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Abstract
Alginate-based hydrogels are frequently employed in biomedical fields, where their size and uniformity are important for 
applications such as encapsulating pharmaceuticals or biological agents. In this paper, we study alginate droplet formation 
in a flow-focusing microfluidic device with a rectangular orifice of 30 × 100 microns in the presence of different types of 
surfactants in the continuous phase. This study looks at how surfactant type and concentration affect the generation of alginate 
microdroplets using droplet-based microfluidics, as well as how they affect the created alginate gel beads. To make alginate 
hydrogels, we used an external ionic cross-linking approach. Alginate hydrogels are formed by on-chip emulsifying a sodium 
alginate solution in an oil phase and collecting the emulsions in a bath containing calcium ions. Off-chip introduction of the 
cross-linking agents will reduce clogging issues that are common in droplet microfluidics. The diameter of microdroplets 
varies depending on the surfactant added to the continuous phase, either Span 80 or Tween 80, and the flow rate ratio between 
the dispersed and continuous phases. The conditions under which microdroplets form (the flow rate of the continuous phase 
and the surfactant supplied to it) determine the degree of gelation, shape, size, and monodipersity of hydrogels. Tween 80 
emulsification results in the most homogeneous, totally gelled, tail-shaped hydrogels, whereas Span 80 emulsification results 
in smaller hydrogels with a more irregular size distribution. Using Span 80 resulted in partial gelation, necessitating a change 
in the collection bath (such as adding ethyl acetate to the oil phase).

Keywords  Microfluidic · Microdroplet · Flow-focusing device · Alginate microparticle · Surfactant

1  Introduction

Droplet-based microfluidics has been shown to be capa-
ble of producing highly repeatable monodisperse droplets. 
This technology can be used to produce functional poly-
meric microparticles by solidifying droplets in a variety of 
ways. Following that, the microparticles of uniform size 
can be used to encapsulate pharmaceuticals or biological 
agents (Kim et al. 2014). Polysaccharides (alginate, chi-
tosan, etc.) as natural polymers are suitable options for 
microgel generation owing to their biodegradability and 

biocompatibility  (Ma et  al. 2017). Alginate, an acidic 
polymer derived from algae, made up of the monomers �
-D-mannuronic acid (M) and �-L-guluronic acid (G), gels 
in the presence of divalent metal cations. When divalent 
cations bind to the carboxylates in the G-blocks to form the 
’egg-box’ structures, alginate readily forms hydrogel (Voo 
et al. 2016). This polymer has demonstrated intriguing prop-
erties in a variety of fields and applications, ranging from 
medicinal to environmental protection (Vicini et al. 2017). 
The easiest method of fabricating alginate microgels is to 
drip alginate microdroplets into a solution containing the 
cross-linking agent. Using droplet-based microfluidics, the 
desired emulsion (mostly an aqueous solution of alginate-
in-oil emulsion) is produced, and gelation follows. Ionic 
gelation can be accomplished in two ways: by adding the 
insoluble or poorly soluble cross-linking agent salt to the 
alginate solution and activating the gelation with acidified 
oils (internal method), or by adding the cross-linking agent 
to previously fabricated alginate microdroplets (external 
or diffusion method) (Chen et al. 2021). The cross-linking 
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agent in the form of a calcium salt solution can be applied 
to the microdroplets either off-chip or on-chip in the exter-
nal approach. The pre-fabricated droplets are dripped into 
the calcium solution in the off-chip one (Liu et al. 2018). 
The particle size and size distribution, which is commonly 
stated as a coefficient of variation, are key parameters in 
the synthesis of microparticles. Additionally, their mor-
phology is crucial, especially for drug delivery applica-
tions. During the production of alginate microgels, these 
parameters can be manipulated by modifying the external 
or internal variables that may influence the quality of the 
alginate beads (Lin et al. 2013). Alginate type, its concentra-
tion (viscosity), and crosslinking type are internal variables, 
while dispersed and continuous phase flow rates, crosslink-
ing method, and interfacial tension between the two phases 
are external variables in the droplet-microfluidic method. 
Using an external approach, the effects of internal variables 
on microfluidic-based alginate microbead formation have 
been studied previously (Lin et al. 2013; Hu et al. 2015), 
which demonstrated that increasing alginate viscosity and 
decreasing CaCl2 concentration both increased the size of 
the microbeads. Surfactants play a critical role in droplet 
formation by reducing the interfacial tension and preventing 
coalescence. In general, the surfactant is chosen according 
to the HLB (Hydrophilic-lipophilic Balance) indicator and 
the desired emulsion type, oil in water (o/w) or water in 
oil (w/o). Surfactants are one of the parameters that control 
the size of the droplets in microfluidics. According to  He 
et al. (2020), droplet sizes can be reduced in a flow-focusing 
geometry by increasing a single surfactant Span 80, (Sorbi-
tan monooleate) concentration in the oil phase at a constant 
flow rate for the two phases.  Peng et al. (2011) adjusted only 
the concentration of Tween 20 in the water phase to gener-
ate different size of monodispersed water in oil droplets. 
The effect of surfactant addition on thinning and dynam-
ics of droplet pinch off in a flow-focusing device is studied 
by  Kiratzis et al. (2022). In bulk method of alginate micro-
gels formation, such as emulsification or dripping methods, 
it was stated that the kind and concentration of the sur-
factants have an effect on the characteristics of the generated 
microgels, such as their size (Lupo et al. 2014), shape (Sade-
ghi et al. 2021; Davarcı et al. 2016), stability (Damiati 2020), 
and mechanical properties (Kaygusuz et al. 2016).  Davarcı 
et al. (2016) added a surfactant (Tween 20) to the CaCl2 
solution in the gelation bath and reported that increasing the 
surfactant concentration increases droplet penetration into 
the bath in dripping method. Using the bulk emulsification 
technique,  Chaemsawang et al. (2018) produced alginate 
microparticles and reported that no microparticles formed 
in the absence of surfactant or when Span 80 was used as a 
surfactant in the oil phase. However, when Tween 80 was 
used as the surfactant in the oil phase, microparticles devel-
oped. Additionally, it was mentioned that when Tween 80 

concentrations rise above a certain point, microparticle size 
decreases and sphericalness increases. Numerous surfactants 
have been reported to be used in the droplet microfluidics-
based synthesis of alginate microbeads. The most commonly 
employed surfactant in the oil phase is Span 80, a w/o emul-
sifier with an HLB value of 4.3 and a hydrophobic character. 
In the on-chip introduction of the cross-linking agents either 
using internal (Damiati 2020; Wang et al. 2017) or exter-
nal (Zhang et al. 2006; Kim et al. 2017; Yu et al. 2019; Zou 
et al. 2019; Hu et al. 2012) gelation procedures, Span 80 was 
added to the oil phase as the carrier fluid. This surfactant 
was also used in the collection bath of the procedures involv-
ing the off-chip introduction of the cross-linking agent (Yeh 
et al. 2009; Wang et al. 2012; Capretto et al. 2008). Tween 
80, (Polysorbate 80) has also been used in the oil phase of 
alginate-in-oil emulsions, although it is known as a hydro-
philic surfactant (HLB=15). It was also used as an emulsifier 
in the acidic oil in a container into which CaCO3-containing 
alginate microdroplets were dripped (Huang et al. 2007). 
Additionally, the continuous phase was prepared by mixing 
Tween 80 and mineral oil in an internal and on-chip manu-
facturing of alginate microbeads (Zhang et al. 2006).

The objective of this study is to figure out how external 
factors, which are chosen to be continuous phase flow rate 
and the type and concentration of the surfactant added to 
this phase affect how alginate beads form. We will alter 
the alginate microbeads by regulating the continuous 
phase and ensuring that the dispersed phase has a constant 
composition and flow rate. Due to channel clogging 
issues, we chose low-viscosity alginate, which is the best 
type for a microfluidic approach. To our knowledge, no 
research has been conducted on how the type and amount 
of surfactant in the continuous phase affects the production 
of alginate microgels using droplet-based microfluidics, 
and the studies in this field have focused on the effect of 
surfactant only on droplet formation. The size, throughput, 
and dispersity of alginate microdroplets, as well as the 
size and shape of synthesized microgels in the presence 
of different surfactants, are characterized. We used a 
conventional PDMS (Polydimethylsiloxane) flow-focusing 
microfluidic chip equipped with two inlets and one outlet. 
As the continuous phase, we used different amounts of Span 
80 or Tween 80 in mineral oil. Alginate microdroplets are 
generated in different dynamic regimes, depending on the 
flow rate ratio of the two phases and the interfacial tension. 
To make alginate microgels, we introduced cross-linking 
agents off-chip and from the outside of the microgels. This 
strategy was derived from  Hu et al. (2015) method with 
modifications. Our findings illustrate the effects of the 
flow rate ratio (between continuous and dispersed phases) 
and surfactant content on the characteristics of alginate 
microdroplets. We also looked at how the flow rate ratio, 
type of surfactant, and concentration affected the microgels 
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that were made. Also, we came up with a way to change 
the shape of the microgels by adding ethyl acetate to the oil 
phase of the collecting bath.

2 � Experimental

2.1 � Materials

Light mineral oil (kinematic viscosity at 25 ◦C=20.2−
22.2 cSt), Sodium Alginate (Product number W201502, 
kinematic viscosity in water at 25 ◦C=19.4 cSt), Calcium 
Chloride, and surfactants (Span 80 and Tween 80) were 
purchased from Sigma-Aldrich Chemicals, USA. A 
purification system (Milli-DI) in a laboratory produced 
deionized water (DI water). The alginate solutions (the 
dispersed phase) of 1 wt% were made by dissolving the 
required amount of alginate powder in DI water and stirring 
for 24 h at room temperature using a magnetic stirrer. The 
Calcium Chloride aqueous solution (5 M) was prepared 
by stirring the solution for 20 min to fully solubilize the 
powder. Polydimethylsiloxane (PDMS, Sylgard 184) and a 
curing agent were bought from Dow Corning in Michigan, 
USA, to fabricate the microfluidic device.

2.2 � Interfacial tension measurement

The interfacial tension between an alginate solution and a 
mineral oil that contained surfactants (1, 3, and 5 wt% of 
Span 80) was measured to be (4.8, 4.3, and 4 mN/m), and 
(1, 1.2, and 1.5 wt% of Tween 80) to be (5, 4.9, and 4.8 
mN/m). Jikan CAG-20, an automatic device for measuring 
static and dynamic contact angles, surface and interfacial 
tensions, was used to measure interfacial tension between 
the two phases at room temperature.

2.3 � Device fabrication

The silicon mold was created using the photolithography 
procedure following spin-coating the SU8-photoresist on 
a 2 inches silicon wafer. In a 10:1 ratio, PDMS and cur-
ing agent were mixed. Following degassing, the mixture 
was poured into the mold and degassed again. The PDMS 
was then cured for at least 30 min at 75 ◦ C. After peeling 
away the PDMS from the mold, inlet and outlet holes were 
punched with a 1 mm punching tool. To bond the PDMS 
and a glass microscope slide and seal the microchannels, 
they are exposed to oxygen plasma for 60 s. Figure 1a 
depicts the streamlined workflow outlining the key pro-
cesses in creating our PDMS chip. The fabricated chip is 

Fig. 1   a Fabrication steps of the microfluidic chip, Created with BioRender.com, b A scanning electron microscopy (SEM) image of micropil-
lars (as mechanical filters) fabricated on the PDMS chip and the channels (Scale bar: 2 mm), c (Scale bar: 500 μm)
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stored one week before trials since the oxygen plasma will 
reverse the PDMS intrinsic hydrophobicity (Jiang et al. 
2022).

2.4 � Set up of the microfluidic device

The two phases were injected separately into the 
microfluidic chip using a syringe pump (Longer, TS-1B/
W0109-1B) at the specified flow rate, the dispersed 
phase ( Qd) being an aqueous solution of alginate and 
the continuous phase  (Qc) being a mixture of oil and 
oil-soluble surfactants. Figure  1b and Fig.  1c show 
microscopic images of micropillars placed at each inlet 
to act as filters. It should be noted that due to the small 
size of the orifice, the risk of unwanted particles clogging 
our droplet microfluidic chip is high. One method for 
preventing blockage is to implement mechanical filters at 
the device’s inlets. Using SEM microscopy, the average 
height of the columns that function as membrane filtration 
is 72.5 μm , which allows the debris-free liquids to flow 
smoothly through the 100 μm-deep microchannel. At 
the junction of the microfluidic flow-focusing chip, the 
highly monodispersed alginate droplets are formed. The 
minimum feature size of the microfluidic droplet generator, 
the orifice, is 30 μm . The width of the outlet channel is 
110 μm , while the width of the side channels and the main 
channel is both 100 μm . 100 μm is a constant depth in all 
channels. The flow rate of the dispersed phase is set at 
0.9 μL∕min , lowest flow rate that our syringe pump can 
handle, and it is varied from 0.9 μL∕min to 7.2 μL∕min 
for the continuous phase. The flow rate of the alginate 

solution has been reduced because it is typically used 
to encapsulate rare or costly substances. The process is 
monitored using an inverted microscope (Nikon, Eclipse 
T100) equipped with a high-speed video camera (Basler 
A1300).

2.5 � Characterization of alginate microdroplets

The image processing program, ImageJ, is used to on-chip 
measuring of the droplet diameters and a Python script 
calculates the frequency of droplet generation. All the 
experiments were repeated 5 times, and the average value 
was taken as the result. We measured the spherical and non-
spherical droplets using Feret diameter. It quantifies the 
minimum distance between parallel tangents of droplets at 
an arbitrary angle. We repeated the experiment three times 
at each flow rate, calculating five different feret diameters 
at random angles for each of 50 droplets. The average of 
these 150 values was used to determine the droplet diameter 
for each droplet generated under different surfactant 
concentration and flow rate ratio conditions.

2.6 � Characterization of alginate microgels

A tube was used to continually deliver alginate droplets to a 
30 mL beaker. The collecting bath contained 2.5 mL of 5 M 
CaCl2 aqueous solution and 15 mL of mineral oil. The con-
centration of CaCl2 was chosen based on  Lin et al. (2013) 
who studied the effect of CaCl2 on the formation of alginate 
beads. Due to slow gelation, they indicate that more diluted 
solutions will form beads in the shape of a tail. The tip of 

Fig. 2   Schematic illustration of 
the preparation, Created with 
BioRender.com, The design of 
the microfluidic chip, (1) Min-
eral oil inlet,(2) Aqueous solu-
tion of alginate inlet, (3) outlet, 
(4) PDMS pillars for filtration, 
(5) Orifice or the flow-focusing 
junction
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the droplet’s feeding tube was immersed in mineral oil in a 
fixed position, allowing the droplet to travel smoothly from 
the tube to the gelation bath. Microdroplets transformed into 
microgels after passing across the interface between mineral 
oil and the cross-linking layer. The shape and size of the gels 
are determined by the flow rate ratio of the dispersed and 
continuous phases, as well as the type and concentration 
of surfactants in the carrier fluid (oil phase). The inverted 
microscope was used to track the evolution of droplets into 
microgels. Figure 2 depicts the entire setup.

2.7 � Microgels collection

The microgels that have been collected are washed 
repeatedly. A CaCl2 aqueous solution containing 1 wt% 
Tween 80 was used to wash the microgels to eliminate 
any remaining mineral oil solutions. To remove the oil, 
the microparticles were rinsed many times with isopropyl 
alcohol. The beads were then freeze-dried for 24  h (at 
−20

◦ C) to eliminate any remaining water. The beads were 
ready for SEM microscopy after being coated with gold 
using a sputter coater machine.

3 � Results and discussion

3.1 � Effect of flow rate ratio and surfactant addition 
on the emulsion microdroplets

In the first step of our alginate microgel fabrication method, 
highly monodisperse w/o Na-alginate droplets were formed 
in a microfluidic flow-focusing device. The interfacial ten-
sion between the dispersed and continuous phases, as well as 
the flow rate of these two immiscible phases can be used to 
regulate size-controllable droplet formation in these devices. 
The effect of the flow rate ratio and surfactant addition on 
the alginate microdroplet formation in surfactant-laden min-
eral oil is shown in Fig. 3a.

Nonionic surfactants as interfacial tension manipulators 
were introduced to the continuous phase to change the 
interfacial tension between mineral oil and alginate 
aqueous solution. Interfacial tension was measured to be 
(4.8, 4.3, and 4) mN/m between an alginate solution and 
mineral oil with surfactants (1, 3, and 5 wt% of Span 
80), and (5, 4.9, 4.8) for (1, 1.2, and 1.5 wt%) of Tween 
80, respectively. The use of two types of surfactants in 
mineral oil at the same concentration and flow rate results 
in distinct droplet production behavior (See Supplemental 
Video 1.avi and Video 2.avi). The produced droplets get 
smaller and closer together in the outlet microchannel as 
the surfactant concentration increases. To put it another 
way, the frequency of droplet formation increases with the 
surfactant addition. Due to the decreased interfacial tension 

in surfactant-laden fluids, a decreasing trend in droplet size 
with increasing surfactant concentration, either Span 80 or 
Tween 80, was seen. According to  Sinzato et al. (2017) 
Tween 80 requires a lower concentration than Span 80 to 
achieve the same reduction in interfacial tension, which 
is most likely due to the presence of hydrophilic chains, 
which may result in a higher free energy of adsorption. 
Although the higher efficiency of Tween 80 was approved 
by our interfacial tension test between surfactant-laden oils 
and Na-alginate solution, Fig. 3a also approve that slight 
increase in Tween 80 concentration (0.5wt%) leads to 32.1% 
average reduction in the fabricated droplet diameter. On the 

Fig. 3   a The influence of surfactant addition and flow rate ratio on 
the microdroplet diameter and the regime of alginate microdrop-
lets formation in surfactant-laden mineral oil. The flow patterns 
observed in the microfluidic device are shown using different sym-
bols. b-e Dynamic regimes of microdroplet formation b Dripping Qc

=7.2 μL∕min , c Squeezing Qc =4 μL∕min , d Jetting Qc =3 μL∕min , e 
Threading Qc=0.9 μL∕min
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other hand, 10.41% average reduction in droplet diameter 
necessitate 4wt% increase in Span 80 concentration. We 
used Span 80 at various concentrations of 1, 3, and 5 wt% 
and Tween 80 at various percentages of 1, 1.2 and 1.5 wt%. 
All concentrations are higher than CMC (Critical Micelle 
Concentration) of each surfactant to be sure that kinetics are 
controlled by equilibrium interfacial tension (Paiboon et al. 
2022). According to Ratledge et al. (1984), the required HLB 
for water in mineral oil is around 4, which is consistent with 
the HLB value for Span 80. However, using the microfluidic 
droplet generator, we were able to observe the formation 
of aqueous alginate solution droplets in mineral oil using 
Tween 80, whose HLB value was 15. It should be noted 
that Tween 80 has a limited concentration range and was 
insoluble in mineral oil at concentrations greater than 1.5 
wt% due to its water-soluble nature.

Another regulating parameter that influences droplet size 
and frequency of formation is the volume flow ratio (the ratio 
of dispersed and continuous flow rates). With a constant 
dispersed flow rate ( Qd = 0.9 μL∕min ), droplet diameter 
decreased with increasing the continuous phase flow rate as 
expected because of an increase in shear stress acting on the 
droplet surface. As shown in Fig. 3a, the droplet formation 
regime was controlled by the input flow rates and the type 
of surfactant applied to the oil phase. The fluids behaviour 
in the flow-focusing generators can occur in a variety of 
modes (Paiboon et al. 2022), dripping (Fig. 3b), squeezing 
(Fig. 3c), jetting (Fig. 3d), and threading without droplet 
formation (Fig. 3e) were observed in our experiments.

In the dripping regime, only a portion of the width of the 
outlet channel is obstructed by the dispersed thread while the 
thread fully contacts the main channel during the squeezing 
regime. In the jetting regime, the instability breaks the thread 
into droplets, whereas in the threading regime, two parallel 
phase streams flow along the outlet channel. In all regimes 
of droplet formation, droplet diameter is reduced with an 
increase in the flow rate of the continuous phase. It is shown 
that dripping and squeezing occurred exclusively when 
Tween 80 was employed as the surfactant in the low volume 
flow ratio, whereas employing Span 80 led to jetting and 
threading at all the input continuous phase flow rates. The 
transition from jetting to dripping with an increase in Qc and 
maintaining Qd at a constant rate in flow-focusing devices, 
which could be observed in the Tween-laden continuous 
phase, was consistent with the findings of previous studies 
on droplet regimes in cross-junctions (Paiboon et al. 2022).

In Fig. 4, the influence of Capillary number linked to 
the continuous phase on dimensionless diameter of the 
generated droplets is shown. Capillary number is defined as:

(1)Cac = � × Uc∕�

where � is the dynamic viscosity of the liquid, � is the 
interfacial tension between the two fluid phases, Uc is 
characteristic velocity defined as:

where Ai is inlet channel area. The increase in Capillary 
number caused by the simultaneous change in interfacial 
tension and the flow rate of the continuous phase reduces 
droplet size and increase the frequency of formation. The 
Capillary number of the continuous phase is increased to 
transition the droplet generation regime from jetting to 
squeezing (and then to dripping). The Capillary number for 
the jetting-to-squeezing droplet generation regime is shown 
for 1 and 1.2 wt% Tween 80. Squeezing is expected to be 
observed when Cac is less than 0.01 but in our experiments 
it was observed in higher range. The type and concentration 
of the surfactant, variations in the channel and orifice 
dimensions, flow rates, and viscosity ratios can all contribute 
to differences in the threshold values of capillary number.

Numerous renowned scaling laws for the droplet size 
variation with the flow rate ratio of both phases and the 
capillary number of the phases have been presented by 
researchers.  Cubaud and Mason (2008) presented droplet 
diameter calculations in each droplet generation regime in 
square microchannels. According to them, in the jetting 
regime, the dimensionless diameter in square microchannels 
is only dependent on the flow rate ratio as:

(2)Uc = Qc∕2Ai

Fig. 4   Dimensionless droplet diameter as a function of the Capil-
lary number of the surfactant-laden continuous phase. When 1 and 
1.2 wt% Tween 80 are used, the capillary number corresponding to 
the transition from jetting to squeezing droplet generation regime is 
shown
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where w is the width of the microchannel. For low viscosity 
contrast between the phases, as in our experiment,  Fu et al. 
(2012) modified the relation as:

The diameter of the droplets produced during the jetting 
regime when 5 wt% Span 80 was used, exhibited good 
agreement with this relation with just a 8.9% variation. The 
droplets generated in the presence of various Span 80 and 
Tween 80 concentrations exhibited greater deviation.

In the dripping mode, which was only seen when 
Tween 80 was employed as the surfactant, the relationship 
established by  Fu et al. (2012) as:

estimates the droplet diameter rather well with a slight vari-
ation, 6.4%, when 1.2 wt% Tween 80 was utilized.

Figure 5 depicts the alginate droplet formation frequen-
cies in surfactant-laden mineral oil. The smallest droplet, 
measuring 50.8 ± 0.5 μm in diameter, and the highest gen-
eration frequency (126 Hz), resulted from the lowest inter-
facial tension, the highest Span 80 concentration (5 wt%), 
and the highest volume flow ratio. The biggest microdrop-
lets, 216.3 ± 0.5 μm in diameter, were formed at the lowest 

(3)d∕w = 3.1(Qd∕2Qc)
0.5

(4)d∕w = 1.23(Qd∕2Qc)
0.5

(5)d∕w = 0.3(Qd∕2Qc)
0.23

.(Cac)
−0.42

frequency (7 Hz) in presence of the lowest concentration of 
Tween 80 (1 wt%).

Figure 6 shows droplets in the microfluidic chip’s outlet 
when the maximum and minimum concentrations of Span 80 
and Tween 80, 1 and 5 wt% for the first and 1 and 1.5 wt% 
for the second, are applied to mineral oil at its maximum 
and minimum flow rates (0.9 and 7.2 μL∕min ). Droplets in 
the outlet reservoir were not restricted by the lateral walls. 
When the greatest concentration of Tween 80 (1.5 wt%) was 
employed as an emulsifier in mineral oil, droplets adhered to 
each other at a reduced volume flow rate of the continuous 
phase (lower than 4 μL∕min ). This phenomenon is thought 
to be caused by the fact that droplets remain in the outlet 
reservoir rather than conveying to the collection tube due 
to low oil phase flow. Tween 80’s hydrophilic nature in the 
confined reservoir destabilises the emulsion.

3.2 � Effect of the flow rate ratio and surfactant 
addition on the alginate hydrogels

The external gelation method was used to complete the 
gelation procedure of the produced droplets. Droplets were 
transported to a collection bath, flowed smoothly to the 
top layer of mineral oil, fell through the mineral oil, and 
reached the interface between mineral oil and the aqueous 
solution of cross-linking agent below. According to Hu et al. 
(2015), the external gelation method introduces additional 
experimental parameters that allow for greater control 
over the properties of the alginate microgel generated and 
it will reduce clogging issues that are common in droplet 
microfluidic-based microgel fabrication. As previously 
discussed, on-chip control of the size and frequency of the 
formation of Na-Alginate droplets is possible via flow rate 
ratio adjustment and surfactant addition.

Phase inversion occurs when the w/o emulsion passes 
through the interface and reaches the calcium chloride 
solution and the droplets begin to gel  (Sinzato et  al. 
2017). The type of surfactant used in the continuous 
phase influences the gelation process. When Tween 80, as 
the hydrophilic surfactant, is used as an emulsifier in the 
droplet generator microfluidic chip’s continuous phase, 
phase inversion occurs quickly, calcium ions diffuse into the 
microdroplets, and are completely partitioned to the aqueous 
phase. In contrast, when lipophilic surfactant, Span 80 is 
used, the w/o emulsion is fully stabilized, the droplets pass 
through the oil phase in the collection bath and float in the 
oil-crosslinking solution interface. Excessive stabilization of 
the water-in-oil emulsion may prevent it from destabilising 
and inverting, which is required to recover the gel beads. 
The microgels formed from microdroplets in mineral oil 
with Span 80 at different flow rates are illustrated in Fig. 7. 
As expected, the continuous phase’s higher flow rate has 
resulted in smaller hydrogels.

Fig. 5   Dependence of droplet formation frequency on flow rate ratios 
and surfactant types and concentrations. The surfactants in the con-
tinuous phase are either Span 80 (with varying concentration of 1, 3, 
and 5 wt%) or Tween 80 (with varying concentration of 1, 1.2, and 
1.5 wt%). The higher or lower concentration of Tween 80 inhibited 
droplet formation, resulting in droplet coalescence or mixing of the 
two phases
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In each hydrogel quantification, a total of 100 microgels 
were taken into consideration after 24 h of their transferring 
to the collection bath. Inadequate gelation resulted in non-
spherical hydrogels for which equivalent diameter based on 
the projected area is calculated. When comparing droplets 
with corresponding hydrogels, it is clear that the droplet size 
decreases following gelation, even when the procedure was 
not totally completed. Researchers have previously reported 
on the decrease in droplet size owing to gelation (Liu et al. 
2018). The majority of the reduction in microdroplet diam-
eter after transfer to the gelation bath and introducing the 
crosslinking agent is attributable to the release of water from 
the droplets into the crosslinking solution, with a minor con-
tribution from the difference in osmotic pressure (Marquis 
et al. 2014).

Table 1 and Table 2 are used to summarize all of the 
characteristics of the droplets and related hydrogels 
following ionic gelation. The mean diameter of the droplets 
and the equivalent diameter of the hydrogels are reported 
in the tables for each surfactant concentration and flow rate 
of the continuous phase. Furthermore, CV (coefficient of 

variation) was calculated to discuss the homogeneity of the 
generated droplets and hydrogels.

According to Table 1, the smallest hydrogels (equivalent 
diameter= 40.2 ± 0.5 μm ) were generated in the presence 
of 5 wt% Span 80 in the continuous phase when Qc was 
adjusted to its maximum value of 7.2 μL∕min . A 20.9% 
reduction in the size of the smallest droplet was observed 
after its gelation was completed. After gelation, the largest 
droplet generated in the Span-laden continuous phase was 
reduced 17.4% in size. By increasing the continuous flow 
rate from 0.9 to 4 μL∕min , 6 μL∕min and, 7.2 μL∕min and 
using 1 wt% Span 80 as surfactant in the continuous phase, 
the average hydrogel size decreased by 47% , 60% , and 62% 
respectively. When 5 wt% Span 80 is used, the decline in 
the average hydrogel size was 46% , 61% , and 66% as Qc 
increased. Assuming Qc is set at 0.9 μL∕min , increasing 
Span 80 concentration from 1 wt% to 5 wt% resulted in a 
10% decrease in average hydrogel size. Setting Qc to 7.2 
μL∕min resulted in a 22% reduction in size due to surfactant 
addition (from 1 wt% to 5 wt%).

As reported in Table 2, the largest hydrogel formed in 
the presence of 1 wt% Tween 80 had an equivalent diameter 

Fig. 6   Effect of Qc and surfactant concentration on the size distribu-
tion of alginate droplets. Qd is set at 0.9 μL∕min during the whole 
experiment. a-b Span 80 and Tween 80 concentration was 1 wt% and 

Qc is 0.9 μL∕min,respectively. c Span 80 concentration was 5 wt% 
and Qc is 7.2 μL∕min , d Tween 80 concentration was 1.5 wt% and Qc 
is 7.2 μL∕min . (Scale bar: 70 μm)
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of 100.8 ± 0.5 μm when Qc was set to 4 μL∕min and the 
smallest one, equivalent diameter= 42.4 ± 0.5 μm ) was 
obtained from 1.5 wt% Tween 80 when Qc was 7.2 μL∕min . 
As a result, the corresponding droplet size reductions after 
gelation were 41% and 17% for the smallest and largest 
droplets, respectively. By increasing the continuous flow 
rate from 4 μL∕min to 6 μL∕min , then to 7.2 μL∕min and 
using 1 wt% Tween 80 as a surfactant in the continuous 
phase, the average hydrogel size was reduced by 6% , and 
13% . When 1.5 wt% Tween 80 was used, the average 
hydrogel size decreased by 4% , and 35% as the Qc value 
increased, respectively. Increasing Tween 80 concentration 

from 1 wt% to 1.5 wt% reduced average hydrogel size by 
53% when Qc was set to 4 μL∕min . When Qc is set to 7.2 
μL∕min , a 51% reduction in hydrogel size was achieved due 
to the application of surfactant (from 1 wt% to 1.5 wt%). 
As a consequence, utilizing higher concentration of Tween 
80 reduced the hydrogel size greatly when compared to an 
equivalent droplet.

Raising the flow rate ratio decreased the droplet and 
hydrogels homogeneity. Generally hydrogels had a smaller 
diameter and a higher CV value than precursor Na-alginate 
droplets. Continuous phases containing the highest con-
centration of Tween 80 produced the most monodisperse 

Fig. 7   Effect of Qc on the size of alginate hydrogels when Span 80 concentration was 1 wt%. Qd is set at 0.9 μL∕min . a Qc = 0.9 μL∕min b Qc = 4 
μL∕min c Qc = 6 μL∕min , d Qc = 7.2 μL∕min . (Scale bar: 70 μm)
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microdroplets with the narrowest size distribution, when Qc 
was set to 4 μL∕min , droplets with an average diameter of 
87.4 ± 0.5 μm and a CV of 2.4% formed. In our experiments, 
corresponding hydrogels with an average projected area of 
7993.4 ± 0.5 μm2 and an average CV of 7.5% demonstrated 
the narrowest hydrogel size distribution. When 1 wt% Span 
80 in mineral oil was employed as the continuous phase, 
the lowest homogeneity (CV=19.4%) was observed in the 
generated droplets when Qc was set to 7.2 μL∕min . It’s worth 
noting that increasing Span 80 resulted in a decrease in CV. 
When Tween 80 is added to the continuous phase, a similar 
effect is observed, and increasing the Tween 80 concentra-
tion in mineral oil decreases the CV value and results in an 
even narrower size range.

As shown in Fig. 8(a-e), when Tween 80 is applied to 
the continuous phase during droplet formation, adequate 
gelation occurred in the collecting bath regardless of the Qc 
used. In these images, the hydrogels formed in presence of 1, 
1.2, and 1.5 wt% Tween 80 in the mineral oil with different 
Qc is illustrated. When Qc was maintained at 0.9 μL∕min , 
hydrogel formation failed at all Tween 80 concentrations. 
This is most likely due to the coalescence of droplets 
during conveyance to the gelation bath. Because of their 
smaller size, the higher magnification is used to photograph 
hydrogels in the highest concentration of Tween 80.

Using the controllability of the procedure provided by 
the external gelation procedure, the insufficient gelation 
due to Span 80 presence in the continuous phase may be 
enhanced. For instance, we employed a 50/50 (v/v) mixture 
of ethyl acetate and mineral oil as the collecting bath’s top 
layer. Qc of the continuous phase (containing 3 wt% Span 80) 
was 0.9 μL∕min and as a result, adequate gelation occurred. 
Ethyl acetate is marginally soluble in water (National Center 
for Biotechnology Information 2022) and facilitated phase 
inversion and the gelation by increasing the cross-linking 
agent’s delivery to the droplets. Figure 8f shows the SEM 
image of one of these hydrogels after washing and freeze-
drying. Figure 9g shows the SEM image of a dried tail-
shaped hydrogel synthesised in the presence of 1.5 wt% 
Tween 80 when Qc was set at 4 μL∕min.

3.3 � Effect of the flow rate ratio and surfactant 
addition on monodispersity

Gelation not only caused shrinkage in the created hydrogels 
when compared to the corresponding hydrogel, but it also 
reduced the homogeneity of the hydrogels. Utilizing 1 
wt% span-laden mineral oil at Qc=7.2 μL∕min produced 
microdroplets with an average diameter of 62.9 ± 0.5 
μm and a CV of 16.3%. After gelation, our less uniform 
hydrogels with a mean equivalent diameter of 51.6 ± 0.5 μm 
and the lowest CV of all created hydrogels (CV=19.4%) 
are developed (Fig.  9(a-b)). Tween 80 at its maximum 

Table 1   Characteristics of the Span 80-induced alginate microdrop-
lets and associated hydrogels

Span 80

Qc(μL∕min) 1wt% 3wt% 5wt%

Mean Droplet Diameter ( μm) 0.9 163.9 158.4 142.5
4 80.2 75.5 74.2
6 69.6 66.1 63.1
7.2 62.9 57.8 50.8

Mean Hydrogel Diameter ( μm) 0.9 135.3 124.8 120.9
4 72.6 69.5 64.7
6 54.5 50.3 47.2
7.2 51.6 47.2 40.2

CV of Droplets (%) 0.9 4.2 4.1 3.8
4.0 9.3 8.2 6.5
6.0 14.3 11.8 8.0
7.2 16.3 14.3 12.5

CV of Hydrogels (%) 0.9 13.1 12.3 12.1
4.0 13.5 13.2 12.9
6.0 14.8 14.1 13.7
7.2 19.4 17.2 16.3

Shrinkage (%) 0.9 17.4 21.2 15.2
4.0 9.5 7.9 12.8
6.0 21.7 3.9 25.2
7.2 18 18.3 20.9

Table 2   Characteristics of the Tween 80-induced alginate microdrop-
lets and associated hydrogels

Tween 80

Qc(μL∕min) 1wt% 1.2wt% 1.5wt%

Mean Droplet Diameter ( μm) 0.9 216.3 186 92.9
4 122.6 106.8 80.1
6 106.5 98.4 75.1
7.2 102.5 93.4 72.6

Mean Hydrogel Diameter 
( μm)

0.9 – – –
4 100.8 94.4 65.9
6 94.3 85.9 63.2
7.2 87.8 82.2 42.4

CV of Droplets (%) 0.9 3.8 3.2 -
4.0 4.2 4 2.4
6.0 4.8 4.2 3.3
7.2 6.1 5.3 4.8

CV of Hydrogels(%) 0.9 – – –
4.0 10.4 9.1 7.5
6.0 11 10.9 8.9
7.2 14 13.6 12.8

Shrinkage (%) 0.9 – – –
4.0 17.8 11.6 17.7
6.0 11.5 12.7 15.8
7.2 14.3 12 41.6
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Fig. 8   Effect of Qc and concentration of Tween 80 on the size of 
tail-shaped hydrogels. The continuous phase composed of a 1 wt% 
Tween 80 in mineral oil at Qc =4 μL∕min . b1.2 wt% Tween 80 in min-
eral oil at Qc =4 μL∕min . (c) 1.2 wt% Tween 80 in mineral oil at Qc

=7.2 μL∕min . d 1.5 wt% Tween 80 in mineral oil at Qc =4 μL∕min , 
observed with different magnification. e 1.5 wt% Tween 80 in mineral 
oil at Qc=7.2 μL∕min , observed with different magnification. (Scale 

bar is 3 μm .) f An SEM image of a dried gel prepared in presence of 
3 wt% Span 80 in the continuous phase and a 50/50 (v/v) mixture of 
ethyl acetate and mineral oil as the collecting bath’s top layer (Scale 
bar: 50 μm ) when Qc =4 μL∕min g An SEM image of a dried gel pre-
pared in presence of 1.5 wt% Tween 80 in the mineral oil as continu-
ous phase when Qc =4 μL∕min . (Scale bar: 50 μm)
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concentration (1.5%) and flow rate (7.2 μL∕min ) was utilized 
as the continuous phase with droplets of average diameter 
of 72.6 ± 0.5 μm resulting in hydrogels with equivalent 
diameter of 42.6 ± 0.5 μm , which equals 41.6% shrinkage, 
the highest recorded shrinkage in this study (Fig. 9(c-d)).

Raising the flow rate ratio reduces homogeneity, whereas 
increasing the concentration of surfactants in the continu-
ous phase increases homogeneity in both droplets and, as 
a result, the associated hydrogels. In Fig. 10, the relation 
between the CV value of droplets and the hydrogels is illus-
trated. The droplets are more homogeneous than the corre-
sponding hydrogels. Tween 80 produced more homogeneous 
hydrogels, and it can be deduced that reducing the flow rate 
of the continuous phase of Tween 80-laden mineral oil will 
promote homogeneity far more pronouncedly than Span-80-
laden continuous phase.

4 � Conclusions

This study looked at the formation of alginate 
microdroplets in the presence of varying concentrations 
of two different types of surfactants in a microfluidic 
flow-focusing device. The dispersed phase flowed at a 
constant rate and the continuous phase was mineral oil 
containing varying percentages of either Span 80 or Tween 
80, the surfactant. As anticipated according to  Peng et al. 
(2011); Kiratzis et al. (2022); Lupo et al. (2014), it was 
discovered experimentally that decreasing the interfacial 
tension between the continuous and dispersed phases (by 
adding surfactants) reduces the diameter of the generated 
droplet. Increasing the flow rate ratio has the same effect 
on droplet size as expected. The droplet detachment 
process (droplet formation regime) was also found to be 
impacted by both interfacial tension and flow rate ratio. 

Fig. 9   Size distribution histograms of alginate droplets a, c and corresponding hydrogels b, d. Flow rate of the continuous phase is set to 7.2 
μL∕min and Qd = 0.9 μL∕min . a-b1 wt% Span 80 and c-d1.5 wt% Tween 80 is used as the surfactant in the continuous phase
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To investigate the interfacial tension reduction, Span 80 
with concentration varying from 1 to 3 wt% and Tween80 
with varying concentration of 1 to 1.5 wt% was added to 
the continuous phase and the flow rate of this phase was 
increased gradually. The smallest droplets were obtained 
at the highest concentration of Span 80 and the maximum 
flow rate ratio. Therefore, with the combined effect of 
surfactant addition and varying the outer phase flow rate, 
an accurate prediction of droplet size is attainable. When 
the cross-linking agent is introduced, this programmable 
microfluidic generation of alginate droplets will result in 
a variable hydrogel. We also investigated the external and 
off-chip gelation of alginate droplets, as well as the effect 
of flow rate ratio and surfactant on the properties of the 
hydrogels formed. The hydrogel’s size, monodispersity, 
and degree of gelation were all determined by the 
Qc and surfactant in the continuous phase. Tween 
80 emulsification produces the most homogeneous, 
completely gelled, tail-shaped hydrogels, whereas Span 
80 emulsification produces smaller hydrogels with a more 
uneven size distribution. Using Span 80 caused partial 
gelation, necessitating a collection bath change (such 
as adding ethyl acetate to the oil phase). Hydrogels are 
distinct from one another in terms of their size, shape, 
and monodispersity; taken together, these characteristics 
determine how they might be exploited for the delivery of 
drugs or cells.
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