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a b s t r a c t

The controlled manipulation of surfactant concentration is essential for optimizing performance in 
numerous industrial applications, such as enhanced oil recovery in oil industry. However, encapsulating 
surfactants has proven challenging due to their propensity to localize at interfaces. In this study, we use 
microfluidic technology to fabricate poly (ethylene glycol) diacrylate-based microcapsules for encap-
sulating small molecular cargoes through finely tuning the relationships among the interfacial tensions 
of inner, middle and outer phases. These microcapsules show excellent retention by regulating the shell 
thickness and monomer content, releasing less than 47.2% over 49 d at 20 ◦ C. Upon oil contact, sur-
factant release is indicated by a contact angle decrease of 7.2 ◦ at 20 ◦ C and 21.8 ◦ at 50 ◦ C within 48 h. The 
releases of nonionic Tween 80 and zwitterionic Betaine 1 calculated via surface tension in saline so-
lutions at 80 ◦ C are reduced to as low as 8.2% within 48 h and 1.1% within 8 h. The pressure-induced 
release reaches 22.7% within 24 h under 15 MPa, significantly exceeding the impacts of temperature 
and salinity. Notably, even microcapsules with reduced eccentricity still demonstrate sustained-release 
behavior. Mechanical and degradation tests show that the sustained release is driven by the increase in 
pore size of the shell due to its gradual degradation. This tunable system offers a versatile platform for 
encapsulating and controlling the release of surfactants or other sensitive agents, ideal for harsh 
environmental applications requiring sustained functionality.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

The controlled release of surfactants from encapsulated carriers 
is essential for modulating local surfactant concentrations in mi-
croenvironments (Bergfreund et al., 2021; Liang et al., 2022), 
which has a broad application in drug delivery (Alemi et al., 2018; 
Boucard et al., 2018) and enhanced oil recovery areas (Liu et al., 
2021; Razzaghi-Koolaee et al., 2022; Manshad et al., 2024). 
Encapsulating surfactants in a micron- or nano-sized carrier fol-
lowed by releasing them in a controlled manner would be a great

way to finely tune interfacial property (Fang et al., 2019; 
Bahraminejad et al., 2022). Moreover, releasing surfactants over 
a long period greatly reduces overall consumption (Hammami 
et al., 2023), improves efficiency (Alsmaeil et al., 2021) and miti-
gates environmental side effects (Liang et al., 2024). However, 
encapsulating surfactants has been inherently difficult due to the 
nature of the surfactant molecules, therefore, preferring stay at the 
interfaces (Bahraminejad et al., 2021, 2024). Thus, increasing the 
solubility of surfactants in their interior phase and diminishing 
their tendency to the interface are essential to increase the 
encapsulation efficiency. The most common way to enhance sur-
factant solubility in bulk solutions is to introduce adjuvants (Jia 
et al., 2019; Zhang et al., 2024), such as additional surfactants 
(Chou et al., 2005), co-surfactants, and salts to reduce their 
interaction (Qazi et al., 2020; Gradzielski et al., 2021). However,
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this approach must consider compatibility between the adjuvants 
and the original substances, which is not suitable for all kinds of 
surfactants (Belhaj et al., 2020). Adjusting the pH or increasing 
ionic strength can alter the charge state of functional groups and 
the conformation of surfactant molecules, especially for non-ionic 
surfactant, therefore, increase the solubility in their interior phase 
(Bloor et al., 1970). Adding nanoparticles as surfactant carriers to 
reduce the contact probability between surfactant and the outer 
environment can retain more surfactants in the bulk solution 
(Alsmaeil et al., 2021). The challenging part lies in preparing stable 
and homogeneous nanoparticle suspension with high surfactant 
adsorption efficiency (Liu et al., 2021). Co-precipitation of surfac-
tants with carrier polymers by forming nanoparticles allows for 
the encapsulation of surfactants within the particles (Dos Santos 
Francisco et al., 2023). Releasing surfactant can be challenging as 
the carrier polymer should be well suspended in the releasing 
environment, which narrows the choice of the carrier polymer
(Guzm�an et al., 2020; Zhou and Ranjith, 2022). Moreover, the
encapsulation efficiency is relatively low due to the introduction of
additional carrier materials (Romero-Zer�on and Kittisrisawai,
2015; Gu et al., 2016; Constantin et al., 2017). Microcapsule with 
a thin tunable shell and a large cavity for loading concentrated 
surfactants is a promising carrier for delivering surfactant mole-
cules (Li et al., 2018; Fang et al., 2019) and can be produced by 
chemical or physical approaches such as spray-based techniques 
(Chalella Mazzocato et al., 2019; Sun et al., 2020), physical 
encapsulation approaches such as coacervation (Ghorbani Gorji 
et al., 2018), layer-by-layer assembly (Jiang et al., 2022) and 
physical emulsification (Ma et al., 2020), chemical encapsulation 
strategies like interfacial polymerization (Duan et al., 2018), phase 
separation (Dowding et al., 2004) and solvent evaporation (Gu 
et al., 2016), and microfluidics (Nan et al., 2024). Nevertheless, 
conventional encapsulation methods frequently produce micro-
capsules exhibiting significant heterogeneity in both dimensional 
parameters and morphological organization, which severely limits 
the encapsulation efficiency (Sun et al., 2020) and releases rapidly 
(de Freitas et al., 2019). In contrast, microfluidic technique is of 
attraction for its ability of precisely control on fluid interfaces, 
reaction conditions and high throughput production of mono-
disperse multiphase emulsion droplets with tunable size, 
morphology and composition (Li et al., 2018; Ren et al., 2024). 
However, extra addition of active substances or amphiphilic mol-
ecules into the inner phase before generating double emulsion 
would disturb the interface, leading to the instability of the double 
emulsion template (Jiao et al., 2002) or cargo adsorption on the 
inner shell of microcapsules (Nam et al., 2018). Increasing the 
surfactant concentration in the inner phase without disturbing the 
interface is essential to successfully encapsulate surfactants in a 
double emulsion templated microcapsule. Cargo loaded particles 
can be released under diffusion (Huang et al., 2009), matrix 
swelling or degradation (Duncanson et al., 2012; Pei et al., 2019) 
and stimuli such as temperature (Lee et al., 2024), osmotic pres-
sure (Seo et al., 2020), pH (Broaders et al., 2010) and magnetism 

(Wei et al., 2014). The release can be engineered to respond to 
chemical stimuli or physical stimuli through structural modifica-
tions (DiLauro et al., 2013), such as phase transition (Choi et al., 
2021) and the porosity change of the capsule membrane (Pei 
et al., 2019). Silica-based nanosized porous capsules (MCM-41) 
have been confirmed to encapsulate cetyltrimethylammonium 

bromide (CTAB), enabling a slow, ion-triggered surfactant release 
of 46% over 12 d in saline environments (Alsmaeil et al., 2020). 
β-cyclodextrin was qualitatively verified as a novel sodium dodecyl 
sulfate (SDS) delivery system to release the surfactant hydropho-
bic tail (Alhassawi and Romero-Zer�on, 2015). The temperature
influence on the release is ambiguous. Therefore, it is challenging

to fabricate a new surfactant encapsulation system with well-
controlled release properties for fine-tuning the interfacial 
property.

In this work, we develop a small surfactant encapsulation 
system with a long-term release profile under extreme condition, 
as shown in Fig. 1. After optimization of a series of shell materials, 
we choose poly (ethylene glycol) diacrylate (PEGDA) as shell ma-
terial. Moreover, due to the anti-adhesion property for active 
substances, the PEG membrane results in repulsive elastic forces 
when the active materials approach towards the substrate 
(Banerjee et al., 2011; Lee et al., 2005), which is suitable for 
confining the surfactants in the inner core of the double emulsion. 
We generate microcapsules that can encapsulate surfactant upon 
UV irradiation. The microcapsule structure can be controlled by 
varying the flow rate ratio and monomer concentration. These 
PEGDA microcapsules show excellent small molecular retention 
property, only releasing less than 20% in 49 d. Moreover, 
combining interfacial tension measurements, we directly obtain 
the release profile of ionic surfactant, Betaine 1 (ASB), which can 
not be measured through traditional UV spectrophotometer. We 
also study the release profile of these surfactant-laden microcap-
sules in brines with different concentrations at high temperatures 
and pressures. Moreover, we find that the release behavior of small 
molecules is mainly driven by pore size upon PEGDA shell 
degradation.

2. Materials and methods

2.1. Chemicals

The small molecular surfactants are Tween 80 (M w = 1309) 
purchased from Biosharp and Betaine 1 (ASB) (M w = 435) sup-
ported by China Petroleum Exploration and Development 
Research Institute. The polymers used include poly (vinyl alcohol) 
(PVA, Aladdin, China), poly (ethylene glycol) diacrylate (PEGDA, 
Sigma-Aldrich, USA), dextran T1 (M w = 1000, Yuanye, China). 
Fluorescein sodium salt (Macklin, China), fluorescein isothiocya-
nate (Macklin, China) and calcein sodium salt (Macklin, China) are 
used for labelling microcapsules. Dichloromethane (DCM) (Mack-
lin, China) serves as organic solvent in the middle phase. All re-
agents are used as received without further purification unless 
otherwise noted.

2.2. Fabrication of glass microfluidic device

The glass microfluidic device used for fabricating sustain-
release microcapsules consists of two cylindrical glass capillaries 
(World Precision Instruments, Inc.). The glass capillaries are axis-
aligned inserted into a square capillary (Harvard) from opposite 
directions. The assembly is then mounted on a glass slide using 
epoxy adhesive. Both cylindrical glass capillaries are tapered to 
achieve inner diameters of 30 and 250 μm. Finally, dispensing 
needles are positioned at the junctions, and secured onto the glass 
slide to form the emulsion droplets.

2.3. Fabrication of microcapsule

An aqueous 1 wt% PVA solution with fluorescein sodium salt 
serve as the inner aqueous phase. DCM containing 1 wt% photo-
initiator and PEGDA with various concentrations of 10–30 wt% are 
used as middle oil phase. An aqueous solution of 5 wt% PVA acts as 
the outer phase. All phases are injected at constant flow rates using 
pumps (LSP01-3A, Longerpump). UV-polymerization of the shell is 
initiated within the device immediately after the formation of the 
template double emulsion droplets.

S. Liu, L.-L. Ren, Z. Wang et al. Petroleum Science 23 (2026) 954–965

955



2.4. Quantification of release profile for PEGDA microcapsules

The fluorescein sodium salt release in each microcapsule 
sample is measured using an ultraviolet–visible spectrophotom-
eter (T6, Puxi) at room temperature. Three sets of microcapsule 
suspensions, with microcapsules collected for 30 min and sus-
pended in ultrapure water (3.0 g), are prepared. The aqueous so-
lution is then transferred to UV-VIS spectra and a calibration curve 
is obtained at the maximum absorbance peak of fluorescein so-
dium salt. This procedure is repeated three times with three 
different samples to reduce the error in the estimation of fluo-
rescein sodium salt concentration and the standard deviation of 
absorbance values is less than 3%.

2.5. Preparation of Tween 80-loaded PEGDA microcapsules and 
ASB-loaded PEGDA microcapsules

We encapsulate Tween 80 (M w = 1309) in PEGDA microcap-
sules using the same way as that for enwrapping fluorescein so-
dium salt. We dissolve 20 wt% PEGDA in DCM, supplemented with
1 wt% photoinitiator, serving as the middle phase. The inner phase 
is prepared as a solution containing 1 wt% PVA, 4 wt% Tween 80 
with FITC-dextran. An aqueous solution of 5 wt% PVA acts as the 
outer phase. The washed microcapsules are placed in an outer 
phase at temperatures of 20, 50 and 80 ◦ C. To investigate the effect 
of monovalent and divalent ions on the release rate of microcap-
sules, the washed microcapsules are placed in sodium chloride 
solutions (500, 1000, 2000 and 5000 mg⋅L − 1 ) and in calcium 

chloride solutions (600, 1200, 2400 and 6000 mg⋅L − 1 ).

Additionally, other types of PEGDA microcapsule are cultured in 
NaCl solutions (3000, 5000 and 7000 mg⋅L − 1 ) and in CaCl 2 solu-
tions (3000, 6000 and 9000 mg⋅L − 1 ) to further study the salt 
resistance of PEGDA shell.

The preparation of ASB-loaded microcapsules involves an inner 
phase composed of 1 wt% PVA, 1 wt% ASB with calcein sodium salt 
(M w = 622.53 g⋅mol − 1 ). The middle phase consists of 20 wt% 
PEGDA and 1 wt% initiator in DCM, while the external phase is an 
aqueous solution of 5 wt% PVA.

2.6. Contact angle measurement

60 microcapsules are placed on a quartz sheet and inverted in 
simulated oil, mass ratio (toluene: n-decane) of 1:1. Ultrapure 
water (40 μL) is then added dropwise underwater, and the setup is 
maintained at temperatures of 20 and 50 ◦ C to observe contact 
angle changes at the oil-water-solid three-phase interface. Contact 
angles were measured three times at each sampling point,
ensuring a measurement uncertainty of less than 2 ◦ .

2.7. Surface tension measurement

We add microcapsules (0.1 g) to 0.5 wt% NaCl solution (10 g) 
and 0.6 wt% CaCl 2 solution (10 g) at temperatures of 20 and 80 ◦ C. 
To investigate the effect of low salinity on the microcapsules, we 
add microcapsules to 0.3 wt% NaCl solution (10 g) and 0.3 wt% 
CaCl 2 solution (10 g) at 80 ◦ C. The variation in surface tension is 
monitored over a period of 2 d.
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Fig. 1. Schematic illustration of microcapsule fabrication and surfactant release from PEGDA microcapsules.
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2.8. The mechanical property of PEGDA shell

We mix PEGDA of 10, 15, 20, 25 and 30 wt%, and then pour the 
mixtures into the circular molds to expose under UV light. Sub-
sequently, the slices with different monomer concentrations are 
placed in pure water at 20, 50 and 80 ◦ C overnight. To simulate the 
harsh condition of high temperature and high salinity effect on the 
shell, we also culture the slices with 20 wt% PEGDA in 0.7 wt% NaCl 
solution and 0.9 wt% CaCl 2 solution at 80 ◦ C for 12 h and 3 d. After 
immersion, the slices are washed with mass pure water, and then 
lyophilized to remove free water until the weight no longer 
changes. The mechanical properties of the PEGDA slices are 
measured using a rheometer (MCR 92, Anton Paar, Austria) with a 
parallel plate model. During the strain amplitude sweep tests, the 
shear strain (0.001%–100%) is fixed at an oscillation frequency 
(10 rad⋅s − 1 ). The relationship of pore size (ε) and storage modulus 
(G') is calculated by Eq. (1) (Rubinstein and Colby, 2003):

ε =

̅̅̅̅̅̅̅̅ 
k B T
G ́

3

√ 

(1)

where k B is Boltzmann constant, T is Kelvin temperature, G′ is 
storage modulus.

3. Results and discussion

3.1. Microfluidic fabrication of PEGDA microcapsule

Designing a carrier capable of stably encapsulating small-
molecule surfactants requires overcoming a fundamental 
obstacle: these molecules inherently migrate to liquid-liquid in-
terfaces (Zettlemoyer et al., 1967; Hosseinpour et al., 2021), which 
often destabilizes double emulsions prior to shell solidification. 
To address this, we begin with a systematic evaluation of po-
tential shell materials, including PEGDA, styrene, polystyrene, and 
polystyrene-b-polyisoprene-b-polystyrene. PEGDA emerges as 
the optimal choice due to its anti-adhesive property, which stems 
from the hydrophilic PEG segments that generate repulsive elastic 
forces when active molecules approach the substrate (Lee et al., 
2005; Banerjee et al., 2011). This feature makes PEGDA particu-
larly well-suited for confining surfactants within the aqueous 
core of double emulsions (Fig. S1, Supplementary Information). To 
further enhance droplet stability before curing, we incorporate 
poly (vinyl alcohol) (PVA) into the inner aqueous phase. PVA, a 
hydrophilic polymer with polysaccharide-like characteristics, can 
form weak gels via intermolecular hydrogen bonding (Choi et al., 
2021), thereby reducing interfacial adhesion (de Oliveira et al., 
2014) and acting as a hydrophilic emulsifier. When blended 
with other surfactants, PVA improves droplet stability (Al-Sabagh, 
2002). We test PVA at concentrations from 0 to 10 wt% and with 
different molecular weights, confirming its ability to stabilize 
microcapsules (Fig. S2, Supplementary Information). Microcap-
sules are fabricated using a coaxial glass capillary microfluidic 
device to generate stable W/O/W double emulsions (Fig. 2(a)). 
The immiscibility between the inner aqueous and organic middle 
phases ensures droplet stability, and immediate in-situ UV 
exposure initiates rapid PEGDA polymerization, forming a cross-
linked shell around the inner phase (Fig. 2(b) and (c)). The 
resulting microcapsules have a mean diameter of 95.5 μm. 
Scanning electron microscopy of cross-sectioned capsules reveals 
a shell thickness ranging from 0.9 to 6.1 μm, indicating some 
degree of inhomogeneity across the shell structure (Fig. 2(d)).

3.2. Structure control of PEGDA microcapsules

The successful fabrication of surfactant laden microcapsules 
relies on forming stable emulsions before shell solidification. The 
stability of the W/O/W double emulsion before shell solidification 
depends on the ability of the middle oil phase to completely coat 
the inner aqueous phase. In a strict thermodynamic sense, the 
spreading coefficient for the middle oil phase (m) over the inner 
aqueous phase (i) is defined as:

S m=i = γ i=o − 
( 

γ m=o + γ i=m 

)
(2)

where γ i/o is the interfacial tension between the inner aqueous 
phase and the outer aqueous phase, γ m/o is the interfacial tension 
between the middle oil phase and the outer aqueous phase, γ i/m is 
the interfacial tension between the inner aqueous phase and the 
middle oil phase. A positive S m/i indicates that the oil phase will 
spontaneously spread over the inner aqueous phase, enabling 
double emulsion formation. In our system, the inner and outer 
phases are both aqueous and largely miscible, so γ i/o is effectively 
zero, making the strict thermodynamic formula impractical. This is 
a known limitation in double emulsion studies (Wang et al., 2013). 
To overcome this, we adopt an operational definition of S where γ i/ 
o is replaced by the surface tension of the inner phase to air (γ i ), 
and γ i/m is approximated by the surface tension of the middle 
phase to air (γ m ). Although this approach is not a pure thermo-
dynamic coefficient, it provides a useful comparative measure of 
wetting tendencies. Based on our measurements for Tween 80 
encapsulation system: γ i = 35.0 mN⋅m − 1 , γ m/o = 2.7 mN⋅m − 1 , and
γ m = 29.8 mN⋅m − 1 , yielding S ≈ 2.5 mN⋅m − 1 . This slightly positive 
value indicates that the middle oil phase can spread over the inner 
aqueous phase, supporting stable double emulsion formation prior 
to shell curing. A revised schematic (Fig. 3(a)) now shows only the 
three relevant phases and the measured interfacial/surface ten-
sions, along with insets illustrating the difference between stable 
and collapsed emulsions. The double emulsion is successfully 
formed under kinetically driven microfluidic conditions. The 
combined effects of hydrodynamic focusing, interfacial stabiliza-
tion by PVA, high PEGDA viscosity, and rapid UV polymerization 
allow for the formation of metastable double emulsions that are 
structurally stable and suitable for shell solidification.

We next explore how flow rates influence shell thickness. 
Keeping the total flow rate constant at 2000 μL⋅h − 1 and the outer 
phase fixed at 8000 μL⋅h − 1 , we vary the middle-to-inner phase 
flow rate ratio (Q m /Q i ). Increasing Q m /Q i yields thicker shells, with 
a maximum thickness of 10.0 μm (Fig. 3(b)). Beyond this ratio, the 
emulsion becomes unstable. Monomer concentration also plays a 
decisive role. At a fixed flow rate, increasing PEGDA concentration 
from 10 to 30 wt% progressively thickens the shell from 7.3 to 
14.5 μm (Fig. 3(c)) and enlarges the capsule diameter from 139.5 to 
170.0 μm (Fig. 3(d)). When shell thickness is held constant at 5 μm, 
capsule diameter still increases with PEGDA concentration, 
ranging from 85.0 μm (10 wt%) to 136.6 μm (30 wt%). This behavior 
reflects the interplay between interfacial tension and shear stress 
(Zarzar et al., 2015; Wang et al., 2023, 2024), as well as the vis-
cosity ratio between the continuous and dispersed phases (Fang 
et al., 2019). Higher-viscosity middle phases require smaller flow 

ratios to maintain the same shell thickness, inherently producing 
larger capsules. Collectively, these results confirm that the struc-
tural attributes of PEGDA microcapsules, shell thickness and 
overall size, can be precisely tuned by adjusting either the Q m /Q i 
ratio or the PEGDA monomer concentration, providing a control-
lable platform for optimizing encapsulation performance.
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3.3. Release profile of fluorescein sodium salt from PEGDA-based 
microcapsule and surfactant-loaded PEGDA microcapsule

The release characteristics of small molecules from PEGDA 
microcapsules are strongly dictated by the properties of the 
polymer shell. To investigate this, we first encapsulate a model 
compound, fluorescein sodium salt, in microcapsules with a 
PEGDA shell concentration of 20 wt%. Over a 49-d observation 
period, most capsules preserve their spherical morphology, with 
only occasional localized swelling at structurally weaker points 
(Fig. 4(a)), indicating robust shell stability in aqueous environ-
ments. To examine how shell thickness influences release, we 
systematically vary it by adjusting the middle-to-inner phase flow 

rate ratio (Q m /Q i ) while holding the total flow rate constant 
(2000 μL⋅h − 1 ; outer phase: 8000 μL⋅h − 1 ). Thinner shells (e.g., 
3.1 μm at Q m /Q i = 2/3) release fluorescein sodium salt more 
rapidly, reaching a cumulative release of 47.2% after 49 d. Thicker 
shells (10.0 μm at Q m /Q i = 17/3) slow the release to 18.4% over the 
same period (Fig. 4(b)). Notably, no release curve plateaus during 
the study, even for the thinnest shells, underscoring the potential 
for long-term release applications (Zhang et al., 2019; Alsmaeil 
et al., 2021). However, capsules with pronounced eccentricity oc-
casionally rupture at their thinnest regions, causing uncontrolled 
leakage (Fig. S3, Supplementary Information).

Release kinetics are analyzed using the Ritger-Peppas model 
(Losi et al., 2006), revealing diffusion exponents (n) greater than 
0.5 under all conditions (Table S2, Supplementary Information).

Q = kt n (3)

where Q represents the fraction of the drug released, k is the ki-
netic constant accounting for the structural and geometric char-
acteristics of the delivery system, t is the release time and n is the 
diffusion exponent. Thinner shells exhibit 0.5 < n < 1.0, indicative

of anomalous transport involving both diffusion and matrix 
erosion (Sinclair and Peppas, 1984), while thicker shells shift to-
ward erosion-dominated release.

We next investigate the effect of PEGDA monomer concentra-
tion on release. With shell thicknesses ranging from 7.3 μm 

(10 wt%) to 14.5 μm (30 wt%), lower monomer concentrations 
produce faster release: after 36 d, cumulative release is 29.4 % for 
10 wt% capsules and only 13.0% for 30 wt% capsules (Fig. 4(c)). 
When shell thickness is fixed at 5 μm, the trend persisted-
cumulative release reaches 40.0 % for 10 wt% capsules versus 
13.0 % for 30 wt% (Fig. 4(d)). These data fit well to the Higuchi
model (W�ojcik-Pastuszka et al., 2019), consistent with Fickian
diffusion (Table S2):

Q = k H t 
1 =2 + k 1 (4)

where Q is fraction of drug released, k H is the Higuchi rate con-
stant, t is the release time, k 1 is a constant.

To connect these findings to shell microstructure, we measure 
the mechanical properties of PEGDA slices polymerized at 
different monomer concentrations. Storage modulus (G') increases 
with concentration, while calculated pore size (ε) decreases 
(Fig. 4(e) and (f)). As monomer concentration increases, the ma-
terial becomes denser, leading to a decrease in the pore size of the 
membrane material. This reduction in pore size enhances the 
spatial resistance for the cargo to escape through the pores, 
thereby significantly decreasing the release rate. Thus, the sus-
tained release behavior observed at various monomer concentra-
tions is attributed to the reduced release rate resulting from the 
smaller pore size.

Building on these insights, we encapsulate a functional 
nonionic surfactant, Tween 80, to evaluate interfacial perfor-
mance. Capsules are placed at an oil-water-solid interface, and 
contact angles are monitored at 20 and 50 ◦ C. At 20 ◦ C, the contact

6.08 µm

0.92 µm

(a)

Inner

Middle

UV exposure

Outer

PEGDA

(b) (d)(c)

Fig. 2. Microfluidic fabrication of microcapsules. (a) Schematic illustration of microfluidic fabrication of microcapsules under UV exposure, (b) optical image of microcapsules, 
scale bar: 50 μm, (c) chemical structure of the polymerized PEGDA shell, (d) SEM image of PEGDA microcapsule, scale bar: 50 μm.
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angle decreases gradually from 30.2 ◦ to 23.0 ◦ over 48 h 
(Δ = − 7.2 ◦ ), whereas at 50 ◦ C the decrease is sharper, from 43.8 ◦ to 
22.0 ◦ (Δ = − 21.8 ◦ ) (Fig. 5(a) and (b)). This temperature-dependent 
reduction in contact angle confirms controlled release of Tween 80 
from the capsules, with accelerated kinetics at elevated 
temperatures.

3.4. Thermal, salt and pressure resistance properties of 
microcapsule

To investigate the influence of temperature and salinity on the 
release profile, we encapsulate Tween 80 and FITC-dextran in 
PEGDA microcapsules (a mean diameter of 73.3 μm and shell 
thickness around 5.2 μm) (Fig. S4(a) and (b), Supplementary In-
formation). The distinct green fluorescence emanating from the 
microcapsules is attributed to the encapsulated FITC-dextran. The 
microcapsules are homogeneous in size and intensity of the mi-
crocapsules. The microcapsules are incubated in 1000 mg⋅L − 1 NaCl 
solution at 20, 50, and 80 ◦ C, respectively. The fluorescence in-
tensity gradually decreases over 24 h, as shown in Fig. 5(c)(i). The 
cumulative release profile reveals that after 24 h the release 
amount at 80 ◦ C is up to 70.3%, larger than that of 9.3% at 20 ◦ C,

indicating that increasing temperature significantly accelerates 
the release rate, as observed in Fig. 5(c)(ii).

To study the effect of ions on the release profile, we also 
measure the release profiles of microcapsules in NaCl or CaCl 2 
solution, ranging from 500 to 5000 mg⋅L − 1 . The fluorescent in-
tensity rapidly decreases under high salt concentrations over 24 h 
in Fig. 5(d)(i) and 5(e)(i). The microcapsules exhibit the slowest 
release rate in an isotonic salt solution, 9.3% in 1000 mg⋅L − 1 NaCl 
solution or 8.8% in 1200 mg⋅L − 1 CaCl 2 solution. In contrast, the 
most rapid release is observed in a hyperosmotic solution with a 
fivefold concentration of salt concentration, as revealed in 
Fig. 5(d)(ii) and 5(e)(ii). Moreover, the release profile has shown 
similar releasing trend under salt solution, implying that the 
release mechanism is predominantly governed by the osmotic 
pressure gradient instead of ion type.

To assess the capability of microcapsules under harsh condi-
tions, we examine the release behavior of the microcapsules under 
various salinity solutions. The slowest release rates are observed in 
isotonic solutions, reaching 10.9% and 12.0% in 5000 mg⋅L − 1 NaCl 
solution or 6000 mg⋅L − 1 CaCl 2 solution after 24 h. The fastest 
release rates are found in high osmolarity solutions, reaching 
88.8% and 88.2% in 7000 mg⋅L − 1 NaCl solution and 9000 mg⋅L − 1
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profile of fluorescein sodium salt in ultrapure water at different flow rate ratios (n = 3), (c) the cumulative release profile of fluorescein sodium salt as a function of shell monomer 
concentration (n = 3) in ultrapure water, (d) the cumulative release profile of fluorescein sodium salt as a function of shell monomer concentration with constant shell thickness 
(n = 3). All standard deviations are listed in Table S3 (Supplementary Information), (e) storage modulus (G′) and loss modulus (G″) vs. strain for PEGDA slices with different 
concentrations, (f) the relationship of storage modulus (G′), pore size (ε) and PEGDA concentration.

20 °C 
24 h

20 °C 
48 h

50 °C 
24 h

50 °C 
48 h

(ⅰ) (ⅱ) (ⅲ)

30.2° 29.1° 23.0°

43.8°
26.3° 22.0°

(ⅱ) (ⅱ)(ⅰ)

(ⅱ)(ⅰ)

2 h 6 h 12 h

20 °C

24 h

50 °C

80 °C

(c) (ⅰ) 2 h 6 h 12 h 24 h

1000 mg/L

500 mg/L

2000 mg/L

5000 mg/L

(d) 

0 4 8 12 16 20 24
0

20

40

60

80

100
20 °C
50 °C
80 °C

Time, h
0 4 8 12 16 20 24

0

20

40

60

80

100

Time, h

500 mg/L NaCl
1000 mg/L NaCl
2000 mg/L NaCl
5000 mg/L NaCl

C
um

ul
at

iv
e 

re
le

as
e,

 %

C
um

ul
at

iv
e 

re
le

as
e,

 %

(f) (g) 

1200 mg/L

600 mg/L

2400 mg/L

6000 mg/L

2 h 6 h 24 h12 h(e) 

0 4 8 12 16 20 24
0

20

40

60

80

100

Time, h

600 mg/L CaCl2
1200 mg/L CaCl2
2400 mg/L CaCl2
6000 mg/L CaCl2

0 4 8 12 16 20 24
0

20

40

60

80

100

Time, h

3000 mg/L NaCl
5000 mg/L NaCl
7000 mg/L NaCl

C
um

ul
at

iv
e 

re
le

as
e,

 %

C
um

ul
at

iv
e 

re
le

as
e,

 %

0 4 8 12 16 20 24
0

20

40

60

80

100

C
um

ul
at

iv
e 

re
le

as
e,

 %

Time, h

3000 mg/L CaCl 2
6000 mg/L CaCl2
9000 mg/L CaCl2

(a) (b) (ⅰ) (ⅱ) (ⅲ)
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CaCl 2 solution, respectively, after 24 h (Fig. 5(f) and (g)). Moreover, 
the cumulative concentration under high salinity solutions is 
similar to those under low salinity solutions. These results prove 
that our microcapsules have high salt resistance, and still possess a 
sustained release profile in the harsh conditions.

The cumulative concentration for fluorescent dye is reaching 
more than 12% over 24 h, which is much higher than 0.6% which 
we have measured in deionized water. The possible reason might 
be caused by the instability of the dye under harsh conditions, 
such as high temperatures and high salt concentrations (Liu et al., 
2005). Moreover, some industrial-grade products might not be 
able to get fluorescent intensity, therefore, can not determine the 
release profile. Thus, we develop a new approach to characterize 
the concentration of the released surfactant. We have plotted the 
surface tension as a function of surfactant concentration, which is 
the “standard curve” for each surfactant. After measuring the 
surface tension for each time point, we can directly calculate the 
concentration from the standard curve. The micelle concentration 
(CMC) for Tween 80, 0.0000132 mol⋅L − 1 , is shown in Fig. 6(a). We

prepare Tween 80-loaded microcapsules and measure the surface 
tension of the solutions by dispersions of 0.1 g of microcapsules in 
10 g of NaCl or CaCl 2 solution within 48 h, as shown in Fig. S5 
(Supplementary Information). The surface tension diminishes 
from 61.6 to 47.9 mN⋅m − 1 in 0.5 wt% NaCl solution and 
49.8 mN⋅m − 1 in 0.6 wt% CaCl 2 solution within 48 h. Conversely, at 
80 ◦ C, the reduction in surface tension is markedly rapid, plum-
meting to below 40 mN⋅m − 1 within 48 h. Furthermore, in a low 

osmolarity brine solution at 80 ◦ C, the release of the surfactant is 
quite fast during the initial 4 h, with no significant difference 
observed compared to the isotonic release after the 4 h, as illus-
trated in Fig. 6(b). Following a 48-h release period at 20 ◦ C, Tween 
80 exhibits a release of 1.3% in an isotonic sodium chloride solution 
and 0.8% in an isotonic calcium chloride solution. The release rate 
significantly increases at 80 ◦ C, with release percentages of 8.2% 
and 9.0% observed in isotonic solutions, respectively. In low 

osmolality solution, the release rates increase to 13.7% and 17.6%, 
respectively, after 48 h, as illustrated in Fig. 6(c).
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Fig. 6. Release profiles of Tween 80 and ASB under harsh condition. (a) Surface tension of Tween 80 at different concentrations, (b) surface tension and (c) cumulative release of 
Tween 80-loaded microcapsule suspension in different brines at 20 or 80 ◦ C, (d) surface tension of ASB at different concentrations, (e) surface tension and (f) cumulative ASB 
release of ASB-loaded microcapsule suspension in NaCl solution at 80 ◦ C, (g) schematic illustration of the pressurized microcapsule release apparatus, (h) the release profiles of 
microcapsules under pressures of 5, 10 and 15 MPa at 25 ◦ C, (i) optical images of microcapsules subjected to pressure at various time intervals, scale bar: 25 μm.
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To substantiate the versatility of our encapsulation method for 
surfactants, we extend our investigations to the industrial product, 
ASB, a zwitterionic surfactant. We apply the same approach to get 
the standard curve of ASB (CMC = 0.00001 mol⋅L − 1 ), as shown in 
Fig. 6(d). Due to the smaller molecule of ASB, the release rate is 
higher than Tween 80. Therefore, we only conduct a short period 
experiment up to 8 h. After release, the surface tension decreases 
to 44.9 mN⋅m − 1 (Fig. 6(e)), with a cumulative release of 1.1% at
80 ◦ C (Fig. 6(f)) following a first order model (W �ojcik-Pastuszka 
et al., 2019) (Table S4, Supplementary Information):

Q = k 2 
( 
1 − e k 3 t 

)
(5)

where Q is fraction of drug released, k 2 is a kinetic constant, k 3 is 
the first order rate constant, t is release time. Our results indicate 
the successful encapsulation and sustained release of surfactants, 
including the ionic surfactant. The release concentrations of sur-
factants at various future time points can be approximately pre-
dicted using the fitting release models.

To assess mechanical robustness, Tween 80 loaded capsules are 
subjected to 5, 10, and 15 MPa in hypotonic brine using the setup in 
Fig. 6(g). Release increases with pressure, reaching 11.2%, 19.3%, 
and 22.7% after 24 h, respectively (Fig. 6(h)). All groups exhibit an 
initial burst within 2 h, with shorter burst durations at higher 
pressures. Morphological analysis shows most capsules remain 
intact at ≤10 MPa, though eccentric capsules occasionally rupture. 
At 15 MPa, partial ruptures are more frequent, yet the majority of 
capsules retain structural integrity (Fig. 6(i)). Together, these re-
sults demonstrate that PEGDA microcapsules can withstand high 
temperature, high salinity, and elevated pressure, maintaining 
controlled release kinetics even under the challenging conditions 
relevant to subsurface applications.

3.5. Release control strategies and influencing factors in 
microcapsule system

The sustained release behavior of PEGDA microcapsules results 
from a combination of physical diffusion and structure-dependent

Fig. 7. Sustained release mechanism of PEGDA microcapsules. (a) Shell mechanical property of 20 wt% PEGDA slices in ultrapure water for 1 d at 20, 50 and 80 ◦ C, (b) storage 
modulus (G′) and pore size (ε) of PEGDA hydrogel vs. temperature, (c) shell mechanical property of 20 wt% PEGDA slices immersing in brines over time at 80 ◦ C, (d) storage 
modulus (G′) and pore size (ε) of PEGDA hydrogel vs. time at 80 ◦ C in 0.7 wt% NaCl solution and 0.9 wt% CaCl 2 solution, (e) FTIR spectrum of PEGDA capsules, (f) SEM images of 
degraded microcapsules in (i) ultrapure water at 80 ◦ C for 14 d; (ii) and (iii) 1.25% NaCl solution at 80 ◦ C after 7 d; (iv) NaCl solution after 24 h under 5 MPa; (v) NaCl solution after 
24 h under 10 MPa; (vi) NaCl solution after 24 h under 15 MPa, (g) schematic diagram of sustained release mechanism of PEGDA microcapsule.
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degradation mechanisms. These processes are governed by 
intrinsic material properties of the PEGDA network and by 
external environmental factors such as temperature, salinity, and 
pressure. Understanding how these variables influence shell 
integrity and pore evolution is critical for the rational design of 
release systems (Zhao, 2013). To investigate the influence of 
temperature on the hydrogel shell, we immerse PEGDA (20 wt%) 
cylindrical slices in ultrapure water at 20, 50, and 80 ◦ C for 24 h. 
Rheological measurements show that the storage modulus (G') 
remains relatively stable, with values of 3.97 × 10 5 , 3.82 × 10 5 and 
3.80 × 10 5 Pa (Fig. 7(a)), respectively. The calculated pore sizes 
slightly increase with temperature, from approximately 2.2 to 
2.5 nm (Fig. 7(b)), indicating that pure thermal stress induces 
minimal softening of the polymer matrix. This finding aligns with 
the modest enhancement in surfactant release observed at 
elevated temperatures. Salinity exerts a stronger impact on shell 
integrity. When slices are incubated in 0.7 wt% NaCl or 0.9 wt% 
CaCl 2 at 80 ◦ C, the storage modulus declines significantly after 3 d, 
reaching 10 5 and 8.5 × 10 4 Pa, respectively (Fig. 7(c)). Corre-
sponding pore sizes increase to 3.6 and 3.9 nm, as shown in 
Fig. 7(d) and Fig. S6 (Supplementary Information). Gravimetric 
analysis confirms hydrogel degradation, with mass loss ratios 
increasing from 3% at 0.5 d to over 5% at 3 d (Table S5, Supple-
mentary Information). These results indicate that high salinity 
accelerates hydrolysis of the PEGDA network, facilitating cargo 
diffusion by enlarging the pore structure.

Fourier-transform infrared spectroscopy (FTIR) verifies chemi-
cal changes in the polymer matrix in Fig. 7(e). After exposure to 
80 ◦ C and high-salinity environments, a broad absorption band 
appears at 3400–3500 cm − 1 , corresponding to hydroxyl group 
formation due to ester bond cleavage. The C–O–C stretching vi-
bration at 1100 cm − 1 decreases in intensity, indicating backbone 
scission (Bahraminejad et al., 2019). These spectroscopic changes 
support PEGDA degradation via hydrolysis of acrylate ester groups 
(Browning and Cosgriff-Hernandez, 2012; Browning et al., 2014; 
Parlato et al., 2014; Rodriguez-Rivera et al., 2024).

We use SEM imaging to correlate mechanical weakening with 
morphological changes. Capsules incubated in ultrapure water at 
80 ◦ C retain smooth, intact surfaces shown in Fig. 7(f)(i)), while 
those stored in 1.25 wt% NaCl exhibit cracking and salt deposition 
(Fig. 7(f)(ii)), indicating osmotic stress and localized failure. Under 
mechanical pressure, the shells show progressive damage 
(Fig. 7(f)(iii)). Capsules maintain structural integrity at 5 MPa 
(Fig. 7(f)(iv)), appears surface fissures at 10 MPa (Fig. 7(f)(v)), and 
partial fragmentation occurs 15 MPa (Fig. 7(f)(vi)). These results 
highlight the sensitivity of capsule performance to mechanical 
load and structural heterogeneity. Taken together, these observa-
tions confirm that PEGDA microcapsules exhibit a coupled release 
mechanism: passive diffusion through nano-sized pores, and 
accelerated release through environmentally induced degradation 
(Fig. 7(g)). Temperature, salinity, and pressure collectively influ-
ence the crosslink density and porosity of polymer network, 
enabling sustained and tunable release even under harsh external 
conditions (Zhao, 2013).

4. Conclusion

In this study, we have successfully developed PEGDA-based 
microcapsules for the long-term, sustained release of small mo-
lecular surfactants, including nonionic surfactants (Tween 80) and 
zwitterionic surfactants (Betaine 1). By optimizing encapsulation 
parameters, we are able to enhance the concentration of surfac-
tants in the microcapsule core and precisely control the release 
rate by adjusting the shell thickness and the monomer concen-
tration. We have investigated the release profiles of these

microcapsules under various harsh conditions, including varying 
temperatures, salinity levels, and applied pressures. The results 
show that temperature, salinity, and pressure all play significant 
roles in controlling the release rates of surfactants. Specifically, the 
release rate increases significantly with rising temperature, with 
the fastest release observed at 80 ◦ C. Similarly, the release rate is 
higher in brine solutions with increased salinity, especially at 
higher salt concentrations. Pressure-induced release demonstrates 
a positive correlation, with higher pressures resulting in greater 
release rates. To ensure a fair comparison of these effects, we have 
standardized the experimental periods and conditions. Under 
consistent experimental timeframes (48 h for temperature and 
salinity experiments, and 24 h for pressure experiments), we 
observe that temperature has the most substantial effect on sur-
factant release, with a reduction in surface tension of up to 21.8% at 
50 ◦ C. Salinity influences the release rate, with higher salt con-
centrations accelerating the release, while pressure-induced 
release exhibits a burst effect, with the release reaching 22.7% 
under 15 MPa after 24 h. Our findings suggest that the sustained 
release behavior of PEGDA microcapsules is governed by a com-
bination of temperature, salinity, and pressure, with each factor 
contributing differently to the overall release kinetics. By tuning 
these parameters, our system offers a versatile platform for 
controlled release applications, particularly in challenging envi-
ronments such as oil reservoirs and other industrial settings.
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