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 30 

Abstract: 31 

 32 

Rapid and sensitive detection of foodborne pathogens in food industry is of high importance in day-33 

to-day practice to ensure safe food. To address this issue, multiple foodborne pathogens are targeted 34 

for rapid identification based in DNA amplification. A 3D PDMS sponge was fabricated using salt 35 

crystals as scarifying mold and functionalized with a ligand, apolipoprotein-H (ApoH), to test 36 

bacterial capturing for both Gram positive (L. monocytogenes) and negative bacteria (Salmonella 37 

spp.), in a microfluidic device. Pure culture of both pathogens in a range of ~10 to 105 CFU/mL were 38 

tested and the application of the developed automated pre-concentration protocol in real samples was 39 

verified using  spiked surface samples after swab sampling. Bacterial DNA was extracted directly 40 

from the sponge and used for Real Time quantitative Polymerase Chain Reaction (qPCR) detection. 41 

The sponges did not show any significant resistance to sample flow and could easily be incorporated 42 

in a microfluidic device. A capture efficiency above 70% was observed for both targeted (Gram 43 

positive and Gram negative) pathogens and a Limit of Detection (LoD) in the range of 103 and 104 44 

CFU/mL was obtained for Salmonella spp. and L. monocytogenes, respectively. Using this 45 

approached, we are able to perform multiplexed (Gram positive and Gram negative) capturing and 46 

reduce the enrichment time compared to the gold standard plate culture (over 1-day) method. The use 47 

of a 3D sponge for direct capturing of multiplexed pathogen on microfluidic device, followed by 48 

qPCR detection is an efficient and versatile method to stratify the presence of bacteria. This approach 49 

and methodology has potential to be integrated in full automatized device and used as point of need 50 

(PoN) system for foodborne pathogen stratification in food packaging/production industries.  51 

 52 

Keywords: 3D sponge, foodborne pathogen, microfluidic device, multiplexed detection, qPCR.  53 

 54 

 55 

 56 

 57 
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 58 

1. Introduction: 59 

Contamination of food and water with bacteria is currently a significant public concern worldwide, as 60 

it is associated with increased mortality rate and economic burden due to the possible outbreaks. 61 

Common symptomatology make difficult to identify the causative pathogen. Therefore, there is a need 62 

for tighter monitoring of food and water to decrease global incidence of foodborne diseases and their 63 

related crucial safety issues. To highlight its importance, it is worth noting that although the US 64 

Center for Disease Control and Prevention (CDC) 2018 has estimated nearly 3000 annual deaths in 65 

US due to the contamination of food and drinking water, which can be considered underestimated as a 66 

result of misdiagnosis and improper sample collection and testing (Dewey-Mattia et al. 2018). Among 67 

the causative agents of food poisoning, L. monocytogenes is one of the most problematic foodborne 68 

pathogen, with one of the highest mortality rate of 13.8%, reported in 2017 in European, and 69 

Salmonella spp. continue to be the second commonest reported zoonotic agent, responsible for many 70 

hospitalizations (EFSA and ECDC 2018; Vidic et al. 2019). Traditional methods for the detection of 71 

these bacteria in food matrix are based on sample enrichment and subsequent pathogen culturing on 72 

agar plate, followed by biochemical identification (Cai, Singh, and Sharma 2007; Wang and Duncan 73 

2017). This method has limitations related to the requirement of specific media for enrichment, 74 

optimized incubation temperatures for different bacterial species, high number of Petri dishes for 75 

culturing, and a trained personnel for isolation and identification of the microorganisms (Vinayaka et 76 

al. 2019). Moreover, successful identification of a specific pathogen may take up to one week, which 77 

is considered lengthy. Therefore, such conventional gold standards microbiological methods do not 78 

meet the demand of rapid pathogen testing in food products. A new branch of on-site analytical 79 

detection with the potential to overcome weaknesses of classical methods combines microfluidics, 80 

chemical engineering, and biosensors (Liu et al. 2019)(Xu. 2019). Such portable sensors have 81 

attracted an exponential plethora of attention in the last decade for food and water quality control by 82 

getting the benefits of polymerase chain reaction (PCR) to detect specific microbial DNA as a target 83 

(Garrido-Maestu et al. 2018; Gorgannezhad, Stratton, and Nguyen 2019). Some microorganisms are 84 
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not culturable even in their viable form, leading to a false negative result using culturing methods 85 

(Dao et al. 2018). Therefore, combining PCR with a lab-on-a-chip device prevents this risk while 86 

rendering rapid detection to the system, if a proper pre-concentration strategy is applied in the device. 87 

The attachment of the bacteria within the microfluidic device happen through its tendency to 88 

capturing ligands available on the surface of the chamber where the food sample is passed. Although 89 

it is considered laborious and expensive, adding a pre-concentration step is a necessary step to achieve 90 

an optimal DNA quantity when low numbers of bacteria are presents in food samples. Besides, it is 91 

crucial to use a universal capturing ligand in pre-concentration step since multiple pathogens may be 92 

present in the same food sample.  93 

Herein, we have developed a miniaturized micro-device for rapid multiplexed (gram positive 94 

and gram negative) detection of foodborne pathogens with an automated pre-concentration protocol 95 

using universal capturing ligand apolipoprotein-H (ApoH) functionalized 3D sponges in microfluidic 96 

device. The 3D sponge was developed using PDMS with defined pore size and porosity for 97 

uninterrupted flow of the food sample to perform the function of bacteria pre-concentration step. The 98 

DNA extraction and purification from captured bacteria was performed directly from the sponge and 99 

followed by qPCR quantification. 100 

2. Experimental Section:  101 

2.1. Reagents and material 102 

All chemicals were purchased at Sigma-Aldrich unless otherwise specifically stated. Milli-Q 103 

ultrapure water (Millipore, USA) was used throughout all the experiments.  104 

2.2. Methods 105 

2.2.1. Fabrication of PDMS sponge 106 

A controlled size (80-100 µm) of salt (NaCl, Sigma-Aldrich), particles (i.e., granulated, sanding 107 

particles) were prepared to develop salt template for 3D PDMS sponge. The powdered salt particles 108 

were rubbed by adding water and then cast onto molds (empty syringe) to shape the template for 109 

PDMS sponge. Thereafter, the molds were carefully cut away to recover the solidified PDMS 110 

cylinder. The salt used in mold were placed into an empty syringe in which a mixture of PDMS 111 
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(Sylgard 184) with curing agent in ration of (10: 1) by weight was poured. The syringe was degassed 112 

by connected with a vacuum line so the PDMS can infiltrated into the salt templates through capillary 113 

or air gaps under vacuum forces. The salt templates with the absorbed mixture were then cured at 65 114 

°C for 4 hours. After the curing process, the salt templates were dissolved and washed away by 115 

soaking them in a water bath under continuous steering. Finally, after the removal of the salt 116 

templates, 3D interconnected microporous PDMS sponges were formed (Fig. 1).  117 

2.2.2. Surface modification of Sponge 118 

To functionalize the surface of the 3D PDMS structures for bacterial capturing, a multi-step protocol 119 

was performed to bind ligands on the fabricated sponges. Initially, surface oxygen plasma treatment 120 

was performed on PDMS sponge. To do so, the PDMS surface was first cleaned with isopropanol, 121 

dried, and then treated with oxygen plasma for 2 min under vacuum using plasma cleaner (Harrick, 122 

Germany). Right after surface hydroxylation, the samples were immersed in a freshly prepared 5 % v/ 123 

v solution of (3-Aminopropyl) triethoxysilane in ethanol, and incubated for 150 min at RT. The 124 

samples were then washed gently with ethanol, cured at 80 °C for 1 h, and sonicated in ethanol for 10 125 

s to remove the physically adsorbed and unbound (3-Aminopropyl) triethoxysilane molecules. 126 

Rinsing with ethanol was again performed in the next step and then the samples were blown dry with 127 

a nitrogen stream. The obtained epoxide functionalized PDMS structures were then stored in a sealed 128 

container at room temperature until use. After surface modification the sponges were functionalized 129 

with 5 µg/ mL of ApoH protein (ApoH-Technologies, France) or 10 µg/ mL of anti- L. 130 

monocytogenes antibody (Ab) (MAB8953, Abnova, Taiwan) depending on the experiment. Two 131 

hundred microliters of the solution were add to a tube with the sponge, vortexed vigorously and 132 

incubated overnight (ON) at 4 ºC to allow the binding of the protein or the antibody to the sponge. 133 

The sponge was then washed three times with PBS (137 mM NaCl, 12 mM Phosphate ( Na2HPO4/ 134 

KH2PO4), 2.7 mM KCl, pH 7.4), and stored at 4 ºC until use. 135 

2.2.3. Sponge characterization 136 
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Different approaches were used to ensure the modification of the PDMS sponge and the capturing of 137 

the bacteria into the pores. Fourier Transform Infrared Spectroscopy (FTIR) (VERTEX 80v vacuum, 138 

Bruker) characterization was carried out on surface modifies PDMS sponge to check the availability 139 

of the functional groups over the surface of the pores of sponge. All the absorption spectra were 140 

acquired from 500 to 4000 cm−1 with 48 scans and resolution of 0.2 cm-1, a baseline-correction was 141 

also performed prior to the analysis. To confirm the epoxide modification of the PDMS, and the 142 

binding of the ligand, a fluorescence detection of the ligand was performed. The sponge was 143 

functionalized for 24 h with the anti- L. monocytogenes antibody complexed with a secondary 144 

antibody conjugate Atto-633 dissolved at a concentration of 1 mg/ mL in PBS (pH 7.4). The 145 

fluorescence of the bounded antibody over the PDMS was monitored using inverted fluorescence 146 

microscopy (Nikon Ti-E). 147 

Scanning Electron Microscopy (SEM) studies were performed on S. Typhimurium and L. 148 

monocytogenes bonded on 3D PDMS sponge functionalized with ApoH protein. Prior to the SEM 149 

studies, the sample was fixed according to the standard protocol for cultured microorganisms with 150 

slight modifications (Sousa et al. 2015). Briefly, a pure culture of target bacteria was added to the 151 

sponge and fixed with 2.5 % glutaraldehyde solution for 1 h.  After fixation, the sponges were washed 152 

three times with mili-Q water and dehydrated later, incubating the sponge at 37ºC, until completely 153 

dry. The dried sample was used for SEM imaging. The SEM imaging was done with 5 - 10 KV beam 154 

line (SEM, Quanta 650 FEI) under high vacuum conditions.  155 

2.2.4. Preparation of bacterial samples and capturing on sponge  156 

For all experiments performed, L. monocytogenes (WDCM 00021) and S. Typhimurium (WDCM 157 

00031) were used as reference strain. A fresh culture was prepared adding an isolated colony to 4 mL 158 

of Nutrient Broth (NB, Biokar Diagnostics S.A., France) and incubated ON at 37 ºC. Ten-fold serial 159 

dilution were performed in PBS to achieve the desired bacterial concentration. The bacterial 160 

concentration spiked in each experiment was obtained by plating two dilution on Tryptic Soy Yeast 161 

Extract Agar (TSYEA, Biokar Diagnostics S.A., France) for L. monocytogenes and Trypticase Soy 162 

Agar (TSA, Biokar Diagnostics S.A., France) for Salmonella spp. and incubated ON at 37 ºC. A 163 
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specially designed microfluidic device was fabricated to incorporate the PDMS sponge with the 164 

fluidic connections as presented in Fig. 2. The bacterial solution was flow through the sponge with 165 

controlled flow rate of 10 µL/min. A washing step with 800 µL of PBS at the same flow rate was 166 

performed to recover all bacteria cells unbounded to the sponge. The outlet solution was collected and 167 

used for culture plate counting to confirm the efficiency of bacterial capturing in sponge. After the 168 

sample solution passed through the sponge, DNA extraction from sponge was performed for qPCR 169 

analysis.    170 

 Detection by qPCR 171 

To evaluate the ability of the device to concentrate L. monocytogenes and Salmonella spp. cells, being 172 

possible their detection by DNA amplification techniques, the DNA extraction directly from the 173 

sponge was performed followed by qPCR reaction. 174 

2.2.4.1. DNA extraction 175 

After passing the bacterial cultures through the device, and washing step,  the PDMS sponge was 176 

removed and transfer to a 2 mL tube to proceed with the DNA extraction, which was performed based 177 

on Lysis-GuSCN method described by Kawasaki et al (Kawasaki et al. 2005) with several 178 

modifications. For this step the lysis was performed directly in the sponge adding 200 µL of an 179 

enzymatic solution containing 1 mg/ mL of achromopeptidase and 20 mg/ mL of lysozyme in TE 2X 180 

(20 mM Tris-HCl, 2 mM EDTA, pH 8) with 1.2 % of Triton X-100 and vortexed vigorously. The 181 

lysis was performed at 37 �C, during 30 min with constant agitation (1400 rpm). After incubation, 182 

300 µL of a buffer with 4 M of Guanidine thiocyanate, and 1 % of Tween 20, were added, and 400 µL 183 

of this solution were transfer to a new tube containing 400 µL of 100 % isopropanol. The mixture was 184 

vortexed and centrifuged at 16000 x g for 10 min. The pellet was washed with 75 % isopropanol and 185 

resuspended in 160 µL of Mili-Q water and incubated at 70 ºC, 3 min. Finally, the DNA extract was 186 

centrifuged 5 min at 16000 x g, to separate remaining cellular debris. 187 

2.2.4.2. qPCR 188 
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The qPCR reaction was performed using hydrolysis probes. The probes were designed to hybridize 189 

with the specific fragment amplified by the respective primers. The primers and probes used in this 190 

study were designed to specifically detect L. monocytogenes and Salmonella spp. and the use of a 191 

non-competitive internal amplification control (NC-IAC) was added to ensure the reliability of the 192 

results, ruling out false negative results due to reaction inhibition, identified as no amplification of the 193 

NC-IAC.  194 

The targeted genes chosen for the identification of L. monocytogenes and Salmonella spp. were actA 195 

and ttr gene respectively. ttr primers and probe used in these experiments were design and evaluated 196 

in a previous study (Garrido-Maestu et al. 2017), but those targeting actA were newly designed with 197 

Primer3Plus (Untergasser et al. 2012), setting as template the consensus sequence generated after the 198 

alignment of the target sequences with CLC Sequence Viewer (C L C Bio-Qiagen 2016). The gene 199 

actA has been extensively used to detect L. monocytogenes by qPCR (Cai et al. 2002; Coroneo et al. 200 

2016; Oravcová, Kuchta, and Kaclíková 2007). The newly designed primers and probe were 201 

evaluated in terms of inclusivity and exclusivity against the panel of microorganisms provided in 202 

Supplementary material Table S1, and after confirmation of performance, the amplification efficiency 203 

was also  determined and presented in Supplementary material Fig. S1.  204 

NC-IAC was previously designed and implemented as described in Garrido�Maestu et al. 2019 205 

(Garrido�Maestu et al. 2019). The DNA sequence for the NC-IAC was designed generating a random 206 

sequence and then used as template for the primers and probe design. All primers and probe sequence 207 

and concentration used are shown in Supplementary material Table S2. The reaction was performed in 208 

a final volume of 20 µL and 3 µL of sample with 10µL of TaqMan™ Fast Advanced Master Mix 209 

(ThermoFisher, USA) and 1 µL of NC-IAC DNA (926 copies/ µL). The thermal profile used was the 210 

recommended by the manufacturer for the fast format, with an optimized annealing/ extension 211 

temperature. A step for UDG treatment at 50 �C for 2 min was first performed, followed by a hot-212 

start activation of the polymerase at 95 �C during for 2 min, and 40 cycles of 95 �C for 1 s and 63 213 

�C for 20s. 214 

2.2.5. Methodology evaluation 215 
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To evaluate the capacity of the device with the PDMS sponge to concentrate the bacteria, the capture 216 

efficiency was obtained by plating the flow-through recovered from the device outlet. To determine 217 

the concentration of bacteria released, serial dilutions were made in PBS and plated on COMPASS 218 

and XLD for the isolation of L. monocytogenes and Salmonella spp. respectively. The capture 219 

efficiency was calculated using the following equation:  220 

Capture efficiency (%) = (Nt - Ne)/ Nt x 100 221 

Where Nt is the number of bacterial cells in the sample, introduce in the device and Ne is the number 222 

of uncaptured bacterial cells, recovered from the device outlet. Concentrations between 103- 105 CFU 223 

of each microorganism, in pure or in mix cultures, were passed through the device containing the 224 

sponge to determine the Limit of Detection (LoD) of the methodology. In order to determine the 225 

uncaptured bacteria the collected sample was used for 10-fold serial dilutions and each one was plated 226 

and counted.  227 

2.2.6. Real sample testing 228 

To ensure the reliability of the results, the detection of L. monocytogenes and Salmonella spp. were 229 

tested spiking stainless steel surfaces in order to test the applicability of the developed methodology in 230 

food industry with real sample. To contaminate the surfaces, an ON culture prepared as describe in 231 

methods 2.2.3, was diluted and 105 CFU of a bacterial mixture was spread on the surface and let dry 232 

at room temperature. The bacteria were recovered with a cotton swab pre-moisturised in PBS with 233 

0.01% of Tween 80, and re-suspended in 2 mL of PBS by vortexing. One mL of the solution was 234 

passed through the device as specified in methods 2.2.3, and DNA extraction from the sponge, and 235 

downstream qPCR, were also performed as previously described in methods 2.2.4. The capture 236 

efficiency was also determine. 237 

3. Results and discussion 238 

3.1. Sponge characterization for bacterial capturing 239 

To confirm the epoxide modification on the PDMS surface, FTIR spectrum were taken and presented 240 

in Fig. 3 a. The vibrational modes around 960, 1080, and 1195 cm−1 has been observed and are 241 
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considered to arise from un-hydrolyzed ethoxy moieties in APTES (−OCH2CH3). The peaks indicate 242 

presence of APTES resulting in layer of APTES over the PDMS surface. The peaks at 1045 cm−1 and 243 

1125 cm−1 are attributed to the presence of Si-O-Si and Si-O moieties, respectively. These peaks also 244 

correspond to the thickness of the APTES adsorbed layer over the PDMS samples. A band of 245 

absorbance appears between 2800 and 3000 cm−1 which corresponds to the elongation of the CH bond 246 

which is proportional to the quantity of carbon included in the grafted molecules. The CH2 and CH3 247 

groups appear towards 2900 and 2987 cm−1. The peak for –NH arise near 1500 confirms the presence 248 

of APTES. The peak around 3300 cm−1 has been observed showing presence of -OH bonds i.e., 249 

trapped water or moisture in the cured APTES film over the PDMS sample. Peaks around 2900-3000 250 

presents additional peaks for binding of ApoH ligand.  251 

To ensure proper surface modification of the sponge and the ligand binding, a Fluorescent dye Atto-252 

633 was used to allow the visualization of the ligand in the surface. The Atto-633 is a red fluorescent 253 

dye with an excitation and emission spectrum optimally at 633 nm and 657 nm, respectively. A bright 254 

signal is obtain as the proof of attachment of dye molecules and presented that the surface 255 

modification is not only on the surface but also inside the sponge in cross section view (Fig. 3 b, c, d). 256 

The SEM characterization of PDMS sponge is presented in Fig3, where Fig. 3e presents the 257 

mesoporous morphology of PDMS sponge generated due to the sacrificing salt particles in 258 

fabrication. This morphology shows various pores small and big connected each other. Due to this 259 

connectivity of porous structure PDMS sponge not make any resistance for the flow of sample 260 

solution. The Fig 3f presented the bacteria captured on top and inner surface of the sponge and a 261 

magnified view of the bacteria captured in PDMS sponge (Fig.3g). With these SEM images it’s been 262 

observed that bacteria is been captured inside the holes of the sponges and other surfaces. 263 

3.2. Simplex and multiplexed bacterial capturing with ApoH protein 264 

3.2.1. Capture efficiency in simplex  265 

The capacity of the sponge to retain the bacterial cells was evaluated testing two different bacteria, L. 266 

monocytogenes as a Gram-positive, and Salmonella spp. to test a Gram-negative. A control was 267 
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performed to confirm that the bacteria capturing is due to the interaction with ligand and not a non-268 

specific capturing in the pores of the sponge. Without any functionalization of the sponge it was 269 

observed a capture efficiency of 19.7 ± 2.4, when passed a bacteria concentration of 104 CFU/mL into 270 

the device. This result show some capturing in the pores of the sponge, but the use of a ligand allow a 271 

great improvement in the capture of the bacteria. The results of the capture efficiency with sponges 272 

functionalized with ApoH protein are presented in Table 1 and Fig. 4 a. passing a pure culture of each 273 

bacteria separately into the device, the sponge obtained a capture efficiency above 88.6 % and 78.6 % 274 

for L. monocytogenes, and Salmonella spp., respectively. This results are comparable to others 275 

obtained with concentration methodologies for pathogen detection (Fakruddin, Hossain, and Ahmed 276 

2017; Li et al. 2019).  277 

3.2.2. Capture efficiency in multiplex 278 

A mixture with the two pathogens was also tested and results showed a capture efficiency around 70 279 

% for both bacteria when tested in the range of 105 CFU with higher deviation for L. monocytogenes 280 

(Table 1 and Fig. 4b). However an increase in this value with lower deviation was noticed when using 281 

a lower bacterial concentration (range of 103 CFU). This fact may be due to the competition existing 282 

between the bacteria cells to bind to the ApoH protein when higher concentration is used, as when the 283 

capture efficiency for one pathogen increased, a decrease was visible for the other one (data not 284 

showed). 285 

The deviation existing in the capture efficiency between replicates can also be explained by the fact 286 

that not all sponges have the same size, as the cutting was made manually and the porosity can also 287 

vary between sponges. This will influence the concentration of immobilized protein or antibody into 288 

the sponge and also the capacity of the flow to penetrate the sponge. 289 

3.2.3. Comparison between ApoH and Ab functionalization 290 

ApoH has the ability to bind to both, Gram-positive and Gram-negative, being a non-specific 291 

targeting, allowing the concentration of different pathogens at the same time. To test if the results 292 

provided by the use of this protein instead of a specific targeting is as efficient for bacterial capture, a 293 
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specific anti-L. monocytogenes antibody was used to compare the ability to capture this pathogen. 294 

Two L. monocytogenes concentration 104 and 103 CFU/mL were tested showing a capture efficiency 295 

of 78.3% ± 12.3 for 104 CFU/mL and 76.8% ± 4.1 for 103 CFU/mL using the specific antibody. 296 

Higher capture efficiency was observed using the ApoH protein, being 88.6% ± 10.4 and 88.8% ± 0.5, 297 

respectively. The comparison between these two different functionalization is represented in Fig. 4 c, 298 

showing an advantage in using the non-targeted approach.  299 

 300 

3.3. qPCR detection 301 

The detection by qPCR was performed to evaluate if the sponge methodology is compatible with this 302 

type of DNA-based detection, and additionally to allow the determination of the LoD of the full 303 

methodology. The amplification results are presented in Table 2 and Fig. 4 d. Bacteria concentration 304 

below the range of 103 CFU were not detectable by qPCR (data not shown). This results agree with 305 

the literature, being a limitation of the PCR (Simon, Gray, and Cook 1996). For Salmonella spp., the 306 

103 CFU/ mL were achieved, however for L. monocytogenes, the lowest concentration which showed 307 

amplification in all replicates were 104 CFU/ mL, separately and in mixture. L. monocytogenes is 308 

more difficult to lyse and for this reason a lower concentration of DNA is recovered from the sample 309 

and resulting in lower LoD. A possibility to overcome the limitation of the qPCR reaction and 310 

improve the sensitivity, is the addition of an enrichment step to the methodology in order to reach a 311 

detectable concentration of bacteria in the sample. 312 

3.4. Spiked samples 313 

Surface samples were inoculated to test the applicability of the methodology to capture and detect 314 

different pathogens at the same time in a real case scenario in the food industry. A mixture of both 315 

bacteria was spread on the surface, theed by the sponge as the capture efficiency showed to be higher 316 

than 96 % for both cases (Table 1 and Fig. 4 b).  317 

Previous steps performed before the introduction of the sample into the device can result in loss of 318 

bacteria. The sampling process from the surface and the elution of bacteria retained in the swab to the 319 
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PBS solution is not 100 % efficient, leading to an incomplete loading into the device, of the initial 320 

bacteria concentration spiked on the surface. This results in a lower bacterial concentration passed and 321 

retained in the sponge and increase the LoD when analysing surface samples. Besides this fact, the 322 

detection L. monocytogenes and Salmonella spp. was successfully accomplished by qPCR for both 323 

targets using a range of 105 CFU bacteria cells. 324 

 325 

 326 

4. Conclusion 327 

The results obtained in this study support the use of the methodology for multiplex pathogen 328 

detection, with a LoD between 103-104, depending of the targeted pathogen, being comparable with 329 

other qPCR analysis results. This device showed high capture efficiency for both Gram positive and 330 

negative bacteria, above 70 %, and showed higher value using the ApoH protein than the specific 331 

anti- L. monocytogenes antibody (Figure 4c). The universal capturing efficiency of ApoH will reduce 332 

the cost of using bacteria specific antibody for capturing.  The use of the device allowed a 333 

concentration of the bacteria and can be easily employed in the food industry for surface analysis. It is 334 

important to note that pre-treatment step of bacterial enrichment were excluded, and the pre-335 

concentration with the functionalized 3D PDMS sponge increased the analysis sensitivity. 336 

Additionally, the combination with qPCR offered great convenience for fast screening of multiplexed 337 

pathogen on-site. To conclude, this methodology represents a real advantage giving the possibility of 338 

full integration in a lab-on-ship system, as the DNA extraction and amplification step can be 339 

incorporated in a miniaturized devices, allowing the automatization of the analysis. 340 
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Fig 1. 417 

 418 

Fig. 1: (A) Schematic presentation of fabrication process of PDMS sponge casting and recovery using 419 

salt template. (B) Surface modification over the PDMS sponge for capturing of bacteria.   420 

 421 

Fig 2. 422 
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 423 

Fig. 2: Schematic presentation of the microfluidic chip for capturing the bacteria.  424 

Fig 3. 425 
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 426 

Fig. 3: (A) Fourier Transform Infrared Spectroscopy (FTIR) spectra for different stages of surface 427 

modification (B) An optical image of the sponge before fluorescence imaging (C) Fluorescent image 428 

of PDMS sponge after surface modification (D) a cross-section view of the PDMS sponge to confirm 429 

the surface modification inside sponge pores. SEM characterization of PDMS sponge is presented 430 

after bacterial capturing (E) bare PDMS Sponge with its mesoporous morphology (F) sponge surface 431 

after L. monocytogenes capturing (G) magnified view of bacteria on sponge surface.  432 

 433 

 434 

 435 

 436 

Fig. 4 437 
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. 438 

 439 

Fig. 4: Graphical representation of capture efficiency for L. monocytogenes and Salmonella spp. using 440 

the PDMS sponge into the device in simplex (A) and multiplex using pure culture or passing a surface 441 

sample (B). Comparison of capture efficiency using PDMS sponge functionalized with ApoH protein 442 

and Anti- L. monocytogenes specific antibody (C). And qPCR amplification plots (D) detecting L. 443 

monocytogenes and Salmonella spp. in a concentration of 105 CFU/ mL. NC-IAC was included in the 444 

reaction to detect inhibition and avoid false negative results due to reaction inhibition. 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 
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Table 1 458 

Table 1 - Capturing efficiency in pure and mixed culture in the sponge, functionalized with ApoH 
protein 

Bacteria 
concentration 

Pure culture Mixed culture Surface 

105 104 103 105 103 105 

L.monocytogenes 92.3 ± 0.1 88.6 ± 10.4 88.8  ± 0.5 72.6 ± 12.9 98.7 ± 1.8 99.7 ± 0.3 
S. Typhimurium 78.6 ± 10.3 90.5 ± 3.0 83.8 ± 3.0 70.9 ± 2.9 97.2 ± 2.5 96.4 ± 2.5 
Capture efficiency is expressed as % and the bacterial concentration in CFU/ mL 

 459 

Table 2 460 

Table 2 – qPCR results 

  ApoH Ab 

  Separately In mixture Surface Separately 

  105 104 103 105 103 105 104 103 

L. monocytogenes + + -* + - + + - 

S. Typhimurium + + + + + + 

Result consider positive when both technical replicate amplified 

*1 in 4 samples showed amplification 

Bacteria concentration in the range of CFU/mL 

 461 

 462 

 463 
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 465 

 466 

 467 
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Supplementary Information 469 

Supplementary material 470 

Table S1. Strain list and multiplex qPCR results for actA genes 

Bacterium Source N actA 

L. monocytogenes WDCM00021 1 + 

L. monocytogenes Food 17 + 

L. ivanovii WDCM00018 1 - 

L. innocua 
WDCM00017, CECT 5376, 4030; 

CUP 1141, 1325, 2110 

6 - 

E. faecalis WDCM00009 1 - 

C. coli UM 1 - 

E. coli WDCM00013 1 - 

Salmonella spp. Food 14 - 

Evaluation of the inclusivity and exclusivity of the qPCR reaction using actA primers in simplex. All L. 

monocytogenes strains were correctly identified and all non-target bacteria were not detected in the 

reaction. 

N: number of strains; 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 
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Table S2- Primers and probes used 

  Sequence 5’-3’ Concentration used 

actA F TTAAGACTTGCTTTGCCAGAGAC 
200 nM 

actA R GGTGGTGGAAATTCGAATGAGC 

actA P CY5-AATGCTCCT -TAO- GCTACATCGGAACCGA-

IAbRQSp 
150 nM 

ttr F GGCTAATTTAACCCGTCGTCAG 
200 nM 

ttr R GTTTCGCCACATCACGGTAGC 

ttr P NED-AAGTCGGTCTCGCCGTCGGTG-MGBNFQ 150 nM 

NC-IAC F TTAAGACTTGCTTTGCCAGAGAC 

100nM 
NC-IAC R GGTGGTGGAAATTCGAATGAGC 

NC-IAC P YY-AGT GGC GGT -ZEN- GAC ACT GTT GAC CT- 
IABkFQ 

YY (Yakima Yellow), IAbRQSp and IABkFQ (Iowa Black®FQ and RQ-Sp), ZEN and 

TAO (secondary, internal quencher) are trademarks from IDT. 
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 481 

Fig. S1: qPCR amplification efficiency of L. monocytogenes, targeting actA and NC-IAC 482 

simultaneously. Curve was obtained by three replicates of ten-fold serial dilutions of a pure DNA 483 

extract. 484 



Highlights 

• A mesoporous PDMS sponge is used for multiplexed foodborne pathogen capturing.  
• Universal binding ligand (Apo-H) is used for multiplexed bacterial capturing. 
• Comparisons of bacteria capturing efficiency against slandered Antibody using qPCR. 
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