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Abstract

On-site screening of copper ions in body fluid plays a critical role in monitoring human health, especially in heavy pollution
areas. In this study, we have developed a hybrid 3D printed integrated microdevice for the determination of copper ions in
human body fluids. A fixed and low volume of sample was detected by using the integrated microdevice without any pre-
processing. The hybrid channel enables sample uniform mixing and quantitative dilution with buffer solution by inducing
the “horseshoe vortex” phenomenon. The electrolytic microcell based on the flow detection system shows a more effective
copper ion reaction ratio and, as a result, a better sensitivity. The simulation of the finite element method (FEM) determined
the relevant optimum parameters of the hybrid channel and the microcell. The design, fabrication, and detection procedure
of the integrated microdevice are here illustrated. The microdevice presented superior detection properties towards copper
ions. The calibration curves covered two linear ranges varying from 20 to 100 ppb and 100 to 400 ppb, respectively. The
limit of detection was estimated to be 15 ppb (S/N=3). The relative standard deviation of the peak current measurements
was 2.26%. The designed microdevice was further applied to detect copper ions in practical samples (calf serum sample and
synthetic human urine sample) using a standard addition method, and the average recovery was found to be 95-104%. The
performance of copper ion detection with the integrated microdevice was consistent with that of the inductively coupled
plasma mass spectrometry (ICP-MS) in the same practical samples, demonstrating significant practicality in the test of body
fluidics. The portable integrated microdevice is an excellent choice for on-site detection and has a promising prospect in the
point-of-care testing (POCT) applications.
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Introduction

While the advances in industrialization and technology have
provided convenience and benefits to human life in recent
decades, it concurrently entailed heavy metal pollution to the
ecosphere. Excessive heavy metals will accumulate through
the food chain and reach the human body eventually, posing
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a grave threat to humankind’s health [1-3]. Cu, for instance,
is an essential heavy metal element that acts as a cofactor of
numerous proteins and enzymes, and widely participates in
metabolic processes and vital movement [4]. Consequently,
the range of Cu ion concentrations is very strictly controlled.
Wilson’s disease, Menkes disease, heart and renal failure,
brain and kidney damage, liver damage, and even mortality
have all been linked to high copper levels in the human body
[5-8]. Copper ions in the blood are often found at concentra-
tions of 1 to 1.5 ppm [9]. Urination is the primary method
of excreting heavy metal and detoxifying when it surpasses
the usual concentration. Copper excretion in the urine is only
around 95 ppb in general, but it can reach 636 ppb in those
with Wilson’s disease [10]. As a result, the determination of
copper ions in body fluids (blood and urine) is a simple and
effective preliminary diagnostic test, which helps in assess-
ing one’s degree of heavy metal exposure as well as supports
follow-up therapy studies [11, 12].
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According to the World Health Organization, afford-
able and convenient device for heavy metal detection on-
site is still in major shortage, particularly in low-income
regions [13]. Traditional heavy metal analysis methods,
such as atomic absorption spectroscopy (AAS) and induc-
tively coupled plasma mass spectrometry (ICP-MS), need
bulky, costly analytical instruments and professional opera-
tional skills [14, 15]. Benefiting from the effective depo-
sition process and the advanced electrochemical measure-
ments, square wave anodic stripping voltammetry (SWASV)
becomes the most sensitive and powerful electroanalytical
tool for the trace-level determination of heavy metals [16,
17]. Conventional SWASY, on the other hand, suffers from
high reagent use, poor reproducibility, and instability [18,
19]. Microfluidics, also known as lab-on-a-chip (LOC), has
aroused people’s great interest, particularly during the dif-
ficult times of the COVID-19 pandemic, for its numerous
advantages, such as precise control and manipulation of
low-volume fluids, reduced reagent consumption, lowered
detection time, higher sensitivity and detection automa-
tion [20-24]. Integrated LOC devices, such as centrifugal
microfluidics devices, can incorporate many of the neces-
sary functionality of biochemistry and medical analysis
field into a tiny chip [25-27]. The flow detection system
with SWASYV based on microfluidics has been investigated
[28-30]. The flow detection system can ensure that the fresh
solution flows across the electrode surface, increasing the
accumulation efficiency. Furthermore, electrodes inserted in
the microdevice help prevent external damage or disturbance
[31]. However, a single “flow cell” still lacks necessary sam-
ple preprocessing steps like mixing and dilution, and extra
external corollary equipment like wastewater bottles will
add the complexity of the detection procedure. Hence, the
integration of microfluidics and flow detection system help-
fully tackles these shortcomings and is engaged as an ideal
development trend for the next generation of point-of-care
testing (POCT) systems [32, 33].

The finite element method (FEM) has become an indis-
pensable and trustworthy tool in practically all research and
application fields due to its low cost and great manufacturing
efficiency [34]. It supplies great help in analyzing, amend-
ing, optimizing, and evaluating designing processes [35, 36].
Three-dimensional (3D) printing, in contrast to expensive
microfluidic device manufacturing techniques such as soft
lithography and nanofabrication, simply requires low-cost
raw material and lax limits on professional skills, and ste-
reolithography is the most promising of these technologies
[37—40]. Therefore, we used 3D printing to manufacture our
proposed microdevice based on the simulation results.

In this paper, we report a single-use, portable hybrid 3D
printed integrated microdevice for detecting copper ions
in human body fluids (as shown in Fig. 1). The microde-
vice is consisted of two parts: an arc-shaped serpentine
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microchannel with multi dam structure designed for homo-
geneous sample/buffer mixing and dilution, an electrochemi-
cal microcell developed for efficient Cu** deposition and
stripping during SWASYV detection. In addition, both the
microchannel and the microcell parameters were optimized
and confirmed using the FEM software. The microdevice
integration involves the incorporation of external com-
mercial electrodes. The choice of working electrode plays
a crucial role in stripping analysis. The Au electrode is an
ideal candidate for Cu stripping because of its efficient
deposition, sensitive redox reaction of target ion, excellent
biocompatibility, and other features [41]. The integrated
microdevice was further demonstrated to detect copper ions
presented in standard solutions as well as practical samples.
The electrochemical detection results were consistent with
those obtained from ICP-MS. The integrated microdevice’s
superior analytical properties and straightforward detection
procedure make it a viable option in the POCT applications.

Materials and methods
Reagents and solutions

CH;COOH, CH;COONa-3H,0, and CH;CH,0OH were
obtained from Aladdin Company (Shanghai, China).
Cu(NOj;), was purchased from Xilong Chemical Co., Ltd.
(Guangzhou, China). The standard solution of Cu** was
prepared by dissolving and diluting Cu(NOs;),. Calf serum
samples were purchased from Maigen Technology Co., Ltd.
(Guangzhou, China). The synthetic urine samples were pur-
chased from Beijing Solarbio Science & Technology Co.,
Ltd. (Beijing, China). All samples were stored at—20 °C
until used. The commercial three electrodes were purchased
from Mecart Sensor Technology Co., Ltd. (Guangzhou,
China). The electrode’s precise dimensions were clearly
displayed (see ESM Fig. S1). The working electrode was
Au, and Pt and Ag/AgCl were used as counter electrode
and reference electrode, respectively. All the three electrodes
were prepared externally. Before the experiment, the three
electrodes were cleaned with acetone, absolute ethanol, and
deionized water sequentially, and then dried in a 60 °C oven
for 15 min. All aqueous solutions were prepared with deion-
ized water purified via a Millipore water purification system
(resistivity > 18.3 MQ cm) throughout the experiment, and
all the chemicals were of analytical grade, which can be used
without further purification.

Design and fabrication of the integrated
microdevice

As illustrated in Fig. 1d, the designed integrated microdevice
includes a multi-layer structure, a single-sided PET adhesive
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Fig. 1 a Schematic diagram of

the microdevice system, consist- (a)
ing of (1) the 3D printed micro-

device; (2) a peristaltic pump;

(3) an integrated electrode; (4)

an electrochemical workstation;

and (5) a computer. b The photo

of the microdevice system. 35

Step 1: Sample

¢ The enlarged photo of the E

microdevice. The dimensions
of the microdevice: 48 mm
length X45 mm width X3 mm ‘ 1
height. d The exploded view of ‘
the integrated microdevice. e
The detailed composition of 3D
printed channel layer

(b)

(@)

PET tape layer

3D printed channel (&
layer

Integrated electrode

tape layer, a 3D printed channel layer, and a piece of inte-
grated gold electrode. There are six parts in the 3D printed
channel layer, including inlet, buffer zone, hybrid channel,
U-shape channel, electrolytic microcell, and waste tank, see
Fig. le.

The channel layer was manufactured using the stereo-
lithography method. The microchannel structure was first
designed using SolidWorks software 2019 (Concord, MA,
USA) and then printed using the PolyJet 3D printing system
(UnionTech lite 600, UnionTech company). SOMOS Water-
Clean Ultra 10122 photosensitive resin was used as the raw
material of 3D printing from stereo lithography appearance
prototyping. The total fabrication cost was less than 2 US
dollars, which was cheaper than other microdevice fabrica-
tion method. The contact angle is an important characteri-
zation of the 3D printing materials. The contact angle was

Step 2: Buffer solution "
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measured by pipetting a 10-pL droplet of ultrapure water
on the fabricated microdevice. An image of the droplet was
taken from the side, and the contact angle was calculated
directly using the image processing software ImageJ (NIH,
USA). The contact angle was approximately 46°, which
proved good hydrophilicity of the fabricated microdevice
(see ESM Fig. S2).

After fabrication, the channel layer was cleaned with
deionized water and dried in a 40 °C oven for 30 min. The
top of the channel layer was then sealed using 3 M™ PET
851 J tape (3 M Company, USA) to prevent leaking. There
is an electrode groove that corresponds to the size of the
three electrodes on the bottom of the channel layer (see
ESM Fig. S3). During the assembly, the commercial three
electrodes were properly fitted into the groove, and any pos-
sible cracks were repaired with adhesive. After the whole
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assembly, diluted red ink was injected into the microcell to
check for leaks in the integrated microdevice. Due to the
delicate construction and relatively high transparency of the
device, a 3D digital microscope (3DM-02, Teelen Optical)
was used to monitor the flow inside real time during the
experiment.

Copper ion assay protocol using the integrated
microdevice

Figure 1a depicts the whole sample preprocessing and ana-
lyte detection protocol utilizing the integrated microdevice.
The inlet of integrated microdevice was connected with a
peristaltic pump (BT100-2 J, Longer Pump Instrument)
through an inner diameter of a 0.8-mm hose and the three
electrodes were linked with an electrochemical worksta-
tion via a USB plug. Deionized water was pumped into the
microdevice before each test to clean it, and then, a large
amount of air was pumped into it to dry it. The wastewater
was discharged through the waste tank outflow.

In each test, 50 pL of test standard solution was injected
into the inlet of the microdevice by using a pipette, followed
by 3 mL of 0.1 M acetate buffer solution (ABS, pH=35.5). A
preliminary mixing of the sample and buffer solution would
take place in the buffer zone. Meanwhile, the buffer zone can
help to mitigate the effects of the pump’s cyclical fluctua-
tion. The two distinct kinds of solutions were then mixed
and diluted uniformly in the hybrid channel. The mixing
time to flow through the hybrid channel was 20 s. After the
diluted sample was gradually delivered into the electrolytic
microcell and the whole microcell was filled, the integrated
electrode started to pre-deposit for 60 s. The three electrodes
conducted anodic stripping after a 10-s equilibration period,
and the current signal was transferred to the electrochemical
workstation through a USB. Finally, the wastewater flowed
into the waste tank. The U-shape channel prevented probable
liquid backflow throughout the detection procedure, and the
peristaltic pump powered the fluid flow and maintained a
constant flow velocity of 1.0 mL/min. The entire detecting
process took less than 2 min. All SWASV measurements
were performed using a CHI660C electrochemical worksta-
tion (CH Instruments, Chenhua Co., Shanghai, China) with
the deposition potential of — 1.2 V, the frequency of 40 Hz,
the amplitude of 30 mV, and the potential increment step
of 4 mV.

The presented integrated microdevice is single-use and
convenient. The waste tank inside the microdevice can col-
lect wastewater after an experiment, preventing the contami-
nation of biological materials in the external environment
and possible cross-infection. To save money on the follow-
ing test, wastewater was evacuated and the microdevice was
cleansed with deionized water in the real trial.
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Results and discussion

Simulation and characterization of the hybrid
channel

To evaluate the mixing impact of the hybrid channel in the
microdevice, the flow velocity pattern inside the hybrid
channel was numerically simulated using the commercial
FEM software COMSOL Multiphysics 5.3a (Burlington,
MA, USA). Assuming a condition of laminar incompress-
ible flow, the “Laminar Flow” module was used to model
the sample flow. The Navier—Stokes (N-S) equation (Eq. 1)
was employed here.

p<%+u-Vu> =—Vp+ uViu (1
where p denotes the fluid density, u represents the dynamic
viscosity, u is the flow velocity, and p denotes the pressure.
The physical properties of water were applied to the fluid
in the model (dynamic viscosity u=1x 107> Pa s, density
p=1000 kg/m?). Since the dam structure is periodically
arranged along the serpentine channel, only one unit of the
channel (consisting of three curves and two dam structures)
was simulated to decrease the computing burden. The dimen-
sion of the cross section of the inlet channel was 1.00 mm
width X 2.00 mm height, and the height of the dam structure
was 1.50 mm (see ESM Fig. S4). The boundary condition
velocity at the inlet side was set to be 0.010 m/s, while the
static pressure at the outlet side was set to be zero. Figure 2a
shows the 3D flow streamline profile, and Fig. 2b shows the
specific cross section as well as the velocity arrow field in
the plane (see Fig. 2¢). The maximum velocity (0.076 m/s)
was found in the narrow channel above the dam structure. As
shown in Fig. 2c, the vortexes were found at the right side
of the cross section of the curved channel, which was con-
sistent with previous research [28]. The reason for this phe-
nomenon is called the “horseshoe vortex™ effect, in which
a uniform flow passes through a narrow region and sudden
spatial or direction variation leads to squash and stretch of
fluid, which results in a dramatic vortex flow [42, 43]. Here,
the relation between the maximum velocity and inlet veloc-
ity/dam height was briefly studied (see ESM Table S1). The
dam height was found to have a more perceptible impact on
the maximum velocity and the “horseshoe vortex.” Actually,
there was no vortex when the dam height was 1.2 mm in our
simulation. Overall, the simulation consequence indicates
that the microchannel has a satisfactory mixing effect with
a diverse variety of solutions. In addition, to describe the
real mixing scenario, diluted red ink was used to replace the
sample, as shown in Fig. 2d. In comparison to the previously
published rectangular serpentine channel [44], the given arc-
shaped construction aids in the elimination of bubbles or
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Fig.2 Finite element simula- (a)
tion and practical test of the
designed hybrid channel. a The
3D flow streamlines profile

of one unit of the serpentine
microchannel. b The chosen
cross section. ¢ The detailed
velocity arrow in the plane. d
Picture of mixing effect in the
rectangle serpentine channel
and the arc-shaped serpentine
channel

“dead zones,” hence reducing reagent use and lowering the
possibility of detection interference.

Design and simulation of the electrolytic microcell

A single saddle-shaped microcell was designed to minimize
the dead volume and avoid any reagent residue (see ESM
Fig. S5). A model of the electrolytic microcell for the elec-
trochemical detection of copper ions was built and simulated
by using the FEM. Considering the fixed diameter of the
commercial three electrodes, a 2D simulation was selected to
simplify the calculation. Homoplastically, it was found that
2D simulation had greater accuracy than 3D simulation in
previous research [45]. This microcell model demonstrated
the impact of convection and diffusion on the transport-lim-
ited electrodeposition on the electrode surface. The micro-
cell was running at a high overpotential so the predeposition
rate was governed by the transport rate of the copper ion in
the electrolyte. A result of this operating condition was that
the electric potentials in the electrolyte and electrode need
not be modeled to determine the current distribution on the
electrode surface [46]. The microcell structure was com-
pleted in small geometries, so the liquid flow velocity was
on the level of several millimeters per second, generally low
Reynolds number. Consequently, as mentioned in the “Simu-
lation and characterization of the hybrid channel” section,
the N-S equation (as shown in Eq. 1) was employed. Because
the sample is required to be adequately diluted, the transport
of copper ions can be described using Fick’s second law:

ac

= DV?c—us Ve 2)

where D is the diffusion coefficient of species and c is the
concentration of species. Use the “Transport of Diluted Spe-
cies” module coupled to the flow velocity in the “Laminar
Flow” module to model the mass transport. The diffusion

Flow direction

(b)

|

] }a

coefficient of the copper ion transport was set to 5x 10710
m?/s by consulting previous literature [47]. Besides, the
fluxes of the copper ion in combination with Faraday’s law
can be used to calculate the local current density (i),.) on the
electrode surface:

iloc = nFNCu (3)

where #n is the number of electrons in the electrode reactions,
F is Faraday’s constant, and N, is the normal flux of copper
ions over the electrode surface.

A computational module with the working electrode
(WE) domain is depicted in Fig. 3a, with the leftmost end
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Fig.3 a The computational module of microcell with the working
electrode (WE) domain. b The velocity profiles (i), concentration
profiles (ii) in microcell, and the partial enlarged drawing (iii) on the
electrode surface. L means the thickness of diffusion layer. The depth
of the microcell is 1.0 mm, the initial velocity is 0.007 m/s, and the
initial concentration is 6 x 107 mol/L
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of the electrode serving as the origin of the coordinate axes.
Because the counter electrode and reference electrode have
little effect on the simulation, the model primarily focuses on
the working electrode. The velocity profile and concentra-
tion profile of the microcell module are described in Fig. 3b.
During the simulation, the fluid velocity at the inlet was
found to be identical with the previously reported simula-
tion [28], and the no-slip boundary condition was employed
at the walls. The partially enlarged drawing of the concen-
tration profile on the electrode surface and the distance of
the concentration varying from zero to bulk are shown in
Fig. 3b(iii).

The thinner diffusion layer and higher absolute deposition
current density can improve the ions’ efficient reaction on the
electrode surface. To evaluate the deposition efficiency of
copper ions in the microcell, the value of the diffusion layer
thickness and Faraday current density in different parameters
were compared. The significant influence factors (e.g., the
microcell depth and fluid velocity) were investigated. First,
the thickness of diffusion layer of various depths was studied
under the same flow velocity (0.010 m/s). When demon-
strated in Fig. 4a, the thickness exhibits a minor tendency
to become thin as the depth of the microcell decreases from
1.40 to 0.60 mm over an equivalent distance. Contrarily, the
effect of velocity was evaluated at the same height (1.0 mm).
When demonstrated in Fig. 4b, the thickness of the diffusion
layer decreases significantly (from 0.237 to 0.140 mm) as the
velocity increases (from 0.003 to 0.023 m/s). Similarly, with

the same initial condition, the Faraday current density rises
with either a decrease in microcell depth or the increase in
the fluid velocity, while there are large gaps between differ-
ent velocities in Fig. 4c and d. Consequently, the velocity
has a far greater impact on the thickness of diffusion layer
and Faraday current density than the microcell depth. Over-
all, the low microcell depth and the high flow velocity can
help improve the detection performance of microcell; nev-
ertheless, the microcell depth of 1.0 mm was chosen due to
the commercial practical manufacturing limitations.

Optimization of conditions for copper ion detection

The stripping voltammetric peak currents for standard solu-
tions of copper ion were recorded as the flow rate increased
from 0.7 to 1.3 mL/min by 0.1 mL/min each time. The con-
centration of the diluted test sample was 300 ppb, and the
SWASYV parameters were the same as in the “Copper ion
assay protocol using the integrated microdevice” section.
As shown in Fig. 5a, the stripping voltammetric peak cur-
rent was found to be increased with the increased flow rate
and maximum peak current was found with the flow rate of
1.0 mL/min (0.008 m/s). This tendency was found to remain
in our simulation in the “Design and simulation of elec-
trolytic microcell” section because the flow predeposition
allows fresh samples to replenish the consumption of copper
ions deposited on the electrode surface in time, which allevi-
ates the concentration polarization and improves the reaction
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layer thickness (a); Faraday cur- g sk D r g sk e
rent density (¢) resulting from = ;/-“’" = ,,;/'.’ ~ T !
FEM simulation respectively in T S5t //;‘;2’ Depth = S5t ',,’}" , g IR i
the velocity of 0.010 m/s. Rela- 2 sl Gy —0.6 mm .g sl Sty : : : : :
tionship between flow velocity s 7',/' — -0.8mm tad ',"/'// i i
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Fig.5 a Influence of the flow (a)
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efficiency on the electrode surface, whereas the peak current
was found to be decreased with the further increased flow
rate. Two reasons can be used to explain this phenomenon:
the first reason may be due to the overspeed flow which
washed off the unstable deposited copper on the electrode;
the second one is the development of vortices at the cor-
ner of upstream sides when the flow rate was over-quick in
simulation, disrupting the ion deposition near the corner (see
ESM Fig. S6). Thus, each structure with different parameters
has its optimal flow rate. For further research on the micro-
device, a flow rate of 1.0 mL/min was adopted.

For comparison, the following studies were carried out
using two alternative preconcentration procedures. The first
method was using a conventional system by stirring 20 mL
of sample in a beaker, and the second one was to drive the
sample through the electrolytic microcell at the chosen flow
rate (1.0 mL/min). Figure 5b and c show the comparison
results of deposition i-f curves and stripping voltammetric
i-E curves of Cu** (400 ppb) respectively obtained from the
stirring beaker system and flowing microcell system. Both
absolute accumulation current density (see Fig. 5b) and the
stripping peak current density (see Fig. 5c) from the flowing
microcell system were found to be greater than that obtained
with the stirring beaker system. The microcell system with
constant fluid continually flowing over the electrode surface
ensured a steady accumulation state and smoother accumula-
tion current curve. However, the traditional stirring beaker
system might result in an unstable solution and current

E (V vs. Ag/AgCl)

fluctuation. Meanwhile, as indicated in the earlier simula-
tion, a high flow rate could reduce the thickness of diffusion
layer and increase the effective reaction ratio between the
electrode surface and copper ions. Besides, compared with
the stirring beaker system, which requires a large volume of
sample and buffer solution, the microcell volume is around
150 pL and the sample volume can be as low as 50 pL, and
the total buffer solution consumption of each test is less than
4 mL. In terms of stability, sensitivity, and test cost, the data
above clearly showed that the flowing microcell system out-
performed the conventional beaker system.

Assessment of determination performance

Under the optimum conditions of the integrated microde-
vice, standard solution of Cu** with different concentrations
was tested and the stripping voltammetric i-E curves were
obtained, and the results are shown in Fig. 6a and b. The
potential of Cu?* in the stripping peak was found to be 0.1 V.
Two linear ranges are varying from 20 to 100 ppb and 100 to
400 ppb respectively with a deposition potential of — 1.2 V
and a deposition time of 60 s. The correlation equations
were fitted as j=2.945¢+ 15.233 (pA/cmz) with a correla-
tion coefficient of 0.993 in the range of 20 to 100 ppb, and as
j=1.515¢+147.084 (uA/cm?) with a correlation coefficient
of 0.998 in the range of 100 to 400 ppb. Moreover, a detec-
tion limit of 15 ppb was achieved (S/N=23). This linear range
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Fig.6 a Stripping voltammetric (a) (b)
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and detection limit can well meet the detection requirement
of Cu®* in practical body fluidics.

The reproducibility of the fabricated microdevice for
stripping analysis of Cu®* was examined by recording the
stripping voltammograms under the same condition men-
tioned above in a solution containing 300 ppb copper ion.
Ten continuous stripping voltammetric i-E curves and the
corresponding peak height for Cu>* determination using the
same Au integrated electrode can be found in Fig. 6¢ and d.
The relative standard deviation (RSD) of the peak measure-
ments was calculated to be 2.26%. The integrated microde-
vice we designed has great repeatability thanks to the fixed
electrode spacing, consistent flow rate, and the whole micro-
fluidics structure that isolates outside small disturbance.

Practical sample analysis

The performance of on-site monitoring of the microdevice
was evaluated by determining copper ions in different practi-
cal samples. The detection was performed under optimum
experimental conditions using the standard addition method,
and the results were compared to data from the ICP-MS
analysis of the identical samples. In detail, the test practi-
cal samples were firstly prepared by adding different con-
centrations of Cu* in the blank practical sample. A 50-pL
droplet of test practical sample was injected into the inlet,
and then, 3 mL of 0.1 M ABS (pH=5.5) was pumped into
the microdevice. The deposition period was kept at 60 s to
minimize the peak distortion and current attenuation because
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of protein-adherent contamination in the sample (see ESM
Fig. S7). The oxidation peak current density was measured
by SWASV at the oxidation potential of Cu** (see ESM
Fig. S8). The concentrations of Cu”** were obtained from the
calibration plot. This procedure was repeated three times for
each sample. The results of the determination of copper ions
in the test sample are presented in Table 1. The electrochem-
ical detection results were consistent with those obtained
from the ICP-MS analysis. The relative standard deviation
(RSD) was less than 5% and the recovery was between 95
and 104%. Such results indicated that the presented inte-
grated microdevice possessed the reliability and immense
potential for the detection of Cu®* in human body fluidics.

Conclusion

In this paper, a hybrid 3D printed integrated microdevice
has been successfully designed and fabricated for determin-
ing copper ions in human body fluidics by using SWASV.
The microdevice is capable of fast and convenient determi-
nation of copper ions in the practical sample without any
preprocessing. The hybrid channel inside the microdevice
provided a uniform sample mixing and dilution with buffer
solution. The microcell with flow detection mechanism
exhibited high sensitivity and excellent reproducibility
towards the copper ion determination. The characteristics
of the hybrid channel and microcell were optimized and
confirmed using FEM modeling. Considering the actual
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Table 1 Determination of

. . . Sample Spiked concentra-  Found result RSD (%) Recovery (%) ICP-MS (ppb)
copper ions in serum and urine tion (ppb) (ppb)
sample (N=3)
Serum 0 - - - 2.29
100 103.4 2.61 103.4 102.3
200 197.6 243 98.8 208
300 287.3 4.46 95.8 316
Urine 0 - - - -
100 102.1 2.03 102.1 101.6
200 205.7 1.93 102.9 203
300 298.5 2.55 99.5 307
— not detected
manufacture and detection, the microcell depth of 1.0 mm Declarations

and the fluid velocity of 1.0 mL/min (0.008 m/s) were the
optimum parameters. The developed integrated microde-
vice enabled copper ion determination in the range 20 to
400 ppb, with a limit of detection of 15 ppb. The detection
results of copper ions by using the integrated microdevice
were comparable to the results by ICP-MS in the same prac-
tical samples, which demonstrate great feasibility in the
practical test of body fluidics. The integrated microdevice is
also more economical and available because of the low-cost
3D printing manufacturing technique and straightforward
assembly processes. The single-use mechanism based on the
waste tank prevents the contamination of biological samples
to the external environment. The hybrid 3D printed inte-
grated microdevice has broad prospects in on-site detection
of copper ions in the backward areas suffering heavy metal
pollution, and provides a new perspective for the POCT
applications.
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