel. Moreover, for all hydro-
gel systems swelling equilibrium reached within 30 min, dem-
onstrating the sponge-like characteristics of these hydrogels 
(Costantini et al. 2015). The swelling properties of the hydro-
gel matrix depend on several factors, mainly the hydrophilicity 
of the polymer network, the nature of bonding (crosslink), and 
their density (Buwalda et al. 2014; Gupta et al. 2002; Santoro 
et al. 2014). As these hydrogels are made up of an alginate 
matrix with a similar crosslinking-network, one can expect 
that the variation in swelling properties among these hydrogels 
are mainly from the loaded microbeads. The higher swelling 
properties of hydrogel with microbeads of pectin and pectin-
gelatin are likely due to the higher hydrophilic properties of 
pectin/gelatin, and a decrease in the network crosslink (Ca2+ 
bridging) density in the microbeads with increasing gelatin 
content (Young et al. 2005).

Modulation of microbeads mediated 
microenvironment

Tailored degradation of microbeads

Tailor degradation with specific porosity is necessary to cre-
ate a unique 3D microenvironment surrounding encapsulated 

cells in the hydrogel system (Marklein and Burdick 2010). 
Figure 4 shows the morphological changes (Fig. 4a–d) and 
quantitative degradation (%) of different microbeads in 
Fig. 4i. The optical microscopy images of different micro-
beads before (Figure S7, Supporting Information) and after 
7 days (Fig. 4a–d) of degradation indicate the presence of 
spherical pectin (P) microbeads even after 7 days whereas, 
significant degradation (decrease in microbeads numbers 
and size) is observed for pectin-gelatin blended (PG) micro-
beads. Moreover, the extent of degradation increases with 
gelatin concentration, which is further supported by the 
degradation percentage (Fig. 4i). The microbeads, P, P1G1, 
P2G3, and P1G4 show each respective degradation at 11%, 
49%, 64%, and 79% on day 3, which further degraded to 
29%, 82%, 87%, and 92% on day 5. It is also inferred from 
the degradation (%) plot that almost complete degradation 
is observed for gelatin blended microbeads P1G1, P2G3, 
and P1G4 by day 7, Fig. 4i. Enhanced degradation of PG 
microbeads is associated with the dissolution of gelatin at 
37 °C at a higher pace than pectin galacturonic chains disso-
lution (van den Bosch and Gielens 2003). These PG blended 
microbeads could be used as microbeads with tailored deg-
radation time for 3D microenvironment modulation in differ-
ent hydrogel matrix systems for various tissue regeneration 
applications.

Degradation of microbeads in the hydrogel matrix

The degradation behavior of different microbeads in the 
hydrogel (alginate) was studied to evaluate their degrada-
bility in the hydrogel matrix using fluorescence imaging and 
degradation (%) study, depicted in Fig. 4e–h. Autofluores-
cence from the pectin-gelatin polymer was used to probe 
the degradation of the microbeads in the alginate hydrogel 
matrix. On day 1, the microbeads are visible (bright con-
trast) in the matrix of alginate hydrogel (Figure S7e-h, Sup-
plementary data), which changes to a relatively darker spot 
by day 7 of their degradation (Fig. 4f–h) showing the for-
mation of pores in the hydrogel matrix. The intact P micro-
bead morphology is clearly visible in the hydrogel’s matrix 
(Fig. 4e), whereas, the radiolucent porous area is visible 
in P2G3/P1G4 loaded hydrogels on day 7 (Fig. 4g, h). As 
expected, the extent of degradation of microbeads and the 
associated pore formation depends on the faster dissoluble 
gelatin content in the microbeads. This observation is further 
supported by the reduction in the total fluorescent signal in 
the different hydrogel systems after 7 days of degradation 
(Fig. 4k), which is minimum for P-hydrogel and maximum 
for P1G4microbeadhydrogel. Figure 4j shows the degrada-
tion percentage of the microbeads loaded hydrogels dur-
ing incubation in PBS (pH 7.4) at 37 °C. Thus, P, P1G1, 
P2G3, and P1G4 loaded hydrogels result in 29%, 62%, 
65%, and 66% degradation, in the stated order, by day 5, 
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which further increased to 53%, 68%, 75%, and 79% after 
7 days of degradation, correlating well with the fluores-
cence imaging data above. When the calcium crosslinked 
alginate matrix was incubated in PBS, Na + ions present in 
the PBS medium enter the matrix and undergo ion exchange 
with Ca2+ ions, which were attached to –COO– groups of 
mannuronic (M) blocks of the matrix. This results in the 
relaxation of M chains. Later, the external Na+ ions enter 
into ‘egg-box’ cavities of the matrix and replace the already 
existing Ca2+ ions (Kikuchi et al. 1999). The fully hydrated 
alginate structure begins to lose its structural integrity due 
to the disruption of ‘egg-box’ cavities causing the disinte-
gration of the matrix into big chunks, followed by complete 
dissolution of the matrix. Hence the degradation of these 
alginate hydrogels occurs due to the disintegration of matrix 
networks and breakage of the crosslinking bonds. The differ-
ence in the degradation behavior between the alginate and 
PG microbead containing alginate hydrogel might be due to 
the amorphous and semi-crystalline nature of the alginate 

and pectin polymer, respectively. (Georget et al. 1999; Gohil 
2011). It was also reported that calcium alginate beads do 
not exhibit good stability in the physiological fluid such as 
phosphate buffer at pH 7.4 (Bajpai and Sharma 2004). The 
presence of counter ions in the swelling medium induces an 
ion exchange with cross-linked Ca2+ ions that are present 
within the ‘egg-box’ bridging network and results in the 
degradation of alginate beads within few hours (Bajpai and 
Kirar 2016).

Alginate hydrogels showed higher degradation com-
pared to alginate hydrogels loaded with PG microbeads as 
alginate mixed with pectin and PG microbeads has reduced 
gel shrinkage due to syneresis during the gel formation 
process(Ramdhan et al. 2020; Walkenström et al. 2003). 
P1G4Alg, which consists of high gelatin concentration, 
degrades faster compared to others. The microbeads degra-
dation in the hydrogel matrix is similar to their uncapsulated 
form (Fig. 4a–d). Important to note that the cell-encapsu-
lated PG microbeads can modulate the microenvironment 

Fig. 4   Optical microscopy 
images of P (a), P1G1 (b), 
P2G3 (c), and P1G4 (d) micro-
beads after 7 days degrada-
tion. Fluorescence microscopy 
images of Alg hydrogel loaded 
with P (e), P1G1 (f), P2G3 
(g), and P1G4 (h) microbe-
ads on day 7. Degradation 
(%) graphs of microbeads (i) 
and microbeads loaded Alg 
hydrogels (j) over an interval 
of 7 days. The quantification of 
the fluorescence intensity (s) 
of the hydrogels is calculated 
by capturing 25 images of each 
hydrogel using image intensity 
analysis Axiovert software 
of the fluorescence micro-
scope. (*P < 0.05, **P < 0.01, 
***P < 0.001). Scale bar is 
200 μm
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of the hydrogel by tailoring the porosity/degradability in the 
microbeads, choosing microbeads with suitable percent of 
gelatin blend as required for specific cells/tissue remodeling 
time. Moreover, conventional hydrogel-associated microen-
vironment can be further modulated by the use of a suitable 
hydrogel system (instead of alginate matrix) in addition to 
microbeads associated 3D microenvironment (porosity/deg-
radation) modulation. 

Chemical cues

BSA, as a model chemical cue, was encapsulated into the 
microbeads or hydrogel matrix and its release profile was 
probed from BSA-microbeads encapsulated hydrogel and 
hydrogel (BSA directly encapsulated in the hydrogel matrix) 
(Fig. 5). BSA released from all microbeads shows sustained 
release with an initial 20% release at 24 h. Moreover, BSA 

from B-P1G4 is observed to be almost 100% release on day 
10 compared to ~ 80% for B-P, B-P1G1, B-P2G3 microbe-
ads. The BSA release from the microbeads, when encapsu-
lated into the alginate hydrogel matrix, shows a sustained 
release profile, but the total release on day 10 decreases to 
55%, 50%, 45%, and 40% from B-P1G1, B-P2G3, B-P1G4, 
and B-P microbead-hydrogel, respectively, with a relatively 
lower initial release (10%) at 24 h (Fig. 5a). The slower 
release of BSA from microbeads through hydrogel matrix 
compared to their release from microbeads suspension in 
PBS (pH 7.4). This is due to the presence of a possible dif-
fusion barrier of the alginate matrix and lower BSA release 
from Alg hydrogel as the hydrated structure loses its struc-
tural integrity in PBS due to disruption of ‘egg-box’ cavities 
and the alginate chains. Hence, BSA entrapped within the 
alginate chains could not be released out into the medium 
due to alginate hydrogel structural disorganization. Alginate 

Fig. 5   In vitro  BSA release profile of hydrogel with B-P, B-P1G1, 
B-P2G3, and B-P1G4 loaded microbeads (a), in  vitro release 
from BSA loaded Alg matrix loaded with microbeads [PAlg(B), 
P1G1Alg(B), P2G3Alg(B), and P1G4Alg(B)] (b) was evaluated in 
triplicates at 37 °C for 10 days. Frequency sweep analysis visualizing 

the storage modulus (G′) within a range of angular frequency. Graphs 
shows (G′) values of Alg and Alg hydrogels loaded with P, P1G 1, 
P2G3, and P1G4 microbeads before degradation (c) and after degra-
dation (d) by dissolving in PBS for 7 days at 37 ◦C



143Progress in Biomaterials (2021) 10:131–150	

1 3

which is a hydrophilic polysaccharide during degradation 
results in pH variations (as its matrix gets dissolved), car-
boxylate groups in the alginate backbone become protonated 
during degradation and forms hydrogen bonds (Lee and 
Mooney 2012). This change in pH would have resulted in 
agglomeration or precipitation of BSA (Estey et al. 2006), 
led to retarded BSA release (Norudin et al. 2018). Similarly, 
the higher release of BSA from microbeads with maximum 
gelatin (B-P1G4) is associated with the faster degradation 
of gelatin within the hydrogel matrix or in PBS suspension 
(Figs. 4i, 5a). A significant difference was observed in BSA 
release at day 10, B-P1G4 microbeads loaded in hydrogel 
showed 97% release and 55% from the Alg(B) matrix loaded 
with P1G4 microbeads. This difference in the release pro-
files from two distinct places: hydrogel matrix and micro-
bead matrix, within a hydrogel system provides a unique 
platform to encapsulate multiple chemical cues (protein, 
growth factors, drug, etc.) and can tailor their concentration 
to create two distinct 3D microenvironments. Thus, one can 
encapsulate specific chemical cues such as growth factors 
or drug molecules within the alginate hydrogel matrix for 
slower release and other chemical cues within the sacrificial 
PG microbeads for relatively faster release.

Mechanical properties

Hydrogels exhibit a storage modulus (G′) higher than the 
loss modulus (G″), denoting the elastic character of hydro-
gels and their gel state. Frequency sweep (within the viscoe-
lastic region 0.1 to and 10 rad s−1) of with/without micro-
beads-encapsulated alginate hydrogels were performed to 
check the storage modulus (G′) of the hydrogels before and 
after 7 days of incubation in PBS (pH 7.4) and depicted in 
Fig. 5c, d. The storage modulus values of hydrogel increased 
significantly with the addition of microbeads in the hydrogel 
which may be due to the presence of pectin and their pos-
sible involvement in the crosslinking between microbead 
surface and alginate matrix (Toft et al. 1986). However, the 
order of storage modulus of hydrogel with different microbe-
ads is yet to be understood clearly and needs a more detailed 
study in the future. The storage modulus (G′) values for plain 
alginate hydrogels (without microbeads) before and after 
incubation in the PBS are 225 kPa, and 50 kPa. Similarly, 
storage modulus values of the P, P1G1, P2G3, and P1G4 
microbeads-loaded hydrogel before degradation is 420 kPa, 
265 kPa, 275 kPa, and 305 kPa, respectively, and after deg-
radation, it is 445 kPa, 275 kPa, 245 kPa, and 250 kPa. Inter-
estingly, microbead encapsulated hydrogels show a limited 
decrease (< 15%) in their storage modulus after degradation 
(7 days) compared to alginate hydrogel without microbe-
ads (75% reduction). Note that 7 days incubation in PBS 
results in more than 80% degradation of microbeads. The 
exact reason for such superior mechanical properties of P, 

P1G1microbead mediated porous-alginate hydrogel is yet 
to be investigated. Nonetheless, this may attribute to the 
formation of possible macromolecular bridging of pectin 
and gelatin with alginate matrix through hydrogen bond-
ing and ionic crosslinking of pectin and alginate polymer 
chains (Alonso-Mougán et al. 2002; Ching et al. 2008). It 
was reported that a dotting mode of egg-box structure for-
mation in the alginate hydrogel matrix occurs during cal-
cium crosslinking (Donati et al. 2006). Suitable mechanical 
properties of the hydrogel are essential for cell adhesion, 
migration, proliferation, and differentiation. Reported porous 
hydrogels with gelatin microbeads show the major disad-
vantage of fast deprived mechanical properties due to the 
quick dissolution of gelatin-microbeads at 37 °C (Sokic 
et al. 2014). Porosity in hydrogels drastically changes the 
mechanical properties. Conversely, this tailored degradable 
pectin/pectin-gelatin microbeads- loaded alginate hydrogels 
result in small changes in their mechanical properties even 
after complete dissolution of microbeads in a porous hydro-
gel, which can be further tuned using suitable microbead 
composition. The minimal change in the modulus values 
of P2G3/P1G4-hydrogels after degradation of microbeads 
(245/250 kPa), slight elevation in modulus of P (445 kPa) 
and P1G1 hydrogel (275 kPa) after degradation might be 
due to higher pectin composition compared to pure algi-
nate hydrogels (50 kPa) emphasizes that the PG microbeads 
improve the mechanical properties of hydrogels with ~ 50% 
porosity (Fig. 3l).

Stem cell encapsulated microbead and cross‑talk 
with cell in the hydrogel matrix

The PG microbeads provide a unique microenvironment as 
discussed above. Cells (hUCMSCs) encapsulated microbead 
system was loaded into the hydrogel matrix and the prolif-
eration of stem cells in the microbead microenvironment 
was investigated (Fig. 6) using microscopy. The fluorescence 
images and optical images of hydrogels clearly show the 
presence of spherical microbeads (C-P, C-P1G1, C-P2G3, 
C-P1G4) in the hydrogel matrix (Fig. 6). The cells (seen 
as a green dot) are distinct within microbead (microbead-
loaded hydrogel, Fig. 6l–o) and cells encapsulated within 
the hydrogel matrix (alginate hydrogel without microbeads 
in Fig. 6k, p). On day 1 most of the cells are appear as a 
dot within the microbeads or the matrix. However, on day 
7, as expected, the spherical microbeads encapsulated with 
the cells were still visible in PAlg hydrogel. Conversely, in 
gelatin blended microbeads, C-P2G3, and C-P1G4 loaded 
hydrogel showed spreading of cells within the non-spherical 
microbead matrix, indicating the dissolution of microbeads. 
In addition to the abovementioned cell confinement/spread-
ing in the different hydrogels, cells in all microbead matrix 
were viable (green fluorescein diacetate to stain live cells 
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and red propidium iodide for dead cells staining) at day 1 
and 7. However, few dead cells were also observed but they 
appeared to be less in comparison to live cells with less 
fluorescence intensity. Moreover, as expected, there was a 
significant increase in the cell numbers as colonies at the 
periphery of degrading microbeads in the C-P1G2, C-P2G3 
and C-P1G4 hydrogels, indicating significant migration and 
proliferation of the encapsulated cells (Fig. 6r–t) compared 
to fewer cell numbers in C-Phydrogel and alginate hydrogel 
(Fig. 6p). These results indicate that the encapsulated hUC-
MSCs maintained their viability within the microbeads and 
controlled the 3D microenvironment such as degradation of 
microbeads, thereby allowing cellular migration and prolif-
eration within the microbead confinement.

Porous hydrogel for bone tissue regeneration

Porous hydrogels containing laponite-loaded microbeads 
were evaluated for bone tissue regeneration using hUC-
MSCs as a model for tissue regeneration. Fluoride doped 
laponite nanosilicate have been reported for superior osteo-
genic properties in our previous publication (Veernala et al. 

2019). We hypothesize that further encapsulation into our 
PG microbeads may provide a unique microenvironment for 
stem cell (in hydrogel matrix) proliferation and osteogenic 
differentiation for bone tissue regeneration. Figure 7 shows 
the cells in different hydrogels matrix during the culture 
for 10 days. Cell encapsulated into the alginate matrix of 
different hydrogels results in homogenous cell distribution 
throughout the alginate matrix (green and blue dot) at day 1, 
Fig. 7a, f, k, p. The fluorescence images of hydrogels with 
laponite containing L-PG microbeads (L-P1G1, L-P2G3, 
and L-P1G4) show spherical lacunae at day 7 of their cul-
ture associated with the degraded microbeads (Fig. 7h–j) as 
described before compared to the presence of microbeads 
in pectin (L-P) microbead hydrogel (Fig. 7g). However, cell 
nucleus count (blue stained by DAPI) and cells (green dots 
stained by fluorescein diacetate) in the L-PG microbeads 
hydrogels were observed to increase during culture of hydro-
gels for 10 days or more, indicating higher proliferation of 
cells, and their spheroids formations in the porous hydrogels 
(Figs. 7s, t, x, y) compared to L-P microbeads or without 
microbead alginate hydrogels (Figs. 7g, p, q). This observa-
tion is further supported by the Alamar Blue proliferation 

Fig. 6   Optical microscope images of cells encapsulated PG micro-
beads loaded in alginate hydrogel (a–j) before degradation (a–e) on 
day 1 and after degradation (f–j) on day 7. Fluorescence microscope 

images show live dead assay result of the viable cells encapsulated 
within the microbeads (k–t) before degradation (k–o) on day 1 and 
after degradation (p–t) on day 7. Scale bar is 100 µm
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assay (Fig. 7z). However, the cellular proliferation rate (up to 
14 days of culture) in different hydrogel systems depends on 
the microbeads/microbead type/gelatin content of the micro-
beads, Fig. 7z. Thus, L-P, L-P1G1, L-P2G3, and L-P1G4 
microbead hydrogels show 50%, 65%, 90%, and 97% of cell 

proliferation respectively, compared to only 25% for alginate 
hydrogel without microbeads at day 1. The proliferation of 
cells in different microbeads-hydrogels further increased on 
day 7 followed by a slight decrease in the proliferation on 
day 14 indicating the possible differentiation of the stem 

Fig. 7   Fluorescence microscopy images of hUCMSCs encapsu-
lated within the Alg hydrogel with microbeads (a–j) encapsulated 
with hUCMSCs, on day 1 and day 7 (DAPI stained nuclei). Live/
dead assay data of hUCMSCs encapsulated in the hydrogel with L-P, 

L-P1G1, L-P2G3, and L-P1G4 microbeads on day 1, day 7 and day 
10 (k–y). Alamar Blue assay data of hUCMSCs encapsulated in the 
P and PG microbeads containing hydrogel on day 1, day 7 and day 
14 (z). (*P < 0.05, **P < 0.01, ***P < 0.001) .The scale bar is 100 μm
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cells (Boland et al. 2004). Significant higher proliferation 
in the L-P2G3 and L-P1G4 microbeads hydrogels may be 
associated with microbeads-mediated microenvironment 
modulation such as porosities within the hydrogels matrix 
which helps in cellular metabolite exchange, migration, and 
proliferation (Antoni et al. 2015).

The porosity associated with L-P2G3 and L-P1G4 hydro-
gels provide space for three-dimensional cellular migration 
when cultured for a longer duration resulting in higher 
cell proliferation (Tsang et al. 2007) as shown in Fig. 7z. 
Moreover, dissolving gelatin molecules from the microbe-
ads (L-P1G1, L-P2G3, and L-P1G4) may intercalate into 
the alginate matrix and provide sites for cell adhesion and 
growth, which have possibly led to enhanced cellular migra-
tion and proliferation (Hiwatashi et al. 2015). It has been 
reported that cells embedded in modified agarose–gelatin 
hollow microcapsules showed enhanced proliferation and 
aggregation than those in unmodified agarose gel (Sakai 
et al. 2008), which was attributed to the combined effect of 
adhesiveness arising from the agarose and gelatin microcap-
sule membrane. Moreover, Schagemenn et al. reported chon-
drocytes proliferation and differentiation into the spheroidal 
phenotype in alginate and gelatin composite hydrogel beads 
(Schagemann et al. 2006).

In vitro osteoinductive capability

Osteoinductive capability of hUCMSCs was evaluated in 
the alginate hydrogels loaded with laponite microbeads 
(L-P, L-P1G1, L-P2G32, and L-P1G4). Cells were cultured 
for 21 days in a normal growth medium and the amount 
of Alkaline phosphatase (ALP) was measured to probe the 
osteogenic differentiation. Figure 8 shows the ALP staining 
of the hydrogel matrix and the quantity of ALP in different 
hydrogels during their culture for 21 days. L-PG microbead 
(P1G1, P2G3 and P1G4) hydrogels show higher alkaline 
phosphatase staining (Fig. 8c–e) compared to hydrogel 
with pectin microbeads (Fig. 8b, g) and without microbeads 
(Fig. 8a, f). Moreover, highly degradable L-P2G3, L-P1G4 
microbeads hydrogels resulted in higher staining (Fig. 8d, 
e, i, j). This may be due to a large amount of leached out 
osteoinductive ions from laponite nanoparticles from these 
highly degradable sacrificial microbeads, thereby inducing 
osteogenic differentiation (Cui et al. 2020). The ALP stain-
ing in the L-P2G3 and L-P1G4 microbead hydrogel found 
to be maximum on day 14 followed by decreased activity 
on day 21 (Fig. 8n, o). Important to note that hydrogel with 
pectin (L-P) microbeads and without microbeads show mini-
mal ALP staining (Fig. 8a, b, f, g). This is expected as ALP, 
being an early osteogenic differentiation marker protein, 
initially increases as osteoinductivity starts, followed by a 
decrease in activity as mineralization of the ECM proceeds, 
hence decreased ALP staining was observed by day 21 in 

L-P1G1, L-P2G3, and L-P1G4microbeadshydrogel samples 
(Fig. 8m–o) (Birmingham et al. 2012). The above ALP stain-
ing results were further supported by quantitative ALP assay 
data (Fig. 8p). Hydrogels loaded with L-P2G3 microbeads 
show ALP activity of 60 IU L−1 on day 7, followed by peak 
activity of 85 IU L−1 by day 14 as shown in Fig. 8p, whereas 
other microbeads (L-P, L-P1G1, and L-P1G4) loaded hydro-
gels show their peak of ALP activity by day 7, followed 
by a decrease in ALP activity. However, among different 
hydrogels, L-P1G4 loaded hydrogels result in the highest 
ALP level (70 IU L−1) on day 7 but L-P2G3-loaded hydrogel 
shows maximum ALP activity on day 14. The fluoride doped 
laponite nanosilicate released from the microbeads into the 
alginate hydrogel matrix may have acted as an osteoinduc-
tive factor for the encapsulated stem cells, which depends 
on the degradation properties of the microbeads (ICP data of 
leached out Si-ions in the media increase from microbeads 
L-P to L-P1G4 shown in Figure S5 (Supplementary data).

The microbead-mediated microenvironment such as 
porosity, degradation, mechanical properties, and chemical 
cues (osteoinductive ions) played a major role in the cell 
attachment, migration, proliferation, and differentiation of 
hUCMSCs in the common alginate hydrogels matrix. Note 
that the alginate matrix and the amount of nanosilicate are 
the same in all the five different hydrogel systems evaluated 
in this study. The ALP activity of alginate hydrogel is 5 
times lower than L-P1G4 hydrogels. Thus, superior oste-
ogenic differentiation of stem cells in the L-PG hydrogel 
matrix is attributed to the difference in their 3D microenvi-
ronment which is modulated by the microbeads used here 
compared to hydrogel without microbeads in alginate hydro-
gel. It is important to note that these microbeads have their 
specific microenvironment of physical and chemical cues 
spreading within the micrometer area (size of the micro-
beads). Moreover, these microbeads can also modulate the 
microenvironment of the hydrogel matrix making it favora-
ble for stem cell proliferation, migration and differentiation 
in the hydrogel matrix. One can use these microbeads and 
the specified hydrogel matrix for multicellular tissue regen-
eration by encapsulating single stem cells or two different 
stem/progenitor cells within the microbeads and hydrogel 
matrix, where two distinct microenvironments lead to spe-
cific cellular fate.

Conclusion

In the present study, we have developed a microenviron-
ment modulating microbead-mediated porous hydrogel 
system consisting of two or more tailored microenviron-
mental niches i.e., within microbeads and hydrogel matrix. 
These microenvironments can be further tailored to specific 
encapsulated cells (stem/progenitor) for multicellular tissue 
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regeneration. The electrospraying method of blended (pec-
tin and gelatin) microbead preparation provides a unique 
platform to encapsulate cells in a sterile environment. 
The percent of pectin-gelatin blending along with other 
parameters results in microbeads with tailored size, matrix 
mechanics, degradability, release profiles of chemical cues, 
and microstructure. These microbeads can modulate the 
biophysical/biochemical properties of the model alginate 
hydrogel matrix such as stiffness, pore size, and swelling 
ratios depending on the pectin-gelatin ratio. We have char-
acterized different tunable microenvironment parameters of 
microbeads and microbeads-loaded alginate hydrogel sepa-
rately and examined their effects on stem cell (hUCMSCs) 
survival and proliferation. Finally, osteogenic nanosilicate-
microbeads have been used to study the effect of the micro-
environmental parameters of microbeads on the proliferation 

and osteogenic differentiation of stem cells within the hydro-
gel matrix (microenvironment). The microbeads-mediated 
hydrogel system shows enhanced stem cell function and 
osteogenic differentiation capability for bone tissue regen-
eration (as a model tissue regeneration). Moreover, unlike 
reported microbeads (fast degrading), controlled degrada-
tion of our microbeads results in the porous hydrogel with 
superior mechanical properties along with better stem cell 
proliferation and enhanced stem cell differentiation capacity. 
In this study, we have developed a simple method of micro-
environment modulating microbeads and porous hydrogel 
system to provide two or more distinct microenvironments 
within the porous hydrogel and validated superior function-
ality of stem cells (proliferation, migration, and differentia-
tion) in the hydrogel matrix. However, conventional hydro-
gel-associated microenvironment can be further modulated 

Fig. 8   Optical microscopy images of alkaline phosphatase staining of 
hUCMSCs encapsulated Alg (a, f, k), L-P Alg (b, g, l), L-P1G1Alg 
(c, h, m), L-P2G3Alg (d, i, n), L-P1G4Alg (e, j, o) hydrogels on day 

7, day 14 and day 21. ALP activity (p) on day 7, day 14, and day 21. 
Scale bar is 100 μm. (*P < 0.05, **P < 0.01, ***P < 0.001)
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using reported techniques such as functionalizing of the cell-
binding ligand and growth factors, etc. This paper mainly 
focuses on the development of a unique porous hydrogel 
platform to create two or more distinct microenvironments 
within the 3D hydrogel and their physical/biological char-
acterization. Additionally, one can encapsulate stem cells 
and/or progenitor cells into microbeads as well as hydrogel 
matrix with tailored microenvironmental cues for microen-
vironmental niche-specific cell function for multicellular 
tissue regeneration such as vascularized bone tissue which 
is under process.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40204-​021-​00158-3.
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