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Colorimetric immunoassay is a widely used method for pathogen detection. The conventional implementation of
immunoassays in 96-well plates often encounters difficulties for samples with low concentrations. In this study,
the detection performance has been improved using a cellulose acetate membrane for target enrichment and
immunodetection. For this end, a compact multichannel filtration device was fabricated using a 3D printer for
sample loading. Background effects of the membrane were greatly minimized after pretreatment with a sodium
hydroxide solution to significantly reduce non-specific binding. The colorimetric result of the immunodetection
of Escherichia coli strain K12 (E.coli K12) was recorded and quantitatively analyzed with a smartphone camera. A
limit of detection was calculated as 40 cfu (colony forming unit)/ml, two orders of magnitude more sensitive
than that obtained on 96-well plates with standard protocol. The developed approach features an integrated
sample enrichment scheme, reduced reagents consumption, multiple channels for parallel processing and no
reliance on advanced laboratory instruments, thereby providing potential for a low-cost and easy-to-use

immunodetection system.

1. Introduction

Pathogen detection is an important aspect of biosafety assessment in
the fields of water supply [1-3], air quality management [4-6] and food
storage [7-10]. Currently, main methods for pathogen detection include
the culture-based methods, the molecular methods and the immunoas-
says [11,12]. Culture-based method is intuitive and requires almost no
analysis instruments. That said, only part of the pathogens can actually
be cultured, which might lead to underestimated results [13,14].
Additionally, the culture process is time-consuming and accurate species
information is difficult to be gathered merely from the colonies. As a
typical molecular method for pathogen detection, the polymerase chain
reaction (PCR) method significantly improves the analysis sensitivity
and specificity. However, the complexity resulted from sample prepa-
ration, strict requirement of temperature control and high dependence
on advanced instruments make the PCR method challenging to operate
and unsuitable for low cost applications [15]. In contrast, immunoassays
relying on the specific interaction between the antigen and antibody,

present multiple advantages including less-intensive efforts, fast
response and good specificity [16]. Additionally, the colorimetric visu-
alization of immunodetection results enables the development of
portable and low-cost devices [7,10]. Conventionally, the colorimetric
immunodetection of pathogens can be carried out in 96-well plates ac-
cording to commercial protocols. However, it is not recommended for
detecting samples with concentrations lower than 10 - 10° cfu/ml [8].
Although preconcentration methods can be used to improve the sensi-
tivity in 96-well plates, this additional step increases the complexity of
the assay and may lead to the loss of analytes during sample transfer.
Therefore, it is of significance to integrate the sample enrichment and
colorimetric immunodetection on the same substrate for simplifying the
analysis process and improving the detection performance.

Membranes are commonly used for sample purification and con-
centration. In recent years, membranes have also been selected as novel
substrates for immunodetection. One typical application is the nitro-
cellulose membrane based lateral flow immunoassay [15,17]. It pro-
vides visual detection of pathogens with fast responses and simple
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operations. Nevertheless, as the lateral flow based device cannot work
efficiently for sample enrichment, it has a limited advantage in detecting
low concentration of pathogens and has been mostly employed for
qualitative or semiquantitative applications [18]. For example, the
detectable concentration of E.coli 0157:H7 using lateral flow immuno-
assays was usually higher than 10%10% cfu/ml [19,20]. In contrast, as
another membrane based application, the vertical flow immunoassay
shows overwhelming advantage in combining sample purification and
enrichment [21-24].

Commercial membranes usually have large areas with diameters in
the range of ten to hundred millimeters. For immunodetection, these
large membranes require high volume of antibody reagents. For
instance, Ezenarro et al. applied the membranes with a 25 mm diameter
as the immunodetection substrate [22]. Consequently, 0.5 ml antibody
reagent had to be consumed for each sample. Besides high reagent
consumption, dispersion of analyte on large membranes could lead to an
insensitive color development. To address these problems, we have
developed a compact filtration system combining miniaturized mem-
branes within a 3D-printed device. The device incorporates multiple
channels to enhance analysis throughput and contributes to the devel-
opment of portable devices.

In this proof-of-concept study, E.coli K12 was used as the model
bacteria to test the system performance. A comparative study of im-
munoassays based on membranes and conventional 96-well plates was
conducted. The contents are as follows: (1) The design and fabrication of
the compact multichannel filtration device; (2) the minimization of
background effects of membranes; (3) the assessment of E.coli K12
collection and distribution on membranes; (4) the quantitative analysis
of immunodetection results recorded with a smartphone camera.

2. Experimental section
2.1. Multichannel filtration device

The compact multichannel filtration device was manufactured using
PlasCLEAR photoresist and a 3D printer (Asiga, Australia). The drawings
were created using AutoCAD 2018 and then converted to the STL format
for 3D printing. This filtration device consisted of the sampling head
(Fig. 1a) and the main holder (Fig. 1b). In the sampling head, five holes
with a diameter of 0.66 mm were assigned for the sampling needles.
Correspondingly, another set of five holes with a 3 mm of diameter were
configured as the filtrate channels in the main holder. To connect to the
rubber cork of the suction flask, a funnel was incorporated at the bottom
of the main holder (Fig. 1b). Four marks were added to ensure a good
alignment of the sampling head and the main holder (Fig. 1a and b). Two
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observation windows were included as well for inspecting the state of
sample loading (Fig. 1b). The drawing of the assembled sampling head
and the main holder as an integrated filtration device was shown as
Fig. lc.

2.2. Bacteria culture and counting

E.coli K12 was used as the test bacteria. The liquid culture medium
was prepared according to the Lysogeny Broth (LB) recipe for the
amplification of seed E.coli K12. As for the solid culture medium, addi-
tional agar powder was added to achieve a concentration of 1.45% (w/
w) in the prepared matrix. After the preparation, the mixed culture
medium was stirred and then sterilized in the autoclave. The seed bac-
teria were inoculated into the liquid culture medium in a 50 ml cen-
trifugal tube. Afterwards, the tube was placed in the incubator for 18 h
at 37 °C. After the incubation, E.coli K12 cells were centrifugally sepa-
rated and then dispersed in the phosphate buffered saline (PBS) to
prepare a stock sample. To quantify the concentration of E.coli K12 cells,
100 pl diluted stock sample (diluted 10° times in PBS buffer) was ho-
mogeneously coated onto the solid culture medium with a cell spreader.
After the inoculation, the solid culture medium was incubated for 18 h
at 37 °C. The E.coli K12 concentration was quantified by enumerating
the colonies on the incubated solid culture medium. Then the stock
sample was diluted in PBS buffer to prepare the test samples with a series
of varying concentrations for the immunodetection on membranes. The
culture and enumeration of B. subtilis for the investigation of detection
specificity were implemented according to the protocol as well. The
concentrations of E.coli K12 samples before and after the filtration via
membranes with different pore sizes (0.2 um, 0.45 um and 0.8 ym) were
obtained through colony enumeration for the calculation of collection
efficiency. The membranes were all pretreated with 0.1 N sodium hy-
droxide (NaOH) solution for 15 min. All operations including the
extraction, inoculation, dispersion and dilution of E.coli K12 cells were
implemented on a clean bench.

2.3. Sample immobilization for SEM characterization

The specific procedures of immobilizing E.coli K12 bacteria onto
membranes for SEM (scanning electron microscopy) characterization
were as follows. After filtration, the collected E.coli K12 bacteria were
fixed on membranes with a 2.5% (v/v) glutaraldehyde (G6257, Sigma)
in the PBS buffer. Afterwards, the fixed samples were dehydrated in
sequence by the ethanol with a series of concentrations (30%, 50%,
70%, 80%, and 100%). Each dehydration process lasted 10 min. After
drying the samples, the membranes with immobilized E.coli K12 cells
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Fig. 1. The drawings of the compact filtration device. (a) The sampling head. (b) The main holder. (c) The assembled filtration device.
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were sputtered with platinum (Pt) for SEM characterization.

2.4. Immunodetection protocol

The primary antibody (ab137967, Abcam) and horseradish peroxi-
dase (HRP) conjugated secondary antibody (ab205718, Abcam) were
immediately made as aliquots using the 0.5 ml low-protein-adsorption
centrifugal tubes after being received and stored at — 20 °C and 4 °C,
respectively. Before use, the concentrations of the primary antibody and
secondary antibody were diluted to 0.2 ug/ml and 0.5 pg/ml using 1%
bovine serum albumin (BSA) added PBS buffer, respectively.

Cellulose acetate membrane was selected as the immunodetection
substrate due to its low capacity of protein binding. Before loading E.coli
K12 samples, membranes with a 4 mm diameter were cut out using a
hand-hold puncher from cellulose acetate membranes (CO20A047A,
47 mm, VWR) and then were soaked in the 0.1 N NaOH solution for
15 min. After that pretreatment, the membranes were rinsed three times
with purified water and then placed into the compact multichannel
filtration device. The modification of membrane surface was charac-
terized through the measurement of contact angle of water droplet using
a high-speed camera. Subsequently, 5-ml E.coli K12 test samples in PBS
buffer with a series of prepared concentrations were loaded onto the
membranes using a peristaltic pump within 30 min under a 0.1 MPa
vacuum. Then 20 ul of 2.5% BSA-PBS solution was added to each
membrane for blocking the nonspecific binding sites. After 1 h of incu-
bation, the membranes were rinsed twice using the 0.05% of Tween 20
loaded PBS buffer (PBST). As a surfactant, Tween 20 has been commonly
used to effectively remove the excessive protein or antibody retained
unexpectedly [22,25]. Afterwards, a drop of 10 pl of primary antibody
(0.2 pg/ml) was added to each membrane (blank or sample loaded) and
then was incubated for 1 h. After the washing with the PBST buffer for
five times, 10 ul HRP conjugated secondary antibody (0.5 ug/ml) was
added to each membrane followed with the incubation for another 1 h.
After the washing with PBST bulffer for five times, 10 ul 3, 3/, 5, 5'-tet-
ramethylbenzidine (TMB) substrate (34022, Thermo Fisher) was added
to each membrane to trigger the color reaction. After 15 min, 5 pl 5%
(v/v) sulfuric acid (H2SO4) solution was added to each membrane to
stop the reaction and stabilize the color. All developed colors on mem-
branes were immediately recorded with a smartphone camera in a
homemade photography box. All operations were implemented at room
temperature. It should be noted that as the vacuum was shut off during
the incubation, thus the reagent liquid could stay on membranes. After
incubation or washing, all reagents and washing buffer were easily
removed by the vacuum suction. The scheme of the immunodetection
protocol on membranes was summarized in Fig. 2. The experiments for

2.5%BSA
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comparing the background effects of membranes with and without
surface modification were implemented with the same protocol after
omitting the sample loading. It should be noted that despite the partial
similarity of our assay to dot blot assays in general procedures and the
volume of reagents required, our system has the advantage of contin-
uous enrichment of micro targets [26].

For comparison, another commercial immunoassay protocol (pro-
vided by Abcam Company) using the same sample and reagents was
employed for the immunodetection in 96-well plates.

2.5. Quantification of immunodetection results

A homemade box was manufactured for photographing using a
smartphone camera (shown in Fig. 2h). The distance between the LED
and the membrane surface was set as 30 cm to achieve a uniform optical
distribution. The optical uniformity was additionally tested and
confirmed. A smartphone was placed at the window site of the
photography box to record the developed color on the membranes. The
developed color was then quantified using the ImageJ software based on
the grayscale values of the red, green and blue color channels (RGB)
[10]. The relative intensities of all color channels were acquired for
interpreting the immunodetection results. The relative intensity was
defined as the positive difference of the grayscale value of a specific
color channel to the standard white color.

A white polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning)
pad was fabricated to hold the membranes for photography with a good
contrast. It was placed on the main holder before loading the mem-
branes. Calcium carbonate powder (CaCOs, Sigma) was mixed with
PDMS at a weight ratio of 3:10 to form a layer of matrix with a thickness
of approximately 2 mm on abrasive paper to roughen the surface of
PDMS and avoid optical reflection. After being degassed, the matrix was
cured at 70 °C for 4 h. Afterwards, the white PDMS pad was peeled off
from the abrasive paper, tailored as the required dimension and punched
for five holes with a diameter of 0.6 mm.

3. Results and discussion
3.1. 3D-printed compact multichannel filtration system

Fig. 3a and b showed the printed main holder and the sampling head,
respectively. With the configuration of five channels, the analysis
throughput was enhanced compared with that of single channel device.
A comparison of the pure PDMS pad and the white PDMS pad was
presented as Fig. 3c and d. As the pure PDMS surface was very smooth,
the photograph had a poor quality due to the mirror reflection (Fig. 3c).

0.2 pg/ml primary antibody

= e s D - e
@ (®) © @

smartphone LED

5% H,S
() ®

0 EcoliKi2

0O, TMB
-
®

@ BSA *primaly antibody 1HRP conjugated secondary antibody

0.5 pg/ml HRP conjugated
secondary antibody

(e)

Fig. 2. Schematic of the membrane based immunoassay protocol. (a) Preparation of E.coli K12 samples. (b) E.coli K12 cells collected on the membranes. (c) Blocking
the nonspecific protein binding sites. (d) Incubation of the primary antibody. (e) Incubation of the HRP conjugated secondary antibody. (f) Adding the TMB substrate
to develop the color. (g) Adding the 5% H,SO, solution to stop the color reaction and to stabilize the color. (h) Recording the developed color using a smartphone

camera in a homemade photography box.
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Fig. 3. 3D printed filtration device, including (a) the main holder and (b) the sampling head. (c) The pure PDMS pad. (d) The white PDMS pad. (e) The loaded
membranes and sampling needles. (f) The overview of the filtration device after being connected with the vacuum and sampling systems.

In contrast, no obvious mirror reflection was observed in Fig. 3d.
Additionally, due to the addition of CaCO3 powder in the PDMS matrix,
a white background was achieved with improved contrast for subse-
quent image analysis. Five pieces of cellulose acetate membranes (4 mm
diameter) were loaded onto the white pad for collecting E.coli K12 cells
(Fig. 3e). As an approximately 1.6 mm of safety distance was set be-
tween membranes, no cross contamination was found during the sample
loading and incubation. The membranes in this work were small and the
consumed volume of antibody reagents for each sample was only 10 pl
while 100 and 500 pl antibody reagents were generally needed for the
immunoassays in 96-well-plate based assay and membrane based assay,
respectively [21,22]. Fig. 3f showed the assembled filtration device after
being connected to the suction flask and sampling systems.

3.2. Minimization of membrane background effects

The minimization of membrane background effects is of great
importance for the interpretation of immunodetection results. Multiple
reagents such as BSA, Western blocking reagent (WBR) and Tween-20
have been used to block the nonspecific binding sites of membranes to
reduce the background effects [21,22,27]. However, their blocking
performance could be attenuated after several cycles of buffer washing
due to the weak interaction between the blocking molecules and the
substrate. Here, as an alternative or in combination to blocking reagents,
we have directly modified the membrane properties by pretreatment
with 0.1 N NaOH solution before the immunodetection. The background
effects of unmodified and modified cellulose acetate membranes were

compared as shown in Fig. 4a and b. After a sequence of operations by
the protocol in Fig. 2, obvious yellow color developed on the unmodified
cellulose acetate membrane. It suggested a substantial nonspecific
adsorption of antibody molecules on the membranes despite a BSA
blocking. In contrast, the membrane modified with the 0.1 N NaOH
solution showed little color development, indicating the minimized
background effect. The alkaline solutions have been used to oxidize the
material surface for an increased material hydrophilicity [28,29]. It was
assumed that the enhanced surface hydrophilicity could hinder the
adsorption of protein molecules [30,31]. Considering the abundant ester
groups of cellulose acetate (Fig. S1), a moderate hydrolysis might
happen on the membrane surface in the alkaline environment. As a
result, more hydroxyl groups were generated on the membrane surface,
which substantially reduced the possibility of interaction between the
antibody and the membrane material. This change was illustrated by the
change of contact angle of water droplet on the surface of unmodified
and modified membranes, as shown in Fig. 4c-f and g-j, respectively. The
water droplet wetted the modified membrane surface immediately after
contacting the surface while the wetting process proved much slower on
the unmodified membrane surface. The initial contact angles were
measured as 101.5 and 48.5 degree for unmodified and modified
membranes, respectively. It should be noted that the cellulose acetate
membrane could deteriorate after being immersed in the high concen-
tration NaOH solution for a long time. According to Yamashita’s
investigation [32] and the experimental result in this study, the im-
mersion of cellulose acetate membranes in 0.1 N NaOH solution for
15 min proved to be optimal for maintaining the membrane mechanical
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Fig. 4. Minimization of membrane background effects as seen on the smartphone picture of (a) the unmodified membrane and (b) the modified membrane after
running a negative control experiment. (c-f) and (g-j) Time evolution of the contact angle of a water droplet on the unmodified and modified membrane surface,
respectively. 0.00 s represented the time point of the droplet contacting the membrane surface.

strength and pore size.
3.3. Bacteria collected on membranes

E.coli K12 cells could be collected by membranes with multiple
mechanisms such as inertial impaction, physical interception and elec-
trostatic interactions. To confirm the performance of membranes for
collecting E.coli K12 cells, the filtration efficiencies of cellulose acetate
membranes with different pore sizes were compared. Fig. 5a indicated
that E.coli K12 cells could be completely collected by the membranes
with a pore size of 0.45 pm or 0.2 pym. In contrast, approximately 15% of
E.coli K12 bacteria penetrated through the membranes with a 0.8 um
pore size. In this study, considering the typical size of E.coli K12 bacteria
within 0.5-2 um, membranes with a 0.45 um pore size were used as the
substrate for the integrated sample enrichment and immunodetection.
Fig. 5b and c respectively presented the distribution of E.coli K12 with
different densities on cellulose acetate membranes (0.2 cfu/100 um? and
20 cfu/100 pmz). Due to the confined filtration area on the miniaturized
membranes, a higher surface density of E.coli K12 could be achieved
leading to a more sensitive development of signal color, compared with
that of large membranes.

3.4. Immunodetection results

The optical homogeneity for photographing the immunodetection

(a)

—
o

o o
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Collection efficiency
o
Q2

g
o

0.2 ym
Membrane poresize

0.45um 0.8 um

results was investigated using the white PDMS pad. The variance co-
efficients of the relative intensity of the three color channels among
different sites on the white PDMS pad were all smaller than 0.27%
(Fig. S2), implying a homogeneous optical distribution. As shown in
Fig. 6a, various levels of color brightness were developed on the mem-
branes as a result of immunodetection. Since the detection specificity is
mainly dependent on the specificity of the primary antibody used if the
matrix interference is negligible, such a configuration of multiple
detection channels makes it possible to detect multiple bacteria as well
in parallel using the corresponding specific primary antibodies. In
Fig. 6b, the relative intensities of the three color channels were all
extracted for a comparative study. The reproducibility was good ac-
cording to the repeated experiments with an average coefficient of
variation 3.7-7.8% for all the three colors. It was found that the blue
channel was most sensitive to the change of E.coli K12 concentration
especially when the concentration was higher than 400 cfu/ml. How-
ever, the blue color could not differentiate the 400 cfu/ml sample from
the blank samples according to the threshold. The signal threshold was
conventionally defined as three times the noise level plus the blank
level. The noise level was assumed as the standard deviation of the
relative intensity for blank samples. In contrast, as the relative intensity
was higher than the signal threshold (T-test, p = 0.0013), the 400 cfu/
ml samples could be well identified using the red channel despite a low
overall sensitivity (Fig. 6¢). The performance difference of element
colors suggested a combined strategy for the interpretation of

0.2.cfu’/ 100u1h2

Fig. 5. The collection of E.coli K12 cells. (a) Comparison of the collection efficiency of cellulose acetate membranes with different pore sizes. SEM images indicating
different densities of E. coli K12 cells on membranes, (b) 0.2 cfu/100 pmz. (¢) 20 cfu/100 pmz. Scale bar in images: 5 pm.
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Fig. 6. Immunodetection results. (a) Picture of the developed signal on the membrane for (1) blank samples, (2) 0.004 x 10° cfu/ml, (3) 0.04 x 10° cfu/ml, (4)
0.4 x 10° cfu/ml, (5) 4 x 10° cfu/ml. (b) Quantification of immunodetection results with the RGB interpretation. (c) The magnified part of Fig. 6¢. The signal
thresholds for red, green and blue elements were respectively marked with red, green and blue dash lines in Fig. 6¢. (d) The results corresponding to 0.6 x 10° cfu/ml
B. subtilis in PBS, the mixture of 0.6 x 10° cfu/ml B. subtilis and 2 x 10° cfu/ml E. coli K12 in PBS and 2 x 10° cfu/ml E. coli K12 in PBS.

immunodetection results instead of merely considering a single element
color. For a comparative study, the immunodetection results in 96-well
plates with a limit of detection about 10*-10° cfu/ml were presented in
Fig. S3. 400 cfu/ml of E.coli K12 was detectable using the membrane-
based immunoassay and the limit of detection was calculated as 40
cfu/ml according to the regression relationship between the relative
intensity of red color and the concentration of E.coli K12, representing a
significant improvement compared to the result from 96-well plates and
other low-cost colorimetric assays [18-20]. Compared results were
summarized in Table S1. Although a lower detection limit was achieved
in other researchers’ studies based on advanced instruments such as
absorbance reader, fluorescence microscopy and spectrometer [9,22,
23], our work provided a low-cost and simple solution for the immu-
nodetection of pathogens with little dependence on analysis in-
struments. The specificity of detecting E. coli K12 was investigated using
B. subtilis in PBS buffer and real river water. The net intensity repre-
sented the positive difference of relative intensity corresponding to the
blue color between the test sample and blank sample. The signal
response to B. subtilis (0.6 x 10° cfu/ml in PBS) was small and no sig-
nificant signal differences could be observed when comparing the

mixture of B. subtilis and E. coli K12 (0.6 x10° cfu/ml and 2 x 10°
cfu/ml in PBS) and E. coli K12 alone (2 x 10° cfu/ml in PBS), as shown
in Fig. 6d. It demonstrated negligible interferences of B. subtilis on the
immunodetection of E. coli K12. However, nonspecific signals appeared
in the test of real river water (Limmat river in Zurich), as shown in
Fig. S4, showing significant interferences from complex environmental
matrix. The composition in river water is usually complicated, including
ions, organic matter, biological substances, microelements, etc. [33]
These interferences may originate the non-specific binding of antibody
on aquatic species intercepted on membranes. Additionally, the primary
antibody used in the protocol is a polyclonal one, which may lower the
specificity of immunodetection as well in real matrices.

4. Conclusions

In this study, a compact filtration device with five channels was
manufactured for the colorimetric immunodetection with integrated
sample enrichment on a cellulose acetate membrane. E.coli K12 cells
could be collected with 100% efficiency on membranes with a 0.45 pm
pore size. Background effects of membranes were successfully
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minimized through the pretreatment using the 0.1 N sodium hydroxide
solution. Quantitative analysis was achieved using a smartphone camera
and RGB data analysis, enabling the detection of 400 cfu/ml E.coli K12,
two orders of magnitude more sensitive with that of 96-well plates based
assays. Thanks to the little dependence on advanced analysis in-
struments, significantly reduced reagents consumption and multiple
channels in a compact filtration device, this study provided a low-cost
and simple solution for the immunodetection of pathogens with
improved throughput and detection limit. For the future work, more
efforts are needed to optimize the protocol to analyze real environ-
mental and food samples. Additionally, it will be necessary to implement
all the procedures of immunoassay in an automated fashion.
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