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used to power diesel engines without any 
engine modifications.[4] A major problem 
that hinders wide application of biodiesel 
is microbial contamination during bio-
diesel storage and distribution.[5] Biodiesel 
has a higher quantity of nutrients than 
mineral diesel, providing microorgan-
isms with abundant food. In addition, 
biodiesel absorbs 10–15 times more water 
than mineral diesel at the same tempera-
ture, resulting in free water settling at the 
bottom of the tank or finely distributed 
in the biodiesel.[5,6] Together with water 
formed from condensation due to temper-
ature fluctuations, this free water provides 
an ideal environment for microbial com-
munity growth. Microorganisms are ubiq-
uitous, existing in the soil, air, animals, as 
well as in biodiesel. The growth of micro-
organisms such as bacteria, fungi, and 
yeasts starts at the oil–water interface and 
then expands into the aqueous phase.[7,8] 
The microbial growth results in decline in 
product quality, formation of biomass and 
bio-sludge, and pipe and filter blockage. 
Moreover, the acidic products in microbial 
metabolism will corrode the storage tank 

and fuel injection system.[9–11] Additionally, the microbial con-
tamination can be passed on from refinery to storage tank to 
end-uses.

Several methods have been developed to inhibit or even pre-
vent microbial contamination in biodiesel.[12–15] One approach 
is to remove the free water from biodiesel, including water 
deposits and emulsified water, which makes the microbes dor-
mant and prevents microbe proliferation.[12–14] In this approach, 
a superhydrophobic filter is utilized to block water and allow 
the oil phase to easily pass, thus separating water and oil. How-
ever, high cost and low reusability of the filter media limits this 
approach. Another method uses anti-corrosive and antimicro-
bial coatings in the fuel tank,[15] but the coating is not durable 
and can deteriorate over time when exposed to some extracel-
lular microbial products. A more widely applied method is 
direct addition of an antimicrobial active or biocide into the fuel 
to kill the microbes once the fuel is contaminated.[9,16–18] In this 
approach, the biocide molecules diffuse from the fuel into the 
free water in the biodiesel, where the microbes live and mul-
tiply. However, the biocide diffusion rate is slow and depends 
on many environmental factors such as temperature, vibration, 
and tank geometry. Thus, this approach cannot enrich the water 
phase with biocides rapidly enough to kill the microbes in short 
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Biodiesel, an alternative diesel fuel that is produced from renew-
able biological resources such as vegetable oils and animal fats, 
is becoming more attractive due to its environmental benefits 
and economic feasibility.[1–3] This renewable diesel is very 
similar to petroleum diesel in many properties; hence, it can 
be blended with mineral diesel in any proportion and can be 
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periods of time. To expedite the diffusion 
process, a large quantity of biocide is added 
to the fuel in practice, leading to unavoidable 
overdosing of biocide. The remaining biocide 
in the fuel eventually burns with biodiesel, 
resulting in low efficiency of usage of the anti-
microbial actives as well as increased air pol-
lution. More importantly, the remaining bio-
cide in storage tanks will cause severe safety 
issues due to the toxicity of the biocide.[19–22] 
Therefore, there is a need for smarter and 
more efficient delivery of biocide that targets 
water phase directly using smaller doses of 
biocide added to fuel to enhance biocide effi-
ciency and to reduce the toxic risk arising 
from the remaining biocide.

In this paper, we present a strategy for 
encapsulation and targeted delivery of biocide 
to the water phase in biodiesel. The micropar-
ticle is designed for water-triggered release. 
The microparticles are made of hydrogel; the 
cargo is kept in the matrix of the microparti-
cles when in oil; upon contact with water, the 
microparticles absorb water and the hydrogel 
network swells, releasing the cargo. We fabri-
cate a water-in-oil single emulsion that con-
tains hydrophilic photocurable polymer and 
model biocide in the droplets using polydi-
methylsiloxane (PDMS) microfluidic devices, 
which are widely used to enable exquisite 
control on particles sizes, providing monodis-
perse emulsions for systematic studies.[23–33] 
The droplets are then photopolymerized with UV radiation to 
obtain hydrogel microparticles. After addition of these hydrogel 
microparticles to the fuel, they sediment to the interface of oil 
and water and then rapidly swell and release the biocide into 
the aqueous phase. We also perform bulk emulsification by 
using a homogenizer to enable this strategy to be applied for 
mass production. To evaluate the biocidal efficacy of the micro-
particles, we conduct antimicrobial activity experiments. The 
results demonstrate both short-term and long-term enhanced 
biocidal efficacy of microparticles in biodiesel.

We use a PDMS microfluidic device to prepare micropar-
ticles containing biocide (Experimental Section, Supporting 
Information). The devices are fabricated using soft-lithog-
raphy.[26] To increase the hydrophobicity of the channels, we 
applied Aquapel to flush all the channels in the device. The 
PDMS device has two inlets and one outlet. A schematic of the 
device is illustrated in Figure 1a.

A model commercial biocide, Grotamar71, is chosen for its 
efficient biocidal activity and high water solubility. We use this 
PDMS microfluidic device to emulsify the water phase con-
taining biocide in the oil phase. The aqueous phase is prepared 
by dissolving 4  wt% biocide, 40  wt% photocurable hydrophilic 
poly(ethylene glycol) diacrylate (PEGDA), 1  wt% photoinitiator, 
and a trace of fluorescein sodium salt in DI water. We inject this 
aqueous solution into the device through polyethylene tubing 
connected to the first inlet of the PDMS microfluidic device. An 
oil phase consisting of 98 wt% dodecane and 2 wt% surfactant 

EM 90 is injected into the device simultaneously with the outer 
phase through the second inlet to produce monodisperse single 
emulsion water-in-oil drops. Using this technique, we encapsu-
late the biocide in the aqueous phase droplets; a microscopic 
image of droplet formation within the operating device is shown 
in Figure  1b. Following droplet generation, UV irradiation is 
applied at the exit of the polyethylene tubing to polymerize the 
photocurable hydrophilic PEGDA. The resultant hydrogel micro-
particles containing biocide are collected in the oil phase. The 
monodisperse hydrogel microparticles are shown in Figure 1c.

To visualize the cargo release process of the hydrogel micro-
particles upon exposure to water, we encapsulate a green fluo-
rescent dye (fluorescein sodium salt) in the disperse phase 
during the droplet generation and thereafter use confocal 
microscope to directly examine the cargo release. The hydrogel 
microparticles containing dye are first dispersed in oil. Subse-
quently, water is slowly introduced into the oil dispersion of 
the hydrogel microparticles. Due to the higher density of water 
than oil, water accumulates at the bottom of the vial.

Upon contact with water, the fluorescent dye leaks out 
immediately, as evidenced by the expansion of the green area 
as shown in time lapse confocal images in Figure 2a. By com-
parison, the release of the fluorescent dye is negligible in oil 
and the fluorescent hydrogel microparticles can maintain their 
shapes for more than 6 weeks. We attribute this water-triggered 
release to the hydrophilic nature of the hydrogel and expansion 
of the network of the microparticles upon contact with water.
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Figure 1.  a) Schematic illustration of the poly (dimethylsiloxane) microfluidic device for pre-
paring polymer microparticles encapsulating a popular biocide Grotomer71. b) Optical micro-
scopic image shows the generation of single emulation drops containing biocide with a PDMS 
device. The photocurable hydrophilic PEGDA in the droplets polymerizes to form hydrogel 
network upon UV irradiation. c) Scanning electron microscopic image shows the hydrogel 
monodispersed microparticles.
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To quantify the water-triggered swelling of the hydrogel 
microparticles, we measure and compare the size before and 
after exposure to water. The hydrogel microparticles containing 
biocide are first dispersed in dodecane as shown by the micro-
scopic picture. Since the microparticles are denser than the oil 
phase, they all sediment to the bottom of the vial, as shown in 
Figure  2b(2). Then, we slowly add water to the oil dispersion 
of the hydrogel microparticles. Water fills the bottom of the 
container and starts to contact with hydrogel microparticles. It 
quickly wets the microparticles and penetrates into the micro-
particles, causing them to swell, as shown in Figure 2b(2). The 
average size of the hydrogel microparticles increase from 90.1 
to 105.1  µm, increasing the volume by approximately 40%, as 
shown in the bar chart in Figure  2b(3). Therefore, upon expo-
sure to water and the subsequent swelling of the hydrogel micro-
particles, the hydrophilic cargo is released into the water phase.

To investigate the antimicrobial efficacy of free and encap-
sulated biocide, we perform an antimicrobial activity experi-
ment. We choose Bacillus subtilis as our microorganism model 
and use Grotamar71 as the model biocide; this is an effective 
biocide widely used in diesel fuel that kills a broad spectrum 
of aerobic and anaerobic microorganisms such as fungi, bac-
teria, and yeast.[34] We prepare a biodiesel solution of free bio-
cide and a biodiesel suspension of encapsulated biocide with 
the same biocide concentration ranging from 100 to 400 µg L−1. 
Then, we add aqueous bacteria broth into the biodiesel and let 

it stand overnight to enable the microparticles to absorb water 
and then to be transported into the water phase to release the 
encapsulated biocide; because water and oil are immiscible, they 
will phase separate. The oil phase with smaller density will be 
the supernate. We then remove the oil phase from the aqueous 
phase. We inoculate B. subtilis in as-prepared aqueous broth and 
incubate B. subtilis in as-prepared aqueous broth and measure 
the bacteria density after 3, 6, 12, 24, and 72 h incubation.

After 3 h incubation with free biocide, we observe a decrease in 
bacterial viability from approximately 85% to 20%, as the concen-
tration of biocide increases from 100 to 400 µg L−1, as shown in 
Figure 3a. When the incubation time is extended to 6, 12, and 24 h, 
a similar decrease in bacteria viability is obtained but the decrease 
becomes less and less pronounced, as shown in Figure  3b–d. 
However, the viability of B. subtilis is diminished significantly 
after encapsulating the biocide within the hydrogel microparticles. 
Moreover, we observe that the viability of the bacteria for low con-
centration of biocide (100, 150, and 200 µg L−1) before encapsu-
lation increases as time goes, while the viability decreases for all 
concentrations of encapsulated biocide. In the case of 200 µg L−1 
of biocide, the bacterial viability increases from 37% to 94% as 
the incubation time goes from 3 to 24 h; by contrast, the bacterial 
viability decreases from 19% to 3% for the same concentration of 
encapsulated biocide during the same incubation period.

The significant decrease in bacterial viability after encap-
sulation demonstrates the higher antimicrobial efficiency 
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Figure 2.  a) Fluorescence microscopic images of fluorescein-encapsulated hydrogel microparticles in oil and in water after exposure to water for dif-
ferent time lengths. The green color is from the fluorescein dye. b) Microscopic images of Grotamar71-encapsulated hydrogel microparticles in oil 
and in water. The yellow color in the schematic illustration represents oil whereas the blue color represents water. 1) Hydrogel microparticles are col-
lected with continuous phase. 2) As soon as water is added into the dispersion, hydrogel microparticles swell and the water permeability is therefore 
increased as a result of the formation of a loose structure. 3) Graph showing the diameter of the microparticles in oil phase and the diameter of the 
same microparticles in water.
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of the hydrogel microparticles. We attribute the enhanced 
antimicrobial activity to rapid release of biocide and immediate 
high concentration of biocide in the aqueous broth. Although 
the biodiesel solution of biocide and biodiesel suspension of 
encapsulated biocide have the same concentrations of biocide, 
expressed in units of micrograms of biocide per liter of bio-
diesel, biocide molecules go to the aqueous phase much faster 
in the suspension. The burst-release rate of the biocide in the 
suspension is far higher than the diffusion rate of the biocide 
in the solution from the oil to the broth, resulting immediate 
higher concentration of biocide in the broth. The increased bac-
terial viability at low concentrations of free biocide (100, 150, 
and 200  µg  L−1) over time is due to insufficient amounts of 
biocide. After 3 h incubation, the bacterial viability decreases 
significantly, but the viability starts to increase after 6, 12, and 
24 h of incubation, since the remaining biocide is not enough 
to maintain the bacterial viability at a low level and the bacteria 
start to multiply again. By contrast, for 400 µg L−1 of free bio-
cide, the bacterial viability continues to decrease after 3, 6, 12, 
and 24 h of incubation, which demonstrates that a sufficient 
biocide is present in the broth.

The antimicrobial activity is further evaluated through deter-
mination of the minimum inhibitory concentration (MIC). The 
MIC is defined as the lowest concentration of the antimicro-
bial agent that inhibits the visible growth of a microorganism 
for overnight incubation. The growth of bacteria is completely 
inhibited upon treatment of 400  µg  L−1 biocide, while after 
encapsulation, 100  µg  L−1 biocide is sufficient to inhibit the 

growth of B. subtilis, as shown in Figure 3c. These MIC values 
show an enhanced antimicrobial efficacy for short term.

To examine the long-term persistence of maintaining 
the bacteria at low concentrations, a 72-h incubation is con-
ducted. More than 99.6% of the bacteria are killed after 72 h 
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Figure 4.  Viability of Bacillus subtilis after 72 h incubation on exposure to 
different doses of biocide assessed by a 600 nm optical density meter. All 
the experiments are conducted at 30 °C. Error bars represent the mean 
± SD (n = 3).

Figure 3.  Viability of Bacillus subtilis after a) 3, b) 6, c) 12, and d) 24 h incubation upon treatment of different concentrations (µg L−1) of the biocide 
assessed by 600 wavelength optical density meter. Free-G71 is for free biocide; Encap-G71 is for encapsulated biocide. All the experiments are con-
ducted at 30 °C. Error bars represent the mean ± SD (n = 3).
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of incubation upon treatment of the 150, 200, and 400 µg L−1 
encapsulated biocide broth, whereas the bacterial viability 
recovers to approximately 100% at all concentrations of free 
biocide broth, as shown in Figure  4. This demonstrates that 
the encapsulation has good potential in preserving biodiesel 
against microorganisms for long periods of time with less dose 
of the biocide.

We use microfluidic device to produce monodisperse drops 
with tunable sizes, providing a firm basis for systematic 
study. However, this limits throughput to milliliters per hour 
or less.[35–38] To facilitate the potential mass production of the 
hydrogel microparticles containing biocide, a homogenizer is 
used to bulk emulsify the aqueous disperse phase containing 
biocide and photocurable hydrophilic PEGDA in the contin-
uous phase of dodecane and 2 wt% of EM 90 as the surfactant. 
Subsequently, we use a high-power UV lamp (EXFO S1000 
OminiCure Platform) to solidify the dispersed phase. Upon 
exposure to UV light, the polymer is crosslinked and the net-
work is formed. The micro-structure of the microparticles and 
the procedure for mass production with the homogenizer are 
shown in Figure 5a. The hydrogel particles are then thoroughly 
washed with pure dodecane to remove the residual surfactant 
in the oil phase.

To control the particle size distribution, we make the emul-
sions with a homogenizer using different speeds and operation 
times. Fluorescein sodium salt is added to the dispersed phase 
to directly visualize the emulsion droplets in the oil, as shown 
in Figure  5b. By image processing of the fluorescence micro-
scopic images, we determine how the two key factors, rota-
tion speed and operation time, influence the hydrogel micro-
particle mean size. We observe a decrease in the mean size of 
the hydrogel microparticles, from approximately 13 to 9 µm, as 
the homogenization time increases from 1 to 10 min when the 
rotation speed is 8000  rpm, as shown in Figure  5c. Similarly, 
we observe a decrease in the mean size of the hydrogel micro-
particles as a function of homogenization time, when the speed 
is 16 000 rpm. Moreover, a longer homogenization time leads 
to a smaller standard deviation in the particle size, resulting in 
more uniform microparticles. We also observe that the mean 
size is much smaller when high rotation speed is used. In the 

case of 10 min of homogenization time, the mean sizes are 
approximately 9 and 4  µm for 8000 and 16  000  rpm, respec-
tively. Hence, the homogenizer can control both the mean size 
and the standard deviation of the hydrogel microparticles.

In this work, we encapsulate biocide within hydrogel micro-
particles with a water-triggered release feature to improve anti-
microbial efficacy of biocide in biodiesel. To demonstrate the 
water-triggered release mechanism, we encapsulate a green dye 
as a model within microparticles. When the microparticles are 
stored in oil phase, we find the dye remains encapsulated for 
more than 6 weeks. In contrast, all the dye releases in 4 min 
after exposing the microparticles to water. We attribute this 
water-triggered release to the hydrophilic nature of the hydrogel 
and expansion of the network of the microparticles upon con-
tact with water. Using this water-triggered release strategy, we 
successfully deliver biocide to the water phase in biodiesel. This 
targeted delivery of biocide shows higher antimicrobial efficacy 
than that of free biocide, in both short-term and long-term 
experiments. We also explore the possibility of scaling up the 
production of hydrogel microparticles using bulk emulsifica-
tion method. Moreover, the water-triggered release strategy can 
be used for releasing other water-soluble functional materials. 
This opens new opportunities for a wide range of encapsulation 
and controlled delivery applications.
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Figure 5.  Bulk emulsification for mass production. a) The schematic figure showing procedure of mass producing hydrogel microparticles containing 
biocide by using bulk emulsification. b) Graph showing the mean size of the hydrogel microparticles versus operation time with different operating 
speeds. c) Fluorescence microscopic images of hydrogel microparticles emulsified for various times, from 3 to 10 min. Scale bar: 50 µm.
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