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Abstract: The development of lateral flow immunoassay (LFIA) using three-dimensional (3D) printing and bioprinting 
technologies can enhance and accelerate the optimization process of the fabrication. Therefore, the main goal of this study is 
to investigate methods to speed up the developing process of a LFIA as a tool for community screening. To achieve this goal, 
an in-house developed robotic arm and microfluidic pumps were used to print the proteins during the development of the test. 
3D printing technologies were used to design and print the housing unit for the testing strip. The proposed design was made 
by taking into consideration the environmental impact of this disposable medical device.
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1. Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative virus of coronavirus disease 
2019 (COVID-19), and the first case was reported in 
China in December 2019[1]. SARS-CoV-2 is a RNA 
virus that belongs to the coronavirus family and has 
multiple structural proteins on its surface, including 
spike, nucleocapsid, membrane, and envelope proteins[2]. 
The virus causes severe respiratory symptoms requiring 
mechanical ventilation and intensive care unit admission, 
and contributes to high mortality rates[3]. Moreover, 
the virus had high transmissibility between humans, 

and for that, the World Health Organization declared 
COVID-19 as a pandemic on March 11, 2020[4]. Since 
then, huge efforts to identify people with active infection 
of SARS-CoV-2 were implemented in order to stop the 
spread of the virus. Detecting individuals with active 
infection require polymerase chain reaction testing in 
nasal or throat swab samples, and the test results are used 
to identify and isolate positive cases so as to limit the 
transmission of the virus[5]. Antibodies against the viral 
spike and nucleocapsid surface proteins are developed 
and can be detected in the serum of infected 14 days after 
the infection[6]. Thus, testing serum or blood samples for 
antibodies against the viral surface proteins, especially 
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IgG, would provide information about people who had 
a history of prior infection and have recovered from the 
disease[6]. Therefore, antibody testing has an important 
role in epidemiological assessment of community spread 
of the virus and to guide policy-makers when designing 
and introducing protective measures[7].

A recent study by Dan et al. reported that people 
who recovered from COVID-19 have immunity 
lasting for 6-8 months after the infection in which IgG 
antibodies could be detected by serology testing[8]. 
Screening for COVID-19 antibodies could provide 
valuable information about the level of immunity in the 
community. The screening can also be an important part 
in identifying who is immune and who is not when a 
majority of people return to work and transition to the 
new normal[7]. Furthermore, the detection of antibodies 
against SARS-CoV-2 can be used as a tool to monitor 
immunity against SARS-CoV-2 acquired through 
vaccines, which can be done using laboratory-based 
immunoassays such as chemiluminescence and enzyme-
linked immunosorbent assay, or rapid tests such as lateral 
flow immunoassay (LFIA)[9]. Indeed, a cost-effective 
diagnostic tool would be beneficial for wide community 
screening. Rapid tests offer comparable outcomes to the 
laboratory-based tests and can be used when there is a 
need to identify people with immunity against the virus 
within a few minutes while having the advantages of 
being user-friendly, portable, and not requiring expensive 
instruments[10].

A LFIA is a point-of-care diagnostic device that 
offers a rapid and inexpensive test that targets analytes in 
the samples by providing qualitative or semi-quantitative 
results[11]. It consists of four essential parts, namely, the 
sample pad, conjugate pad, nitrocellulose membrane, and 
the absorption pad, which are assembled and placed in a 
housing cassette. One of the most predominant advantages 
of LFIA is the simplicity of the device as it can be used 
in the field without the need for any special equipment or 
sample processing. Moreover, since the beginning of the 
COVID-19 pandemic, there has been a tremendous effort 
to develop LFIA that can be used to detect viral antigens 
or serum antibodies for the identification of infected 
individuals or immune individuals, respectively[12,13]. As 
more research is being conducted to optimize and develop 
more accurate tests, there is a need for a rapid method to 
prototype and construct these LFIA.

Technologies such as three-dimensional (3D) 
printing and bioprinting can be used as tools to aid in the 
development of LFIA where time is of the essence such 
as global pandemic[14]. A material extrusion-based 3D 
bioprinting technique was utilized during the testing strip 
development where microfluidic pumps and a robotic 
arm were used to print different antibodies for screening. 
The microfluidic pump system was used to dispense the 

capturing material on the nitrocellulose membrane as it 
offers an easier and efficient way to test multiple proteins. 
Furthermore, the robotic arms provide fine control of the 
nozzle when dispensing the material, while the pumps 
ensure consistent volume of the material to be dispensed 
on the nitrocellulose membrane to capture antibodies 
against SARS-COV-2.

Another component of the LFIA is the cassette 
used to house and protect the testing strip from damage. 
Since the LFIA test can be used to detect different types 
of analytes, billions of LFIA tests and cassettes are 
manufactured annually[11]. Recently, there has been an 
increase in awareness regarding the environmental impact 
of medical devices, especially disposable devices[15-17]. 
Thus, the environmental impact should be taken into 
consideration when designing medical devices to limit 
this negative impact[16]. Since the LFIA cassette is made 
of polymers, it would be beneficial to consider how it 
can be designed in a way to decrease its environmental 
impact. Furthermore, using computer simulation for the 
3D design, these iterations could be tested before the 
fabrication process. Furthermore, the simulation could be 
utilized to design and 3D print cassette with minimum 
polymeric material using different technologies.

In the past two decades, 3D printing technologies 
have been developed as essential prototyping techniques, 
industrially known as additive manufacturing technology, 
which are used as the primary prototyping technology 
in many applications today[18]. 3D printing provides an 
accessible method for fabrication of a customized design 
solution in a rapid controlled manner. Due to its high 
utility, it has developed tremendously in many fields, from 
aeronautics to sustainability, as well as medicine[19-21]. In 
this study, 3D printing was used to fabricate cassettes for 
rapid in-field assays. 3D printing technology provides 
the freedom to fabricate and prototype any designs in a 
standard laboratory setting, and saves the time and effort 
of many researchers. Overtime, different types of 3D 
technologies have been developed, including material 
extrusion 3D printing and vat photopolymerization 3D 
printing. These 3D technologies were used to prototype 
and print the housing unit.

During the pandemic, there has been a massive 
increase in the innovations and application of 3D printing 
technologies. 3D printing technologies offered a wide 
range of on-demand solutions during a time where 
supply chains were constrained. Some of the applications 
of 3D printing during COVID-19 pandemic include 
the production of medical devices, personal protective 
equipment, and other devices that aid in controlling the 
spread of the virus[22]. With the evolutionary mutations 
of SARS-CoV-2 virus, we are facing new variants such 
as Delta variant[23,24]. Since the virus is changing at a 
fast pace, we need to utilize technologies that allow us 
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to adapt to these changes and provide rapid solutions to 
protect our community.

The advantage of using 3D printing over the 
traditional methods, such as laser cutting, is that 3D 
printing offers a prototyping method to test multiple 
designs in short period of time. In addition, ease of 
accessibility to 3D printers makes them suitable for 
prototyping in a laboratory setting. Once the design is 
tested and finalized using 3D printing technology, it can 
be sent out for mass production.

Here, we developed a LFIA test using multiple 
technologies to efficiently optimize the testing strips. 
Bioprinting and 3D printing techniques were used 
during the development of a rapid test for the detection 
of antibodies against COVID-19. A material extrusion-
based bioprinting setup utilizing a robotic arm was 
used during the construction of the strips to aid the 
dispensing of the capturing materials. In addition, an 
additive manufacturing technology was used to build a 
housing unit for the strip in a layer-by-layer manner using 
photopolymerization technique. The design of the cassette 
was modified as needed to adapt with the rapid changes 
in the testing strip during the optimization process. Using 
finite element analysis (FEA), we were able to simulate 
the physical strains on the designed cassette to determine 
its minimum thickness while ensuring the practicality of 
use and durability when conducting the test.

2. Materials and methods
2.1. Materials
Forty nanometers Gold NanoSpheres 2 mM citrate (OD=1) 
was purchased from nanohybrids. SARS-CoV-2 (2019-
nCoV) Spike S1-His Recombinant Protein (HPLC-
verified) (Cat. No.: 40591-V08H) and Normal Rabbit 
Control IgG (Cat. No.: CR1) were purchased from Sino 
Biological. SARS-CoV-2 Spike Protein (S-ECD/RBD) 
Monoclonal Antibody (bcb03) (Cat. No.: MA5-35950) 
and Goat Anti-Rabbit IgG (H+L) Superclonal Secondary 
Antibody (Cat. No.: A27033) were purchased from Fisher 
Scientific. Mouse monoclonal (JDC-10) Anti-Human 
IgG Fc (HRP) (Ab99759) was purchased from Abcam. 
1×Phosphate-buffered saline (PBS), sucrose, TWEEN 20, 
and bovine serum albumin (BSA), potassium carbonate, 
and Tris buffer were purchased from Sigma-Aldrich. All 
chemicals were used as received, without purification 
or modification. Cellulose fiber sample pads, glass fiber 
conjugate pads, and high-flow nitrocellulose membrane 
were purchased from EMD Millipore Corporation. 
Sample pads, conjugate pads, and absorbent pads of 
different sizes were purchased from Ahlstrom-Munksjo. 
Backing cards KN-2211 were purchased from Kenosha. 
FormLabs Photopolymer Resin White (FLGPWH04) was 
purchased from FormLabs.

2.2. Conjugation of the gold nanoparticles
To conjugate the gold nanoparticles (AuNP) with S1 
spike protein (40591-V08H, Fisher) and Rabbit antibody, 
as shown in Figure 1A, 1 ml of 1 OD AuNP solution was 
used and the pH was adjusted to 8.5-9 using potassium 
carbonate (K2CO3). The protein was added to the AuNP 
suspension at a ratio of protein solution: AuNP solution 
of 1:100 (v: v) with a final protein concentration of 
10 μg/ml, and the suspension was incubated for 2 h while 
mixing. Then, 250 μl of 5% BSA in TRIS buffer was 
added and mixed for an additional 15 min. Afterward, 
100 μl of 1% TWEEN 20 in TRIS buffer was added to 
the suspension and centrifuged for 10 min at 8000×g and 
4°C. The supernatant was removed, and the precipitate 
was resuspended in 1 ml of Tris buffer (pH 8.5) + 1% 
BSA + 1% TWEEN 20 and centrifuged as before. Finally, 
the precipitate was resuspended in 100 μl of Tris buffer 
(pH 8.5) + 1% BSA + 1% TWEEN 20 + 20% sucrose to 
achieve a conjugated AuNP concentration of 10 OD. The 
same process was used when conjugating the S1 spike 
protein and rabbit antibodies to the AuNP.

To confirm the conjugation of the protein to the 
gold nanoparticles, UV–Vis Spectrometer (PerkinElmer 
Lambda 1050) was used to compare the UV–Vis spectra 
of the conjugated AuNP with ligand-free AuNP. We 
assessed the red shift in peak absorbance between the 
conjugated AuNP and ligand-free AuNP which can 
be used to confirm the conjugation. The sample was 
scanned from 800 nm to 250 nm with a data interval of 
1 nm and a scanning speed of 266.75 nm/min. To assess 

Figure 1. (A) Schematic representation of the physical conjugation 
process between the gold nanoparticles and the proteins of interest. 
(B) Detection of conjugated AuNP with antibodies and proteins by 
UV/VIS spectroscopy.
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the attachment of the proteins to the gold nanoparticles, 
we performed UV–VIS absorption scan in which we 
compared AuNP-S1, AuNP-rabbit antibody conjugates to 
ligand-free AuNP. The conjugated nanoparticles showed 
a 3 nm shift compared to the ligand-free nanoparticles, 
as shown in Figure 1B, indicating the success of the 
functionalization of the 1 mL gold nanoparticles to the 10 
μg of the S1 protein, and rabbit antibody[25]. The red shift 
in peak absorbance is an indication of the enlargement 
of the gold nanoparticle size from the attachment of the 
proteins to the nanoparticle[26].

2.3. Assembly of the strip
To assemble the strip, first, the high-flow nitrocellulose 
membrane was mounted on the backing cards. Dispensing 
of the antibodies to the nitrocellulose membrane was 
done using a setup consisting of a robotic arm (Dobot 
Magician, Dobot, China) and a microfluidic pump (ExiGo, 
Cellix, Ireland), as depicted in Figure 2; this setup could 
be considered as material extrusion-based bioprinting. 
Dispensing of the antibodies onto the nitrocellulose 
membrane was done using a 21 G needle attached to the 
robotic arm. The antibodies were dispensed at a rate of 
200 μl/min and the robotic arm was programmed to move 
at a speed of 17 mm/s; antibodies were diluted in 1×PBS 
to be dispensed at a concentration of 200 μg/ml. These 
parameters ensured that antibodies were dispensed in 
a thick and continuous line. In particular, two antibody 
lines were printed on the nitrocellulose membrane. A test 
line was printed with anti-human antibodies (Abcam, 
Ab99759) and a control line was printed with anti-rabbit 
antibodies (Fisher, A27033). A video demonstrating the 
printing process is provided as the supplementary file. 
The strip was then dried at room temperature for 1 h. 
Then, the absorption pad was added to the backing card 
with a 2-3 mm overlap with the nitrocellulose membrane. 
Finally, the assembled backing card, nitrocellulose 

membrane, and absorbent pad were cut into 5 mm wide 
strips.

2.4. Designing and 3D printing of the LFIA strip 
cassettes
NX computer-aided design (CAD) software was used in 
designing the housing units, along with SolidWorks as a 
supporting program. NX CAD was mainly used to design 
several iterations due to its capability in designing small 
features. NX CAD provided the simulation tools needed 
to test the assembly of the design before printing; the 
simulation of the designed structure was needed to design 
the locking mechanism as it requires a precise sizing to 
ensure proper locking after printing.

Multiple 3D printing technologies were used to 
ensure the design’s maximum potential in prototyping 
these small housing units. Material extrusion 3D 
printing is the traditional 3D printing method, and vat 
photopolymerization 3D printing was used in prototyping 
the cassette designs. Using vat photopolymerization, 3D 
printing was about its ability to print a small housing unit 
with fine features in a short period of time. Furthermore, 
cassettes were printed with FormLabs white liquid resin 
and commercially available thermoplastic filament 
to keep the housing unit price reasonable. The vat 
photopolymerization 3D printer, FormLabs (Form 3), 
which was used in printing the housing unit, is capable of 
printing a hundred units a day.

We have devolved several design iterations to 
complement the rapid changes that we encounter during 
the test development. The first iteration of the designs 
started with mimicking the commercially available rapid 
tests[27]. While modifying the test, the cassette design 
was modified as well leading to the final iteration design. 
Using different 3D printing technologies allowed us to try 
and change different features while developing the test.

2.5. FEA simulation for the final iteration of the 
cassette

LFIA test strips are usually single-use tests, and the 
housing units are there to protect the strip. Our aim during 
the designing process was to reduce the amount of material 
needed to build the cassette, thus reducing wasted and 
discarded material from each cassette used. FEA simulation 
was used to study the proposed design before printing to 
ensure that the design can sustain handling forces without 
breaking. The durability of the cassette is not essential in 
single-use devices; however, a minimum thickness for the 
proposed cassette is required to prevent it from breaking 
during the test and handling when polyethylene is used as 
a material for the designed cassette.

The FEA simulation was conducted using NX 
software. As NX was the CAD software used to design the 

Figure 2. The printing setup consists of a robotic arm, microfluidics 
pumps, and dispensing nozzle.
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cassette, it was also used to perform the FEA simulation 
to ensure accurate simulations results for the proposed 
design. Furthermore, before FEA simulation, the two 
sides of the cassette were assembled without restricting 
the locking mechanisms to mimic the printing assembly. 
This setting gave a better understanding of the behavior 
of the dipsticks while exerting force (F). The type of 
element applied during this simulation was tetrahedral, 
with an element size equal to 1.43 mm. During the 
simulation, one side of the cassette was fixed, while the 
other side was the location of the applied force to the 
negative z-axis (Figure S1).

2.6. Testing of the assembled strip
The assembled strip was added to the cassette. A solution 
of AuNP-S1 and AuNP-rabbit antibody at a concentration 
of 10 OD was mixed together at a ratio of 1:1. The 
solution was then used by adding 10 μl of the mixture 
into an Eppendorf tube, as shown in Figure 3. Afterward, 
a 1 μl sample was added to the mixture and vortexed for 5 
s. Here, we used SARS-CoV-2 Spike Protein Monoclonal 
Antibody (MA5-35950) at a concentration of 200 ug/ml 
as a positive sample and 1×PBS was used as a negative 
sample. Then, the strip was submerged into the AuNP 
mixture until the strip fully absorbed the solution. Finally, 
it was submerged into another tube that contains 1×PBS 
as a running buffer to wash strips from any remaining 
particles.

3. Results and discussion
Here, we developed by assembling all the components 
a successful LFIA test that detects IgG antibodies. 
First, we conjugated SARS-CoV-2 spike protein to 

gold nanoparticles to capture SARS-CoV-2 antibodies 
in the sample tube. Then, the testing lines consisting of 
secondary antibodies were printed on the nitrocellulose 
membrane to capture primary antibodies, and the strip 
was placed in a 3D-printed housing cassette after careful 
design and strain simulation.

3.1. LFIA cassette designs and 3D printing
The housing unit design went through different iterations 
for adapting the changes and requirements for the 
test. These iterations were designed, fabricated, and 
assembled in the laboratory using specific requirements. 
The first two iterations are illustrated in the supplemental 
documents (Figures S2 and S3). These designs were 
made for testing using a full strip setup which includes 
the conjugate pad. Alternatively, the third iteration was a 
dipstick design which was made to house a strip that does 
not contain a conjugate pad. This provides a faster way 
to test the strip by removing an extra step that adds the 
conjugated AuNP to the conjugate pad.

In this study, we used two 3D printing technologies 
to print the proposed cassettes. Material extrusion 3D 
printing technology using thermoplastic filament was 
developed in the early 1990’s[28]. In the material extrusion 
3D printing technique, a thermoplastic filament is fused 
using a mounted motor, which heats and melts the 
filament to be extruded during the printing process. On 
the other hand, vat photopolymerization technique uses 
a liquid photopolymer resin as a printing material, which 
is subjected to polymerization initiated by a projected 
laser. This process would selectively solidify the liquid 
resin against the platform, creating a 3D construct in a 
layer-by-layer fashion[29]. The advantages of using vat 
photopolymerization over material extrusion 3D printing 
are the higher printing resolution and smoother finish 
surface[30]. Table 1 provides a summary comparing the 
two 3D printing technologies. Figure 4 demonstrates a 
schematic of the process used to fabricate our cassettes 
using these two printing methods.

3.2. Dipstick housing unit
The dipstick housing unit design consists of a smaller unit 
with an opening from one side to be used for dipping the 
strip in the test solution as demonstrated in Figure 5A. 
This unit was engineered and designed by taking into 
consideration the security of the testing strip, as shown in 
Figure 5B. Since this design has a wide opening, it was 
essential to secure the strip, especially during the testing 
process. Therefore, a pressing locking mechanism was 
designed inside the housing unit, as shown in Figure 5C. 
Furthermore, the dipstick design was 3D printed using 
Form 3 printer (FormLabs) while taking into consideration 
the resolution of the used material.

Figure 3. Illustration of an assembled dipstick test using the 
conjugated gold nanoparticles.
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Figure 4. Schematic demonstration of the process used to fabricate the cassettes printed using material extrusion and vat polymerization 
3D printing.

3.3. FEA simulation for the final iteration of the 
cassette
As the simulation was conducted on the same software, it 
made the process of changing and modifying the design 
more straightforward. During this experiment, we have 
changed the thickness of the dipstick several times to 
reduce the use of any unnecessary material in the printing 
process. We concluded that a cassette with thickness of 
0.8 mm can be used and printed, and is the minimum 
thickness needed considering the simulation result.

The mass applied on the edge of the cassette during 
the simulation was set to be twice the normal handling 
force, where the normal handling force was assumed 
to be 2.5N. The assumption and location of the applied 
force were selected based on the actual state of a person 
applying pressure using one hand (Figure 5D). Figure 5E 
illustrates the dipstick cassette deformation for the pressing 
simulation. The maximum deformation value was observed 
to be 13.4 mm. Comparing the deformation result to the 
dimension of the model, the value range of the deformation is 
acceptable. Figure 5F illustrates the von Mises distribution 
of stress in the pressing simulation of the dipstick. From this 
result, it can be seen that the maximum stress of von Mises 
was 69.2 MPa. This is slightly lower than the yield strength 
of the material used in 3D printing which was approximately 
70 MPa. Under these conditions, the results suggest that our 
dipstick design will tolerate the expected use.

Figure 5. (A and B) CAD of the dipstick housing unit design. (C) 
CAD of the housing unit design with the bed pressing locking 
mechanism for securing the bed, the dipstick housing unit was 3D 
printed using vat photopolymerization. (D) The assumption and 
location of the applied force used in the simulation. (E) Simulation 
of the displacement for the dipstick cassette measured in mm when 
5 N force was applied. (F) Simulation of the von Mises stress 
measured in MPa on the dipstick cassette when 5 N force was 
applied.

A B

C

D

E F
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Table 1. Summary of the differences between material extrusion and vat photopolymerization 3D printing technologies.

Additive manufacturing 
technologies

Materials Speed Average cost of 
materials (kg)

Printing 
resolution

Limitation

Material extrusion[31,32] Plastic filaments (PLA, ABS, 
ASA, PETG, and nylon)

Fast Affordable; $40 Low Support material

Vat photo 
polymerization[32,33]

Liquid photopolymers and 
resins

Slow Average; $100 High Support material and 
post-curing required

PLA: Polylactic acid; ABS: Acrylonitrile butadiene styrene; ASA: Acrylonitrile styrene acrylate; PETG: Polyethylene terephthalate glycol

3.4. Testing of the assembled strip
LFIA dipstick strips were assembled to be tested with 
commercial SARS-CoV-2 antibodies to simulate positive or 
negative tests. Figure 6A shows a schematic of the test without 
the housing cassette. In this setup, if only the control line shows 
a red signal, then the sample is negative. If both control line and 
test line show a red signal, then the sample is positive. Figures 
6B and 6C depict two LFIA strips that were used as a dipstick 
in our testing. Figure 6B shows a negative sample in which a 
clear band is visible on the control line and no band is visible 
on the test line. On the other hand, Figure 6C demonstrates a 
positive sample containing anti-spike antibodies in which both 
the test and control lines are visible.

Using a dipstick design in prototyping, the LFIA 
provides a faster way to assess the test and ensure that 
all the test components are working as desired. When 
designing a new protein or modifying an existing one to 
enhance the sensitivity of the test, it is time-efficient to 
test the conjugated material using a dipstick LFIA before 
proceeding with further optimization processes to be used 
as a standard LFIA.

4. Conclusions
In this study, we demonstrated that the prototyping, 
printing, and assembly of an LFIA test are feasible 

using an in-house developed setup. We showed that the 
test cassette could be prototyped to sustain mechanical 
stress applied to it by hand even if it was designed to 
be printed with minimum thickness to reduce material. 
To support the full functional capabilities of the device, 
we also demonstrated that bioprinting of the test lines 
with a robotic arm and microfluidic pump was accurate 
enough to detect IgG antibodies, when tested with 
protein-conjugated AuNP and commercially available 
antibodies.

Additive manufacturing technologies can be a great 
tool for prototyping and fabricating medical devices and 
diagnostics tools. These technologies can accelerate the 
optimization process by quickly adjusting to the designs 
and then 3D printing the device as needed. During 
the development phase of a new medical device and 
diagnostic tools, 3D printing can provide on-demand 
solutions despite the challenges.
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