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ABSTRACT
Food analysis is requiring rapid, accurate, sensitive and cost-effective methods to monitor and
guarantee the safety and quality to fulfill the strict food legislation and consumer demands. In
our study, a nano-materials enhanced multipurpose paper based microfluidic aptasensor was
demonstrated as a sensing tool for accurate detection of food allergens and food toxins.
Graphene oxide (GO) and specific aptamer-functionalized quantum dots (QDs) were employed
as probes, the fluorescence quenching and recovering of the QDs caused by the interaction
among GO, aptamer-functionalized QDs and the target protein were investigated to
guantitatively analyze the target concentration. The homogenous assay was performed on the
paper based microfluidic chip, which significantly decreased the sample and reagent
consumptions and reduced the assay time. Egg white lysozyme, 3-conglutin lupine and food
toxins, okadaic acid and brevetoxin standard solutions and spiked food samples were
successfully assayed by the presented aptasensor. Dual-target assay was completed within 5 min,
and superior sensitivities were achieved when testing the samples with commercial ELISA Kits

side by side.
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1. I ntroduction

Food safety has become a critical and global issue for health security and sustainability of both
humanity and economy. The growing concern over health risks associated with food allergy,
food poisoning and food-borne illness have prompted the evolution of food safety
regulation as well as the food analysis methods. Enzyme Linked Immunosorbent Assay (ELISA)
(Asensio et al., 2008), PCR (Rodriguez-Lazaro et al., 2013), HPLC (Nollet and Toldra, 2012),
mass spectrometry (Di Stefano et al., 2012), are the most common methods for food analysis to

date.

In this study, we aimed at developing a rapid, accurate and cost effective method for food
safety monitoring. Two food allergens, egg white lysozyme, 3-conglutin lupine, and two seafood
toxins, okadaic acid (OA), brevetoxins, were selected as the testing models. Hen egg is known as
one of the most common cause of food allergies both in children and adults. Lysozyme of egg
origin is one of the main egg white proteins and being increasingly used in the dairy industry as
an antibacterial additive to prevent spoilage of many foodstuffs such as cheese and wine, as well
as some medicinal products (Benedé et al., 2014). However, lysozyme is a potential food
alergen and accounts for 10-20% of egg allergy which may cause immediate or late adverse
reactions such as vomiting, nausea, itching, urticarial and so on (Marseglia et al., 2013). Lupine
(Lupin) is a legume belongs to a diverse genus of Fabaceae family which is characterized by
long flowering spikes (Lupins.org, http://www.lupins.org/luping/). It has been intensively used in

food due to its high value in nutrition and can be found in a wide variety of food products
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including bread, pasta, sauces, beverages and meat based products such as sausages (ASCIA,
http://www.allergy.org.au/health-professional s/papers/lupin-food-allergy).  However,  lupine
alergy is on the rise and hidden lupine allergens in food are a critical problem for lupine
sensitive individuals since even very low amounts of lupine may trigger allergic reactions, in
severe cases it may lead to life-threatening anaphylaxis (Lupine ELISA Package Insert). Lupine
has recently been added to the declaration list of ingredients requiring mandatory indication on
the label of foodstuffs within the European Union (Stanojcic-Eminagic, 2010). B-conglutin, one
of the two magjor lupine storage proteins, the other is a-conglutin, accounting for 45% of the total
protein content in Lupine is reported to be responsible for lupine allergenicity (Nadal et al.,

2012).

Harmful algal bloom (HABS) outbreaks has reportedly intensified throughout the world and
pose a grave threat to public health and local economies. HAB toxins through food may cause
human diseases by releasing several shellfish toxins, including neurotoxic shellfish poison (NSP),
diarrhetic shellfish poison (DSP), paralytic shellfish poison (PSP), ciguatera fish poison (CFP),
etc.(Nadal et al., 2014; Christian and Luckas, 2008; Lin et a., 2015) NSP typically affects the
gastrointestinal and nervous systems and is caused by consumption of contaminated shellfish
with brevetoxins primarily produced by the dinoflagellate (Watkins et al., 2008). Okadaic acid
(OA) isamarine toxin, which may cause the diarrheic shellfish poisons (DSP) produced by some
unicellular algae from plankton and benthic microalgae (Sassolas et al., 2013a). It is hardly to
directly identify OA because OA usually does not affect the smell, appearance and the taste of

the seafood (Sassolas et al., 2013Db).
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93 At present, there is no treatments available to cure food allergy but only the symptoms after the
94  occurrence of alergic reaction, therefore, food-allergic individuals are typically advised to totally
95 avoid the offending food(s) to protect themselves against a food allergy reaction (Noti et al., 2014),
96  essentially assuming that the threshold dose is zero. In addition, considerable variation of individual

97 threshold dose exist among those with a given type of food alergy (Taylor, et al., 2013). A simple,

98  accurate method for rapid quantitative analysis of allergens or toxins in food is necessary to

99  ensure compliance with food regulations as well as to provide consumer protection.
100
101 A multipurpose of PDM S/paper microfluidic aptasensor functionalized by graphene oxide was
102  developed in our study. Aptamers are single-stranded oligonucleotide, or peptide sequences of
103  highly affinity and specificity to various classes of target molecules, which possess many
104  advantages including high sensitivity, specificity and reproducibility as well as the low cost over
105  antibodies thus make themselves be wildly used as the recognition elements in biosensors (Feng
106 et a., 2014). In recent years, graphene oxide (GO) emerges as a good candidate in materials
107  science as well as molecular diagnostic tools due to its unique optical, electronic, thermal, and
108  long-lasting biocompatibility properties (Song et al., 2013). GO has significant and high
109 quenching effect on various fluorophores (Huang and Liu, 2013) via the non-radioactive
110  eectronic excitation energy (Swathi and Sebastian, 2009) and its large absorption cross section

111 (Gelm and Novoselov, 2007), hence it can be utilized to be quencher in a molecular recognition

112 event.
113
114 In this work, we employed GO into the aptasensor and used quantam dots (QDs) as the

115  fluorescence label by considering it has highly chemical stability, efficient and stable
116  fluorescence signals. This was a nano-materials enhanced assay, aptamers specific to the targets,

5
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117  egg white lysozyme, [3-conglutin lupine, okadaic acid and brevetoxins, were firstly bound onto
118  the QDs. After mixing with the GO, the fluorescence was quenched via the process of Forster
119  resonance energy transfer (FRET). In the presence of target proteins in the food sample, the
120  quenched fluorescence would be recovered, the intensity of which was dependent on the
121 concentrations of the target proteins in the food samples. The multipurpose of PDM S/paper
122 microfluidic platform was able to do a dual-target detection with a significantly reduced sample
123 volume with a short time. The use of porous paper as the substrate support for specific aptamer
124  bound QDs-GO probes can effectively ssmplify the procedures and reduce the cost, because no
125  surface modification is required. Standard solutions were assayed to create the standard curves.
126  Afterwards, a series of food samples were assayed side by side on the presented microfluidic
127  aptasensor and the commercial ELISA kits to evaluate its performance. The results by the
128  aptasensor highly agreed with those from the ELISA kits while significantly reducing the sample
129  and reagent consumptions and having superior sensitivities.

130

131 2. Experimental

132 2.1. Materialsand reagents

133 The design of the aptamers specific to target analytes, namely egg white lysozyme, (3-
134  conglutin lupine, okadaic acid and brevetoxin, were selected by referring to previous studies
135 (Nadal et al., 2012; Tran et al., 2010; Eissaet al., 2015; Gu et al., 2016) and synthesized by IDT
136  technologies (Coralville, lowa, USA), the sequences of the selected aptamers are listed in Table
137 1, al of which were modified with biotin at the 5’ end.

138

139
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140
141
142
143
144 Tablel

145  Seguences of selected aptamers

Target protein Aptamer sequence

Lysozyme 5'-AGC AGC ACA GAG GTC AGA TG GCA GCT AAG CAG GCG
GCT CAC AAA ACCATT CGC ATG CGG C CCT ATG CGT GCT
ACCGTG AA-3

[3-conglutin 5-AGC TGA CACAGCAGG TTG GTG GGG GTG GCT TCC
AGT TGG GTT GAC AAT ACG TAG GGA CAC GAA GTC CAA
CCA CGA GTC GAG CAA TCT CGA AAT-3

Okadaic acid 5-CAGCTCAGA AGCTTGATCCTATTT GAC CAT GTC GAG
GGA GAC GCG CAGTCG CTA CCA CCT GACTCGAAGTCG
TGCATCTG-3

Brevetoxin 5'-ATA CCA GCT TAT TCA ATT GGC CAC CAA ACC ACA CCG
TCG CAA CCG CGA GAA CCGAAGTAGTGA TCATGT CCC

TGC GTG AGA TAG TAA GTGCAA TCT-3

146
147 Food Lupine ELISA Test Kit and Brevetoxin (NSP) ELISA Kit were purchased from Cregtive
148  Diagnostics (Shirley, NY, USA), Lysozyme ELISA Kit and Okadaic Acid (DSP) ELISA Test

149  Kit were obtained from LifeSpan BioSciences, Inc (Seattle WA, USA) and Bioo Scientific
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150  Corporation (Austin, Texas, USA), respectively. CdSe Quantum dots modified with covalently
151  attached streptavidin (Qdot® 545 ITK™ Streptavidin Conjugates) were purchased from
152 Invitrogen Life Technologies (Burlington, ON, Canada). Polydimethylsiloxane (PDMS, Sylgard,
153  184) was obtained from Dow Corning (Midland, MI, USA), SU-8 photoresist and developer
154  were obtained from MicroChem Corp. (Westborough, MA, USA). Whatman chromatography
155  paper, graphene oxide, phosphate-buffered saline (PBS), bovine serum albumin (BSA), methanol
156  and all other mentioned chemicals and reagents were purchased from Sigma-Aldrich (Oakville,
157  ON, Canada). Unless otherwise noted, all solutions were prepared with ultrapure Milli-Q water
158  (18.2 MV cm). Eggs, mussels and all other food samples were purchased from grocery stores in
159  Guelph (ON, Canada).

160

161 2.2.  Preparation of aptamer-QDs functionalized GO

162  The detailed preparation and optimization of aptamer-QDs functionalized GO can be found in
163 our previous study (Weng and Neethirgjan, 2016). Briefly, biotinylated aptamer of 10 pM in
164  folding buffer (1 mM MgCl,, 1xPBS, pH 7.4) was heated at 85°C for 5 min. The cooling down
165  aptamer was mixed with streptavidin-conjugated quantum dots of 2 pM to proceed with the
166  covalent linking via streptavidin-biotin interaction. The mixture was then brought to 200 pL with
167  PBS and gently shaken for 12 hours under room temperature (RT) condition. The aptamer-QDs
168  conjugates was then obtained by subjecting to ultrafiltration (Amicon Ultra-0.5 mL centrifugal
169  filters, MWCO 50 kDa, EMD Millipore Inc.) with PBS a 6000 rpm for 15 min, repeated three
170  times. The purified aptamer-QDs conjugates re-suspended in 500 pL of PBS and kept at dark for
171 further use.

172
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173 2.3.  Microfluidic biochip fabrication and signal capture

174  The schematic of the paper/PDMS microfluidic chip and the pictures of the real chip are shown
175 in Fig. 1. A high resolution transparency photomask bearing microchannel layout design was
176  firstly drawn by AutoCAD software and printed by Fineline Imaging (Colorado Springs, CO,
177 USA). A master mold was then prepared using 2025 negative photoresist SU-8 by standard
178  photolithography. A thin layer of SU-8 was spin-coated on the surface of the wafer, followed by
179  prebaking at 65°C for3 min and 95°C for 9 min on a hotplate. Afterwards, the photomask was
180  placed onto the coated silicon wafer and exposed to UV using a UV exposure system (UV-KUB,
181  KIloé, France). A mater mold was ready after the post-baking, development and hard-baking. The
182  simple PDM S/paper microfluidic chip consisted of two PDMS layers and a glass side. The
183  bottom layer of PDMS carried two pairs of wels (71=3mm) for housing well-cut
184  chromatography paper ( 1=3mm) with QDs-aptamer-GO coating. These dimensions were
185  obtained after calculation by considering many factors, for example, the volume of the sample
186  loading well hasto be sufficient to fill out all the four reaction well but not overflow to the waste
187  weélls. The two pairs of reaction wells were designed for dual-target detection with duplicate
188  readouts to reduce the testing error. The reaction wells were also the detection wells for
189  fluorescence signal measurement. The top layer of PDMS bearing sample inlet, outlets and
190  associated dispensing channels. The sample dispensing channel is 200 um in width and 80 pm in
191  depth. The outlets were designed on the top layer of the PDMS so that it may keep the solution
192  stay in the reaction well instead of flowing towards the outlets. Both of the PDMS dlabs were
193  created by following the standard soft lithography protocol. Briefly, a mixture of prepolymers of
194 PDMS (10:1 w/w ratio of PDM S and curing agent) was poured onto the master mold at 75°C for

195 4 h after degassing. The bottom layer of PDMS slab carrying four reaction wells was punched
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196  and bond onto the glass. The wells were filled with 0.1% BSA (w/w) for 10 min, washed with 1x
197 PBS and l€eft to dry at RT to reduce the non-specific adsorption of proteins of the PDMS wall
198  (Windvoel et a., 2010). The top layer of PDMS slab was also be punched to form the inlet and
199 outlets. Afterwards, both of these two components were undergone the plasma treatment for
200 bonding and the chromatography paper adsorbing specific aptamer bound QDs-GO probes was
201 placed into the wells before bonding. Then a paper/PDM S microfluidic chip was ready for use.
202

203 24. Preparation of food sample

204  Food sample preparation was conducted by following the procedure indicated in the manual of
205  the commercial kits. Briefly, fresh egg white were firstly diluted with sample diluent to make
206  the dilution series (up to 20000-fold) and followed by centrifuging at 4000xg for 10 minutes at
207  4°C to remove the particulates. The supernatant was then used in the assay. Mussel tissue was
208  taken off the shells, washed by DI water drained the excess liquid followed by homogenization.
209 0.5 g of homogenized mussel tissue was carefully weighed and added with 2 mL of 50%
210  methonal followed by vortex for 5 min. The mixture was centrifuged at 4000 rpm for 10 min and
211 0.5 mL of the supernatant was transferred to a new tube, heated at 75°C for 5 min and followed
212 by centrifugation again for another 10 min at 4000 rpm. Then 50 pL of final supernatant was
213 ready for use after addition with 950 puL of 1x Sample Extraction Buffer. Sausage sample were
214  firstly well grinded and 1 g of the homogenized sausage was suspended in 20 mL of pre-diluted
215  extraction and sample dilution buffer followed by 15 min of incubation in a water bath at 60°C
216  with frequent shaking. Afterwards, the sample was centrifuged at 2000 g for 10 min, the
217  supernatant was ready for assay.

218
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25.  Assay procedure
Fluorescence images were taken by a Nikon DS-QiMc microscope camera mounted on the
fluorescent microscopy followed by the fluorescent intensity measurement by the Nikon NIS

Elements BR version 4.13 software (Nikon Eclipse Ti, Nikon Canada Inc., Mississauga, ON,

Canada). All images were taken under the same settings, namely exposure time, magnification

etc. Food sample detection by commercia kits was conducted by following standard ELISA

procedure described in the manual.

3. Result and discussion

3.1. Characterization and Validation

The characterization of the aptamer-QDs by dynamic light scattering (DLS) analysis and
fluorescence spectra measurement were performed and investigated to confirm the conjugations.
The detailed procedures can be found in our previous study (\Weng and Neethirgjan, 2016). The
morphology of the graphene oxide and QDs were characterized by TEM imaging as shown in
Fig. 2. The hydration diameters of the QDs before and after conjugation (lysozyme aptamer)
were measured and compared by dynamic light scattering (DLS) analysis. As shown in Fig. 2(A),
the mean hydration diameter of the QDs increased, which verdicted the successful conjugations.
Before the on-chip test, the standard solution of these four anaytes were measured on the
Cytation 5 Multi-mode Reader (BioTek, Winooski, VT, USA) to validate the occurrence of
sensing events. The results are shown in the Fig. 3, differentiable fluorescence spectra dependent

on the sample concentrations were observed.

3.2.  On-chip test

11
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242  Ten microliters of standard solutions or samples were loading into the central well of the
243 microfluidic chip and dispensed into the four reaction wells by capillary force and wet the
244 chromatography paper with modification of GO-aptamer-QDs. The fluorescence intensities after
245 guenching and recovery were scanned and recorded by the fluorescence microscope, the
246  intensity differences in between were employed to determine the concentrations of the target.
247  Pieces of chromatography paper with the same aptamar-specific GO-QDs were placed in two
248  wells for a duplication. Hence the designed PDM S/paper microfluidic chip was able to achieve
249  the dual-target detection with duplication. Fig. 4 gives an example of the fluorescence images
250 taken before quenching (BQ), after quenching (AQ) and after recovery (RC) by assaying egg
251  white lysozyme of various concentrations. The mean fluorescence intensity of the overall of the
252 reaction well was then analyzed via the Nikon NIS Elements BR software.

253 The standard curves were obtained by plotting the mean fluorescence intensity for each stand
254  on the Y-axis against the target concentrations on the X-axis, a linear fit curve were created
255  through the points. The fit curves were presented in the plots shown in Fig. 5, the linear
256  regressions of 0.9469, 0.9839, 0.9838 and 0.975 were calculated and obtained for egg white
257  lysozyme, 3-conglutin lupine and food toxins, okadaic acid and brevetoxin-2 standard solutions,
258  respectively. The calculated limits of detection (Thomsen et al., 2003) based on the standard
259  curves are 343 ng/mL, 2.5 ng/mL, 0.4 ng/mL and 0.56 ng/mL, respectively. These limits of
260  detection by presented aptasensor are superior or comparable to those claimed by the ELISA kits
261 (16 ng/mL, 30 ng/mL, 200 ng/mL and 0.16 ng/mL).

262

263 3.3 Food sampl es detection

12
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264  Spiked food samples were detected by both the on-chip method and the ELISA kits for egg white
265  lysozyme, lupine, okadaic acid and brevetoxin to investigate the accuracy of the on-chip method.
266  Standard solutions were firstly assayed to obtain the standard curves, as shown in Fig. 5. The
267  precision of this method in terms of recovery rate was evaluated by detecting spiked food
268  samples, fresh egg white, mussels, sausages and breads. Each concentration was performed three
269  times to ensure the consistency of the response trend and the recovery rate was calculated as
270  follows:

F'V’_C_O'V"xmow
CS.VS 0

Recovery =

271 where C’ and C, are the mean target concentration of the spiked sample and the blank sample,
272 respectively. Cs is the concentration of the standard solution spiked into the sample. V', V,, and
273 Vs are the volumes of the final spiked sample, blank sample and the standard spiking solution,
274  respectively.

275 Samples of lysozyme, lupine, okadaic acid and brevetoxin ranging from 0~4000 pg/g, 0~30
276  pg/g, 0~16.2 ng/g and 0~2 ng/g, respectively, were spiked and tested. The results in Table 2
277  show the spiked recoveries measured by presented aptasensor were consistent with ELISA kits.
278 As listed in the table, recovery rates of @ (91.8+2.73)%~(110.18+3.54)%,
279  (89.25+8.30)%~(116.68+10.52)%, (89.63+7.33)%~(105.00+11.46)% and (88.00+9.17)% ~
280  (112.53+12.22)% were measured in egg white lysozyme, lupine, okadaic acid and brevetoxin for
281  the spiked food samples.

282

283 Table2

284  Determination of target analytes concentration in spiked food samples by our aptasensor and

285  ELISA kits

13
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Analyte Spiked concentration Recovery by Recovery by ELISA
(no/g) aptasensor (%) (%) (mean + S.D.)
(mean £ SD.)
L ysozyme 0 — —
500 91.80+2.73 96.34+4.26
1000 93.57+17.08 97.61+6.23
2000 110.18+3.54 104.56+1.71
4000 107.25+7.94 105.53+6.51
Lupine 0 — —
2 89.25+8.30 96.60+6.55
5 90.4+4.23 92.54+7.26
15 101.73+7.14 107.05+1.67
30 116.68+10.52 109.02+3.43
Okadaic acid 0 — —
0.2 105.00+11.46 110.00+8.66
0.8 96.25+8.59 92.5.+5.73
8.1 89.63+7.33 93.58+6.38
16.2 104.29+4.80 106.85+3.58
Brevetoxin 0 — —
0.05 106.67+8.33 105.88+6.00

14
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0.1 88.00+£9.17 94.96+7.90
0.25 112.53+12.22 113.18+4.86
2 108.07+3.05 103.45+4.50
286
287
288 4. Conclusions

289  In this study, a multipurpose PDM S/paper microfluidic aptasensor was used in food analysis, as
290 testing models, food alergens (egg white lysozyme [3-conglutin lupine) and seafood toxins
291  (okadaic acid and brevetoxin-2) were determined in the aptasensor. PDMS is a common used
292 material for fabricating microfluidic device due to its good optical transparency and
293  biocompatibility, non-toxicity and reusability. The utilization of porous paper as the substrate for
294 the gpecific aptamer bound QDs-GO probes avoids the complicated chemical surface
295  modification thus simplify the whole procedures. The low cost of PDM S and the paper is another
296 advantage of our aptasensor. In addition, the PDMS/paper microfluidic aptasensor utilized
297  graphene oxide as
298  quencher which can quench the fluorescence of quantum dots conjugated onto the target-specific
299  aptamers. The fluorescence is recovered in the presence of target and its intensity is proportional
300 to the concentration of the target. A significantly decreased sample volume (10 pL) was needed
301 and a dual-target detection with a duplicated results could be achieved in a single test within 5
302  min to reduce the chance of error. Limit of detection of this sensing platform has been carefully
303 investigated, which are 343 ng/mL, 2.5 ng/mL, 0.4 ng/mL and 0.56 ng/mL with the linear
304 regressions of 0.9469, 0.9839, 0.9838 and 0.975 for egg white lysozyme, 3-conglutin lupine and

305 food toxins, okadaic acid and brevetoxin standard solutions, respectively.

15


https://doi.org/10.1101/162438
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/162438; this version posted July 12, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

306 The relative low level of performance is usually provided by the paper-based microfluidic
307 devices. However, the experimental results by this PDMS/paper microfluidic aptasensor
308 demonstrated remarkable sensitivity and selectivity due to the enhancement of nano-materials.
309 Compared to ELISA, which is usually used to detect food allergens and toxins in a centralized
310 lab, our method is rapid, highly sensitive, selective, less expensive, environmentally friendly, and
311  easy to handle. The presented method provides a promising way for the rapid, cost-effective, and
312 accurate determination of food allergens or seafood toxins and also presented its potential of on-
313 site determination capability as well as the flexibility for specifically targeted allergens by
314 selecting corresponding aptamer. With more efforts, an image intensity analyzer may be
315  embedded in this microfluidic aptasensor to build a handheld detection device.
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