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3D Printed Bioelectronic Microwells

Vassiliki Katseli, Michailia Angelopoulou, and Christos Kokkinos*

The in-house and on-demand fabrication of electrochemical integrated
biosensors is a great challenge, especially in the field of modern point-of-

care diagnostics. 3D printing technology allows the production of specialized
electronic devices adapted to the required conditions, and 3D printed
thermoplastic electrodes have shown hopeful achievements mainly in
enzymatic bioassays. This work describes a novel configuration of integrated
all-3D-printed electrochemical microtitration wells (e-wells) for direct quantum
dot-based (QDs) and enzymatic bioassays. The e-wells enable the in situ
development of complete bioassays, that is, from sample addition to biomarker
detection, without the need for external equipment other than a micropipette
and a detector. The bioanalytical capability of the 3D e-wells is demonstrated
through the voltammetric bioassay of C-reactive protein employing biotinylated
reporter antibody and streptavidin-conjugated CdSe/ZnS QDs. In addition, in
order to extend their scope to enzymatic biosensing, e-wells are applied to the
amperometric determination of hydrogen peroxide by-products, demonstrating

limitations hinder the innovation and
high-throughput in automatic and in-
house production of cheap and disposable
(bio)sensors, which the modern Industrial
Revolution 4.0 requires.

On the other hand, 3D printing tech-
nologies can accomplish the fabrica-
tion of smart electrochemical diagnostic
devices addressing the limitations of
conventional approaches.®71274  Fysed
deposition modeling (FDM) is a simple
3D printing approach, which is based
on the CAD design of the sensor and its
printing from thermoplastic filaments.
When the filament is inserted into the 3D
printer, it is heated to a semi-molten state
and extruded on a platform and through
its solidification, the programmed sensor

their universal applicability in electrochemical bioassays.

1. Introduction

In current medical diagnostics, sensors have made the detec-
tion of specific biomarkers, such as proteins and oligonu-
cleotides, feasible, providing information on diagnosis and
treatment. The ideal sensor for healthcare institutions should
be fabricated on-demand at the point-of-care and needs to be
economically viable. In the quest for ideal biodevices, many
research efforts are being conducted and the electrochemical
biosensors seem to be the most promising candidates for rapid,
simple, reliable, and inexpensive bioassays.™ Additionally, the
research field of electrochemical sensors is rapidly evolving via
the ongoing application of cutting-edge technologies.*”l As
the biosensors are crucial to producing bio-information, their
manufacture is correspondingly important. The fabrication of
electrochemical (bio)sensors is typically carried out through
conventional techniques, such as screen-printing and photo-
lithography, which are laborious, multistep processes and require
expensive reagents and specific masks. Besides, they are based
on human experienced manipulation and accuracy.® These
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is formed.> This digital fabrication
process offers multiple advantages, such
as desktop-sized apparatus, design flex-
ibility, and transferability though e-mail
(“e-mailed” sensors), fast prototyping, effortlessness of opera-
tion by non-trained handlers, while it produces negligible non-
toxic waste. In addition, FDM enables the single-step fabrication
of multimaterial sensors using filaments with different proper-
ties (e.g., conductive and non-conductive) via multiple extruder
3D printers.?231 Therefore, this revolutionary technology
allows the on-demand fabrication of integrated sensors, which
can be produced within a medical setting, thus meeting the
core request for specialized biosensors at the point-of-care.
Nevertheless, only a few reports have appeared in the litera-
ture applying 3D printed thermoplastic bioelectrodes produced
by FDM to the analysis of biomarkers. More specifically, mainly
enzymatic biosensors have been produced by immobilization
of enzymes on the surface of 3D printed electrodes for the
determination of glucose, amino acid enantiomers, hydrogen
peroxide, and catechol, while a 3D printed immunoelectrode
has been developed for the label-free detection of a nucleopro-
tein.[?*281 In all these applications, single 3D printed electrodes
are used, and the electrochemical measurements are carried
out in “large-volume” electrochemical cells, equipped with
external reference (RE) and counter electrodes (CE). Parallel to
enzymatic bioassays, the coupling of electrochemical sensors
with nanoparticles labels, such as quantum dots (QDs), has
been demonstrated as a more attractive route for highly sen-
sitive, stable, and selective bioassays.*>?%3%1 QDs serve as bio-
barcodes and signal amplifiers, which are detected by anodic
stripping voltammetry (ASV) after their acidic dissolution. The
notable sensitivity of ASV-QDs bioassays is achieved by the
duplex signal amplification deriving from the synergy of vol-
tammetric preconcentration and the large quantity of metallic
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Figure 1. A) 3D printing fabrication procedure of e-well and its dimension in cm. The conductive filament is PLA loaded with carbon black (CB-PLA).
B) Photograph of the 3D printed e-wells. C) Schematic illustration of the immunoassay for the QD-based voltametric determination of CRP and for

H,0, amperometric assay in 3D e-wells.

cations liberated from QD labels. Despite its great advantages
for biosensing, the bioanalytical chemistry arena of 3D printed
devices using QDs labels and ASV detection is still unexplored,
since no report is published in the pertinent literature.

In this context, we present a new configuration of inte-
grated all-3D-printed electrochemical microtitration wells
(e-wells) for micro-volume bioassays (Figure 1). The 3D e-wells
are fabricated via a single-step printing procedure using a dual
extruder 3D printer and are composed of a miniature well
(printed from a polylactic acid (PLA) filament) and of three
electrodes printed from a carbon-loaded PLA conductive fila-
ment integrated on the three sides of each well (Figure 1A,B).
The bioanalytical capability of the 3D e-wells to QD-based bio-
assays is demonstrated through the determination C-reactive
protein (CRP) in artificial blood, as this protein is a critical
diagnostic biomarker for inflammation, infection, and car-
diovascular disease.’'331 A sandwich-type immunoassay is
conducted in the 3D e-well using biotinylated CRP reporter
antibody labeled with streptavidin (STV)-conjugated Cd-based
QDs. The quantification of the target protein is performed at
the 3D e-well after the acidic dissolution of the QDs and ASV
determination of the Cd(II) released (Figure 1C). In order to
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enhance the sensitivity, a bismuth film is deposited on the
working electrode (WE) of e-well via an in situ electroplating
process. Additionally, as the e-wells are not intended only
for QDs-ASV bioassays, their analytical capability is further
extended to the amperometric detection of H,0, (Figure 1C).
Hydrogen peroxide is the by-product of numerous enzymatic
reactions and its measurement is used for the determination
of significant biomarkers, such as glucose, lactate, cholesterol,
and others.[?%34 In the case of H,0, determination, the e-wells
are used as-printed, without any modification with nanoparti-
cles or enzymes.

2. Results and Discussion

2.1. Fabrication and Operational Features of the 3D Printed e-Well

The motivation for the application of FDM printing approach
to the production of e-wells is the provision of fabrication sim-
plicity, rapidity, portability, reduction of the manufacture cost
and the potential for miniaturization, integration, and array-
production. The 3D e-well has the specific mini shape in order

© 2021 Wiley-VCH GmbH
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to be adjustable to the necessities of common microtitration
well-based bioassays, which usually involve working volumes of
about 100 pL. Additionally, the 3D e-well can be designed and
printed in arrays of eight or more e-wells. The presented 3D
e-well qualifies as lab-on-a-well, since it fulfills the requirement
to conduct whole bioassay from sample addition to biomarker
detection, without the demand for extra equipment other than
a portable potentiostat. Hence, in contrast to common micro-
titration-based bioassays, the requirement for the transfer of
the sample from microwells to separate “large-volume” elec-
trochemical cells is avoided and, thus, the bioassay workflow is
simplified and the sample dilution is minimized.

Since commercial available STV-conjugated CdSe/ZnS QDs
are preferred as biotags in numerous electrochemical bioas-
says, the parameters which affect the 3D e-well sensitivity
toward the voltametric determination of Cd(II) was initially
studied, as Cd(II) released after the acidic dissolution of QDs.
Due to the low ASV determination sensitivity of heavy metals
at bare carbon-based electrodes, the WE of 3D e-wells was sub-
jected to modification with bismuth and antimony films.3¢l
For this purpose, an in situ electroplating protocol was fol-
lowed, in which Bi(III) or Sb(III) were added directly into the
sample solution and the respective film was deposited on the
surface of WE during the preconcentration step and simultane-
ously with the deposition of Cd on it. As depicted in Figure 2A,
the comparative voltammograms obtained at the bare carbon-
loaded PLA WE and at Bi- and Sb-film carbon-loaded

PLA WEs, reveal that the ASV sensitivity of Cd(II) detection at
the Bi-film electrode is about 5 and 2.5 times higher than at 3D
bare carbon-loaded PLA and 3D Sb-film electrodes, respectively.
Thus, bismuth was selected as optimum material for the gen-
eration of the metallic film on the surface of the 3D printed WE
of e-well. The added Bi(IIl) concentration used for producing
the Bi-film is a key parameter, which affects the electrochem-
ical performance of the e-well toward Cd response. As shown
in Figure 2B, in the absence of Bi(III) a small peak of Cd(II)
was obtained, suggesting the slightly poor preconcentration of
Cd on the bare carbon-loaded PLA. With the presence of Bi(III)
in the working solution, higher Cd peaks appeared, and as the
Bi(IIl) concentration increases, the Cd peak heights became
larger. Bismuth films generated by electrodeposition of 0.2 and
0.5 mg L™ Bi(IlI) presented the higher peak currents of Cd, and
for the rest of the experiments 0.2 mg L™ Bi(III) was selected,
since this concentration offered satisfactory sensitivity in con-
junction with lower consumption of the bismuth reagent.

The filament used for the printing of the WE is another crit-
ical parameter affecting the electrochemical determination sen-
sitivity. Two different carbon-loaded conductive filaments (PLA
and acrylonitrile butadiene styrene (ABS)) were tested, in terms
of the square wave ASV (SWASV) peak heights of Cd and of
the amperometric responses of H,0,. As depicted in Figure 2
(panels C, D) the carbon-loaded PLA filament presented higher
stripping peak of Cd with lower background characteristics
and significant higher amperometric responses of H,0,. Thus,
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Figure 2. A) Comparative SW voltammograms of 30 ug L™ Cd(Il) at 3D printed e-wells with: i) Bi-film modified carbon-loaded PLA WE (electrodeposi-
tion with 0.2 mg L™ Bi(lll)), i) Sb-film carbon-loaded PLA WE (electrodeposition with 0.2 mg L™ Sb(ll1)), and iii) as-printed carbon-loaded PLA WE.
B) Effect of the Bi(lll) plating concentration on the striping peak height of 30 g L™ Cd(l1). C) SWASV responses of 30 ug L™ Cd(l1) at 3D printed e-wells
using carbon-loaded WEs printed by: i) PLA (black line) and ii) ABS (gray line). The surface of each WE was covered with a Bi-film in situ formed by
electrodeposition with 0.2 mg L™ Bi(lll). For (A-C) the supporting electrolyte was HNO; 0.01 mol L™ and the preconcentration step was for 240 s at
—1.4V. D) Amperometric responses of successive additions of 4.5 mmol H,0, in PBS 0.1 mol L™" (pH 7.0) at as-printed e-wells using carbon-loaded

WEs from: i) ABS (gray line) and ii) PLA (black line).
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carbon-loaded PLA filament was selected for the printing of
the WE, as well as for the printing of the CE and RE for rea-
sons of manufacturing simplicity and speed. The differences in
electroanalytic characteristics between carbon-loaded PLA and
ABS filaments can be attributed to their different amount of
the carbon-black content, which affects their resistivity (15 and
0.1 Q-cm resistivity for carbon-loaded filaments of PLA and
ABS, respectively).

The 3D printed PLA WE modified with Bi-film was charac-
terized by optical microscopy. An optical micrograph is illus-
trated in Figure 3A, which shows the surface morphology of
bare carbon-loaded PLA WE and after electrodeposition with
0.2 mg L7! Bi(IIl) at 1.4 V for 240 s and suggests that almost
complete coverage of the surface with Bi was succeed. Calibra-
tion for Cd(II) using ASV and Bi-film 3D e-well was conducted
in the concentration range 10-90 pg L' (steps of 10 ug L) and
the respective SWASV voltammograms and the calibration plot
are presented in Figure 3B. The e-well exhibited linear concen-
tration dependence in the examined concentration range for
Cd(IT) with a correlation coefficient (r?) of 0.997 The limit of
detection (LOD) (calculated using the equation LOD = 3sy/a,
where sy is the standard deviation of the y residual of the cali-
bration plot and a the slope of the linear calibration curve) was
0.22 pg L. These results demonstrate the suitability of 3D
e-wells for the ASV determination of cadmium and by exten-
sion in bioassays employing Cd-based QDs labeling.

On the other hand, in order to examine the suitability of
e-well to H,0, determination, linear sweep (LS) was conducted
in 0.1 mol L™! PBS (pH = 70) in as-printed 3D e-wells. LS vol-
tammograms in absence and presence of H,0, are presented
in Figure 3C. In the absence of H,0, the reduction of hydroxo-
nium anions of electrolyte started at about —1.0 V, while in the
presence of 2.5 mmol L™ H,0, the electro-reduction of H,0,
started at about —0.7 V, confirming the ability of e-well toward
H,0, amperometric determination.

Another significant operational feature of the e-well is both
the potential stability and the within-electrode potential repro-
ducibility of the integrated 3D printed carbon pseudo-RE.
The potential stability of the 3D printed RE was tested for 20
repetitive measurements, while the within-RE potential repro-
ducibility was evaluated by comparing the results obtained by
6 different 3D printed REs. All comparative measurements
were carried out in a solution containing 40 pg L' Cd(II)
in 0.01 mol L™ HNO; with 0.2 mg L™! Bi(IIl). The potential,
where the Cd peak appears, remained statistically constant
during the 20 repetitive measurements, while the % relative
standard deviation (% RSD) of the peak potential of Cd(II) at
the 6 different 3D printed REs was 3.2%, indicating satisfac-
tory potential stability and reproducibility.

2.2. Optimization of QD-Based Bioassay and of Hydrogen
Peroxide Assay in 3D Printed e-Well

The determination of CRP was performed via a sandwich con-
figuration, involving overnight physisorption of polyclonal anti-
CRP antibody in the 3D e-wells, blocking for 1 h, addition of
a 1:1 mixture of CRP with biotinylated anti-CRP antibody and
incubation for 45 min, and then, reaction with STV-conjugated
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Figure 3. A) Optical micrograph of the 3D printed WE surface before
(left) and after (right) electrodeposition of 0.2 mg L™ Bi(lll) at —1.4 V for
240 s. B) SW voltammograms for increasing concentrations of Cd(ll) in
the range 10-90 pg L™ (steps of 10 pug L) at 3D printed e-wells modified
with Bi-film and (inset graph) the respective calibration plot. The points
in the plot are the mean value + SD (n =3). C) LS voltammograms of the
3D e-wells in i) 0.1 mol L' PBS (pH = 7.0) (grey line) and ii) a solution
containing 2.5 mmol L™" H,0, (black line). Scan rate, 50 mV s™.

CdSe/ZnS QDs for 15 min. Next, 150 UL of a solution containing
HNO; 0.01 mol L' and 0.2 mg L' Bi(IlI) were added in each
e-well for the SWASV measurements (Figure 1C). Different
parameters of the immunoassay were evaluated. Initially, the
composition of the assay and washing buffers was investigated
testing 10 mmol L' PBS (pH 74), 50 mmol L~! PBS (pH 74),
Tris-HCl with pH 78, and pH 8.2 containing bovine serum
albumin (BSA) from 0.5 to 2% w/v. The higher sensitivity in

© 2021 Wiley-VCH GmbH
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Figure 4. A) Mean current values of CRP calibrators and non-specific signal at 3D e-wells using different blocking solutions. B) Mean current values of
CRP calibrators versus the concentration of the capture anti-CRP antibody. C) Mean current values of CRP calibrators with respect to the concentration
of the reported biotinylated anti-CRP antibody. D) Effect of the immunoreaction time on the net current values of 5 and 50 ng mL™' CRP. Each point

is mean value £SD (n =3).

conjunction with the lower non-specific binding was achieved
when 50 mmol L' PBS (pH 74) containing 1% w/v BSA was
used as assay and washing buffer. Next, the composition of
blocking solution was tested applying 1 and 2% w/v BSA in
0.1 mol L' NaHCOj3, 5 and 10% w/v skimmed cow milk in
50 mmol L7! PBS (pH 74). As shown in Figure 4A, 10% w/v
cow milk presented the lowest non-specific signal and high
responses of CRP and thus, it was chosen as blocking solu-
tion. Besides, the concentration of capture anti-CRP antibody in
50 mmol L carbonate buffer (pH 9.2) was tested in the range
from 0.5 to 5 g mL™, using four concentrations of 0, 1, 5, and
50 ng mL™' CRP, 2.5 ug mL™ biotinylated anti-CRP antibody,
and 5 nmol L' QDs. As indicated in Figure 4B, high signals
were achieved via coating with 2.5 and 5 pg mL™, whereas the
non-specific binding signal obtained from 2.5 pg mL™! was
lower than that of 5 ug mL™ and thus, 2.5 ug mL™ of capture
antibody was selected for the assay. Additionally, the concentra-
tion of the biotinylated antibody was studied in the range from
0.5 to 5 ug mL™, and 2.5 pg mL™ offered high signals with low
non-specific binding contribution (Figure 4C). The duration of
immunoreaction and reaction with the STV-conjugated QDs
was also studied. As shown in Figure 4D maximum responses
were reached after 45 min of immunoreaction, which were
almost equals to those after 60 min. Regarding the reaction with
STV-conjugated QDs, a 15 min reaction time provided satisfac-
tory signals, setting a total assay duration just of 1 h. Finally,
the effect of the preconcentration time (in the range 60-600 s)
and potential (in the range from —1.6 to —0.7 V) was examined
using a solution of 10 ng mL™ CRP. A preconcentration step at
—1.4 V for 240 s was chosen providing high sensitivity and short
measurement procedure.
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To improve the sensitivity of the as-printed e-wells to H,0,
determination, the pH of solution and the applied poten-
tial were studied in an amperometric mode. The effect of pH
values on the response of 6 mmol L™! H,0, was tested in pH
values ranging from 5.5 to 8.5. By increasing the pH value, the
amperometric response of H,0, increased and reached a max-
imum value at pH 70, which was chosen for the assay. Also,
the applied potential affects the efficiency of the e-well to H,0,
electroreduction and this effect was studied from —0.7 to —0.3 V.
The amperometric response of 6 mmol L H,0, increased
with increasing the negative potential values, and —0.7 V was
selected for H,0, measuring at as-printed e-well.

2.3. Analytical Evaluation of the 3D Printed e-Well

The LOD, the dynamic concentration range, the within-well,
and the between-well reproducibility were determined under
selected experimental parameters. Figure 5A shows SWASV
voltammograms obtained for different CRP concentrations
(0-50 ng mL7Y, from bottom to top). The peak current of
released Cd(II) of QDs labels was linearly related to the loga-
rithm of the concentration of CRP with > = 0.996. The LOD
was 0.06 ng mL and it considered as the concentration of CRP
corresponding to three times the standard deviation of the peak
current due to non-specific absorption. This LOD is comparable
or lower with that of other electrochemical CRP assays and it is
much lower than the minimal clinical level for the estimation
of myocardial infarction. Thus, this LOD offers a great practical
benefit, as it permits extensive sample dilution minimizing
the intense matrix effects of clinical samples.’'-33 Figure 5B
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Figure 5. A) SW voltammograms for 0.0, 0.5, 1.0, 2.5, 5.0, 10.0, 25.0,
and 50.0 ng mL™" CRP and the respective calibration curve plotted on
a semilog scale. Each point in the calibration plot represents the mean
value = SD (n =3) after subtraction of the mean signal corresponding to
non-specific absorption. B) Amperometric responses and the calibration
plot for H,0, in the concentration range 1.5-13.5 mmol L™\. The points in
the calibration plot are the mean value £ SD (n =3).

illustrates the amperometric responses for successive additions
of H,0, in 3D e-well and the respective calibration plot (> =
0.999) in the concentration range of 1.5-13.5 mmol L% In the
case of H,0, determination, the e-wells were used as-printed,
without any modification of WE with nanoparticles or enzyme
for enhanced sensitivity. Still, the linear range of H,0, determi-
nation at 3D e-wells compares well with that of other modified
electrochemical sensors.3—)

The between-well reproducibility expressed as % RSD using
8 different e-wells was lower than 10.7% over the whole calibra-
tion range for CRP analysis and lower than 6.4% for H,0,, and
the within-well reproducibility (determined as the % RSD of
10 repetitive measurements of a solution containing 40 pug L™
Cd(Il) or 6 mmol L' H,0, at the same e-well) was 4.2% and
3.4% respectively. These values show the satisfactory precision
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accomplished by the e-wells and justify their suitability for rou-
tine analysis.

The accuracy of the CRP QD-based immunoassay was fur-
ther evaluated through recovery experiments in blood samples.
For this purpose, artificial blood samples spiked with 5, 15, and
35 ng mL! CRP were analyzed. The CRP concentration in the
spiked blood samples was estimated through the calibration
curve of Figure 5A and the recovery values ranged from 95% to
103%, confirming the accuracy of the CRP e-well assay.

3. Conclusion

For the first time, all-3D-printed e-wells have been fabri-
cated for the direct development of bioassays. As a proof-
of-concept, the e-wells were biofunctionalized with specific
antibody and used for the sensing of CRP. For this goal, a
microliter sandwich-type immunoassay was developed into
the 3D e-wells employing Cd-based QDs as labels, while the
SWASYV determination of the released Cd(II) was carried out
at an electrodeposited Bi-film on the surface of integrated
WE of e-wells. Additionally, as-printed e-wells were applied to
the amperommetric determination of H,0,, which is the by-
product of several enzymatic assays. In contrast to common
microtitration well-based electrochemical bioassays and
to the existing single 3D-printed bioelectrodes, the neces-
sity for the transfer of the sample from microwells or of the
bioelectrode to separate electrochemical cells is avoided and,
thus, the assay workflow is simplified and the sample dilution
is eliminated. This work paves the way toward the in-house
production of cheap, integrated, specialized, and electrochem-
ical biodevices, covering the demand for sensitive clinical
analysis at the point-of-care.

4. Experimental Section

Chemicals and Apparatus: CRP (Human fluids, >99%) and goat
polyclonal anti-CRP were from Scripps Laboratories. Monoclonal
anti-CRP was from Medix Biochemica. BSA was from Sigma Aldrich. The
biotinylation of goat monoclonal anti-CRP was performed according to
the literature.®V STV-conjugated CdSe/ZnS QDs (1 umol L™") were from
Life Technologies. Aqueous stock Cd(Il), Bi(lll), Sb(lll) solutions were
prepared from 1000 mg L™ atomic absorption standard solutions. All
the other chemicals were from Merck. The artificial blood was composed
of NaCl 116 mmol L™, CaCl, 1.8 mmol L, KCl 5.4 mmol L', MgCl,
0.5 mmol L7', NaHCO; 26 mmol L, Na,HPO, 0.9 mmol L™, and
NaH,PO, 0.2 mmol L™.140

An optical microscope (Karl Suss PA200, SUSS Microtec) was used
for the imaging of the surface of the 3D printed WE. Electrochemical
experiments were conducted with a PGSTAT101 potentiostat (Metrohm
Autolab) operated by NOVA 1.8 software (Metrohm Autolab).

Printing of the 3D e-Wells: The e-wells were designed with Tinkercad
software and printed by a dual extruder 3D printer (Creator Pro from
Flashforge). The non-conductive filament was transparent PLA from
3DEdge and the conductive filaments were carbon-loaded with PLA
and carbon-loaded with ABS obtained from Proto-Pasta and 3DEdge,
respectively. The printing conditions were set to 60 °C for the platform,
200 and 220 °C for the head dispensers for PLA and ABS, respectively.
The integrated electrodes of the e-well protrude sufficiently from the
top of the well for easy connection of the 3D-printed electrodes to the
potentiostat via crocodile clips.
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Procedures: The construction of the calibration plot of Cd(ll) was
conducted in the same 3D e-well by adding 100 uL of a solution
containing HNO; 0.01 mol L™ and 0.2 mg L' Bi(lll), followed by
nine successive additions of 1 uL of 1 mg L™ Cd(ll), under shaking.
The preconcertation step was at —1.4 V for 240 s. In the case of H,0,
assay the calibration plot was also constructed in the same e-well by
nine successive additions of 1 uL of 150 mmol L™' H,0, in 100 uL PBS
0.1 mol L7' (pH 7.0). The applied potential was —0.7 V. All potentials
were reported with respect to the 3D printed carbon-PLA reference
electrode.

For the CRP immunoassay, 150 uL per e-well of a 2.5 ug mL™" goat
polyclonal anti-CRP antibody solution in 50 mmol L™ carbonate buffer
(pH 9.2) were coated in 3D e-wells overnight. Next, the e-wells were
rinsed twice with 300 pL of 50 mmol L™ PBS (pH 7.4) containing
1% w/v BSA (washing buffer), and blocked with 300 uL of 10% v/v
skimmed cow milk in 50 mmol L' PBS (pH 7.4) for 1 h. Then, the
e-wells were washed twice as previously. For the assay, 150 uL of a
1:1 mixture containing CRP calibrators and 2.5 pug mL™" biotinylated
monoclonal anti-CRP antibody were added in the 3D e-wells and
incubated for 45 min, under shaking. Then, the wells were washed four
times with 300 pL washing buffer and reacted with 150 uL of STV—
CdSe/ZnS QDs solution of 5 nmol L' QDs in PBS (50 mmol L7, pH
7.4, containing 1% w/v BSA) for 15 min. Then, the e-wells were washed
four times with washing buffer and dried. Finally, 150 uL of a solution
containing HNO3 0.01 mol L™ and 0.2 mg L' Bi(lll) were added in
each e-well and sonication was applied for 5 min to release Cd(ll) from
the core of QDs. Released Cd(ll) was preconcentrated on the surface
of Bi-film WE of 3D e-well at —1.4 V for 240 s, under shaking. Then,
the potential of the WE was scanned from 1.1 to —0.3 V in the SW
mode (frequency: 50 Hz; pulse height: 40 mV; step increment: 4 mV)
and the signal was recorded.
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