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Abstract: A high-throughput instrument to measure the full spectral properties of biochemical agents
is necessary for fast screening in fields such as medical tests, environmental monitoring, and food
analysis. However, this need has currently not been fully met by the commercial microplate reader
(CMR). In this study, we have developed an automated high-throughput efficient microplate reader
(AHTEMR) platform by combining a spectrometer and high-precision ball screw two-dimensional
motion slide together, for high-throughput and full-spectrum-required biochemical assays. A two-
dimensional slide working on a ball screw was driven by a stepper motor with a custom-designed
master control circuit and used as a motion system of the AHTEMR platform to achieve precise
positioning and fast movement of the microplate during measurements. A compact spectrometer
was coupled with an in-house designed optical pathway system and used to achieve rapid capture
of the full spectral properties of biochemical agents. In a performance test, the AHTEMR platform
successfully measured the full spectral absorbance of bovine serum albumin (BSA) and glucose
solution in multiple wells of the microplate within several minutes and presented the real-time full
spectral absorbance of BSA and glucose solution. Compared with the CMR, the AHTEMR is 79 times
faster in full-spectrum measurements and 2.38 times more sensitive at the optimal wavelength of
562 nm. The rapid measurement also demonstrated the great capacity of the AHTEMR platform
for screening out the best colorimetric wavelengths for tests of BSA and glucose development,
which will provide a promising approach to achieving high-throughput and full-spectrum-required
biochemical assays.

Keywords: efficient microplate reader; high-throughput; full spectral absorbance; reagent screening

1. Introduction

A microplate reader is a useful instrument for high-throughput measurements due
to its non-contacted optical measurement without containment towards a photoelectric
detector or biochemical samples. Up to now, the microplate reader has achieved various
biochemical quantitative assays by counting photons emitted from biochemical samples at
selective wavelengths. In medical tests, the microplate reader works with enzyme-linked
immunosorbent assay (ELISA) as a high-throughput diagnostic tool to detect the presence
of biomarkers in blood or urine [1-4]. In environmental monitoring, the microplate reader
is always used to detect and analyze the pollutants in a liquid environmental sample to
evaluate water quality [5-7]. In food analysis, the microplate reader plays an important
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role in the rapid and high-throughput quantification of amino acids, sweet components,
and vitamins [8]. Overall, the microplate reader is an essential tool for high-throughput
biochemical measurements in fields such as medical tests, environmental monitoring, and
food analysis.

The basic working principle of the microplate reader is to use the photoelectric col-
orimeter or spectrophotometer to measure the energy difference in light before and after
passing through the test substance [9-13]. The energy difference in light caused by the
absorption of test the substance is usually linearly related to the concentration of the test
substance. Hence, the microplate reader can quantify the concentration of the test substance
via the optical measurement of light absorption at selective wavelengths. The widespread
applications of the microplate reader in biochemical measurements have demonstrated
several advantages such as high-throughput in one measurement, small volume require-
ment for the test substance, and highly automated data recording [14-16]. However, the
conventional microplate reader has two limitations. Firstly, the microplate reader is not
fast enough for spectral measurements and it requires several hours or even more time in
measuring the full spectrum of the test substance, especially in measuring multiple wells or
when repeated trials are required [16-18]. During this long measurement process, biological
and chemical materials in the microplates may undergo significant changes in their optical
properties (e.g., color and absorption) because of the prolonged exposure of the material
to the air. Accurate quantification of the test substance, therefore, cannot be obtained in
the full-spectrum measurement by the microplate reader. Secondly, the microplate reader
cannot obtain a real-time spectrogram and it only provides numerical information about the
absorbance of selective wavelengths during the measurement process [19-21]. Researchers
have to plot spectrograms via extra software and draw conclusions after collecting the
whole numerical information. Instant judgment is restricted in some cases with real-time
monitoring, such as in water quality detection and food safety tests.

Microspectrometers have a great capacity for measuring the full spectrum at high
speed and presenting a real-time spectrogram, which partially compensates for the short-
comings of a conventional microplate reader [10,22,23]. Moreover, microspectrometers are
low in cost, compact in size, and light in weight, so are convenient for portable measurement
in terms of large-scale trials outside the laboratory [24-26]. However, microspectrometers
require a fixed light source and a photoelectric detector to measure the optical spectrum of
test substances in the individual cuvette, and manual replacement of the cuvette is neces-
sary to measure the spectrums of different test substances, which lowers the throughput
of the microspectrometer in a single channel and can induce extra unpredictable measure-
ment errors between different tests [27-29]. The low throughput and automation restrict
applications of microspectrometers in biochemical assays that require large-scale screening;
although, a microspectrometer has the capacity of measuring the full spectrum of biochemi-
cal components rapidly. Therefore, it would be promising for biochemical assays to build a
platform that can integrate the microspectrometer into the conventional microplate reader
for high-throughput and full-spectral measurements of biochemical substances.

In this study, we have developed an automated high-throughput efficient microplate
reader (AHTEMR) platform by engineering a combination of a spectrometer and a high-
precision ball screw two-dimensional motion slide for high-throughput and full-spectrum-
required biochemical assays (Figure 1). The AHTEMR platform consists of three parts:
the mechanical part, the electronic hardware part, and the computer software part. In the
mechanical part, a high-precision ball screw two-dimensional motion slide (positioning
accuracy of 0.03 mm) is used to achieve a precise two-dimensional movement of the
instrument in the x and y directions. A custom-designed multi-well plate carrier and
a vertical optical path holder are fabricated together to couple the optical path of the
spectrometer and the testing well of the multi-well plate. In the electronic hardware part, a
custom-designed master control circuit is built to receive commands from the computer
and send them to the motion slide and the spectrometer. These commands control the
automatic movement of the motion slide and the spectral measurement of the spectrometer.



Biosensors 2022, 12, 284

3of 14

By this method, we can measure the optical path of the object measured in different holes
on the plate through displacement. In the computer software part, a customized LabVIEW
program serves as a control interface for the spectrometer and the motion side, presenting
the real-time full spectral absorbance measured by the spectrometer, and the data can
be saved to the local excel. With subsequent data processing, the optimal colorimetric
wavelength of the measured substance can be determined quickly. These three parts worked
together to achieve fast spectral measurements of the solution absorbance in the multi-
well plate. In the experiment, we applied the AHTEMR platform to measure the spectra
of Bovine Serum Albumin (BSA) and the glucose solution at different concentrations
to demonstrate the high-throughput, full-spectrum, and rapid-speed characteristics of
the platform. The AHTEMR platform provides a promising approach that enables a
fast measurement of the full spectrum of biochemical substances in a high-throughput
microplate, which will be useful in biochemical assays for some special substances such as
oxidizable substances.
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Figure 1. Mechanism of the automated high-throughput efficient microplate reader (AHTEMR)
biosensing system. The AHTEMR consists of a micro fiber optic spectrometer, a light source, an x-y
axis 2D Slide table, and a computer with LabVIEW software. Based on the self-designed master
circuit and PWM signal, the x-y axis 2D slide table carrying the micro-hole plate can be precisely
controlled to complete an accurate displacement in the plane.

2. Materials and Methods
2.1. Experimental Setup

A schematic representation of the proposed AHTEMR platform configuration is de-
scribed in Figure 2a. These components are: shell, light source, 24 V~220 V power supply,
ball screw, stepper motor, motor driver, control circuit, proximity switch, plate bracket,
96-well cell culture plate, collimating lens, flange, spectrometer, and computer. The light
source (DH-mini, Ocean Optics, Orlando, FL, USA) is a compact deuterium halide light
source with a power output in the UV, visible, and NIR range (200~2500 nm). The miniature
spectrometer (USB2000 UV-VIS-ES, Ocean Optics, Orlando, FL, USA) covers the wave-
length range from 200 to 850 nm with a resolution of 0.399 nm. Two 74-UV collimating
lenses (200~2000 nm) are attached to both incident and outgoing edges of the sample for
collimation. To achieve precise two-dimensional motion in the x and y directions of the
mechanical system, ball screws are used in conjunction with linear guides and slides. Both
sides of the ball screws are attached to the base bearings, and one side is connected to
the motor shaft with a coupling to form a one-way motion system. Two-wire track rails
with strokes of 100 mm and 200 mm are combined to form a displacement system on the
xy plane, which is connected to the custom-designed housing by screws. An optical path
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holder fabricated by welding and milling has been designed to replace the traditional
cuvette holder. A flange connects the collimator and the holder for easy replacement and
maintenance. The holder is designed and milled to fit the dimensions of the microplate
to form a clear light path. One side of the holder is screwed to the top of the motion
platform. The housing and the individual parts are painted in matt black color to minimize
the interference caused by reflections.

a
Ball screw Light source Linear guide 220V to 24V
“W‘WNWMWW ------- power supply
Spectrometer
Computer
optical fiber
o
[
O R
\ /
Measurement
bracket
B ¢ )
Power
—{ computer |
[ ADC( ] Proximity
™ sensor
sensor
MCU(4)
X axis
er(5 :
displacement
Y axis
displacement
‘f’ LXK % Automated high-throughput efficient microplate reader software system
Motion control module Spectral measurement Spectrometer setup
movement ¢t receive Real-time spectrum | Dark spectrum | Reference spectrum | Absorbance spectrum
VISA resource name abscissa ordinate. inesuction S::r rometer Serial number Spectrometer number
[fcowm |2 g s soto @l |9° o
Serial Settings ‘ 1234567 8 910 11 12 - '\'"‘Esv.ﬁonrimelms] Maximum integration{ms]
[ baud rate ] A y“”"h o
= . AT i negraton (]
v [)
data bits. (o
B D Starting mode Tempersture seting
rity E = g
[BNore F getSpectrumTime (me]  model
G o
H INETWrapper Stat TEC Error Log
Status Code Status  Code
Eramm) M et Gy et e MR a0 S0 &4 &0 Go o om s o m i é"h!" i“. 3
stop e Wavelengths [nm]  Spectrum dark reference absorbance O >
Original respx 9o 9o 9o 9o 9o )
Ailoraslic scen sboredpsedirurm LocpEit ExtraDelay After
P ) i‘:”o Excel - @
v 0 0

Figure 2. Configuration of the proposed AHTEMR platform: (a) Schematic diagram of the AHTEMR.
(b) Schematic diagram of the main control circuit. (c) Block diagram of the control circuit system.
(d) Computer software operation interface.
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2.2. Structure of Control Circuit System

The control circuit system consists of the device, hardware, and software systems.
The hardware system includes an analog-to-digital converter, a power supply module,
a serial communication module, a microcontroller, and a dual PWM output timer, with
red dashed boxes indicating the location of the integrated circuit components. Figure 2b
depicts the main control circuit diagram, where (1) is an analog-to-digital conversion
interface used to detect proximity switching voltage; (2) is the power module that converts
voltage from 5 to 3.3 V; (3) is a serial port communication module with the CH340 chip
working as the core, achieving two-way communication with the host computer; (4) is the
MCU module with STM32f103RCT6 as the core; and (5) and (6) are motor-driven outputs.
The connections between the various modules are shown in Figure 2c. The core of the
control circuit is an STMicroelectronics STM32f103RCT6 microcontroller, which receives
specific control commands from the host computer through the Universal Asynchronous
Receiver/Transmitter (UART) interface and is integrated into the PC via the USB hub
together with the spectrometer. To control the motor travel accurately, the PWM signal is
outputted through two advanced timers, and it is set to 5 V by adding a 1 k Ohm resistor to
the output port to set the pull-up. Then, the 5 V control signal is converted to 24 V through

LabVIEW software is implemented in the computer for the motion control of the
platform as shown in Figure 2d. The graphical interface facilitates the selection of the
target well on the microplate without having to control it through a complicated location
by coordinates. The control circuit receives the command and performs calculations based
on the current and ordered coordinates to derive the movement of the motion platform
at a preset speed. Two proximity switches are installed at the starting positions in the x
and y directions and are connected to the Printed Circuit Board (PCB) by wires, which in
turn are detected by the analog-to-digital (AD) module of the microcontroller. When the
instrument is powered up or when the user clicks the reset button, it will automatically
move to the initial point for the reset operation. This ensures accurate control movement
with no movement failure. A secondary development is based on the spectrometer Software
Development Kit (SDK) provided by Ocean Optics. The real-time spectra can be displayed
on the graphical interface, allowing the user to quickly locate useful bands and save the
data locally on a PC for subsequent analysis. Furthermore, algorithms programmed in
MATLAB software can be embedded in the console to perform a variety of calculations
and analyses in real time.

2.3. Sample Preparation and Spectral Measurement

As shown in Figure 3a, 1% BSA solution (Source Leaf Bio) was diluted to 2000 pug/mL,
1000 pg/mL, 500 pg/mL, 250 ug/mL, 100 pg/mL, and 50 pg/mL with distilled water.
Then, 10 uL of the sample was tested, and 250 pL of the working solution was added
dropwise to each well using a pipette gun; the working solution was obtained from a
total protein assay kit (A045-4-1, Jiancheng Bioengineering Co., Nanjing, China). Similarly,
the glucose solution was diluted to 10 mmol/L, 8 mmol/L, 6 mmol/L, 4 mmol/L, and
2 mmol/L using distilled water. Then, 2.5 uL of the sample was tested, and 250 uL of
the working solution was added dropwise to each well using a pipette gun; the working
solution was obtained from the kit. Five sets of replicate experiments were set up. After
the drops were added, the solution was incubated for 30 min at 37 °C on a thermostat. As
shown in Figure 3b,c, the BSA and glucose solution changed from colorless to purple and
red color, respectively.
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Figure 3. Experimental process of the AHTEMR: (a) Flow chart of the BSA color reaction experiment.
(b) Microplate carrying BSA solution after color development. (c) Microplate carrying glucose
solution after color development.

After the prepared samples were placed on the optical path holder, the computer was
turned and the spectrum measurement range was set to 200~850 nm. With the setting
of stepper motor parameters (a stepper angle of 1.8 degrees) and initialization to zero
point (x = 0, y = 0), the absorbance spectrum after color development was measured and
processed in the LabVIEW program. The real-time spectra were therefore displayed on
the graphical interface and the useful bands were saved on a PC for subsequent analysis.
As the control, the same species and samples with the same concentration measured in
AHTEMR were reused in the commercial microplate reader (Infinite M200 PRO, TECAN,
Minnedorf, Switzerland).

3. Results
3.1. Experimental Results of the AHTEMR Platform

To evaluate the performance of the AHTEMR platform, we carried out comparative
experiments using the AHTEMR platform and CMR for full-spectrum measurements
of BSA and glucose. Results of the BSA measurement are shown in Figure 4a,b. The
spectral waveforms measured by the AHTEMR platform range from 400 to 900 nm and are
generally consistent with the results measured by the CMR for the BSA. Based on the peak
locations in the measured spectrums, it is suggested that the effective wavelengths of the
spectral measurements of both the AHTEMR platform and CMR range from 500 to 700 nm,
which coincides with the spectra of BSA obtained by reported articles [30]. Results of the
glucose measurement are shown in Figure 4c,d. The AHTEMR platform and CMR have
a similar absorbance spectrum for the glucose, which is also consistent with the public
data [31]. Compared with the result of the BSA measurement, the result of the glucose
measurement has a blue-shifted effective wavelength range from 400 to 600 nm due to the
optical absorbance property of glucose. Although the AHTEMR realizes the same function,
there are still some differences between the AHTEMR and CMR (as shown in Figure 4a—d).
Firstly, there are two extra downward peaks around 580 and 660 nm, respectively, in the
measured spectrum of the AHTEMR, while there are no peaks in the measured spectrum of
the CMR. Secondly, the curves of BSA and glucose obtained by both are not flat when the
values of concentration are zero. These two differences between the spectrum measured by
the AHTEMR and CMR may be caused by our customized calculation of the absorption
spectrum. According to the Beer-Lambert Law, we calculate the absorbance as Equation (1):

A =1g(lo/Ix) 1)
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where A is the absorbance, Ij is the reference spectrum and Ix is the measured spectrum.
Thus, the measured spectrum shown in the plotting is with reference to air and contains
not only the absorbance of the solution but also the absorbance of the orifice plate.
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Figure 4. Spectral measurement using the AHTEMR and CMR: (a) Absorbance spectrum of BSA at
different concentrations measured by the AHTEMR. (b) Absorbance spectrum of BSA at different
concentrations measured by the CMR. (¢) Absorbance spectrum of glucose at different concentrations
measured by the AHTEMR. (d) Absorbance spectrum of glucose at different concentrations measured
by the CMR.

In both BSA and glucose measurement, spectral absorbance values measured by the
AHTEMR platform are about three times that of the CMR. The larger absorbance values
will give a more accurate spectrum for the BSA and glucose measurement. Thus, the results
demonstrate that our AHTEMR platform is more accurate in measuring the spectrums of
biochemical compounds and is able to distinguish different compounds.

To explore the capacity of the AHTEMR platform in distinguishing different con-
centrations of biochemical compounds, we further carried out comparative experiments
using the AHTEMR platform and CMR for full-spectrum measurements of the BSA and
glucose solution at different concentrations. For both BSA and glucose measurements, the
absorbance spectrums measured by the AHTEMR platform and CMR both increase with
the concentration in effective wavelength ranges (from 500 to 700 nm for the BSA and from
400 to 600 nm for the glucose; Figure 4). Particularly, the increases in absorbance measured
around the peaks by the AHTEMR platform are much larger, suggesting the ability of peak
absorbance values to represent the concentrations of the BSA and glucose solution. The fur-
ther comparison of the absorbance increases in spectrums between the AHTEMR platform
and CMR shows that the absorbance increases measured by the AHTEMR platform are
also about three times that of the CMR when the concentrations of BSA increase from 0 to
2000 pug/mL and glucose increase from 0 to 10 mM. These larger absorbance increases are
attributed to a larger spectral absorbance value measured by the AHTEMR platform and
allow a higher sensitivity for the AHTEMR platform in the BSA and glucose measurement.
These results of BSA and glucose concentration measurements have demonstrated that the
AHTEMR platform not only can provide a good observation of absorbance spectrum from
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biochemical compounds just like the CMR, but also have a greater spectral response to the
concentration change in biochemical compounds.

3.2. The BSA Quantification Using the AHTEMR Platform

The capacity of the AHTEMR platform for quantifying biochemical compounds at a
fixed wavelength was studied by comparing absorbance responses of the AHTEMR plat-
form and CMR to BSA at different spectral wavelengths. The linear fittings of absorbances
at different spectral wavelengths for the BSA measured by the AHTEMR platform and CMR
are shown in Figure 5a,b, respectively. The absorbances at different spectral wavelengths in-
crease with the concentrations of BSA when measured by both the AHTEMR platform and
CMR. The AHTEMR platform and CMR measurements have a similar trend in response
to the change in BSA concentration but they show different slopes for the linear fittings,
implying that the AHTEMR platform and CMR measurements have different sensitivities
at different wavelengths. To find the optimal wavelength of the measurement with the
highest sensitivity, we calculated the slopes of the linear fittings of the BSA measurements
at different spectral wavelengths. The sensitivity distributions of the linear fittings ob-
tained from the AHTEMR platform and CMR measurements are shown in Figure 5c,d,
respectively. The sensitivities of the AHTEMR and CMR are similar in distributions and
the maximum sensitivities are both around 562 nm. The wavelength with the maximum
sensitivity is consistent with the recommended wavelength for the BSA measurement in
the instruction. We also find that the sensitivity of AHTEMR is much larger than that of the
CMR and the maximal sensitivity of the AHTEMR at around 562 nm is about 2.38 times
the maximal sensitivity of the CMR. This demonstrates that the AHTEMR platform has a
better performance in sensitivity when compared to the CMR.

The R-squared values of the linear fittings of the BSA measurement at different spectral
wavelengths were calculated to evaluate the linearity of responses of the AHTEMR plat-
form and CMR to the change in BSA concentrations at different wavelengths. Sensitivity
distributions of the linear fittings measured by the AHTEMR platform and CMR are shown
in Figure 5e/f, respectively. The R-squared values calculated from the AHTEMR platform
and CMR measurement show different distributions. The distribution of the AHTEMR
platform has a high R-squared value around 0.998 in the wavelength range from 550 to
570 nm and a low R-squared value around 0.994 in the wavelength range from 520 to
540 nm. In contrast, the distribution of the CMR is flat and stays around 0.997 in the
wavelength range from 520 to 570 nm. Thus, the linearity of absorbance response of the
AHTEMR in the BSA measurement is worse than that of the CMR in the wavelength range
from 520 to 540 nm, but it is better than that of the CMR in the wavelength range from
550 to 570 nm. Considering that both the AHTEMR platform and CMR show maximal
sensitivity around 560 nm, this may work at a wavelength of 560 nm in practical application.
Hence, the linearity of absorbance response of the AHTEMR is better than that of the CMR
when using a fixed wavelength of 560 nm in practical application.

Apart from the sensitivity and linearity of responses of the AHTEMR platform and
CMR to the change in BSA concentrations at different wavelengths, we also quantified the
measurement time that the AHTEMR and CMR cost for full-spectrum measurements to
evaluate the measurement speed of both instruments. The statistics regarding the time
cost of the AHTEMR and CMR measurements are shown in Figure 5g. The AHTEMR
platform costs an average of 6.37 £ 0.23 s per well to obtain a full spectrum of BSA solution,
while the CMR costs an average of 504.29 4 20.17 s per well to obtain a full spectrum of
BSA solution. The time cost of the CMR is about 79 times that of the AHTEMR platform
for full-spectrum measurement, which demonstrates a higher efficiency of the AHTEMR
platform for full-spectrum measurement. We also quantified the detection limits of the
AHTEMR platform and CMR for the BSA measurement by a 35 calculation (Figure 5h). The
detection limit of the AHTEMR measurement is 71.08 = 5.98 ug/mL and the detection limit
of the CMR measurement is 36.34 & 2.14 pug/mL. The lower detection limit of the CMR
measurement is due to the smaller standard deviation with better repeatability. Overall,
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the AHTEMR platform performs better on measurement sensitivity and speed but worse
on detection limit than the CMR. After weighing the better and worse performances, we
conclude that the AHTEMR is a competent instrument for high-throughput spectrum
measurement.
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Figure 5. BSA spectral measurement using the AHTEMR and CMR: (a) Absorbance spectrum linear
fitting results of BSA at different wavelengths measured by the AHTEMR. (b) Absorbance spectrum
linear fitting results of BSA at different wavelengths measured by the CMR. (c) Sensitivity distribution
of linear fitting results between 520 and 580 nm measured by the AHTEMR. (d) Sensitivity distribution
of linear fitting results between 520 and 580 nm measured by the CMR. (e) RZ distribution of linear
fitting results between 520 and 580 nm measured by the AHTEMR. (f) R? distribution of linear fitting
results between 520 and 580 nm measured by the CMR. (g) AHTEMR and CMR measurements of the
time spent on the spectral measurement of BSA solution per well. Among them, the AHTEMR costs
about 6.37 s per well and the CMR costs about 504.29 s per well. (h) Detection limits of the AHTEMR
platform and CMR for BSA measurement by 36 calculation; the detection limit of the AHTEMR is
71.08 ug/mL, and the detection limit of the CMR is 36.34 ug/mL. All experiments were repeated in
3 well with error bars of mean + SD.
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3.3. Glucose Quantification Using the AHTEMR Platform

The capacity of the AHTEMR platform for quantifying biochemical compounds at
a fixed wavelength was studied by comparing absorbance responses of the AHTEMR
platform and CMR to the glucose solution at different spectral wavelengths. The linear
fittings of absorbance at different spectral wavelengths for the glucose by the AHTEMR
platform and CMR are shown in Figure 6a,b, respectively. Both the AHTEMR and CMR
platforms showed absorbance increasing with the increase in concentrations of the glucose
solution at different spectral wavelengths. They presented a similar trend in response
to the change in glucose concentrations but showed different slopes of the linear fittings
at different wavelengths, which demonstrated different sensitivities for the AHTEMR
platform and CMR measurement at different wavelengths. We calculated the slopes of
the linear fittings of the glucose measurement at different spectral wavelengths to check
the optimal wavelength of the measurement with the maximal sensitivity. Sensitivity
distributions of the linear fittings measured by the AHTEMR platform and CMR are
shown in Figure 6¢,d, respectively. The sensitivity distributions of the AHTEMR and CMR
platforms show similar distributions in which the maximal sensitivities of both instruments
are around 505 nm. The wavelength showing the maximal sensitivity was consistent with
the recommended wavelength for the glucose measurement in the instruction. We also
found that the sensitivity of the AHTEMR was much higher than that of the CMR and the
maximal sensitivity of the AHTEMR was around 505 nm, which was about 5.84 times that
of the CMR. This demonstrates that the AHTEMR platform has a better performance in
sensitivity than the CMR.

We calculated the R-squared values of linear fittings of the glucose measurement at
different spectral wavelengths to evaluate the linearity of responses of the AHTEMR and
the CMR to the change in glucose concentration at different wavelengths. The sensitivity
distributions of the linear fittings measured by the AHTEMR platform and CMR are shown
in Figure 6e,f, respectively. The R-squared values calculated from the AHTEMR and CMR
measurement show different distributions. The distribution from the AHTEMR platform
has a high R-squared value around 0.997 with wavelengths ranging from 460 to 520 nm
and a low R-squared value around 0.994 with wavelengths ranging from 520 to 580 nm.
In contrast, the distribution of the CMR is flat and stays around 0.996 with wavelengths
ranging from 420 to 580 nm. Therefore, the linearity of absorbance response of the AHTEMR
platform in glucose measurement is worse than that of the CMR in wavelengths ranging
from 520 to 580 nm, but it is better than that of the CMR in wavelength ranging from 460 to
520 nm. Given both the AHTEMR platform and CMR showed maximum sensitivity around
505 nm, and may work at a wavelength of 505 nm in practical application, the linearity of
absorbance response of the AHTEMR platform could be better than that of the CMR.

In addition to the sensitivity and linearity of response of the AHTEMR platform and
CMR to the change in glucose concentrations at different wavelengths, we quantified
the time that the AHTEMR and CMR cost for full-spectrum measurement to evaluate
the measurement speed of the AHTEMR and CMR. The statistics of the time cost of the
AHTEMR platform and CMR measurements are shown in Figure 6g. The AHTEMR plat-
form costs 6.87 £ 0.33 s to obtain the full spectra of glucose solution per well, while the
CMR costs 536.60 & 28.00 s to obtain the full spectra of glucose solution per well. The
time cost of the CMR is about 78 times that of the AHTEMR platform for full-spectrum
measurement, suggesting a lower efficiency of the CMR in full-spectrum measurements.
We also quantified the detection limits of the AHTEMR platform and CMR for glucose
measurement by a 36 calculation (Figure 6h). The detection limit of the AHTEMR mea-
surement is 0.11264 & 0.00448 mmol/L and the detection limit of the CMR measurement is
0.10266 £ 0.00308 mmol/L. The detection limit of the AHTEMR is close to that of the CMR,
and to some extent, the AHTEMR has reached the commercial test performance. Compared
with BSA, the results of measuring glucose with the AHTEMR are better. Overall, compared
with the CMR, the AHTEMR performs better in terms of sensitivity and speed, but is similar
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in terms of the detection limit. After weighing the better and worse performances, the
AHTEMR is a comparable instrument for high-throughput spectroscopic measurements.
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Figure 6. Glucose spectral measurement using the AHTEMR and CMR: (a) Absorbance spectrum
linear fitting results of glucose at different wavelengths measured by the AHTEMR. (b) Absorbance
spectrum linear fitting results of glucose at different wavelengths measured by the CMR. (c) Sensitivity
distribution of linear fitting results between 420 and 580 nm measured by the AHTEMR. (d) Sensitivity
distribution of linear fitting results between 520 and 580 nm measured by the CMR. (e) R? distribution
of linear fitting results between 420 and 580 nm measured by the AHTEMR. (f) R? distribution
of linear fitting results between 420 and 580 nm measured by the CMR. (g) AHTEMR and CMR
measurements of the time spent on the spectral measurement of glucose solution per well. Between
them, the AHTEMR costs about 6.87 s per well and the CMR costs about 536.6 s per well. (h) Detection
limits of the AHTEMR platform and CMR for glucose measurement by a 35 calculation; the detection
limit of the AHTEMR is 0.1126 mmol/L, while the detection limit of the CMR is 0.1027 mmol/L. All
experiments are repeated in 3 well with error bars of mean + SD.
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4. Discussion

Our work showed an improved AHTEMR platform for a fast and high-throughput
measurement of the full spectrum of biochemical compounds. Compared with the commer-
cial instruments, our AHTEMR platform has two advantages. The first advantage of our
AHTEMR platform is the high speed of spectral measurement for biochemical compounds.
The time cost of the AHTEMR platform to measure the full spectrum of biochemical solu-
tion per sample is less than ten seconds, whereas the time cost of a commercial instrument
to measure the full spectrum of biochemical solution per sample is about five hundred sec-
onds. Even compared with the ThermoScientific Multiskan SkyHigh Microplate, which is
declared the fastest microplate reader, our ATHEMR platform can save about five hundred
seconds in one single spectral measurement of BSA and glucose solution. Considering
that the 24-well plate was a commonly used carrier in a batch of experiments, the usage
of the AHTEMR platform can save several hours for a batch of experiments measuring
the spectra of biochemical compounds. The second advantage is the large intensity of the
absorbance spectral measurement for biochemical compounds. The spectral absorbance
values measured by the AHTEMR platform are about three times that of the commercial
instrument at different wavelengths of the spectrum. The larger intensity of absorbance
spectrum demonstrated a higher sensitivity of the AHTEMR platform when compared
with that of the commercial instrument. The sensitivities of the AHTEMR platform are
about 2.38 times and 5.84 times that of the commercial instrument in measurements of BSA
and glucose solution, respectively. Overall, our AHTEMR performs better in terms of speed
and sensitivity for high-throughput spectral measurement.

Despite the advantages of the AHTEMR platform, the performance of this platform in
detection limits is worse than that of the commercial instrument. The detection limits of
the AHTEMR platform were 71.08 = 5.98 pug/mL and 0.11264 £ 0.00448 mmol/L for the
measurement of BSA and glucose solution, respectively, whereas the detection limits of
the commercial instrument were 36.34 + 2.14 pg/mL and 0.10266 £ 0.00308 mmol/L for
the measurement of BSA and glucose solution, respectively. The larger detection limits of
the AHTEMR platform may result from the large noise of spectral measurements using the
AHTEMR platform, which gives rise to large standard deviations in the 35 calculation of
the detection limit. More specifically, different measuring principles of the AHTEMR and
CMR give rise to different detection limits and measuring speeds between the AHTEMR
and CMR. The CMR uses a photomultiplier tube to receive the monochromatic light
at different wavelengths to measure the full spectrum of biochemical compounds. The
accuracy of absorption measurement at a single wavelength is high but the speed of the
measurement is low because of the serial detection for each wavelength. In contrast,
the AHTEMR uses a grating spectrometer to measure spectral information at different
wavelengths within several hundreds of wavelength ranges in parallel. Thus, the speed of
the AHTEMR measurement is high, but the accuracy of the AHTEMR measurement at a
single wavelength is low. Our AHTEMR platform achieves a rapid spectral measurement
by taking advantage of a grating spectrometer that obtains the full spectrum each time
without switching monochromatic light.

To further improve the performance of the AHTEMR platform in the detection limit,
we will reduce the noise of spectral measurement using the AHTEMR platform in two ways
in future work. The first method is to increase the integral time of the spectral measurement
using the AHTEMR platform, which will reduce the random noise in the measurements
by integrating more spectral recordings together. Although the increase in integral time
will make the spectral measurement slower, the improvement of the detection limit enables
the AHTEMR platform to achieve a better balance on the overall performance. The second
method is to design a digital filter in signal processing to reduce the noise of the AHTEMR
measurement. The digital filter will remove the noise from the spectral signal, which may
potentially shift the spectrum in wavelength. Further work is needed to explore how to
remove the noise from the signal without a large spectral shift.
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5. Conclusions

In this work, we have developed an AHTEMR platform for the fast and high-throughput
measurement of the full spectrum of biochemical compounds. The AHTEMR platform can
accurately measure the spectrum of biochemical compounds ranging from 300 to 900 nm for
the BSA and glucose solution. The measuring speed of the AHTEMR platform is 100 times
faster than that of the CMR and the sensitivity of the AHTEMR platform to concentration
change is about three times higher than that of the CMR. Although the detection limit of
the AHTEMR platform is slightly worse than that of the CMR in the BSA and glucose
measurement, the AHTEMR platform is still a competitive tool for spectrum measurements
considering its speed and sensitivity. Our AHTEMR platform can serve as a high-throughput
microplate reader platform for measuring the full spectrum of biochemical compounds with
great efficiency.
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