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The ﬁeld of cartilage tissue engineering has been evolved in the last decade and a myriad of scaﬀolding biomaterials and bioactive agents have been proposed. Controlled release of growth factors encapsulated in the
polymeric nanomaterials has been of interest notably for the repair of damaged articular cartilage. Here, we
proposed an on-chip hydrodynamic ﬂow focusing microﬂuidic approach for synthesis of alginate nanogels
loaded with the transforming growth factor beta 3 (TGF-β3) through an ionic gelation method in order to
achieve precise release proﬁle of these bioactive agents during chondrogenic diﬀerentiation of mesenchymal
stem cells (MSCs). Alginate nanogels with adjustable sizes were synthesized by ﬁne-tuning the ﬂow rate ratio
(FRR) in the microﬂuidic device consisting of cross-junction microchannels. The result of present study showed
that the proposed approach can be a promising tool to synthesize bioactive -loaded polymeric nanogels for
applications in drug delivery and tissue engineering.

1. Introduction
Cartilage regeneration continues to be largely intractable due to its
poor regenerative properties and absence of vascularization (Grässel &
Lorenz, 2014). Today and despite extensive preclinical data, no approved therapy capable of restoring the healthy structure of damaged
cartilage is clinically available. Over the past decades, a large body of
strategies involving a combination of stem cells, new biomaterials, and
bioactive agents have been proposed for this matter (Huey, Hu, &
Athanasiou, 2012). Cellular therapy using chondrocytes, ﬁbroblasts,
and stem cells (i.e., mainly mesenchymal stem cells (MSCs)) has been
widely studied in various investigations (Ankrum & Karp, 2010; Zhang
et al., 2015). The most-studied source of MSCs is the bone marrow,
though MSCs have also been isolated from fat tissue, periosteum, and
perichondrium (Mackay et al., 1998; Pittenger et al., 1999). In addition
to cells, several growth factors (i.e., transforming growth factor β (TGFβ) superfamily members TGF-β1 and -β3), involved in the development
of cartilage, have been identiﬁed as factors signiﬁcantly aﬀecting the
chondrogenic diﬀerentiation of MSCs (Indrawattana et al., 2004). This
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growth factor can stimulate MSCs diﬀerentiation into the chondrogenic
cell line and produce functionalized proteins such as aggrecan or type II
of collagen (Fortier, Barker, Strauss, McCarrel, & Cole, 2011; Park,
Temenoﬀ, Holland, Tabata, & Mikos, 2005). Nonetheless, the therapeutic potential is hampered due to the short half-lives or prompt
diﬀusion of these factors (Putney, 1998). To meet these demands, a
controlled release of growth factors is a decisive factor for the eﬃcient
diﬀerentiation of tissues. Encapsulation of growth factors into polymerbased materials can improve their eﬃciency and controlled release
(Edelman, Mathiowitz, Langer, & Klagsbrun, 1991; Wang et al., 2009).
Three-dimensionally cross-linked polymeric networks with submicron size, known as nanogels, have been broadly used as carriers for
delivery of growth factors and proteins (Jiang, Chen, Deng, Suuronen, &
Zhong, 2014). Possessing the desirable characteristics of both nanoparticles and hydrogels, these nanogels can be used individually as a
growth factor delivery system, or combined with a polymeric matrix or
scaﬀolds for further development of tissue engineering goals (FujiokaKobayashi et al., 2012; Kim et al., 2018; Yang et al., 2014). To date,
various kinds of polymeric nanogels have been proposed, among which
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clean the regions aﬀected by UV lights. The mixture of PDMS with its
curing agent (SILGARD 184, Dow Corning) at a ratio of 9:1 was poured
on the created mask, degassed by a vacuum machine, and cured at the
temperature of 60–65 ᵒC for 2 h. The designed microchip was readily
detached from the SU-8 and bounded by oxygen plasma (Plasma Etch)
on a glass.

alginate has gained far more attention given its unique features such as
ease of gelation and biocompatibility (Edelman et al., 1991).
Conventional fabrication of nanogels using bulk mixing results in
extensive polydispersity in their size, aﬀecting their functional applications. Further, their uncontrollable release limits their suitability for
in-situ cellular/tissue delivery (Bazban-Shotorbani, Dashtimoghadam,
Karkhaneh, Hasani-Sadrabadi, & Jacob, 2016; Majedi et al., 2014). In
recent years, there have been surges of interest in microﬂuidics which
have provided investigators with careful handling of liquids on a micro
scale (Lashkaripour, Rodriguez, Ortiz, & Densmore, 2019). Using the
microﬂuidic approach, nanogels with a narrow size distribution can be
generated through ionic gelation, which occurs via hydrodynamic ﬂowfocusing of two miscible ﬂuids in a continuous manner (Rhee et al.,
2011). Ionic gelation is a simple yet viable method for crosslinking
alginate under ambient conditions without applying any chemical additives or harsh conditions, which is important for the growth factor
delivery. These beneﬁts aid microﬂuidics to become a robust approach
for the synthesis of size-control nanogels as well as for encapsulation of
certain materials such as antibodies, cells, or proteins (Mahmoodi et al.,
2019; Oh, Drumright, Siegwart, & Matyjaszewski, 2008). For the ﬁrst
time, Karnik et al. reported producing the controlled synthesis of
monodispersed polymeric nanoparticles through microﬂuidic ﬂow-focusing by convective-diﬀusive mixing (Karnik et al., 2008). Since then,
several microﬂuidic ﬂow-focusing devices have been developed for
production of polymeric nanoparticles and nanogels. Overall, of the
studies in the literature suggested that the device geometry, volumetric
ﬂow rate, and initial polymer concentration are of great importance
regarding the size distribution of nanoparticles/nanogels (Chen, Zhang,
Shi, Wu, & Hanagata, 2014; Feng et al., 2015; Rhee et al., 2011). Since
the ﬂow behavior is the most inﬂuential parameter in monodispersity of
nanogels, one can make a library of various size nanogels by adjusting
the key factors such as ﬂow rate ratio (FRR) and initial polymer concentration (Amrani & Tabrizian, 2018). In this regard, recently, many
studies have focused on encapsulation of TGF-β3 in hydrogels and nanogels (Bian et al., 2011; Erndt-Marino et al., 2018); however, control
of burst release has still remained a challenge. Thus, more comprehensive investigations are required to ﬁne-tune the parameters involved
in the fabrication, storage, and in-vivo delivery. In this work, we studied
the key parameters aﬀecting the loading of TGF-β3 in alginate nanogels
using a co-ﬂow microﬂuidic system. Initially, we needed to investigate
the eﬀect of FRRs on the physiochemical characteristics of produced
nanoparticles such as monodispersity and loading capacity. To do this
more systematically, we employed CFD to model the ﬂow behavior
inside microchannels and obtain the best operating parameters for the
production of polymeric nanogels. The sizes of the alginate nanoparticles were characterized by dynamic light scattering (DLS) method.
Further, the encapsulation eﬃciency, release behavior, and cytotoxicity
tests were performed for all synthesized nanogels to ﬁnd the best performing nanoparticles. Eventually, our best performing nanoparticles
were used to treat MSCs ex-vivo and assess the chondrogenic diﬀerentiation using a panel of genes via real-time PCR analysis method.
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2.2. Synthesis of nanogels and encapsulation of TGF-β3
Synthesis of alginate nanogels was performed both by bulk and
microﬂuidic methods. In the bulk approach, an alginate solution
(Mn = 208,000 g.mol-1, M/G = 1.2, Sigma-Aldrich) in water (1 mg.ml1
) was added dropwise to CaCl2 solution (Sigma-Aldrich, 10 mM) under
constant stirring. In order to synthesize the growth factor-loaded nanogels, TGF-β3 (1 μg/ml, Sigma-Aldrich) was mixed with the alginate
aqueous solution. For synthesis via the microﬂuidic approach, an alginate aqueous solution as core ﬂow (1 mg.ml-1) was injected into the
microchip. At the same time, CaCl2 as the sheath ﬂow, was injected into
the side channels’ inlets of microchip. FRR described as the core ﬂow to
the sheath ﬂow ratio was adjusted by a syringe pump. The sheath ﬂows
rate was kept constant in 3 ml/h (this number divided by tow for each
side ﬂow) and the core ﬂow rate changed from 0.03 ml/h to 0.6 ml/h to
obtain 0.01 to 0.2 FRRs. During this process, the core ﬂow was
squeezed by the sheath ﬂows possessing a higher velocity. This led to
rapid diﬀusion mixing of precursors followed by alginate ionic gelation.
Nanogels were formed through the interaction of Ca2+ ions with alginate polymer chains functioning as a negative polyelectrolyte. Once the
ﬁrst nanogel nucleus was formed, it started to grow through adding
more Ca2+ and polymer chain. In order to obtain synthesized TGF-β3
loaded within nanogels, it was ﬁrst dissolved with water and then
mixed with the alginate solution. This solution was then introduced into
the microchip as the core ﬂow. The suspension of alginate nanogels was
collected followed by washing and redispersion in deionized water.
2.3. Dynamic light scattering (DLS) analysis
The size distribution and the corresponding zeta potential of alginate nanogels in the solution were identiﬁed via DLS method. The solution which was diluted in water was analyzed by Zetasizer (3000HS,
Malvern Instrument Ltd, Worcestershire, UK).
2.4. Numerical simulation setting
In order to better understand the 3D behavior of the ﬂow inside the
microchip with diﬀerent FRRs, the ﬂuid ﬂow was simulated by
COMSOL Multiphysics 5.3a (COMSOL, Inc), commercially available
software based on ﬁnite element method (FEM). Eqs. (1) to (3), being
the continuity, Navier-Stokes, and convection-diﬀusion equations, have
been coupled to simulate the ﬂuid behavior (Bazaz et al., 2018).

To fabricate the microﬂuidic chip, its pattern was drawn in
SolidWorks 2016 (SolidWorks Corp), a powerful CAD and CAE program. The T-junction microﬂuidic device consisting of three inlets and
one outlet was designed. The dimensions of the microchannels were
60 μm 120 μm and 1 cm in height, width, and length, respectively. This
design was printed by a high-resolution printer, and a chrome mask was
created. Then, SU-8 100 photoresist (Sigma-Aldrich) with a height of
3 mm was centrifuged on a silicon wafer. This SU-8 was baked 2 min to
attach to the silicon wafer. Thereafter, the chrome mask was transferred
on the SU-8 and exposed to UV lights. Ethyl oxalate was applied to

Where, V is considered as the velocity vector, P is assumed to be the
ﬂuid pressure, and c represents the concentration of two ﬂuids. Also, Sc
indicating the momentum diﬀusivity to mass diﬀusivity is the Schmidt
number can be expressed by Eq. (4).

Sc=

ν
D

(4)

Here, ν is the kinematic viscosity and D is diﬀusion coeﬃcient rate. All
velocities have been adjusted by Re number as proposed by Eq. (5)
(Mollajan, Bazaz, & Mehrizi, 2018).
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approach) were added to the standard chondrogenic diﬀerentiation
media which comprised of cell culture medium, plus 10-7M dexamethasone, Sigma-Aldrich, (causing enhanced gene expression of
cartilage matrix component such as aggrecan) (Derfoul, Perkins, Hall, &
Tuan, 2006), and 50 mg/ml ascorbate, Sigma-Aldrich, (which can lead
to chondrocyte matrix production) (Farquharson, Berry, Mawer,
Seawright, & Whitehead, 1998), without TGF-β3 (mediated upregulation of collagen type II and cartilage oligomeric matrix protein) and
replaced three times a week.

(5)

Where, μ is the dynamic viscosity, ρ denotes the density, and Dh shows
the hydraulic diameter which can be calculated by 4A/ P , where A is
the area cross section and P is the wetted perimeter. As the carrier ﬂow
mostly contained water, we chose its properties at room temperature
for our numerical simulations.
The ﬂuid was considered to be Newtonian, steady-state, and incompressible. The velocity and pressure boundary conditions were
applied as the inlets and outlet, respectively (Rasouli, Mehrizi,
Goharimanesh, Lashkaripour, & Bazaz, 2018).

2.9. Real-time PCR analysis
Chondrogenesis was further analyzed after two weeks of culturing
through extraction of RNA by the manufacturer’s protocol using Trizol
reagent (Invitrogen, USA). This was followed by converting RNA to
cDNA via Maxima H minus Firs Strand cDNA Synthesis kit (Thermo
Scientiﬁc). Real-time quantitative polymerase chain reaction (qPCR)
was carried out on a Piko real-time PCR (Thermo Scientiﬁc) system
using Power up SYBER green Master Mix (Thermo Scientiﬁc), whereby
the expressions of Sox9, Collagen type П (COL2), and Aggrecan were
evaluated. For the housekeeping gene, Beta-actin was utilized (For
primer sequences, please refer to electronic supplementary information,
(ESI)). The PCR process was undertaken with its speciﬁc protocol which
was 1 min at 95 ᵒC, followed by 40 ampliﬁcation cycles for 15 s at 95 ᵒC,
15 s at 60 ᵒC, and 45 s at 72 ᵒC. The transcript was normalized to the
mean value of Beta-actin, and afterwards, ΔΔCt method was used for
qualifying the relative expression.

2.5. Encapsulation eﬃciency and in vitro release
For calculating the value of TGF-β3 which was released from alginate nanogels in two weeks, a standard weight of the nanogels (10 mg)
was picked and placed into micro tubes, after which 1.5 ml of phosphate buﬀer solution was added (PBS, Sigma-Aldrich). The micro tubes
were then agitated at 37 ᵒC and 8 rpm. At certain time points, the micro
tubes were collected from the incubator, and enough time was given to
natural nanoparticles to settle at the bottom of the tube. Thereafter,
supernatants were collected and stored at -20 ᵒC. ELISA assays kit (R&D
systems) was employed for further investigation on the supernatant. For
calculating the encapsulation eﬃciency, fresh alginate nanogels were
dissolved in the sodium citrate solution (Sigma-Aldrich, 55 mM). Also,
the encapsulation eﬃciency was calculated by normalizing the detected
amount of TGF-β3 to the total amount of TGF-β3, which was used for
the fabrication process of the nanogels which was 1 μg.

2.10. Statistical analysis

2.6. Isolation of human mesenchymal stem cells and characterization

All experiments were repeated at least three times. All data were
represented with the standard format of mean ± standard deviation.
To determine the statistical signiﬁcance, a t-test was used and the differences were assumed to be signiﬁcant if *p < 0.05.

Human mesenchymal stem cells (hMSCs) were extracted from the
bone marrow aspirate of one healthy 40-year-old male donor according
to the method previously described (Oraee-Yazdani et al., 2016;
Yazdani et al., 2013). The bone marrow was obtained from the iliac
crest after receiving written consent from the donor. Primary hMSCs
were then expanded in cell culture media containing low-glucose Dulbecco’s modiﬁed Eagle’s medium (DMEM-LG; Sigma-Aldrich), 10 %
fetal bovine serum (FBS; Fisher Scientiﬁc, Waltham, MA), and 1 %
penicillin/streptomycin (P/S; Fisher Scientiﬁc) in a humidiﬁed atmosphere with 5 % CO2 at 37 ᵒC. For cell characterization of hMSCs, the
cells were detached after three passages, and the expression of speciﬁc
cell surface markers such as CD46, CD73, CD 90, and CD105 was veriﬁed by a ﬂow cytometer (Partec, Switzerland) using the Flomax software. The ﬂow cytometry analysis results have been presented in Fig.
S1 (Please refer to electronic supporting information (ESI)).

3. Results and discussions
3.1. Hydrodynamic diameter results and mixing time calculation
As displayed in Fig. 1A, the microﬂuidic ﬂow focusing chip employed in this study for the size-controlled production of nanogels
consisted of three inlets. Two horizontal side channels were used as
inlets for the CaCl2 delivery as the sheath ﬂow, while the central
channel was utilized as a core ﬂow for alginate and TGF-β3 solution.
The outlet channel was also prepared to extract the products. Precise
control of the size and monodispersity of the nanogels is a key parameter for biomedical applications (Karnik et al., 2008). Microﬂuidic
platform allows this control over a wide range of sizes. FRR gives researchers the opportunity of controlling the desired size of the nanogels; thus, in the present study, we investigated the eﬀect of FRRs on the
nanogel sizes. Based on our previous study (Mahmoodi et al., 2019),
and the simulation results of the ﬂuid behavior inside the microﬂuidic
device, FRRs were set as 0.01, 0.05, 0.1, 0.15, and 0.2. The mean hydrodynamic diameter for the synthesized nanogels for FRRs was measured by DLS as presented in Fig. 1B. The results indicated that the
nanogels synthesized by the microﬂuidic method were monodispersed
with the average diameters of 43 ± 4, 58 ± 5, 76 ± 5, 94 ± 7, and
125 ± 7 nm, respectively for the above-mentioned FRRs. Further, bulk
synthesized nanogels had a larger polydispersity index (PDI ≥ 0.5)
compared to their microﬂuidic aided counterparts (PDI ≤ 0.2). In addition, the average diameter of nanogels for the bulk approach was
137 ± 22 nm, indicating that the nanogels were larger than the microﬂuidics synthesized ones even at the highest FRR. Also, the zeta
potential for microﬂuidic synthesized nanogels was −43, −38, and
−22 mV for FRRs 0.01, 0.05, and 0.2, while for the bulk synthesized
case, it was −16 mV. Therefore, the microﬂuidic-based method was

2.7. Cytotoxicity analysis
An MTT assay was used to determine the cytotoxicity of the unloaded alginate nanogels. hMSCs were seeded in a 96-well plate with a
density of 10,000 cells per well in triplicate. hMSCs were cultured in
cell culture media and placed into an incubator at 37 ᵒC with 5 % CO2
supplied. After the cells were adhered to the plate, the synthesized alginate nanogels were mixed with cells across a variety of concentrations
(50–800 μg/ml). The cell viability was measured using the MTT kit after
24 h. Diﬀerent concentrations of nanogels were tested to assess the
toxicity through multiple experiments. The untreated MSCs were considered as a control group.
2.8. Chondrogenic diﬀerentiation of hMSCs
The isolated hMSCs were expanded up to three passages in the cell
culture media. Afterwards, hMSCs were cultured in a plate and the
synthesized nanogels (i.e., manufactured either by microﬂuidic or bulk
3
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Fig. 1. a) Schematic illustration of microﬂuidic device for hydrodynamic ﬂow-focusing consisting of one inlet for focusing (core) ﬂow and two separate inlets for the
sheath (side) ﬂows; The chondrogenic diﬀerentiation potential of the synthesized nanogels loaded with TGF-β3 was then compared against an in vitro human
mesenchymal stem cells model. b) The nanogels’ diameter and mixing time against diﬀerent FRRs; The diameter of the nanogels and the mixing time increased with
the rise in the FRR. (The error bars indicate mean size ± stdev).

1.3 × 10-9 m2s-1) (Bazban-Shotorbani et al., 2016). Also, based on the
presented results, the longer the mixing time, the larger the nanogels, as
conﬁrmed by nanogels’ DLS output (presented in Section 3.2).
Note that synthesis and characterization of nanoparticles and nanogels have been performed and evaluated in drug delivery systems and
tissue engineering by the microﬂuidic method, with the outcomes of
this study being consistent with those results (Karnik et al., 2008; Kim
et al., 2012; Liu et al., 2015). The size distribution of the microﬂuidicassisted fabricated nanogels in this study was among the lowest reported values for alginate nanogels produced in this molecular weight.
Generally, the bulk method generates nanogels under the condition

proven to generate size-tunable monodispersed nanogels with smaller
diameters and a greater surface charge than the bulk ones did. Based on
Eq. (6), the mixing time for diﬀerent FRRs was calculated. (Where w
represents the width of the channel (60 μm), and D is diﬀusivity of the
calcium ions).

tmixing ≈

w2
1
×
1
9D
1 + FRR

(

)

2

(6)

The results presented in Fig. 1B indicated that alteration of FRR to
0.01, 0.05, 0.1, 0.15 and 0.2 resulted in mixing time variations from
0.121 ms to 0.0342 s (the diﬀusion coeﬃcient was considered as
4
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Fig. 2. Accordance of DLS result with hydrodynamic laminar ﬂow in diﬀerent FRRs using the developed microﬂuidic device. FRR = 0.01 (nanogels size = 43 ±
4 nm), FRR = 0.05 (nanogels size = 58 ± 5 nm), FRR = 0.1 (nanogels size = 76 ± 5 nm), FRR = 0.15 (nanogels size = 94 ± 7 nm) and FRR = 0.2 (nanogels
size = 125 ± 7 nm).

3.2. Consistency between FRRs and DLS results

of heterogenic reaction, and as a result, monodispersity is not feasible.
On the other hand, FRR in a microﬂuidic approach is a dexterous
toolbox enabling investigators to adjust the nanogel sizes by altering
the FRR (Hasani-Sadrabadi et al., 2012; Mahmoodi, Bazaz,
Mohammadnejad, Mehrizi, & Soleimani, 2016). The reason behind this
fact is that the sheath ﬂows can reduce the interfacial area of the core
ﬂow. Since the FRR and the inlet velocity of two side channels are
stable during the experiment, monodispersed nanogels can be generated (Chen et al., 2014; Demello, 2006; Lim et al., 2014).

Using ﬂuorescein sodium salt (Sigma-Aldrich), which added to
sheath ﬂows, the images of hydrodynamic focused laminar ﬂows were
produced in every individual FRR and captured by ﬂuorescence microscope (Nikon- eclipse 80i) as displayed in Fig. 2. Also, the results of
DLS analysis have been indicated through the diagram of mean size
percentage of the nanogels. These results broadly support each other
and the expectation of diﬀerent FRRs made by ﬂorescent dyes; it was
5
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Fig. 3. Simulation results for various FRRs of 0.01, 0.05, 0.1, 0.15, and 0.20. In the legend bar, 0 and 1 mean no mixing while 0.5 refers to complete mixing.

Kim, 2014; Rhee et al., 2011).

mentioned that an increase in the FRR augments the nanogels' diameter.

3.4. Encapsulation eﬃciency and cumulative release
3.3. Fluid behavior inside the microchannel
Encapsulation eﬃciency can be represented by the fraction of entrapped TGF-β3 in synthesized nanogels to the initial amount of TGFβ3. The nanogels synthesized by the conventional bulk method which
usually have a large pore size led to leaching of the cargo during preparation, thereby leading to burst release and low encapsulation eﬃciency (Bazban-Shotorbani et al., 2016; Soleimani et al., 2016). The
encapsulation eﬃciency calculated in the present study was greater
than 73 % for the nanogels synthesized at FRR of 0.01 which can be
regarded as a high encapsulation eﬃciency. The encapsulation eﬃciency for the nanogels synthesized at FRRs of 0.05, 0.1, 0.15, and 0.2
was 68 %, 62 %, 55 %, and 50 %, respectively, while it was 45 % for the
bulk synthesized cases. The higher encapsulation eﬃciency of microﬂuidics-synthesized nanogels can be attributed to the smaller pore size
for on chip synthesized nanogels compared to the bulk ones. Previous
works on microﬂuidics nanogels have indicated that these nanogels
have a smaller pore size compared to their bulk synthesis counterparts
(Bazban-Shotorbani et al., 2016; Bazban-Shotorbani et al., 2017).
The cumulative release of TGF-β3 at any time interval was normalized to the initial loaded drug in nanogels. Based on Fig. 4A, it is
obvious that the release speed in the bulk approach nanogels was faster
than in microﬂuidic nanogels. According to Fig. 4A, it can be seen that
after two weeks, approximately 68 %, 73 %, 75 %, and 83 % of TGF-β3
were released from the microﬂuidics-based nanogels synthesized at
FRRs 0.01, 0.05, 0.1, and 0.2, respectively, while for the bulk mixing
nanogels, it was about 99 %. Thus, we can say that sustained release is
more achievable via microﬂuidic synthesis approach. We also

In order to gain a new insight into the ﬂow behavior within the
microchannel, the ﬂuid ﬂow inside the microchannel was simulated by
ﬁnite element method, whose results are illustrated in Fig. 3. Various
FRRs utilized in this study were evaluated. The beauty of simulation is
that variations of concentration and velocity can easily be monitored
without any advanced facilities or adroit users (Lashkaripour, Mehrizi,
Goharimanesh, Rasouli, & Bazaz, 2018). In this simulation, the concentration of the core ﬂow was considered to be 1, while the concentration of the sheath ﬂow was assumed to be 0. As revealed in Fig. 3,
for FRR of 0.01, the sheath ﬂows thoroughly squeezed the core ﬂow and
shorter time was given to the core ﬂow to be dispersed. Accordingly,
the reason why the nanogels synthesized in this FRR had the minimum
diameter is that the narrow width of the focused stream enabled two
ﬂuids to mix only in a limited width. As a result, once the mixing time
was shortened, nanogels did not have enough time for aggregation
formation (τmix < τagg), leading to synthesis of smaller nanogels which
are expectedly more homogenous (Karnik et al., 2008). Compared to
other FRRs, FRR of 0.2 had the maximum core ﬂow velocity. Hence, the
mixing occurred slower in comparison to the lower FRRs. As such, the
gelation of particles occurred slower, leading to the formation of larger
nanoparticles. As shown by the interfacial area of FRR of 0.2, nanogels
with a larger diameter were generated. So, the higher the FRR, the
lower the sheath ﬂow velocity and thus the greater the nanoparticle
diameter would be. In previous studies, the same pattern was observed
for ﬂow-focusing devices (Amrani & Tabrizian, 2018; Min, Im, Lee, &
6
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chondrogenic phenotype. Indeed, this elongated release supports better
diﬀerentiation (Bouﬃ et al., 2010; Re’em, Kaminer-Israeli, Ruvinov, &
Cohen, 2012). Although we expect that nanoparticles with a larger
diameter have a slower release due to their larger surface to volume
ratio, Fig. 4 suggests that the release proﬁle of TGF-β3 from nanogels
has a direct relationship with the hydrodynamic diameter of nanogels,
where the smaller the size of nanogels, the slower the TGF-β3 release
would be. The reason behind this fact in that microﬂuidics synthesis
method leads to more compact nanogels; so more compactness of
smaller nanogels leads to a slower release proﬁle. Overall, the amount
and rate of TGF-β3 release have a direct relationship to the nanogels’
diameter (Dashtimoghadam, Mirzadeh, Taromi, & Nyström, 2013),
where this postulated scenario is completely appropriate for hMSCs
diﬀerentiation.
3.5. MTT tests for cytotoxicity assay of Nanogels
In general, cell toxicity of a drug barrier hinders the progress of
eﬃcient drug delivery. Thus, it is of great importance to evaluate the
cell viability of alginate nanogels via MTT test. Fig. 5 illustrates that at
37 °C and after 24 h, the nanogels synthesized either by microﬂuidic or
conventional approach have been non-toxic. Based on Fig. 5, the low
concentration of nanogels led to higher percentage of cell viability;
also, by reducing the nanogels’ diameters and increasing of surface
charge, cell viability increased.
3.6. Chondrogenic marker gene expression
The potential of the released TGF-β3 in promoting chondrogenesis
in hMSCs synthesized via microﬂuidic and bulk approach was evaluated
within 14 days. Collagen type II, Sox9, and Aggrecan as three chondrogenesis gene markers were selected and evaluated by real-time PCR
technique, with the results being presented in Fig. 6. Based on Fig. 6,
through 14 days, the contents of gene expressions, normalized by Betaactin RNA content, were compared across the groups of cells which had
been treated with encapsulated TGF-β3 and control group which was
free TGF-β3. The real-time PCR results revealed that chondrogenic
marker genes expressions for encapsulated TGF-β3 were signiﬁcantly
higher than in the control group. Also, the microﬂuidic-synthesized
nanogels loaded with TGF-β3 were more extensive than the bulk mode
loaded nanogels.
As shown in Fig. 6A, upregulation of Sox9, which is a dominant
regulator of chondrogenic diﬀerentiation, was discernible, and the nanogels synthesized via the microﬂuidic approach had a higher chondrogenic diﬀerentiation potential compared to the nanogels synthesized
via bulk method. Further, Collagen type II and Aggrecan are the main
collagen ﬁbers of cartilage tissue and the major cartilage comprising
proteoglycan respectively. Therefore, mRNA expression of these genes
was assumed to be the primary marker for chondrogenic diﬀerentiation. Based on Fig. 6, the expression of Collagen type II and Aggrecan
signiﬁcantly increased compared to the control group with the augmentation value being greater in microﬂuidic-based nanogels compared
to their bulk-based counterparts.
One possible explanation for higher chondrogenic gene expression
in microﬂuidics-based nanogels in comparison to nanogels synthesized
in the bulk approach can be associated with the smaller pore size of the
microﬂuidic synthesized nanogels. As illustrated by previous studies
which have focused on microﬂuidics synthesis of nanogels, the release
rate is directly related to the pore size of nanogels (Bazban-Shotorbani
et al., 2017; Soleimani et al., 2016). According to the study conducted
by Bazban-Shotorban et al., the smaller the pore of the synthesized
nanogels, the slower the release of the protein will be (BazbanShotorbani et al., 2016). Furthermore, Hasani-Sadrabadi et al. demonstrated that microﬂuidics synthesized nanoparticles are more compact
compared to bulk nanoparticles. This leads to minimum burst release
and sustained release of growth factor into the culture medium causing

Fig. 4. a) Cumulative release of TGF-β3 encapsulated in alginate nanogels for
two weeks; the release behavior was studied by diﬀerent nanogel sizes across
diﬀerent FRRs. The cumulative release is based on the percentage of the TGF-β3
which has been released. Data are expressed as mean ± SD (n = 3); b) The
number for the diﬀusion coeﬃcients calculated based on fraction of TGF-β3
released from diﬀerent series of the nanogels.

calculated the diﬀusion coeﬃcient (Fig. 4B) for TGF-β3 for the nanogels
according to Eq. 7, using the TGF-β3 release experimental data
(Fig. 4a), and by ﬁtting Eq.7 to those data, we succeeded to estimate the
diﬀusion coeﬃcient of TGF-β3, where Mt/MN represents the fraction of
the released protein at time t, D denotes the diﬀusion coeﬃcient of the
TGF-β3 molecules, and Rh is the hydrodynamic radius of the particles. It
is evident that the microﬂuidic nanoparticles presented considerably
lower values of the diﬀusion coeﬃcient.
1

Mt
Dt
= 6 ⎛⎜ 2 ⎞⎟
M∞
⎝ πRh ⎠

2

(7)

It is well-known that the drug release rate from nanoparticle matrices is mainly controlled by the diﬀusion rate of the drug out of nanogels’ matrix (Romero-Cano & Vincent, 2002). Also, we know from
previous works that rapid mixing in microﬂuidic approach results in
more compact nanoparticles, and eventually in slower diﬀusion of the
cargo out of nanoparticles’ matrix (Hasani-Sadrabadi et al., 2015;
Hasani-Sadrabadi et al., 2014; Vardar et al., 2018).
It is known that diﬀerentiation is a long and continuous process; the
main aim of this study has been the diﬀerentiation of hMSCs into the
7
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Fig. 5. The percentage of the cell viability of unloaded alginate-nanogels in diﬀerent sizes and various concentrations after 24 h incubation. Data represent
mean ± SD and expressed as cell viability percent (n = 3), we used untreated MSCs as control group.

approach. The controlled release of TGF-β3 of those microgels could
eﬃciently enhance chondrogenic diﬀerentiation of hMSCs (Hou et al.,
2018). It was also proposed that in vitro upregulation of chondrogenic
gene expression via MCSs was substantial in the presence of TGF-β3
encapsulated by PLGA particles nanoparticles. In addition, it was reported that the regeneration of articular cartilage was improved in
rabbit humeral joints by TGF-β3 transported in the collagen hydrogel.
In this article, we observed that the controlled release of TGF-β3 from
microﬂuidic-based nanogels led to enhanced chondrogenic gene expression compared to the bulk-based nanogels. The nanogels synthesized in this study had diameter less than 100 nm. This feature make
them ideal candidates to be injected for cartilage tissue engineering
(Ren et al., 2016).

a better diﬀerentiation as represented in the microﬂuidic-based nanogels (Hasani-Sadrabadi et al., 2015). Also, according to our results,
microﬂuidics produced nanogels with a smaller size had more chondrogenic diﬀerentiation potentials. As previously illustrated in this
study, nanogels with a smaller size had a lower diﬀusion coeﬃcient
which could lead to slowed release of TGF-β3 compared to nanogels
with a larger size (Hasani-Sadrabadi et al., 2015).
Previously, many attempts were made for TGF-β3 spatiotemporal
controlled release for chondrogenic tissue engineering both in vitro and
in vivo (Böck et al., 2018; Chiang et al., 2018; Crecente-Campo, Borrajo,
Vidal, & Garcia-Fuentes, 2017). Speciﬁcally, many studies have focused
on encapsulation of growth factors in hydrogels for tissue engineering
(Fujioka-Kobayashi et al., 2012). Recently, Hou and his colleagues were
able to generate microgels from PVA polymer using the microﬂuidic

Fig. 6. Eﬀect of the microﬂuidics and bulk synthesized TGF-β3 loaded alginate nanogels on chondrogenic marker genes expression using human mesenchymal stem
cells (hMSCs), in vitro model; Representative charts (a–c) indicate relative mRNA levels of COLA2 (a), Aggrecan (b), and Sox9 (c) in cells normalized with mRNA of
Beta-actin in the same sample using real-time PCR. hMSCs were used as the control sample. Values indicate mean ± SD. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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4. Conclusion
In the present study, we proposed a simple yet practical approach
for manufacturing of alginate nanogels using a co-ﬂow microﬂuidic
chip. We utilized CFD simulation to study the ﬂow behavior inside the
microchannels and optimize the FRRs. By adjusting the FRR, we were
able to control the main physical properties of the resulted nanogels,
including the size and cargo release rate. DLS results revealed that
average diameters of 43 ± 4–125 ± 7 nm were achieved in FRRs of
0.01 to 0.2. We observed that the microﬂuidic-synthesized nanogels
have a smaller size and higher monodispersity compared to conventional bulk synthesized nanogels. Besides, a sustained release behavior
for TGF-β3 was achieved by employing these uniform-size nanogels
and, hence, the burst release was signiﬁcantly reduced. To investigate
the in-vitro behavior of the synthesized nanogels, the eﬀect of TGF-β3loaded alginate nanogels on the chondrogenic diﬀerentiation of MSCs
was examined. Based on the obtained results, microﬂuidic synthesized
nanogels showed superior performance in terms of uniform release of
TGF-β3 molecules, resulting in better chondrogenic diﬀerentiation of
MSCs which are conﬁrmed with the PCR analysis. In summary, we have
developed a system which can be a promising tool to synthesize growth
factor-loaded polymeric nanogels for applications in diverse cell and
tissue engineering.
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.carbpol.2019.115551.
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