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1s  ABSTRACT: Aptamers are an emerging class of molecules
16 that, because of the development of the systematic evolution of
17 ligands by exponential enrichment (SELEX) process, can
18 recognize virtually every target ranging from ions, to proteins,
19 and even whole cells. Although there are many techniques
20 capable of detecting template molecules with aptamer-based
21 systems with high specificity and selectivity, they lack the
22 possibility of integrating them into a compact and portable
23 biosensor setup. Therefore, we will present the heat-transfer
24 method (HTM) as an interesting alternative because this offers

2 *Division IMOMEC, IMEC v.zw. , Wetenschapspark 1, 3590 Diepenbeek, Belgium
3 "BIOSYST-MeBioS, KU Leuven—University of Leuven, Willem de Crooylaan 42, 3000 Leuven, Belgium

25 detection in a fast and low-cost manner and has the possibility of performing experiments with a fully integrated device. This
26 concept has been demonstrated for a variety of applications including DNA mutation analysis and screening of cancer cells. To
27 the best our knowledge, this is the first report on HTM-based detection of proteins, in this case specifically with aptamer-type
28 receptors. For proof-of-principle purposes, measurements will be performed with the peanut allergen Ara h 1 and results indicate
290 detection limits in the lower nanomolar regime in buffer liquid. As a first proof-of-application, spiked Ara h 1 solutions will be
30  studied in a food matrix of dissolved peanut butter. Reference experiments with the quartz-crystal microbalance will allow for an
31 estimate of the areal density of aptamer molecules on the sensor-chip surface.

32 KEYWORDS: label-free biosensors, biomimetic sensors, heat-transfer method (HTM), aptamers, proteins, Ara h 1

1. INTRODUCTION

33 Aptamers are synthetic oligonucleotides that can specifically
34 bind target molecules based on a combination of hydrogen
35 bonding, electrostatic interactions, van der Waals forces, and
36 their three-dimensional conformation."”” The selection of the
37 optimal aptamer for a given target molecule is accomplished in
38 vitro via a SELEX process (Systematic Evolutions of Ligands by
39 EXponential enrichment) from libraries containing random
40 oligonucleotide sequences.”* With this procedure, it is possible
41 to develop aptamers for a variety of target categories ranging
4 from ions,® to proteins,é’7 and even to whole cells.®”
43 Aptasensors have already been designed based on capillary
44 electrophoresis,'® colorimetric assays,'' fluorescence anisotro-
45 py,12 surface plasmon resonance,"® and microgravimetric
46 sensing.'* These techniques ensure a high specificity and
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selectivity; however, they are less suited for integration into 47
portable, low-cost sensor devices. In that aspect, field-effect 43
transducers and electrochemical impedance spectroscopy are 49
interesting alternatives.”>™!” Tran et al. described an aptamer- 5o
based, impedimetric sensor platform which could specifically s;
detect IgE in buffer solutions and human serum samples.18 5
These measurements were performed with a high-end s3
impedance analyzer requiring comparatively long measurement s4
times and a refined data analysis based on the phase angle of ss
the impedance signal. More recently, Peeters et al. developed s6
an aptamer-based, impedimetric sensor system in pocket s7
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Figure 1. Scheme of the sensor-chip layout in which the amino-modified aptamer is EDC-coupled to a self-assembled monolayer of MUA thiols on
gold. The BSA overcoating serves for blocking nonspecific adsorption. Under the chosen conditions (TGK buffer with pH 8.3, 37 °C) the aptamer is
expected to attain the indicated conformation before binding of the Ara h 1 anti§en. The flow direction of the heating power P is indicated. The

aptamer, BSA, and Ara h 1 are drawn to scale, the scale bar indicates 10 nm.

32,3

s¢ format, allowing detecting the peanut allergen Ara h 1
s9 specifically and quantitatively correct in the lower nanomolar
60 regime in buffers.'” The sensor output in this case was simply
61 the amplitude of the impedance signal at a given frequency.
62 Although impedimetric measurements allow for a considerable
63 system miniaturization, data acquisition and processing still
64 require a piece of software and hardware engineering.

65 Within in this article, we will therefore present an aptasensor
66 based on a purely thermometric concept, the heat-transfer
67 method (HTM). This technique has the benefits of being
68 straightforward and requiring only limited hardware, merely
69 two temperature sensors and a heat-source that can be
70 regulated to keep a predefined temperature. This is analogous
71 to a dc resistivity measurement in which the electronic current
72 is replaced by a thermal current. To date, this method has been
73 applied successfully for the analysis of DNA mutations,”*"
74 detection of cells and small organic molecules,””** and phase
75 transitions in lipids,** but not yet in the context of proteins.
76 The latter is considered as one of the most challenging tasks in
77 label-free biosensing and it is a priori unclear whether the
78 recognition of proteins by aptamers brings about measurable
79 changes of the heat-transfer resistance. We point out that the
80 HTM principle is conceptually different from the approach by
81 Wang et al, who detected thrombin with aptamers by
82 determining the binding enthalpy calorimetrically in a
83 sandwich-type assay with detection limits down to 22 nM.>
84 In contrast to this, HTM aims at the detection of molecules
8s from the heat-transfer resistance under steady-state conditions
86 and does not necessitate a temperature ramping of the sample
87 under study.

88 Until now, the heat-transfer principle has been based on
8o empirical grounds and the theoretical foundations have not yet
90 been developed. However, there is clearly an interest for heat
91 transport through biological molecules as illustrated, for
92 example, by the vibrational-dynamics studies on double- and
93 single-stranded DNA molecules®® and the molecular dynamics
94 simulations of heat flow through lipid membranes.”” As a
95 possible starting point for a deeper understanding of the
96 principle behind the HTM technique we note that all
97 aforementioned applications have a common denominator:
98 The enhancement of the heat-transfer resistance goes along
99 with a structural softening at the solid (sensor chip) to liquid
100 interface. In case of DNA, this is the transition from “rigid”
101 double-stranded DNA to highly flexible single-stranded DNA.>!

In case of cell recognition by surface imprints, mechanically 102
flexible membrane material adheres to the polymeric surface.”® 103
A jump-like Ry, increase is observed when lipid vesicles undergo 104
their main phase transition from the gel- to the liquid- 105
disordered phase.”* Finally, the small-molecule recognition by 106
molecularly imprinted polymers is based on the weak and 107
reversible binding of these molecules in molecular-size cavities. 108
In summary, these are interface effects in which the molecular 109
layer right at the interface is gaining additional degrees of 110
freedom. Regarding aptamers, we will address below whether 111
the capturing of proteins is also associated with gaining 112
additional degrees of freedom at the solid-to-liquid interface. 113
Throughout all experiments described below, i.e., before, during 114
and after capturing of the target proteins, the aptamers are in 115
their natural, temperature- and pH-dependent conformation 116
without utilizing neutralizing oligomers: This concept, 117
introduced recently by Das and co-workers, forces aptamers 113
into a straight and rigid configuration before binding of the 119
molecular targets and seems beneficial for achieving ultralow 120
detection limits when combined with a fluorescence-based 121
readout system.” 122

For proof-of-principle purposes, we will first show the HTM- 123
based thermal detection of Ara h 1 in buffer solutions with an 124
aptamer-based sensor platform. This system was selected for 125
two reasons: First, the molecular recognition between the 126
aptamer and Ara h 1 has already been thoroughly studied® and, 127
second, it is highly relevant for the food industry as the peanut 128
allergen Ara h 1 (a trimeric protein with 195 kDa molecular 129
weight) is responsible for most food-related anaphylactic 130
shocks."® To demonstrate the principle not only in buffer 13
solutions but to provide also a first proof-of-application, 132
experiments will be performed with spiked Ara h 1 samples 133
in a matrix enriched with peanut butter. The sensor platform is 134
generic, making it probably possible to detect a variety of other 135
proteins with only minor modifications, provided that 136
corresponding aptamers do exist. In summary, this is the first 137
sensor platform based on the thermal HTM read-out 133
technique, which can detect proteins in buffers and, moreover, 139
in more complex matrices. This also illustrates that the 140
molecular recognition of a protein by an aptamer goes along 141
with a measurable heat-transfer effect. 142

DOI: 10.1021/acsami.5b00994
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsami.5b00994

f1

ACS Applied Materials & Interfaces

Research Article

Aptamer & BSA Coating ——

TGK + —

~P
Thermistor PID Control
T,=37°C
Cu Block @ Temperature
Measurement
Sensor @ Chip

= Liquid Outlet

Arah1 —

Syringe

Laminar Temperature Profile

Ambient Temperature T, =19 °C

Figure 2. Schematic view of an aptamer-based setup for detecting changes of the thermal resistance upon molecular recognition of proteins. The
thermal flow, generated by a thermistor, passes from the backside of the chip through the receptor layer into the sample liquid (heat-flow direction
indicated by a red arrow). The temperature gradient is monitored using two thermocouples.

2. EXPERIMENTAL SECTION

143 2.1. Materials. The thiol 11-mercapto-undecanoic acid (MUA)
144 and bovine serum albumin (BSA, M, ~ 66.5 kDa) were purchased
145 from Sigma-Aldrich (Steinheim, Germany) and 1-ethyl-3-(3-
146 dimethylaminopropyl)carbodiimide (EDC) from Thermo Scientific
147 (Aalst, Belgium). The peanut allergen Ara h 1 was obtained from
148 INDOOR technologies (Cardiff, Wales) and used as received. The
149 compounds required for the preparation of the buffers, respectively, 2-
150 (N-morpholino)ethanesul-fonic acid (MES buffer, pH 6.0), tris-
151 (hydroxyamino)methane-glycine-potassium (TGK buffer, pH 8.3),
152 and phosphate buffered saline solution (PBS buffer, pH 7.4), were
153 purchased from Sigma-Aldrich (Steinheim, Germany) and Fisher
154 Scientific (Landsmeer, The Netherlands). Ethanol of analytical grade
155 (anhydrous, purity 99.9%) was from VWR (Leuven, Belgium). The
156 optimal aptamer for Ara h 1 detection had been determined in
157 previous research by Tran et al. and the sequence is given below."
158 Aptamer sequence: NH,-C4-5' TCGCACATTCCGCTTCTA-
159 CCGGGGGGGTCGAGCTGAGTGGATGCGAATCTGTGGGTG-
160 GGCCGTAAGTCCGTGTGTGCGAA 3’

161 This sequence, consisting of 80 nucleotide bases, was ordered from
162 IDT Technologies (Leuven, Belgium). The 5’ end, serving for
163 attachment to the thiols, was modified with an amino group and a Cq4
164 carbon spacer. The structural conformation of the aptamer at selected
165 temperatures, calculated with the online software package “Mfold”,*!
166 can be found in ref 18. As shown previously, this optimized Ara-hl
167 aptamer shows negligible cross selectivity to proteins with a similar
168 molecular weight such as horseradish peroxidase (HRP) and BSA."”
169 Even more importantly, reference tests with a second important
170 peanut allergen, Ara h 2 with 17 kDa, have proven negative.

171 2.2. Aptamer Functionalization of Sensor Chips and Protein-
172 Sample Preparation. The sensor chips, see Figure 1 for a schematic
173 layout, consisted of gilded silicon substrates (1 X 1 cm? 450 um
174 thickness) which were prepared as follows: First, a 20 nm adhesive
175 layer of chromium was thermally evaporated under a vacuum pressure
176 of 5 X 107> Pa onto doped silicon chips, followed then by a 80 nm
177 layer of gold. These chips were treated with a Digital PSD series UV-
178 ozone system from Novoscan (Niirnberg, Germany) for 1 h in order
179 to clean the surface and make them more hydrophilic by surface-
180 bound oxygen species. Subsequently, they were briefly exposed to a
181 cold “piranha” solution (H,0, and H,SO, in a 1:3 ratio), rinsed with
182 ethanol, and then incubated for 48 h with a MUA thiol solution in
183 ethanol (concentration 1 mM) at room temperature under nitrogen
184 atmosphere. After cleaning the samples in pure ethanol, the amino-
185 terminated Ara h 1 aptamers were attached via direct EDC coupling in
186 MES buffer of pH 6. This process was monitored in-real time by
187 probing the thermal resistance at the solid—liquid interface. In order to
188 reduce nonspecific adsorption, especially of proteins, the aptamer-
189 functionalized gold surface was blocked by immersing the substrates

=

0

overnight into a BSA solution (50 nM in PBS, temperature of 4 °C), 190
generating a blocking BSA monolayer.'® 191

The aptasensor was now ready for use and, after stabilizing in TGK 192
buffer, various solutions of Ara h 1 concentrations (5, 10, 15, 25, and 193
50 nM) in TGK buffer were added sequentially to the set up. To 194
address the specificity of the molecular recognition, reference 195
experiments were also performed with a chip with only the SAM 196
and its BSA overcoating, but without presence of the aptamer. As a 197
first proof-of-application, measurements were performed in a matrix 198
enriched with peanut butter. To obtain these samples, 50 mg of peanut 199
butter (Unilever — Calvé, Delft, The Netherlands) was first molten 200
and then dissolved into 200 mL of TGK buffer by stirring for 2 h at 50 201
°C. After filtration through a filter with 1 um pore size, the resulting 202
fluid (also addressed as “buffer diluted extract”) was split into two 203
aliquots one of which was unaltered and the other one spiked with 100 204
nM of Ara h 1. The concentration of Ara h 1 in the nonspiked, buffer- 205
diluted extract can be estimated as follows: The amount of 25 mg 206
peanut butter per 100 mL equals 20 mg of pure peanut substance, 207
corresponding to 5 mg of proteins. According to literature, the 208
maximum percentage of Ara h 1 in the total protein contents is 209
16%,343° meaning that there is maximal 0.8 mg of Ara h 1 present in 210
the 100 mL of extract. Together with the molecular mass of Ara h 1 211
(195 kDa) this corresponds to an upper limit of the Ara h 1 212
concentration of 40 nM. 213

2.3. Thermal Resistance Setup. The equipment used for the 214
thermal resistance measurements was an in-house design, see Figure 2, 215 f2
which was described previously in detail in ref>® A schematic drawing 216
with the exact dimensions of the equipment can be found in Figure S-1 217
of the Supporting Information. To this system, a Perspex flow cell with 218
an inner volume of 110 4L (6 mm diameter, 4 mm and inner height) 219
was coupled, connected to a syringe-driven flow pump. The 220
functionalized sensor chips were mounted horizontally in the set up 221
in order to prevent sedimentation of heavier components, causing 222
possibly nonspecific signals by physical adsorption. The sensor chip 223
was hereby pressed mechanically onto the copper block. This block 224
served as thermal reservoir and heat flow was generated using a 225
thermistor on top of the copper block. The temperature of the copper, 226
T, was measured by a thermocouple and actively steered through a 227
PID controller (P =8, =1, D = 0), which in turn was regulating the 228
heating power. Throughout the measurement, this temperature was 229
kept constant at 37.00 °C in order to mimic body temperature and the 230
ambient temperature remained constant at 19.0 °C. The temperature 231
in the liquid, T,, was measured with a second miniaturized 232
thermocouple, positioned in the middle of the flow-through cell at a 233
distance of 1.7 mm underneath the chip surface. The thermal 234
resistance (Ry, given in °C/W) was then obtained by dividing the 235
temperature difference (T; — T,) through the input power P that is 236
required to keep the copper block at the constant temperature T} = 237
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37.0 °C (eq I). Although the absolute value of Ry, is governed mainly
by the thermal conductivity of the buffer liquid, the positioning of the
heated sensor chip at the top of the flow-through cell guarantees that
there is no convection of liquid, which could possibly compromise the
results.

L-T
P )

2.4. Microgravimetric Measurements. Reference measurements
with the quartz-crystal microbalance were performed on a QCM-D E4
system manufactured by Q-SENSE (Gothenburg, Sweden) and data
were analyzed with QTools software. We employed UV-ozone treated
gold-coated quartz crystals with a nominal resonance frequency f, =
4.95 MHz and an active area size of 75 mm”. One crystal was left
blank, a second was activated with a self-assembled MUA-thiol linker
layer and blocked with BSA, and the third chip received the full
treatment with the linker layer, tethering of aptamers and finally
blocked with BSA as well. All these steps were carried out according to
the protocols given in Section 2.2. The measurement temperature
(liquid and chip are here at an identical temperature) was 37 °C and
we evaluated frequency shifts of the fundamental resonance frequency.
Because of instrumental constraints, the QCM-sensor chips were
mounted horizontally with the active coating facing upward toward the
liquid sample.

Ry =

3. RESULTS AND DISCUSSION

3.1. Thermal Monitoring of Aptamer Functionaliza-
tion. Prior to the actual protein-recognition experiment, we
studied whether the tethering of the aptamers to the thiol-
functionalized sensor chips would already bring about a
measurable increase of the heat-transfer resistance Ry. In
previous experiments with DNA sequences from exons of the
PAH gene, it was observed that ds-DNA with up to 123 base
pairs does not cause an Ry, increase; this length is slightly below
the persistence length of ds-DNA and the fragments are still
considered as being “mechanically quasi-stiff”. After denatura-
tion to single-stranded fragments consisting of 123 bases, a
clear Ry, jump was observed and explained on grounds of the
reduced persistence length of ss-DNA and curling up into Flory
spheres.”**¢

In the present work, the immobilization of the 80-bases
aptamer molecules was performed directly inside the HTM
flow-through cell illustrated in Figure 2. First, a baseline was
established by mounting a chip, comprising the thiol-linker
layer, inside the cell and filling it up with MES buffer. Then, a
solution containing MES buffer, aptamer molecules (0.1 #M),
and EDC (400 mM) was added. The temperature T, was kept
constant at 37.00 °C throughout the experiment. Figure 3
presents the measured Ry, values as bar charts normalized to a
baseline defined by the heat-transfer resistance before addition
of the aptamers and the EDC reagent. The baseline of 100%
corresponds to an absolute value Ry of 8.01 + 0.14 °C/W,
determined by the materials, dimensions, and interfaces present
along the heat-flow path between the two temperature sensors.
The height of each bar in Figure 3 was determined as an
averaged value over 1000 individual Ry data points, taken
during a period of 1000 s with a sampling rate of 1 point per
second. The width of the error bars is given by the standard
deviation of the data with respect to the mean value within each
of the five considered time intervals. Between 3000 s (50 min)
and 4000 s (67 min) after addition of the aptamer-EDC
mixture, there is no significant change anymore in R,
indicating that the reaction is completed. This duration of 60
min for an EDC-mediated linking reaction of amino-modified
nucleotides to COOH groups is similar to the earlier reported

1104 .
108 4 ( [ |
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100 -‘V a
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Figure 3. Relative increase of the heat-transfer resistance Ry, during
the EDC coupling of aptamers to the thiol-SAM linker layer. The
baseline of 100% (corresponding to an absolute Ry, = 8.0 + 0.14 °C/
W) was obtained during stabilization in MES buffer. A saturated
aptamer coating increases the relative Ry to 108 + 0.8%. Each bar
represents data averaged over a time interval of 1000 s.

optimal duration of approximately 2 h.>” This value of 2 h was
determined with a different monitoring technique (confocal
fluorescence microscopy) and on polycrystalline diamond films,
a chip material with a higher roughness than the gold layers
employed within this study. Therefore, the 60 min for optimal
EDC coupling found here are in line with the previous results
of ref.*®

The most important observation from Figure 3 is the fact
that an aptamer monolayer displays a measurable Ry,
contribution (increase by 0.64 °C/W or 7.9%). This is similar
to single-stranded DNA, even quantitatively regarding the
amplitude of the effect, and in contrast to double-stranded
DNA where no measurable Ry, increase occurs even for rather
high areal densities of more than 1 X 10" ds fragments per
em®*® Correspondingly, it seems reasonable to assume that

313

aptamers do have a mechanical flexibility regardless of 314

preferential folding such as indicated in Figure 1.

Next, one may assume that the adsorption of a BSA blocking
layer should result in a second increase in the absolute Ry
value: The adsorption process has to be performed at 4 °C in
the refrigerator, meaning that it is not possible to monitor the
BSA adsorption in real time because the HTM principle is only
applicable when a temperature gradient is present. Instead, we
performed a reference experiment with Ry, monitoring at room
temperature while the chip temperature was kept constant at T
= 37.0 °C. During the adsorption of BSA on a sensor chip
covered with only the MUA SAM (no aptamer functionaliza-
tion) we observed a minor Ry, increase by 0.1 + 0.05 °C. This
increase stayed persistent even after rinsing and the data are
given in the Supporting Information, Figure S2. This confirms
the strong adhesive properties of BSA while its impact on the
heat-transfer resistance is significantly less pronounced as
compared to the aptamer.

3.2. Thermal Monitoring of Protein Recognition and
Reference Testing. After depositing the BSA overcoating, the
sensor chip was installed again in the thermal-resistance setup
(Figure 2) and the Ry, measurement was started after filling the
flow-through cell with TGK buffer and allowing stabilizing for
30 min. This initial stabilizing guarantees that the system is in
thermal equilibrium. Then, Ara-hl spiked TGK buffer was
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339 injected manually with increasing concentrations from S to 50
340 nM. Each spiked TGK sample had a volume of 1 mL, exceeding
341 the inner volume of the flow-through cell 9 times. This way, we
342 ensured that liquid from the previous concentration under
343 study was fully removed from the flow-through cell and the
344 tubing. Figure 4A shows a stepwise increase in the heat-transfer
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Figure 4. (A) Absolute values of the heat-transfer resistance of the
device with an aptamer-functionalized sensor chip for various
concentrations of Ara h 1 in TGK buffer. The displayed data are
nonsmoothed, raw data. (B) Data of panel A as solid boxes on a
normalized scale with an allometric fit line according to eq 2. Error
bars were calculated over three individual measurements with freshly
prepared samples. The reference data given as open boxes were
obtained with an identically prepared sensor chip lacking the aptamer
functionality. Within error bars, there is no indication for a false-
positive response.

345 resistance for each next-higher concentration while the waiting
346 time before adding the next-higher concentration was chosen
34720 to 30 min. Immediately after injection of the next
348 concentration there is a temporary overshooting of the Ry
349 signal: This is an artifact due to the fact that the injected fluid is
350 at room temperature, taking approximately S min to achieve
351 again thermal-equilibrium conditions. Therefore, data obtained
352 during the first S min for a given concentration are discarded.
353 Figure 4B displays the concentration dependence of the
354 normalized increase, reaching roughly 9% for SO nM of Ara h
35s 1 in TGK. The width of the error bars represents the standard
356 deviation on three separate measurements with the averaged
357 value for a given concentration, ignoring data taken during the

first S min after injection. For reference purposes, Figure 4B 358
comprises also the normalized Ry, data for the same Ara h 1 359
concentrations, but measured with a sensor chip without the 360
aptamer functionality. All other chip features and handling, 361
including the MUA-thiol SAM and the BSA overcoating, are 362
identical. Regardless of the Ara-h 1 exposure, the Ry, values 363
measured with this reference chip remain constant within the 364
error bars and only for the highest concentration (S0 nM) one 365
might infer a slight and nonspecific Ry, increase to 101 + 0.8%. 366

At this point it is verified that (i) the protein recognition by 367
aptamers enhances the interfacial heat-transfer resistance, (ii) 368
that the dose—response curve can give a quantitative 369
information on the protein concentration, and (iii) that the 370
BSA overcoating has protein-repellant properties. The obser- 371
vation (iii) is evident and expected from daily laboratory 372
practice while (i) and (ii) are novelties and can thus be utilized 373
as a new technique for label-free protein detection. 374

From Figure 4B we can now derive an estimate for the limit 375
of detection LOD; the fit curve follows an allometric formula 376
given by eq 2 377

y= ax’ (2) 37
Here, x is the Ara h 1 concentration in nanoMolar units and y is 379
the sensor response in % with 100% corresponding to the 380
baseline. The parameters of the fit curve are a = 99.1%, b = 381
0.024 with a coefficient of determination R* = 0.92. The 352
allometric fit describes the saturation effect occurring at high 383
target molecules concentration and has been used before in ref 384
21 and 23. 385

The standard deviation of the signal at the lowest 3s6
concentration (baseline) is 0.5%. Defining the LOD as the 387
concentration where the signal amplitude corresponds to the 3- 383
fold standard deviation we estimate an LOD of 3 nM. The limit 389
of quantification, corresponding to five times the standard 39
deviation, is accordingly found at an Ara h 1 concentration of 4 391
nM. This agrees very well with the previously obtained value for 392
aptamer-based Ara h 1 detectlon using impedance spectroscopy 393
as readout technlque For comparison, impedimetric protein 394
sensors employing natural antibodies can still reach lower 395
detection limits (<1 nM), but antibodies are not really 396
competltlve with aptamers regarding their price, shelf life, and 397
reusability.>” 398

3.3. Ara h 1 Detection in Peanut-Butter Extract. First, a 399
baseline was established in TGK buffer after which the peanut 400
extract (50 mg of peanut butter in 200 mL of TGK, see Section 401
2.2) was added and subsequently the extract that was 402
additionally spiked with 100 nM of Ara h 1. The results are 403
shown in Figure § as bar charts for exposure times 30 min each, 404 £5
discarding data collected during the first S min after injection. 4os
Upon exposing the functionalized sensor chip to the nonspiked 406
peanut extract, a first increase by 2 + 0.8% was observed. By 407
using the dose—response characteristics in buffer solutions 408
according to eq 2, this would correspond to an Ara h 1 409
concentration of ~3—35 nM, thus below the maximum of 40 nM 410
estimated from the protein content of the peanut butter. We 411
point out that according to prior literature the Ara h 1 content 412
decreases with increasing roasting time as compared to raw 413
peanuts.”* When the spiked solution (100 nM of Ara h 1) was 414
introduced, the Ry value went further up to 111 =+ 0.7%. 415
Assuming that the analytical form of the dose—response curve 416
(eq 2) stays valid beyond the maximum concentration used for 417
calibration, the increase to 111.3% would correspond to an Ara 418
h 1 concentration of 126 nM. This is in good agreement with 419
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Figure S. Measuring Ara h 1 in a peanut butter enriched matrix: The
baseline was obtained in pure TGK buffer and the sample obtained
from dissolved and filtrated peanut butter displays a measurable Ry,
increase by +2.2%. The sample spiked with 100 nM of Ara h 1 (the
total Ara-hl contents slightly exceeds 100 nM) shows a substantial Ry,
increase by almost 12% as compared to baseline level.

the value of 100 nM from spiking plus native Ara h 1 present in
the peanut butter.

This is a first proof-of-application showing that screening of
allergens can also be performed in liquefied and filtrated food
samples. Furthermore, the magnitude of the Ry increase is
surprisingly high comparing the size of the molecules that are
bound to the solid-to-liquid interface to the overall macroscopic
dimensions of the heat-flow path.

3.4. Comparative Study with Quartz-Crystal Micro-
balance QCM. Because the HTM-based results for protein
detection are the first of their kind, additional control
experiments were performed with the QCM, a well-established
bioanalytical technique. For these experiments, we employed
three Au-coated, standard QCM crystals: The first crystal was
used as delivered with a nonmodified gold surface, the second
crystal was functionalized with a SAM-layer of MUA thiols and
subsequently treated with a BSA blocking layer. The third
crystal was functionalized with the SAM, followed by EDC
linking of the aptamers, and finally overcoated with a BSA layer.
All surface modifications were carried out according to the
protocols given in Section 2.2 for the preparation of the HTM
sensor chips. These references were used to verify the efficacy
of the sensor coating independently and to check for matrix-
related viscosity effects due to the presence of peanut butter.
Furthermore, there is a relevant difference with HTM because
the functionalized quartz-crystals have to be mounted
horizontally in the QCM device with the functionalized surface
pointing upward. Therefore, the QCM data can in principle be
affected by sedimentation of microparticles or heavier
molecules. The experiment was conducted according to the
same procedure as for the HTM experiments described in
Section 3.3: First, the signal was stabilized in TGK buffer;
thereafter, the nonspiked peanut extract was added; and finally,
the three different QCM chips were exposed to the peanut
extract spiked with 100 nM Ara h 1. The QCM-response of the
three differently prepared quartz crystals to these three different
solutions is summarized in Figure 6.

The addition of the peanut extract or the extract spiked with
Ara h 1 did not result in a significant frequency shift when the

. Au
30 —{ [l SAM + BSA —
Il SAM + Aptamer + BSA

_Af (H2)

Peanut extract +
100 nM Ara h 1

TGK buffer Peanut extract

Figure 6. Shift of the resonance frequency Af of the quartz crystals up
exposure to pure TGK buffer (baseline), to the nonspike peanut
extract, and to peanut extract spiked with 100 nM Ara h 1. The black
bars correspond to nontreated quartz crystals with gold coating, the
red bar represent crystals coated with the MUA, SAM, and BSA, and
the blue bars represent samples with MUA, SAM, aptamer
functionalization, and the BSA blocking layer.

Au-coated QCM crystal was left nonfunctionalized. For the 4s9
spiked sample we see a shift of 2 + 1 Hz, which is not there in 460
case of the nonspiked extract. From this we can at least 461
conclude that the measurements are not affected by the slightly 462
enhanced viscosity of the extract as compared to pure TGK 463
buffer. In case that the QCM crystals were treated with a SAM 464
layer blocked with BSA, the crystal became more hydrophilic 465
and was more prone to nonspecific absorption. With only the 466
peanut extract the increase was insignificant, but when spiked 467
with 100 nM Ara h 1, a decrease by 15 + 1 Hz was measured. 468
This was, however, still significantly lower compared to the fully 469
aptamer-functionalized crystal: In that case, with the extract, 470
already a significant decrease by 6 + 1 Hz was observed ,and 471
with the spiked extract, this resulted in a frequency drop by 30 472
+ 1 Hz. By taking the difference between the reference 473
experiment (crystal with SAM and BSA, only nonspecific 474
adsorption) and the sample functionalized with aptamer 475
(nonspecific adsorption and specific recognition together), 476
the signal attributed to specific binding of Ara h 1 corresponds 477
to 15 Hz. Here, we refer to the data obtained with the spiked 478
extract and we not that the observed frequency shifts remained 479
stable even after rinsing with TGK buffer. 480

If we assume that the Sauerbrey equation is valid, this 4s1
frequency response equals a mass addition of roughly 204 ng or 4s2
6.2 X 10" specifically bound Ara h 1 molecules. Due to the 4s3
high spiked Ara h 1 concentration we can furthermore assume 484
that each of the tethered aptamer molecules captures one Ara h 485
1 protein. In combination with the active surface area of the 486
QCM-sensor chips of 75 mm? we can deduce an areal density 4s7
of approximately 8 X 10" bound aptamers per square 4ss
centimeter. This is in the same order as the earlier determined 489
surface density of double-stranded DNA fragments tethered to 490
synthetic diamond layers with the fatty-acid & EDC coupling 491
technique, bein§ widely analogous with the protocol described 492
in Section 2.2.2%3% Furthermore, we can give a rough estimate 493
for the Flory radius rz of an aptamer based on eq 3 when 494
ignoring for simplicity its self-folding properties™ 495
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The persistence length of single-stranded DNA is [, = 1.5 nm
and the fragment length is L = 28 nm for 85 bases. This results
in a Flory radius rz ~ 3.7 nm or 2.3 X 102 aptamers per cm?,
being approximately three times more than our indirect
evaluation based on the QCM results.

The data illustrate that also QCM allows detecting Ara h 1 in
a spiked but complex matrix. The QCM responds also to the
nonspiked peanut extract; however the signal does not exceed
the LOD defined by the 3-fold noise level and is partially due to
nonspecific adsorption effects. The adsorption effect is
noticeable in the spiked as well as the nonspiked peanut
extract, which can be attributed to the horizontal configuration
with the QCM chip underneath the fluid under study.

4. CONCLUSIONS

The heat-transfer method (HTM) monitors the properties at
the solid—liquid interface and has been used in the past for the
detection of cells, small organic molecules, and phase transition
in lipids. We have shown for the first time the possibility to
determine also protein concentrations with this technique. This
was demonstrated by employing an aptamer-based receptor
system for the peanut protein Ara h 1. First, the
functionalization procedure was followed in situ, confirming
the presence of the aptamer on the gold surface, which had
been preactivated with a MUA-thiol linker layer. Then, proof-
of-principle measurements were performed with Ara h 1 in
buffer solutions. A dose—response curve was constructed up to
Ara h 1 concentrations of 50 nM and the detection limit was in
the order of ~3 nM, comparable to optimized values obtained
by impedance spectroscopy. As a first proof-of-application,
peanut extract and peanut extract spiked with Ara h 1 were
studied, demonstrating the possibility to screen for trace
allergens in liquefied and filtered food matrices. A distinguish-
able signal was already obtained with nonspiked peanut extract,
in which 50 mg of peanut butter was dissolved in a 20.000
times higher volume of TGK buffer.

To verify these results independently, we conducted
additional experimentswith the quartz-crystal microbalance
QCM: Also, this microgravimetric technique is capable of
detecting Ara h 1 in a food matrix using aptamer receptors;
however, it is considerably harder to integrate QCM in a
minijaturized, portable, and cost-eflicient device. Nevertheless,
the QCM experiments provided a very reasonable and realistic
estimate for the areal density of aptamer receptors on gold
surfaces in the order of 8 X 10" molecules per square
centimeter. We point out that HTM requires especially little
instrumental equipment while it can detect proteins specifically
and label-free even in complex matrices. The combination of a
blocking layer with an upside-down positioning of the sensor
chip allowed to suppress nonspecific adsorption to the widest
possible extend. Moreover, the aptamers stayed at any time in
their intrinsic conformation without necessitating the use of
neutralizing oligomers, which are displaced upon binding of the
target proteins. We assume that the described methodology
offers a new approach for the quantitative detection of proteins
including allergens and applications can be seen in biomedical
and clinical research as well as in food-safety screening.

B ASSOCIATED CONTENT

© Supporting Information

Design with the exact dimensions of the heat-transfer resistance
set up is provided and the effect on the thermal resistance when
a BSA overcoating is applied onto the sample in order to
minimize nonspecific binding. Additional graphs that are
referred to in the text. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
10.1021/acsami.5Sb00994.
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