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Abstract

Enzyme-linked immunosorbent assays (ELISA), as one of the most used immunoassays, have
been conducted ubiquitously in hospitals, research laboratories, etc. However, the conventional
ELISA procedure is usually laborious, occupies bulky instruments, consumes lengthy operation
time, and relies considerably on the skills of technicians, and such limitations call for innovations
to develop a fully automated ELISA platform. In this paper, we have presented a system
incorporating a robotic-microfluidic interface (RoMI) and a modular hybrid microfluidic chip
that embeds a highly sensitive nanofibrous membrane, referred to as Robotic ELISA, to achieve
human-free sample-to-answer ELISA tests in a fully programmable and automated manner. It
carries out multiple bioanalytical procedures to replace the manual steps involved in classic
ELISA operations, including the pneumatically driven high-precision pipetting, efficient mixing
and enrichment enabled by back-and-forth flows, washing, as well as integrated machine vision
for colorimetric readout. The Robotic ELISA platform has achieved a low limit of detection
(LOD) of 0.1 ng/mL in the detection of a low sample volume (15 pL) of chloramphenicol
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(CAP) within 20 min without human intervention, which is significantly faster than that of the
conventional ELISA procedure. Benefiting from its modular design and automated operations, the
Robotic ELISA platform has great potential to be deployed for a broad range of detections in
various resource-limited settings or high-risk environments, where human involvement needs to be
minimized, while the testing timeliness, consistency and sensitivity are all desired.

INTRODUCTION

Immunoassays, as one of the most commonly used biochemical tests, have been conducted
ubiquitously in hospitals, research laboratories, etc.! Since its origination in the 1950s,
immunoassays have become the most commercially successful diagnostic technology,
covering applications from home pregnancy testing to AIDS testing and to the most recent
COVID-19 diagnosis, etc.22 It typically relies on a specific and strong interaction between
an antibody and an antigen to detect a potential target analyte, which ranges from natural
and man-made chemicals, biomolecules, cells to viral particles, etc. Specifically, a classic
immunoassay consists of three components, namely an antibody, an analyte (antigen), and
a detectable label for the indication and signaling of the antibody-antigen binding events.
Thus, the immunoassays can be classified into multiple types according to the various
forms of labels, including enzymes, radioactive isotopes, fluorophore, chemiluminescent
probes, microbeads, and nanoparticles, etc. Among them, the most popular labels used

are enzymatic types, owe to the simple molecular design in the overall assay; and the
corresponding enzyme-linked immunosorbent assays (ELISA), therefore, have become

the most common immunoassay. Notably, almost all existing diagnostic laboratories may
have already encountered at least one form of ELISA tests.2:3 In its simplest form, the
conventional ELISA contains solid-phase reactions between an antibody (Ab) immobilized
on a solid-phase platform (e.g., 96 well microtiter plates) and an antigen (Ag) in a

liquid sample.! Despite its advantages including simplicity in design and high sensitivity
in detection, the conventional manually operated ELISA has experienced some major
drawbacks. For instance, the assay procedure is usually laborious since it involves multiple
liquid pipetting, washing, and incubation steps, in addition to the lengthy reaction time
involved.# Moreover, it relies considerably on the skills of technicians, making it critical to
obtain reproducible and consistent results. Finally, the heavy human involvement requires
numerous administrative and regulatory efforts in the procedure to minimize the harms of
a target analyte that could be toxic, infectious, and sometimes even fatal to the operators.
Such limitations of the conventional ELISA procedure call for innovations to automate the
multiple liquid handling and readout steps and eventually eliminate the participation of
humans, ideally leading to a fully automated human-free ELISA procedure.?

The commercial automation efforts for ELISA operations have been primarily focused on
the standard well plate platforms. Some of the representative automated ELISA systems are
shown in Table 1. A range of specialized instruments have been designed to fit the microwell
plates, such as robotic pipetting devices, washers, shakers, incubators, and microtiter plate
readers. More recently, fully automated ELISA systems have been implemented to integrate
the aforementioned components into one piece of equipment. Representative commercial
products include Freedom EVO® ELISA Biopharma from Tecan, Crocodile ELISA
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miniWorkstation from BERTHOLD TECHNOLOGIES, ELISA STARIlet from HAMILTON
Robotics, and Agility® ELISA from Abbott, etc. Although such systems have enabled

the fully automated functions of the ELISA procedure and some of them are capable of
processing up to hundreds of samples at a time, they typically possess a large footprint and
are expensive to acquire, and thus, are not intended to be used in the research laboratories
or resource-limited clinics. Furthermore, these conventional well plate-based platforms have
relatively low efficacies of molecular adsorptions and the correspondingly low sensitivity of
readouts due to the limited surface-to-volume ratio of the wells.

As an emerging transformative technology, microfluidics has begun to reshape the
conventional bioanalytical fields, including ELISA systems, over the past decades, with

the potential to offer 1) affordability, 2) sensitivity, 3) specificity, 4) user-friendliness,

5) rapid and robust, 6) equipment-free, and 7) deliverable to those in need for such
technologies, as outlined by the World Health Organization (WHO).# Table 1 features

a group of representative microfluidic-enabled ELISA automation systems. Based on

the primary constructive materials, the automated microfluidic ELISA systems could be
categorized into polymeric, paper-based, or hybrid devices. Among them, the polymeric
ELISA chips employ various mechanisms for liquid handling, including capillary force®,
centrifugal force8, off-the-chip’ or integrated pumps and valves®12. For instance, Lee,

Cho and their colleagues have designed a fully automated disc-shaped microfluidic ELISA
system for the detection of infectious diseases from whole blood, with microbead-based
suspensions, in which plasma separation, incubation, washing, and enzyme reaction are
incorporated, and an integrated detector module made of photodiodes and LEDs is used

for absorbance detection.8 As manifested in Table 1, such microfluidic ELISA platform
miniaturizes the whole system and offers various advantages such as a significantly reduced
sample volume (1-50 L), shorter duration of assays (10-60 minutes), enhanced sensitivity
(limit of detection from 0.01 to 0.51 ng/mL), portability and small footprint, when compared
to that of a conventional plate-based ELISA.°> However, such polymeric microfluidic chips
naturally require complex fabrication processes such as multilayer photolithography or
injection molding. In addition, the surface area of the microchannel is limited to the bindings
of proteins. Furthermore, a dedicated readout instrument is typically required with the
involvement of costly microparticles for labeling.

Alternatively, the paper-based microfluidic devices have appreciably more surface area
available for Ab-Ag binding, benefiting from their intrinsic 3D nanoscopic topology. They
are cost-effective, and therefore, can be readily deployed in resource-limited settings.13 One
pioneer work in the automation of paper-based ELISA have been proposed by Chailapakul,
Takamura and their colleagues, which has patterned flow barriers on a nitrocellulose (NC)
paper for the control of fluid flow and used capillarity for the purely passive automatic
loading of the liquid onto the paper, thus eliminating any external dedicated instrument

for flow control.10 Despite of the increased binding sites and the device simplicity, the
paper-based ELISA methods have limited sensitivity compared to the polymeric devices,
largely due to the restricted hydrodynamic forces under the purely passive capillary-

driven flow.6 Recently, a nanofibrous membrane (NFM)-based ELISA system has been
presented, utilizing an extremely high surface-to-volume ratio of NFM for the efficient Ab
immobilization, which has been proven with a significantly higher sensitivity than that of
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the conventional NC papers.1* With such efficient immobilization, the NFM-based ELISA
device has enabled naked-eye colorimetric detection at a low limit of detection of 0.3 ng/mL,
within a rapid incubation window of 5 min.1 However, the emerging NFM-based ELISA
system has yet to be automated, mainly due to the lack of solutions to handle and manipulate
the NFM substrates automatically and conveniently.

By combining the features of both the polymeric and the paper-based devices, the hybrid
ELISA chip offers additional advantages over its predecessors. In one recent work by Li’s
group, a reusable PMMA/paper hybrid device has been designed to enable plug-and-play,
resulting in high-sensitivity and low-limit detection of immunoglobulin G (IgG) down

to 0.2 ng/mL.% In particular, a pre-patterned paper is inserted into a simplified PMMA
microfluidic device with preset slots, and the sample is then infused into the device to

flow back-and-forth through the paper, enabling enhanced analyte enrichment and efficient
washing.> Although various studies have significantly improved sensitivities and expanded
dynamic ranges of hybrid microfluidic devices to the conventional ELISA operations, the
current approaches are still far from being fully automated. For instance, an external flow
drive (e.g., a syringe pump) is needed to attach to the system, while the microfluidic chip has
to be manually placed for scanned readout.

Recently, our group has introduced the first modular robotic-microfluidic interface

(RoMI) for the world-to-chip bridging. The fully automated manipulation of the modular
microfluidic devices using a standard robotic arm has been implemented with operations
such as recognition, capturing, positioning, and liquid handling.1® In this study, we have
extended the RoMI platform for the automation of ELISA, referred to as Robotic ELISA, by
incorporating a modular microfluidic chip that embeds the aforementioned ultrasensitive
NFM-based biosensor into a layer-by-layer polymeric construct. The fully automated
robotic system is intended to carry out multiple bioanalytical procedures to replace all

the manual steps involved in classic ELISA operations, including the pneumatically driven
high-precision pipetting, mixing, efficient washing, as well as integrated machine vision for
colorimetric readout, leading to a facile human-free sample-to-answer workflow of ELISA.
Moreover, the microfluidic chip is designed to accommodate a standard modular fabrication
procedure and assembled layer-by-layer into an integrated device, which can be captured
and released by the robaotic effector reversibly. Benefiting from the modular microfluidic
design, the automated back-and-forth flows of the liquid samples and subsequent reagents
through the NFM sensors have been achieved, and as a result, the Ab-Ag binding efficacy
and the overall sensitivity has been significantly improved, relative to that of the manual
operations of the same procedure.1# As a demonstration, we have successfully applied the
Robotic ELISA platform to the automated detection of chloramphenicol (CAP), a banned
antibiotic in the US. All of the ELISA operations from sample preparation to signal readout
have been automatically completed within 20 min without human intervention, of which the
reaction volume (15 pL) is an order of magnitude lower than that of the conventional ELISA
methods using 96-well plates, and the limit of detection (LOD) achieved is 0.1 ng/mL.
Benefiting from its modular design and automated operations, the Robotic ELISA platform
could be potentially deployed for a broad range of detections in resource-limited settings or
high-risk environments, where human involvement needs to be minimized, while the testing
timeliness, consistency and sensitivity are all desired.

Anal Chem. Author manuscript; available in PMC 2022 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 5

OPERATING PRINCIPLES

The Robotic ELISA system is designed to fully automate the entire ELISA workflow via
the novel robotic-microfluidic interface (RoMI), which precisely positions the microfluidic
chip, reversibly connects the pneumatic drives mounted on the robotic arm to the chip for
automated liquid handling, and consecutively enables optical readout, followed by the waste
disposal. Specifically, its operations include robotic loading, pipetting, mixing, washing,
reaction, incubation, and colorimetric detection. As shown in Fig. 1a, the Robotic ELISA
platform comprises three major components, namely the hybrid microfluidic ELISA chip,
the robotic arm equipped with a pair of the RoMI effectors that incorporate pneumatic
connectors for microfluidic control, and a high-definition vision unit for colorimetric
detection.

First, the ELISA chip design has four major segments, that is, a serpentine channel
connected to the chip tip for flow regulation, a detection chamber (with the nanofibrous
membrane embedded inside), a planar buffer chamber, and a RoMI interconnect, as shown
in Fig. 1b. The serpentine channel is connected to the detection chamber, which has an
embedded nanofibrous membrane for the solid-liquid reactions, and the detection chamber
is connected to the funnel-shaped liquid reservoir. The funnel shape is designed to aid the
wetting of the side walls of the buffer chamber and avoid the trapping of air bubbles as

it becomes filled with liquid.1® In the microfluidic model to describe the fluid dynamics,
the serpentine channel is designed to have significantly greater flow resistance than the
rest. Therefore, during the aspiration of the reagents, the aspiration rate can be precisely
controlled, according to the hydraulic Ohm’s law under laminar flow conditions, 4p =

R¢- Q, where Apis the pressure difference applied, Qis the flow rate, and R¥is the

flow resistance, a geometrically governed and liquid-specific constant.1” Accordingly, the
aspirated volume can be controlled, by precisely timing the duration of the aspiration using a
high-precision solenoid valve that links to the RoMI effectors.

Second, on the robotic arm, the pair of the RoMI effectors are made from custom-designed
and 3D-printed adapters to the robotic arm.1® In particular, one side of the RoMI effector
is connected to the pneumatic drive with precisely controlled pressure (either negative or
positive) via a solenoid valve, while the other side can reversibly engage to the RoMI
interconnect on the ELISA chip, upon gripping and clamping. As a result, the negative

or positive pressure from the pneumatic drive can be directly applied to the microfluidic
chip upon the gripping of the RoMI effector onto the chip, to perform the control of

liquid handling. Third, the vision unit attached to the robotic arm can be used for the
real-time colorimetric readout of the nanofibrous membrane inside the detection chamber.
The imaging data can then be wirelessly transmitted and analyzed instantaneously.

As a demonstration, Fig. 2 depicts the use of the Robotic ELISA system in a standard
competitive ELISA protocol, which includes the operations of high-precision metering,
mixing, washing, enzymatic reaction, and robotic-vision enabled imaging and detection.
First, the high-precision metering can be achieved through the pneumatically driven
aspiration.1” As mentioned previously, the aspiration rate can be fine-controlled by
designing the serpentine channel with high flow resistance, and the aspiration volume

Anal Chem. Author manuscript; available in PMC 2022 August 24.
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can be adjusted by precise timing of the solenoid valve. Specifically, the process starts
with sequential and quantitative aspiration of a sample solution (Fig. 2a) and a target
conjugated horseradish peroxidase (target-HRP) solution (Fig. 2b), consecutively. Next, a
mixing process can be achieved by alternately applying negative and positive pressure

to the buffer chamber, thus aspirating the liquid through the device, similar to that of
conventional pipette operations (Fig. 2c). In addition, the solutions can sufficiently mix
with the antibody-immobilized nanofibrous membrane inside the detection chamber during
the aspiration, as the convective flow increases the chance of contact between the multiple
samples and reagents with the membrane.> As a result, the number of analytes bound

to the antibodies can be increased and the incubation time is shortened.> As shown in

Fig. 2d, efficient washing can be realized by a similar convective flow of the buffer
solution enabled by the alternating pneumatic pressures. Finally, an enzymatic reaction is
introduced by robotic loading of the colorimetric reagent of 3,3',5,5'-Tetramethylbenzidine
(TMB) into the detection chamber in Fig. 2e. The vision unit on the robot is then used

to automatically record the real-time colorimetric change of the membrane, from which

a recognition algorithm is applied to quantify the colorimetric results. A demonstration
video of the complete Robotic ELISA operations has been included in the ESI, successfully
showecasing its fully automated sample-to-answer workflow.

EXPERIMENTAL METHODS

Integration of the Robotic ELISA system

The Robotic ELISA system mainly consists of three control modules: a professional
SCARA robot arm (M1, Dobot), a pressure control unit (PG-MFC, PreciGenome), and

a valve control unit that contains a valve manifold and high precision solenoid valves
(LHDA2421111H, The Lee Company, USA). The system was communicated and controlled
by a computer via USB ports in a programmable manner (with Python). Specifically, the
robotic arm was programmed to grab, move, and release the hybrid microfluidic chip, with a
maximum working range of 400 mm and a rated precision of 0.02 mm; the pressure control
unit was programmed to set the pneumatic pressure level in the valve manifold within the
range of —7 to 13 psi at a precision of 0.1 psi; the valve control unit was programmed to
adjust the opening and closure duration of the solenoid valve with millisecond precision.

A pair of custom 3D printed RoMI effectors were designed to connect the air flow from the
valve manifold to the RoMI interconnect on the hybrid microfluidic chip, with incorporated
silicone rubber O-rings to ensure tight sealing. They were designed in SolidWorks and
fabricated with a Clear Resin (Formlabs) using SLA 3D printer (Formlabs Form 3, USA).
The RoMI effector linked the outlet of the valve manifold and the RoMI interconnect on
the microfluidic chip. A test bench was set at the center of the robot arm’s working area.

A custom microplate adapter was fastened on the test bench and pre-calibrated. The images
were captured in a programmable manner using a USB link between the lab PC and a
miniature camera (HM1355, Banggood, USA). OpenCV library (Python version 3.7) was
used to identify the periphery of the nanofibrous membrane inside the hybrid microfluidic
chip and calculate the averaged grayscale value (color intensity) within the membrane.18.19
Each captured image has more than 2000-pixel effective grayscale values processed. In

Anal Chem. Author manuscript; available in PMC 2022 August 24.
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addition, the uniformity of the colorimetric readouts on the membrane were evaluated,

by calculating the deviation of grayscale values; only those membranes that resulted in a
uniform colorimetric distribution with a relative deviation of less than 20% were used in our
experiments.

Fabrication of the hybrid microfluidic ELISA chip

The nanofibrous membrane-contained hybrid microfluidic device can be prepared via laser
micromachining and repetitive layer-by-layer (LBL) assembly. As illustrated in Fig. S1, the
device consists of five layers, including three structural layers made of PMMA sheets (Astra
Products) and two layers made of pressure-sensitive adhesive (Adhesives Research, Inc.),
and the nanofibrous membrane can be incorporated in the third layer. Specifically, the first
layer is 1 mm thick and has a 1 mm opening that serves as the RoMI interconnect; the
second layer has a thickness of 48 um, with a serpentine microfluidic channel incorporated;
the third layer has a thickness of 0.5 mm with a detection chamber (2 mm in diameter) for
the nanofibrous membrane to reside and a buffer chamber to store the reagents; the fourth
layer has a thickness of 48 um and the fifth layer has a thickness of 1 mm. All the five
layers were designed in AutoCAD (Autodesk Inc.) and laser-cut (Universal Laser Systems,
VersalLaser 2.30) into the designed pattern. Each of the laser-cut layers was inspected under
a microscope (EVOS XL, Life Technologies) and the channel width was measured and
analyzed using ImageJ (National Institutes of Health). Finally, the five layers were carefully
aligned and assembled layer by layer under an inverted stereoscope.

Characterization of the hybrid microfluidic ELISA chip

To test the aspiration performance of the hybrid microfluidic device, DI water was used as
the working fluid and a gravimetric method was used to determine the aspiration volume
and aspiration rate. In particular, the tip of the ELISA chip was immersed underneath a
microplate well filled with water and a vacuum pressure (aspiration pressure from 0.5 to
3.0 psi) was applied to the RoMI interconnect of the device; the aspiration duration was
precisely controlled with a solenoid valve, and the weight of the device before and after

the aspiration process was measured with a high-precision balance (Mettler Toledo AB54-S/
FACT). In such a way, the volume aspirated was determined, and the averaged aspiration
rate was calculated by dividing the aspiration volume to the aspiration duration. It is worth
noting that due to the hydrophilicity of the chip and capillarity of the liquid, a small amount
of liquid (measured as 1.1 pL) remained at the tip of the chip; such remained volume of
liquid was deducted in the calculation to increase the accuracy of characterization.

In the optimization of washing cycles, enzymatic reaction, and enrichment flow and cycles,
we adopted the same concentration and volume ratios of the samples and reagents as

those utilized in our previous study.14 In the study of washing cycles, both membranes
with or without the immobilized antibodies were prepared for different washing cycles, the
enrichment flow was set at 2 psi and the enrichment cycle was 6. In the test of enzymatic
reaction duration, the enrichment flow was set at 2 psi, the enrichment cycle was 6, and

the washing cycle was 2. In the test of the enrichment cycle, the pressure for enrichment
flow was 2 psi, the washing cycle was 2, and the enzymatic reaction duration was 6 min. In
the test of the pressure for enrichment flow, the enrichment cycle was kept at 2 for all the

Anal Chem. Author manuscript; available in PMC 2022 August 24.
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various pressures under test, the washing cycle was 2, and the enzymatic reaction duration
was 6 min. With an enrichment volume of 25 pL and enrichment pressure of 1 psi, the net
enrichment duration was 61.6 s for one cycle at a pressure of 2 psi, the enrichment duration
was 35.2 s for one cycle at a pressure of 3 psi; the enrichment duration was 24.4 s for one
cycle.

Demonstration of the automated sample-to-answer ELISA workflow

A competitive ELISA assay was designed and conducted for the automated detection

of chloramphenicol (CAP) in a spiked sample, as a demonstration of the developed

Robotic ELISA system. The relevant testing reagents were preloaded in a standard 96-well
microplate (Greiner Bio-One Inc.), and then the microplate was sealed and stored at 4°C

in the dark. As shown in Fig. 2, such reagents included 30 pL of 0.5 pg/mL (1.0 pg/mL

for optimizing washing cycles) HRP-CAP (Abcam, USA) (Well @), two 100 UL PBS
washing buffer solutions (Well @ & ®) and 30 uL TMB solution (Abcam, USA) (Well ®).
Before the assay, the reagent-loaded microplate was transferred to the fixed location of the
microplate holder on the testing stage and then unsealed, following which a sample solution
(30 uL or more) was added to the microplate (Well (D). Since the z-position deviation
caused by the robot movement or chip manufacturing was about 200 um, an extra volume
of 10 pL was added to the wells to ensure the effective contact of the tip of the ELISA

chip with the liquid in the microplate wells. Such additional volume could be reduced by
replacing the current microplates with wells that have smaller sizes.

In total, the sample solution and the relevant reagents occupied 6 wells. As shown in Fig.

2, the entire competitive ELISA protocol includes six steps: 1) aspirating 15 uL sample
solution from Well (D; 2) aspirating 15 uL. HRP-CAP solution from Well @; 3) mixing

the sample and the HRP-CAP solution in Well ) to induce a competitive reaction with the
immobilized antibodies on the membrane, by pneumatically driving the mixture solution to
flow through the membrane back-and-forth, and then withdrawing the mixture to the same
well after the reaction; 4) aspirating and withdrawing washing solution (36 pL PBS buffer)
to the membrane to wash and remove unbound proteins, in Well @ & ®) sequentially, and
then air-drying the membrane under a high air pressure of 4 psi for 30 s; 5) aspirating 10 pL
TMB solution from Well ® to induce the enzymatic reaction; 6) recognizing the membrane
and recording the grayscale values for 10 min every 2 min. The sample size was three for all
experiments.

RESULTS AND DISCUSSION

Characterization of the aspiration process

As shown in Fig. 3a, the aspiration rates were determined under various pressure levels
in the microfluidic devices with and without an incorporated nanofibrous membrane. For
the devices without a nanofibrous membrane, the aspiration rate raised nearly linearly

to the increment of the applied pressure, with a high correlation coefficient ”2= 0.999.
Specifically, the aspiration rate was 0.19 pL/s at 0.5 psi, and it increased to 1.01 uL/s
when the pressure level was elevated to 3.0 psi. These results were consistent with the
prediction from the hydraulic Ohm’s law.1” Accordingly, the averaged flow resistance of

Anal Chem. Author manuscript; available in PMC 2022 August 24.
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the device could be computed, which was 20285 Pa-s/uL. On the other hand, the theoretical
flow resistance could be calculated according to the analytical Poiseuille’s equation under
the laminar flow condition, for comparison.2? As described in detail in ESI, the overall
flow resistance was calculated approximately at 21677 Pa-s/uL, by considering resistances
from the connecting serpentine microchannels, the detection chamber, and the liquid buffer
chamber, of which the latter two were negligible. Though the theoretically determined flow
resistance slightly deviated from (6.9%) the experimentally determined counterpart, it could
offer a highly accurate approximation, which might be mainly altered by the dimensional
(width and height) inaccuracies resulting from the microfabrication process. These results
enabled that the aspiration rate could be conveniently adjusted by controlling the pressure
applied.

Furthermore, we studied the control of aspiration volume by adjusting the pulse duration, as
shown in Fig. 3b. At a fixed pressure of 1 psi, the aspirated volume was measured linearly
proportional to the pulse duration, with a correlation coefficient of 0.9986. In particular, the
aspiration volume was 7.6 L at an applied duration of 15 s, and it was increased to 35.0

UL when the duration was extended to 90 s. Similarly, at a higher aspiration pressure of

2 psi, the aspirated volume was still found proportional to the aspiration duration with a
correlation coefficient of 0.9983. The measured volume was 7.1 uL for 7.5 s of aspiration,
and it was increased to 31.4 uL when the aspiration was extended to 45 s. In addition, at

the same duration of 45 s, the aspiration volume was 18.4 pL for the aspiration pressure

of 1 psi, while it was 31.4 L for the pressure of 2 psi, approximately twice that of the 1

psi condition, as expected. These results confirm that the aspiration rate was approximately
constant at the fixed pressure, and the aspiration volume can be conveniently adjusted

by varying the duration of aspiration. We further determined the accuracy of the duration-
adjusted aspiration volume, as shown in Fig. 3c. First, the required duration of aspiration for
a specific desired volume was deducted from the fitting curve in Fig. 3b, which was 12.2

s for 10 yL, 19.9 s for 15 uL, 27.5 s for 20 L, 35.2 s for 25 uL, and 42.9 s for 30 L,
respectively. Next, the actual aspirated volumes were measured, and they were 10.53 pL,
14.97 pL, 20.00 pL, 24.77 pL, 29.20 uL, respectively, under the aforementioned conditions.
Therefore the accuracies for the desired volumes were calculated as 5.33%, 0.22%, 0.00%,
0.93%, and 2.67%, which consistently outperformed that of the commercial pipettes (with a
claimed accuracy of 5%).21

Optimization of washing, enzymatic reaction and antigen enrichment

In this part, we intended to optimize the key parameters in the Robotic ELISA workflow,
such as finding the optimal washing cycles, the optimal duration of the enzymatic reaction,
and the optimal pressure and cycles for antigen enrichment, to achieve a rapid yet reliable
sample-to-answer scheme.14

First, we investigated and determined the essential number of washing cycles for
colorimetric readouts. One important criterion was that HRP-CAP unbound to the antibodies
(on the membrane) should be completely washed away to avoid interferences with the
TMB-associated colorimetric reaction. Both membranes with or without the immobilized
antibodies were prepared, and they were subsequently reacted with HRP-CAP, followed by

Anal Chem. Author manuscript; available in PMC 2022 August 24.
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washing with PBS buffers for different washing cycles; finally, the colorimetric reagent of
TMB substrate was added and the corresponding time-evolved colorimetric results were
illustrated in Fig. 4a. As can be seen, for the control membrane without immobilized
antibodies, its color turned from white to blue rapidly within 2 min without the washing
step. With washing once, however, a small margin on the edge of the membrane turned blue
after 10 min, indicating that the majority of the HRP-CAP had been washed away. As we
further increased the washing cycles to 2 and 3, as shown in the third and fourth rows, the
color of the membrane did not change, indicating that the washing cycles were adequate. We
further confirmed these conclusions by designing a positive control test. A membrane with
immobilized antibodies was prepared and reacted with HRP-CAP, and it was then washed
twice and reacted with TMB substrates. The colorimetric readouts are shown in the last
row of Fig. 4a. As can be seen, the color of the membrane turned blue after 2 min of the
enzymatic reaction. Overall, these results confirmed that the optimal washing cycle was 2
and therefore 2-cycle washes were used in all of the following experiments.

Next, we investigated the effects of the duration of enzymatic reaction on the colorimetric
results, aiming to find the minimum incubation duration for reliable detection. Specifically,
to quantify the color change of the nanofibrous membrane, the grayscale values (intensity)
of the captured photos were extracted.18:19 In particular, the average intensity value of each
time-evolved photo was determined and the difference between the intensity value (at 2, 4,
6, 8 and 10 min) and the intensity value at the initial condition (0 min) was computed as
Relative Intensity (RI). Next, the RI difference (ARI) between the readouts from a spiked
solution (1 ng/mL CAP) and a negative control (PBS buffer) was calculated and used as an
indicator for the sensitivity of the detection: a larger ARI meant greater sensitivity. As shown
in Fig. 4b, for the negative control, ARI was 10.0 at 2 min, and it increased to 18.8 at 6 min
and stayed almost still thereafter. Therefore, 6 min was considered the optimal duration for
the enzymatic reaction and it was used in all of the subsequent experiments.

After that, we studied the enrichment conditions for the efficient Ag-Ab binding, including
the enrichment cycle and the enrichment pressure, as summarized in Figs. 4c-d. Again,

the control group of the PBS solution (negative) and the sample containing 1 ng/mL CAP
(positive) were used to compare the colorimetric readouts. As shown in Fig. 4c, the ARI
value was 7.5 without the enrichment cycle, and it increased to 16.7 after 2 cycles, 17.3
after 4 cycles and 18.8 after 6 cycles. As can be seen, the increase in the enrichment

cycle had marginal effects on distinguishing the CAP-contained sample from the negative
control. Consequently, 2-cycle enrichment was chosen as the optimal enrichment condition,
which took approximately 200 s in total (1/3 that of the 6-cycle enrichment), to reduce

the overall duration for the Robotic ELISA workflow. As can be seen, ARI for the 2-cycle
enrichment was only less than 15% lower than that of the 6-cycle test. Though the sensitivity
of detection was marginally compromised, the developed Robotic ELISA system was still
capable of achieving a highly sensitive detection of our targeted analyte (CAP) in a short
duration of mixing (within 2 cycles of enrichment).

Lastly, the effects of the enrichment pressure were also studied. As illustrated in Fig. 4d, the
ARI value was 7.5 without the enrichment, and it increased to 19.0 at a pressure of 1 psi
(with the flow rate of 0.41 pL/s); the ARI value decreased to 16.7 as the pressure increased
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to 2 psi (with the flow rate of 0.69 pL/s), and it dropped to 8.0 as we further increased

the pressure to 3 psi (with the flow rate of 1.02 uL/s). Since higher enrichment pressure
generated faster flow, the flow might be too rapid , resulting in a short duration for the
Ag-Ab binding.> Although the ARI for the 2-psi enrichment was 11% lower than that of the
1-psi enrichment, the enrichment duration at 2 psi was half that of the enrichment duration at
1 psi. Therefore, to minimize the overall duration of the Robotic ELISA workflow, 2 psi was
chosen as the optimal pressure for the enrichment flow.

Demonstration of the fully automated ELISA operations

As investigated in the previous Section, the optimized washing and reaction steps were
applied, in which both the washing and enrichment cycles were 2 with the enzymatic
reaction duration of 6 min under the enrichment pressure of 2 psi. To demonstrate the
fully automated human-free sample-to-answer workflow, the Robotic ELISA platform was
programmed for the detection of CAP concentration ranging from 0 to 2 ng/mL (or 0 to
6.2 nM) in a spiked sample, which included the automated metering, mixing, washing and
colorimetric readouts.

Fig. 5a illustrates the time-evolution of the color change of the nanofibrous membrane
during the enzymatic reaction, under six different CAP concentrations from 0 to 2 ng/mL.
For each CAP concentration, a group of six photos was captured, which included the initial
condition of the membrane and its subsequent conditions every 2 min thereafter. As can

be seen, for a low CAP concentration at 0 ng/mL, the color of the membrane was initially
light grey; the color started to change to blue after 2 min, and it rapidly turned into blue
within 4 min and stayed unchanged afterwards (a blue color means CAP is not present). On
the other hand, for the case of a high CAP concentration at 2 ng/mL, the initial color was
the same with gradual transition to blue; however, the color change of the membrane was
rather slow, and it stayed in the grey-blue mix even after 10 min of reaction. Such results
confirmed the fact that the CAP from the sample competed with that in the HRP-CAP
solution and therefore inhibited the binding of the HRP-CAP to the immobilized antibodies
on the membrane, altering the colorimetric readouts.

To further quantify the colorimetric results and determine the sensitivity and limit of
detection (LOD), three devices were tested for each CAP concentration, and Fig. 5b showed
the average results of the RI values. The linear range was found to be between 0 to 1 ng/mL
(R2=0.973).14 As can be seen, the RI value was 29.3 + 0.58 for the CAP concentration of

0 ng/mL and it decreased to 12.7 + 1.53 at 1 ng/mL. The absolute value of the sensitivity
was therefore determined as 16.6/(ng/mL). Since the standard deviation of the negative
control group was 0.58, the LOD was set at 0.1 ng/mL.22 It is worth noting that the LOD
achieved by the Robotic ELISA system outperforms that conducted by manually operated
nanofibrous membrane-based ELISA using the same colorimetric readout, which is 0.3 ng/
mL.14 Furthermore, the LOD is comparable to the conventional microtiter plate reader-based
ELISA detection.23 As a conclusion, these results demonstrate that the Robotic ELISA is
comparable to competitive ELISA,with a low detection limit of 0.1 ng/mL.
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CONCLUSION

In summary, we have developed a fully automated platform, known as Robotic ELISA,
seamlessly incorporating a robotic-microfluidic interface (RoMI) and a nanofibrous
membrane-embedded hybrid microfluidic chip, for the human-free sample-to-answer
workflow of the conventional ELISA tests. The Robotic ELISA allows automated multiplex
operations such as high-precision pipetting, back-and-forth mixing and enrichment, washing
and vision-unit enabled colorimetric readout. Compared to the existing ELISA automation
solutions, the Robotic ELISA offers several distinct advantages: 1) fully automated ELISA
detection; 2) short overall operation time (less than 20 min) from sample to answer; 3) high
sensitivity and low limit of detection (0.1 ng/mL) for CAP; and 4) low sample consumption
(15 pL). Benefiting from its modular design and automated operations, the robotic ELISA
platform becomes a promising candidate for a broad range of detections in resource-limited
settings or high-risk environments, where human involvement needs to be minimized, while
the testing timeliness, consistency and sensitivity are all desired.
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Figure 1.
Concept of the Robotic ELISA system. a) Illustration of the Robotic ELISA platform; b)

illustration of the nanofibrous membrane (NFM)-contained hybrid microfluidic chip.
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Figure 2.

Illustration of the Robotic ELISA operations, including a-b) high-precision metering, c)
mixing and enrichment, d) washing, e) enzymatic reaction, and robotic vision unit enabled
imaging and detection.
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a) The aspiration rates of the hybrid microfluidic chip under various pressure levels from
0.5 to 3.0 psi, with or without the nanofibrous membrane; b) the aspiration volume under
various pulse durations from 10 to 90 s, given the pressure applied at 1 and 2 psi,

respectively; and c) the measured accuracy of the aspiration volume for a desired volume
from 10 to 30 uL.
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Fig. 4.

Optimization of washing, enzymatic reaction, and antigen enrichment conditions. a) Images
of the nanofibrous membrane with (w/) or without (w/0) the immobilized antibodies after
adding the colorimetric reagent of TMB substrate to induce the enzymatic reaction under
various washing cycles from 0 to 3. Comparison of the difference of the relative intensity
value (i.e., ARI) under various b) enzymatic reaction durations from 2 to 10 min, c)
enrichment cycles from 0 to 6, and d) pressure for enrichment flow from 0 to 3 psi (“0”
means “no enrichment”) for a negative control (PBS buffer) and a sample containing 1
ng/mL CAP. Note that the error bar indicates the measurement deviation between three
different devices.
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Fig. 5.

a) Time-evolved optical images of the membrane from 0 to 10 min under various
concentrations of CAP from 0 to 2 ng/mL, and b) Relative Intensity value between the
colorimetric readouts at 6 min and the initial condition (0 min) under various concentrations
of CAP from 0 to 2 ng/mL. Note that the error bar indicates the measurement deviation
between three different devices.
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