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Abstract Bacteriophage contamination of starter culture and
raw material poses a major problem in the fermentation in-
dustry. In this study, a rapid detection of lytic phage contam-
ination in starter culture using water-in-oil-in-water (W/O/W)
emulsion microdroplets was described. A model bacteria with
varying concentrations of lytic phages were encapsulated in
W/O/Wemulsion microdroplets using a simple needle-in-tube
setup. The detection of lytic phage contamination was accom-
plished in 1 h using the propidium iodide labeling of the
phage-infected bacteria inside the W/O/W emulsion
microdroplets. Using this approach, a detection limit of
102 PFU/mL of phages was achieved quantitatively, while
104 PFU/mL of phages could be detected qualitatively based
on visual comparison of the fluorescence images. Given the
simplicity and sensitivity of this approach, it is anticipated that
this method can be adapted to any strains of bacteria and lytic
phages that are commonly used for fermentation, and has
potential for a rapid detection of lytic phage contamination
in the fermentation industry.

Keywords Bacteriophage . Fermentation . Starter culture .

Emulsion .Microdroplet . Fluorescence microscopy

Introduction

Bacteriophage (phage) contamination is one of the major
causes of fermentation failure in the dairy (del Rio et al.

2007; Marcó et al. 2012) and biochemical processing (Jones
et al. 2000) industries. The presence of phages, especially lytic
phages (Garneau and Moineau 2011) in the starter culture or
raw material such as milk can slow the fermentation process
(Campagna et al. 2014), reduce lactic acid production
(Garneau and Moineau 2011), and affect quality of the end-
product (Garneau and Moineau 2011). It has been reported
that phage contamination is the primary cause of economic
loss in the dairy industry (del Río et al. 2012; Coakley et al.
1997), affecting up to 10 % of all milk fermentation processes
(del Río et al. 2012). To minimize phage contamination, the
fermentation industry has implemented several strategies to
control phages, including improved sanitation protocols
(Marcó et al. 2012; Campagna et al. 2014), rotation of starter
culture (Marcó et al. 2012; Campagna et al. 2014), and the
development of phage-resistant bacterial starter strains
(Durmaz and Klaenhammer 1995; Kleppen et al. 2011).

Despite careful control of phages, phage contamination
cannot be completely eliminated (Marcó et al. 2012).
Therefore, early detection of phages in the starter culture itself
or in the raw material is needed. Currently, phage contamina-
tion is detected by sampling the whey using traditional micro-
biological methods such as indicator test (Marcó et al. 2012;
Campagna et al. 2014) and plaque assays (Kleppen et al. 2011;
Campagna et al. 2014). However, these traditional assays
often require an extended period of incubation (a few hours
to days) before phage contamination could be detected (Marcó
et al. 2012). More recently, molecular-based techniques such
as polymerase chain reaction (PCR) (del Rio et al. 2007;
Binetti et al. 2008) and flow cytometry (Michelsen et al.
2007) have been developed to detect phages in starter culture.
The reported detection limits for PCR and flow cytometry
were between 104–107 PFU/mL (del Rio et al. 2007; Binetti
et al. 2008; Garneau and Moineau 2011; Marcó et al. 2012)
and 105 PFU/mL (Michelsen et al. 2007), respectively. One of
the major drawbacks of PCR is that the technique cannot
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distinguish between viable and non-viable phages (Marcó
et al. 2012), and only known species of phages can be detected
or quantified (Michelsen et al. 2007; Marcó et al. 2012). On
the other hand, the flow cytometric method by Michelsen et.
al. quantified the number of membrane-compromised bacteria
as an indication of phage infection (Michelsen et al. 2007).
Using the side scatter plots, Michelsen et. al. determined that
the late stage phage-infected cells have 30–50 % decrease in
scattered light compared to the control (Michelsen et al.
2007). However, flow cytometry is an expensive technique
that requires a highly trained personnel to operate the instru-
ment, gate the events, and analyze the data (Garneau and
Moineau 2011); thus, it may not be a suitable method to detect
phages in a typical fermentation industry.

Given the limitations of current phage detection methods,
development of a rapid and sensitive phage detection method
in starter cultures is crucial. In this study, a rapid and simple
approach to detect the presence of lytic phages in bacterial
culture using a water-in-oil-in-water (W/O/W) emulsion
microdroplet is described. Compartmentalization of biomole-
cules in discrete W/O/W emulsion microdroplets is an attrac-
tive approach for detection and screening, and has been used
in applications such as PCR reactions (Tewhey et al. 2009;
Leng et al. 2010; Urabe et al. 2010; Hindson et al. 2011),
phage display amplification (Derda et al. 2010; Matochko
et al. 2012), and quantification of enzyme activity (Juul et al.
2011) and protein expression (Huebner et al. 2008a) at the
single cell level. While many studies have demonstrated that
uniformly-sized emulsion microdroplets can be produced rap-
idly using chip-based microfluidics (Nisisako et al. 2005;
Song et al. 2006; Kelly et al. 2007; Huebner et al. 2008b;
Shah et al. 2008; Teh et al. 2008), the commercialization of
this technology has been limited due to scale up cost (Holtze
2013) and handling of large sample volumes. Therefore, large-
scale methods such as homogenization (Miller et al. 2006),
rigorous stirring (Patel et al. 2013), and tubing-based setup
(needle-in-tube) (Quevedo et al. 2005; Choi et al. 2009a; Choi
et al. 2009b; Arya et al. 2013; Lone et al. 2013) are simpler
and more practical approaches to the chip-based technology
for industrial use.

Using the needle-in-tube setup, a model bacteria and phage
were encapsulated in discrete W/O/W emulsion
microdroplets. The presence of phages in each W/O/W emul-
sion was detected using fluorescence microscopy based on the
propidium iodide (PI) labeling of dead bacteria. Since the PI
dye can only bind to the DNA inside the bacteria with dam-
aged membrane, a PI-labeled bacterium would be indicative
of a phage infection. The high local concentration of bacteria
and phages in discrete W/O/W emulsion microdroplets pro-
vided a good signal-to-noise ratio for quantification using
fluorescence microscopy, and the presence of lytic phages
could be detected within 1 h. Moreover, this approach could
be further developed into a portable device and holds promise

for a rapid detection of lytic phage contamination in the
fermentation industry.

Materials and methods

Materials

Clear Tygon PVC tubing (1/16” ID and 3/16” OD) was from
McMaster-Carr. Kendall MonoJect hypodermic needles
(27G×1.5), 5 and 1 mL disposable syringes, and phosphate
buffered saline (PBS) were from Thermo Fisher Scientific
(Waltham, MA). Mineral oil, bile salt, Tween 20, and
propidium iodide (PI) were from Sigma Aldrich (St. Louis,
MO). Polyglycerol polyricinoleate (PGPR 4175) was from
Palsgaard (Morris Plains, NJ). Whey protein isolate (WPI)
was a generous gift from Professor John M. Krochta from
the University of California, Davis. Low melting lecithin
(ALCOLEC® PC75) was also a gift from American Lecithin
Inc. (Oxford, CT). The SYBRGreen I and BODIPY 665 dyes
were from Life Technologies (Carlsbad, CA). All chemicals
were used without further purification.

Bacterial culture and growth conditions

Escherichia coli BL21 (ATCC, #BAA-1025, Manassas, VA)
was used as a model bacteria in this study and grown accord-
ing to the manufacturer’s protocol. Briefly, the stock bacteria
was streaked on luria bertani (LB) agar plate and grown
overnight at 37 °C to obtain isolated bacterial colonies. Fresh
bacterial cultures were prepared weekly by picking one bac-
terial colony from the LB agar plate and grown overnight in
50 mL LB media at 37 °C and shaken at 250 rpm. Then, an
aliquot of this overnight culture was grown in 5 mL LB media
until late log-phase (OD600~0.8, 10

8 CFU/mL) and used for
encapsulation.

Phage propagation

The T7 phages (ATCC, #BAA-1025-B2, Manassas VA) were
propagated on LB agar plates. Briefly, an aliquot of stock T7
phages (~104 PFU/mL final concentration) were mixed with
300 μL of E. coli BL21, and added to 3.5 mL molten agar
(0.3 %w/v). The solution was inverted once to mix, poured
over an LB agar plate, and incubated overnight at room
temperature to form plaques. The soft agar layer was gently
scraped off, resuspended with 10 mL of 1× TBS-Mg (50 mM
Tris, 150 mM NaCl, and 10 mM MgCl2), and placed on a
shaking incubator for 30min at 250 rpm to allow the phages to
diffuse out of the agar. The agar/phage mixture was then
centrifuged at 10,000 rpm for 10 min to remove bacterial
and agar debris and filtered using a 0.22-μm syringe filter.
The phages were stored at 4 °C until use.

Appl Microbiol Biotechnol



Compositions of the (W1/O/W2) emulsion microdroplets

The inner aqueous phase (W1) was composed of the fol-
lowing: 5 % (w/w) WPI, E. coli BL21 bacteria (108 CFU/
mL), and PI dye (1 μg/mL final concentration). Different
titers of T7 phages (102, 104, and 106 PFU/mL) were added
to the W1 phase no more than 5 min prior to W1/O gener-
ation. The oil phase (O) was composed of 6 % (w/w) PGPR
and 94 % mineral oil. A lipophilic BODIPY 665 dye
(0.025 μg/mL) was added to visualize the O phase. The
outer aqueous phase (W2) was made by first mixing 1.5 %
(w/w) lecithin with 0.5 % (w/w) bile salts in water, and the
solution was stirred rigorously at 40 °C for 1 h to dissolve
the lecithin. Next, the solution was probe sonicated using a
Qsonica sonicator (Model Q55, 50 W power, 20 kHz fre-
quency; Newton, CT) to generate smaller lecithin/bile ves-
icles. The probe sonicator was set at 50 % power, and
manually pulsed five times on a 3 s on/3 s off cycle.
Then, Tween 20 (0.4 wt% final concentration) was added
to the sonicated lecithin/bile salt solution to make up the
final W2 phase (Fig. 1).

Generation of theW1/O emulsion using a tube-in-needle setup

The first W1/O emulsion was synthesized by injecting W1

solution into a continuous flow of O phase (Fig. 1). The O
phase was delivered using a syringe pump (Model NE-300,
New Era Pump System, Inc.; Farmingdale, NY), and the flow
rate was set to 1 mL/min (Fig. 1). TheW1 phase was manually
injected into the O phase using a 1-mL disposable syringe
fitted with a 27G hypodermic needle (Fig. 1, inset a). The W1

solution-filled syringe was tapped to remove air bubbles and
the plunger was pushed forward to relieve these air bubbles.
The 27G needle on the W1 syringe was then pierced into the
Tygon tubing at a distance of approximately 1 cm from the
5-mL syringe tip (Fig. 1, inset a). The depth of the needle
pierced into the Tygon tubing did not affect the final W1/O
emulsion generation. The syringe pump (carrying the O phase
syringe) was started once the first drop of W1 solution was
manually injected into the Tygon tubing through the needle. A
constant injection rate was maintained to continuously gener-
ate stable W1/O emulsion droplet and the process was stopped
after about 20 s (Fig. 1, inset b). At this point, approximately
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Fig. 1 Encapsulation of bacteria
and phages in a W1/O/W2

emulsion microdroplet. A 5-mL
disposable syringe that was filled
with the O phase and fitted with a
piece of Tygon PVC tubing was
placed on a syringe pump, with
the open end inserted into a
microcentrifuge tube. The W1

phase was filled in the 1 mL
disposable syringe fitted with a
27G hypodermic needle, and was
pierced into the Tygon tubing
(Inset a). A constant O phase flow
rate and W1 injection rate was
maintained to continuously
generate stable W1/O emulsion
droplet (Inset b). The W1/O
emulsion was collected in a
microcentrifuge tube (Inset c). d
To generate the W1/O/W2

emulsion microdroplets, an
aliquot of the W1/O emulsion
containing bacteria and phages
were added to W2 phase in a
second microcentrifuge tube
using a cut pipet tip. The tube was
subsequently shaken rigorously
for a few seconds to form the
emulsion microdroplets
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300 μL of W1/O emulsion was collected in the 1.5 mL
microcentrifuge tube (Fig. 1, inset c).

Preparation of the W1/O/W2 emulsion microdroplets

A 1-mL solution of W2 was prepared in a second 1.5-mL
microcentrifuge tube. Once the W1/O emulsion had settled to
the bottom of the tube, 200 μL of the W1/O emulsion was
pipetted into the W2 solution using a cut pipette tip (Fig. 1).
Then, the microcentrifuged tube was shaken rigorously for a
few seconds to generate theW1/O/W2 emulsionmicrodroplets
(Fig. 1).

Visualization of the W1/O/W2 emulsion microdroplets
using optical microscopy

An aliquot of the SYBR Green I dye (5 μg/mL) was added to
the W1 to stain the bacteria, and BODIPY 665 was added to
the O phase to visualize theW1 and O phase, respectively. The
fluorescence excitation and emission of the SYBR Green dye
in the W1 phase were 480/30 and 535/40 nm, respectively
(Olympus). The fluorescence excitation and emission of the
BODIPY 665 dye in the O phase were 640/20 and 680/30 nm,
respectively (Olympus). The brightfield and fluorescence mi-
croscopy images of the W1/O/W2 emulsion microdroplets
were taken using an Olympus IX-71 inverted fluorescence
microscope with either a ×4 or a ×10 objective (Olympus
UPlanFLN).

Detection of PI-labeled bacteria in the W1/O/W2 emulsion
microdroplets

To detect lytic phage contamination, different concentra-
tions of phages (102–106 PFU/mL) were incubated with
108 CFU/mL of bacteria and 5 μg/mL of the PI dye in
the W1 phase. The W1/O/W2 emulsion microdroplets
were made using the methods described above, and
the encapsulated bacteria and phages were incubated at
37 °C for 1 h. For comparison, a non-encapsulated
sample of bacteria (108 CFU/mL) and phages
(106 PFU/mL) was also prepared as an aqueous suspen-
sion. Then, 40 μL of the W1/O/W2 emulsion
microdroplets was added to 100 μL PBS in a 96-well
plate. The fluorescence images of the W1/O/W2 emul-
sion microdroplets were taken using an Olympus IX-71
inverted fluorescence microscope with a ×4 objective
(Olympus UPlanFLN, NA=0.13). The PI dye-labeled
bacteria in the W1 phase was excited using a 540/25-
nm filter and the fluorescence emission was measured
using a 605/55-nm filter (Olympus).

Image processing and analysis

The fluorescence intensity of the PI dye was analyzed using
ImageJ (http://rsbweb.nih.gov/ij/). Each image was filtered
using a rolling ball filter (ball radius of 500 pixels) to
eliminate background noise and correct for image tilt. All
images were thresholded and set to 0–255 (min-max) pixel
intensity. A region of interest (ROI) was drawn around each
W1/O/W2 emulsion microdroplets from each fluorescence
image, and the mean pixel intensity (MPI) of the ROI was
determined using Image J.

Enumeration of phages

The W1/O/W2 emulsion microdroplets were centrifuged at
13,200 rpm for 10 min to disrupt the emulsion. A clear phase
separation between the oil and aqueous phase was obtained
after centrifugation and the released phages were located in
the aqueous phase. Titers of the released phages were enu-
merated using the standard phage plaque assay. Briefly,
released phages were serially diluted with sterile PBS and
added to 3 mL molten soft agar (3 %w/v) with 300 μL of an
overnight E. coli BL21 culture. The agar solution was
poured over pre-warmed LB agar plate and incubated at
37 °C for 2 h. Visible phage plaques on the LB agar plates
were subsequently counted.

Statistical analysis

Three independent experiments were conducted and the mean
pixel intensities (MPI) from at least 170 W1/O/W2 emulsion
microdroplets were quantified for each sample. All data was
reported as mean±SEM. A p value of <0.05 using a Student’s
t test was considered as statistically significant. The size
distribution, boxplot of MPI, and statistical analyses were
determined using the Minitab 16 statistical software
(Minitab, Inc., State College, PA).

Results

Encapsulation of bacteria and phages in W1/O/W2 emulsion
microdroplets

Bacteria and phages were encapsulated inW1/O/W2 emulsion
microdroplets using a tubing-based setup (i.e., needle-in-tube)
as demonstrated (Fig. 1). To visualize the W1/O/W2 emulsion
microdroplets and to confirm the encapsulation of bacteria, an
optical imaging approach was used. The brightfield and fluo-
rescence images showed that the bacteria, labeled with SYBR
Green (green), were encapsulated within the W1 phase, and
the PGPR stabilized O phase, labeled with BODIPY 665
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(blue), was seen surrounding each W1/O/W2 emulsion
microdroplets (Fig. 2b, c). The average size of the W1/O/W2

emulsion microdroplets was 152±50 μm from a total number
of 1,060 microdroplets analyzed (Fig. 3a, b). It is noteworthy
that due to constant movement of the emulsion microdroplets,
some emulsion microdroplets were outside the focus plane of
the objective and appeared to have blurred boundaries com-
pared to the ones that were in focus.

W1/O/W2 emulsion microdroplets improve signal contrast
for detection

To demonstrate the effect of signal enhancement using the
W1/O/W2 emulsion microdroplets, a direct comparison be-
tween the encapsulated (W1/O/W2) and non-encapsulated
(aqueous suspension) sample was performed (Fig. 4). After
1 h of incubation, a substantial amount of phage-infected
bacteria could be detected in the encapsulated sample, as the
fluorescence signal inside each W1/O/W2 emulsion
microdroplet was considerably higher compared to the back-
ground noise (Fig. 4a). In contrast, there is no significant
distinction between the background and signal fluorescence
in the non-encapsulated sample (Fig. 4b). These results indi-
cated that localization of bacteria and phages inside the
microdroplet enhanced the detection sensitivity by improving
the distinction between the background and the signal.

Qualitative analysis of PI-labeled bacteria in the W1/O/W2

emulsion microdroplets

Since the capsids of T7 phages have diameters between 60
and 65 nm (Davison and Freifelder 1962) that are below the
resolution for optical microscopy, an indirect approach was
used to determine the levels of phages in the W1/O/W2 emul-
sion microdroplets (Fig. 5). In this approach, the PI dye was
used to label bacteria that have compromised cell membrane;
thus a PI-labeled bacterium would be indicative of a phage
infection (Fig. 5). Therefore, it was expected that the number
of PI-labeled bacteria in theW1/O/W2 emulsionmicrodroplets
would be proportional to the levels of phages in the
microdroplets (Fig. 5). Phage samples at 102, 104, and
106 PFU/mL were incubated with 108 CFU/mL E. coli
BL21 bacteria for 1 h at 37 °C. At 0 h, there were no visual
differences in the fluorescence intensities across all W1/O/W2

emulsion microdroplet samples (Fig. 5a–d i). After 1 h of
incubation at 37 °C, only a slight increase in fluorescence
signal inside the W1/O/W2 emulsion microdroplets could be
observed in the 102 PFU/mL sample (Fig. 5b ii). This slight
increase in signal was visually comparable to the control
sample, where no phages were added (Fig. 5a ii). On the other
hand, the fluorescence signal inside the W1/O/W2 emulsion
microdroplets of the 104 (Fig. 5c ii) and 106 PFU/mL (Fig. 5d
ii) samples were visually higher compared to the control
(Fig. 5a ii). In addition, a number of highly fluorescent
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Fig. 2 a Schematic illustration of
a W1/O/W2 emulsion
microdroplet with the respective
components in the W1, O and W2

phases. b Brightfield and c
fluorescence microscopy image
showing the close-up view of one
W1/O/W2 emulsion microdroplet.
The bacteria in theW1 phase were
labeled with SYBR Green
(green), and the O phase was
labeled with BODIPY 665 (blue).
The microscopy images were
taken using an Olympus IX-71
inverted fluorescence microscope
with a ×10 objective (Olympus
UPlanFLN)
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granules were seen inside the W1/O/W2 emulsion
microdroplets of these samples (Fig. 5c ii, d ii). These granu-
lated structures were likely from the bacteria with significant
membrane damage, as more PI dye could permeate the cell
membrane and bind to the DNA. Overall, the qualitative
analysis suggested that the number of PI-labeled bacteria were
visually higher in the 104 and 106 PFU/mL sample compared
to the 102 PFU/mL sample and the control.

Quantification of MPI inside W1/O/W2 emulsion
microdroplets

The increase in MPI inside the W1/O/W2 emulsion
microdroplet for each sample was further quantified and com-
pared (Fig. 6). At 0 h, the MPI was 12±0.3, 11±0.2, 9±0.1,
and 14±0.2, for the control, 102, 104, and 106 PFU/mL
samples, respectively (Fig. 6, white bars). No significant
differences were observed between any samples at 0 h. After
1 h of incubation, a significant increase in MPI was deter-
mined within each sample (#p<0.001) and between all sam-
ples (*p<0.001) (Fig. 6, black bars). The MPI for the control
increased to 21±0.6, while the MPI for the 102, 104, and

106 PFU/mL samples increased to 39±1.0, 56±2.2, and 132
±2.2, respectively (Fig. 6, black bars). The increase in MPI in
the control could be attributed to binding of the PI dye with
other nucleic acids present in the LB media, secreted or
released from the bacteria. Despite the small but significant
increase in background fluorescence, results from the quanti-
tative analyses demonstrated that 102 PFU/mL could be de-
tected using this W1/O/W2 emulsion microdroplet approach
with optical microscopy.

Enumeration of amplified phages inside the W1/O/W2

emulsion microdroplets

The phage concentration in the W1/O/W2 emulsion
microdroplets was measured by standard phage plaque assay
(Table 1). A 3 log increase in phage count was determined for
the 104 and 106 PFU/mL initial phage concentration samples
(Table 1). On the other hand, incubation with 102 PFU/mL
resulted in a 4 log increase in phage count (Table 1). The
increase in phage concentration for each initial phage titer was
comparable to a standard phage propagation system, where

co
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t

(b)(a)

size (µµm)

Fig. 3 Size distribution of the
W1/O/W2 emulsion
microdroplets. a A representative
brightfield image of the W1/O/W2

emulsion microdroplets taken
using a ×4 objective. b The size
distribution of the W1/O/W2

emulsion microdroplets, n=1,047

(b)(a)

Fig. 4 Fluorescence signal contrast between a encapsulated and b non-
encapsulated bacteria (108 CFU/mL)/phages (106 PFU/mL) samples.
Representative fluorescence microscopy images of the a W/O/W encap-
sulated and b non-encapsulated samples containing 108 CFU/mL of

bacteria with 106 PFU/mL of phages. The images were taken after 1 h
of incubation at 37 °C using an Olympus IX-7I inverted fluorescence
microscope with a ×4 objective. Scale bar=200 μm
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the bacteria and phages were incubated together in a bulk
solution (Table 1).

Discussion

In this study, a rapid method to detect the presence of lytic
phages in a model bacterial culture was described. The encap-
sulation of E. coliBL21 and T7 phages inW1/O/W2 emulsion
microdroplets used in this study were produced by a simple
and inexpensive setup using a syringe needle and a piece of
tubing (Fig. 1). While the smaller and monodispersed emul-
sion microdroplets generated using microfluidics are very

attractive for PCR and single cell analyses (Tewhey et al.
2009; Derda et al. 2010; Leng et al. 2010; Urabe et al. 2010;
Hindson et al. 2011; Boitard et al. 2012; Matochko et al.
2012), the commercialization of this technology has been
limited due to scale up challenges including sampling of
multiple culture vats and larger sample volumes most food
and pharmaceutical industries need (Holtze 2013). In the
fermentation industry, routine screening for phage contamina-
tion in the starter culture and raw material is needed to prevent
spoilage of large vats of products. Therefore, from an eco-
nomic standpoint, the needle-in-tube method offers a simpler
and cheaper alternative to the chip-based microfluidics.

The microdroplets generated using the simple needle-in-
tube setup can produce O/Wemulsion (Choi et al. 2009b) and
polymeric microbeads (Arya et al. 2013; Lone et al. 2013)
with sizes ranging from 200 to 600 μm. Consistent with
previous studies, the W1/O/W2 emulsion microdroplets gen-
erated in this study using the needle-in-tube method had an
average diameter of 150 μm (Fig. 3). Moreover, previous
studies have suggested that the uniformity and final size of
the microdroplet could be further improved by adjusting the
flow rates of the continuous phase (Quevedo et al. 2005; Choi

300 µµm
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Fig. 5 Qualitative analysis of phage amplification in the W1/O/W2

emulsion microdroplets. A membrane impermeable dye, PI, was included
in the W1 phase and the PI-labeled bacteria after 1 hr of incubation at
37 °C. Representative normalized fluorescence microscopy images of the

W1/O/W2 emulsion microdroplets with 108 CFU/mL bacteria and a
0 PFU/mL, b 102 PFU/mL, c 104 PFU/mL, and d 106 PFU/mL at (i)
0 hr and (ii) 1 h. The images were taken using an Olympus IX-7I inverted
fluorescence microscope with a ×4 objective
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Fig. 6 Mean pixel intensity (MPI) inside the W1/O/W2 emulsion
microdroplets. The MPI of the control, 102, 104, and 106 PFU/mL at
0 h (white bars) and 1 h (black bars) of incubation at 37 °C. *p<0.001
within sample; #p<0.001 between samples. Mean±SE, n=170–407

Table 1 Enumeration of phages present in the W1/O/W2 emulsion
microdroplets and in aqueous suspension

Initial phage
concentration
(log10 PFU/mL)

Phages in W/O/W
(log10 PFU/mL±SD)

Phages in solution
(log10 PFU/mL±SD)

6 9.2±0.4 8.6±0.1

4 7.6±0.2 7.9±0.4

2 6.5±0.7 6.0±0.2

Mean±SD, n=3
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et al. 2009a; Lorber et al. 2010; Theberge et al. 2010) and the
viscosities of the water and oil phases (Lorber et al. 2010;
Theberge et al. 2010).

Given the high encapsulation efficiency (Coakley et al.
1997), high local concentration (Kintses et al. 2010), and
success of phage amplification in microdroplets demonstrated
in this and in prior studies (Derda et al. 2010; Matochko et al.
2012), it is envisioned that the W/O/W emulsion
microdroplets could be used over a large concentration range
of the encapsulant. This encapsulation system would also be
especially useful when the concentration of the target analyte
(e.g., phage) is low. To detect the presence of lytic phages in a
bacterial starter culture, phages at three different titers (102,
104, and 106 PFU/mL) were encapsulated with the host bac-
teria at 108 CFU/mL in a W1/O/W2 emulsion microdroplet
(Fig 4). The different phage concentrations tested were chosen
based on the current range of detection limit using traditional
plaque assay (Wu et al. 2001; Thackray et al. 2007) (20–
25 PFU/mL) and molecular-based assays including PCR
(del Rio et al. 2007; Binetti et al. 2008; Garneau and
Moineau 2011; Marcó et al. 2012) (104–107 PFU/mL) and
flow cytometry (Michelsen et al. 2007) (105 PFU/mL). Since
the diameter of the individual T7 phage capsid is 60–65 nm
(Davison and Freifelder 1962) which is below the resolution
for optical microscopy, an indirect approach was employed in
this study to detect lytic phage contamination. In this ap-
proach, the phage contamination was detected by the labeling
of the infected bacteria with a membrane impermeable dye, PI
(Fig. 4). Due to the high encapsulation efficiency of this
technique, the localized fluorescence intensity inside the
W1/O/W2 emulsion microdroplets provided a good signal-
to-background contrast (Fig. 4). This effect enabled a rapid
qualitative (Fig. 5) and quantitative (Fig. 6) analysis of phage
contamination using optical microscopy.

Using this W1/O/W2 emulsion microdroplet and imaging
approach, the detection of the lytic phage activity could be
achieved within 1 h after phage infection (Fig. 4 and 5). This
detection method was 10–20 times faster compared to the
traditional phage detection methods used in the fermentation
industry such as plaque assay and activity test (Durmaz and
Klaenhammer 1995; Kleppen et al. 2011; Marcó et al. 2012;
Campagna et al. 2014). It was shown here that a phage
infection could be detected in 1 h using T7 phages that have
a latent period of 20–45 min (Edgar et al. 2006); it is expected
that the detection time would vary depending on phage life
cycle for different strains of bacteria/phage. Nevertheless, the
phage amplification cycle could easily be enhanced by adding
glycine (Lillehaug 1997) or antibiotics (Santos et al. 2009) to
the culture media to encourage phage growth.

In current fermentation practice, a starter culture would be
rotated when 105 to 106 PFU/mL of phages were detected in
the whey (Durmaz and Klaenhammer 1995). Using this ap-
proach, a detection limit of 102 PFU/mL could be achieved

quantitatively (Fig. 5), which would allow for an earlier de-
tection of lytic phage contamination compared to current
methods. This detection limit was at least two orders of
magnitude better than the sensitivity of flow cytometry-
(Michelsen et al. 2007) and PCR (Tewhey et al. 2009; Leng
et al. 2010; Urabe et al. 2010; Hindson et al. 2011)-based
approaches. Moreover, unlike the PCR-based detection
methods (del Rio et al. 2007; Binetti et al. 2008; Garneau
and Moineau 2011; Marcó et al. 2012), this microdroplet
optical imaging method does not require an expensive PCR
thermocylcer, enrichment of bacterial cells, or phage DNA
amplification. Furthermore, this technique also offers a qual-
itative sensitivity of 104 PFU/mL, and could be easily accom-
plished by visual comparison of the images for the control and
phage samples (Fig. 5). Thus, using the model T7 phage and
E. coli BL21, it was demonstrated here that lytic phage con-
tamination could be detected in a bacterial culture; however,
further studies are necessary to include specific strains of
bacteria and lytic phages that are relevant to the fermentation
industry.

Together, the results of this study demonstrated that lytic
phage infection in a bacterial culture can be detected using a
simple W1/O/W2 emulsion microdroplet and imaging ap-
proach. It is a relatively simple and inexpensive method, and
can be used with any strain of bacteria and lytic phage, or in a
mixed culture without a priori knowledge of the phage DNA
sequence. Given the simplicity, high sensitivity, and relatively
low cost of this imaging approach compared to flow cytom-
etry and PCR methods, it has potential for rapid detection or
routine screening of lytic phage contamination in starter cul-
ture in the fermentation industry.
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