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a b s t r a c t

Enterocytozoon hepatopenaei (EHP) infection has seriously affected prawn culture globally. The symptoms

of the infection are not apparent, and traditional detection methods are time consuming and low in accu-

racy. We developed a new onsite rapid testing device (size 18.8×16.7×6.6 cm3) for EHP based on mag-

nesium pyrophosphate precipitation and facilitated by loop mediated isothermal amplification (LAMP).

The design and fabrication of the device enables efficient light absorbance. The device has a highly sen-

sitive detector, high-precision thermal controller, and humanized touch screen. The temperature control

precision of the device is 0.2–0.3 °C at 60 °C, 63 °C, and 65 °C. The coefficients of variation values (CVV)

of the luminous power in one channel at light on and off were found to be 0.0097 and 0.0014, respec-

tively, within 1h. The CVV of the background, luminous power, and values of eight PCR tubes filled with

pure water were all less than 5%. In the EHP experiment, eight samples (including seven positive and

one negative) confirmed the effectiveness of the device, and four positive and four negative samples

verified whether cross-contamination exists. Among them, the rise time of the curve was about 15min.

These results assert that the developed device exhibits enhanced stability and uniformity and has excel-

lent performance with high sensitivity, good specificity, and low testing time. Moreover, the optimal and

minimum absorbance range was 555–655nm for monitoring the production of LAMP.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Enterocytozoon hepatopenaei (EHP) is an obligate intracellular

parasite that can infect a variety of eukaryotes, including cultured

shrimps such as Penaeus monodon and Litopenaeus vannamei (LV)

[1]. It has been reported that EHP infects the hepatopancreas of

Penaeus but does not cause acute and large-scale death like the

acute hepatopancreas necrosis caused by white spot syndrome and

yellow-head disease [2]. Penaeus infected by EHP show normal

feeding; however, the body color, stomach and intestines are obvi-

ously abnormal. The body color becomes white, intestinal absorp-

tion is lowered, hepatopancreatic atrophy is seen, and some LV ex-
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crete white feces. Therefore, this disease is difficult to identify in

the early stage, and low or no growth becomes apparent only af-

ter 30–45 days, resulting in feed loss and seriously impacting the

production. EHP can spread vertically through fertilized eggs and

shrimp larvae or horizontally through contaminated aquaculture

waters [3,4]. At present, it is difficult to completely achieve EHP

clearance in prawns, and no effective prevention or treatment has

been documented [5,6]. Eliminating the route of infection can suc-

cessfully prevent infection. By quarantining the affected parent and

young shrimps, the pathogens can be identified early, thereby pre-

venting the infection of healthy shrimps and protecting the fun-

damental interests of the prawn breeding industry. Owing to the

small size of the EHP spores, the symptoms are not obvious in the

infected prawns; hence, it is difficult to confirm the diagnosis in

the field [7]. Furthermore, traditional morphological methods have

https://doi.org/10.1016/j.cclet.2022.01.072
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Fig. 1. (A) The design of the diagnostic device. (B) Heating cover module. (C) Reac-

tion module. (D) Touch screen interfaces.

low detection efficiency, making detection and identification dif-

ficult. In contrast, molecular techniques serve as feasible alterna-

tives and possess the advantages of high sensitivity, good speci-

ficity, and rapid detection. At present, more novel detection meth-

ods appeared including chemiluminescence immunoassay, poly-

merase chain reaction (PCR) [8–10], real-time fluorescence quanti-

tative PCR [11–13], aptamer [14–17], hybridization [18,19], electro-

chemical biosensor [20–22] and loop mediated isothermal ampli-

fication (LAMP) [23–31], and so on. The immunity-based method

has very high sensitivity [32,33], but stability of reagent is poor

and the structure of equipment and instrument is complex. PCR-

based method has the disadvantages of complicated operation and

high cost of instruments and reagents, which limits its field ap-

plication [34]. Sensors-based method has smaller size and high

sensitivity, but the lifespan is short. However, LAMP does not re-

quire a thermocycler and needs only simple instruments and a rel-

atively short time period to perform the amplification with high

sensitivity and specificity [35]. Subsequently, the amplification re-

sult can be judged based on agarose gel electrophoresis, metal in-

dicator (Hydroxynaphthol blue), fluorescence probe (SYBR Green

I), or turbidity (Magnesium pyrophosphate precipitation) [36,37].

Of these, the turbidity detection is a very simple, fast, accurate,

low-cost, and pollution-free method for early on-site EHP diagno-

sis. Nonetheless, relying on the naked eye for result interpretation

easily leads to misjudgments, and the fluorescence device is ex-

pensive and complex to operate. Moreover, the main detection pre-

forms are microfluidic chip [38,39], cartridge [40], paper [41], tubes

[42,43], and the different preforms have different features. This pa-

per provided a novel thermostatic nucleic acid testing device for

monitoring the variation of magnesium pyrophosphate precipita-

tion in tubes, and test for EHP.

In LAMP, the target gene is amplified at a constant temperature

of 60–65 °C using Bst DNA polymerase within 1h. The amplified

products can be measured by turbidity generated from magnesium

pyrophosphate during strand displacement, which can be used to

indicate the process and state of the reaction [44,45]. The light-

absorbing of the solution is related to the concentration of the tur-

bidity, and can be determined by Beer’s law (Eq. 1) [46]:

A = lg

(
IR
IT

)
(1)

where, A is absorbance, IR is the incident light intensity, IT is the

transmitted light intensity.

The design of the diagnostic device is shown in Fig. 1A. The

entity graph (18.8×16.7×6.6 cm3) consists of four parts: heating

cover module (Fig. 1B), reaction module (Fig. 1C), touch screen in-

terfaces (Fig. 1D and Fig. S6 in Supporting information), and outer

covering [47]. The core of the device is the reaction module, which

Fig. 2. (A) flowchart of touch screen interface. (B) flowchart for judgment result. Ve

is the average value during 10–12min. Vt is the current value after 12min. Vth is

the threshold for judging whether the curve takes.

Fig. 3. (A) Background uniformity. (B) Luminous power uniformity. (C) Eight PCR

tubes filled with water. (D) Temperature uniformity.

consists of the laser diode (LD), thermal insulation (INS), photodi-

ode (PD), aluminum block (ALB), heater, and heater pad. The LD

and PD are separately controlled by a silicon photodiode (Si-PD)

detection-based printed circuit board (PCB) and laser driven PCB.

The LD sends out constant power light under the control of the

drive circuit as the incident light source. The PD can convert the

change of transmitted light intensity into the change of the volt-

age value. Therefore, it can monitor the turbidity of mixture solu-

tion in real time by collecting the voltage value. The heater pro-

vides constant temperature for the LAMP reaction [42]. To prevent

the liquid from evaporating, the heating cover module is equipped

with springs, ALB, thermal fuse, heater, INS, and the top lid. For

enhanced user experience, simple and practical screens are used,

including the home screen, the run screen, the history screen, and

the report screen. The inspector needs to merely input the name

of the experiment, the number of samples, and the temperature

and time of reaction and then press “START”. The device can run,

judge, and show the results in an automated manner within 1h.

Seven touch screens were designed for the operator to easily

use the device. As shown in Fig. 2A, when the device is pow-
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Fig. 4. (A) Seven positive and one negative samples. (B) Four positive and four neg-

ative samples. (C) Sensitivity test by different concentrations of samples. (D) Ab-

sorbance test by ultraviolet-visible near infrared spectrum.

ered, the first screen called “Main Screen” is shown and the op-

erator can set the parameters (for example, experiment name and

experiment condition) in this screen. If the “Start Exp” button is

pressed, the experiment commences. The “Run Screen” shows the

dynamic experiment curves and experiment temperatures in real

time. Once the experiment ends, all data are saved to the secure

digital memory card automatically, which can be viewed in the

“History Screen.” In addition, the calibration parameters can be up-

dated and read in the “Management Screen.”

The flow of the judgment algorithm (Fig. 2B) for the experiment

is implemented by the touch screen. The program collects the volt-

age value of one channel by 8 s, calculates the average value (Ve) of

each channel from 10min to 12min as baseline value, then timely

collects the value (Vt) after 12min. If the difference between Vt

and Ve is greater than the threshold (Vth) which is used to judge

whether the curve takes off, the counter (N) will plus one. Finally,

the following formula (Eq. 2) is used to judge the results of the

experiment:

x = N − 90

T/8
(2)

where, N is the time of one channel to maintain the jump. T is

the total experiment running time, so the running time of a single

channel is T divided by 8. The value of x is the proportion of the

time after the take-off of one channel to the running time. When

x was more than the threshold (X) which is used to judge the ex-

perimental results, the judgment result is positive, else is negative.

By the analysis of fifty sensitive and reacted EHP experiences, the

values of Vth and X are set 1 and 0.1.

The performance evaluation of the device chiefly included

temperature, luminous power, background uniformity and sta-

bility [42], and EHP testing assay. One thermistor (2.252 k�

type, Accuthermo Technology Corp.) and thermostat (ATEC302, Ac-

cuthermo Technology Corp) were employed to monitor the temper-

ature. The optical power meter (PM100D; Thorlabs Inc.) was used

to measure the luminous power. Furthermore, the data acquisition

system was used to measure the background from the eight PCR

tubes (0.2mL; Axygen Scientific Inc.) filled with 25 μL of purified

water. The total volume of LAMP reaction utilized for EHP detec-

tion was 25 μL and was covered with 30 μL of oil in each PCR

tube.

Figs. 3A-D depict the evaluation of the uniformity of the system

from four important aspects (background, luminous power, values

of eight PCR tubes filled with pure water, and temperature). The

following results were obtained: (I) The measured noises of the

eight channels represent the background uniformity, and the CVV

was an average of 3.24% (Fig. 3A). (II) The optical power of the

eight channels denotes the luminous power uniformity, and the

CVV was an average of 0.7% (Fig. 3B). (III) The voltage signals of

the eight channels filled with 25 μL of pure water signify the ab-

sorbance uniformity, and the CVV was 0.43% in average (Fig. 3C).

(IV) The temperatures of the eight channels at 60 °C, 63 °C, and
65 °C indicate the temperature uniformity, and the average CVVs

were 0.48%, 0.43%, and 0.38%, respectively (Fig. 3D). The CVVs of

every eight channels were less than 5% in the uniform testing ex-

periments (Table S2 in Supporting information). The above results

demonstrated that the established system has very good unifor-

mity.

In Fig. S4A (Supporting information), the three curves demon-

strate the temperature stability (at 60, 63, and 65 °C) in one chan-

nel with one PCR tube containing 25 μL of purified water and 30

μL of oil and inserted with a thermistor-based temperature sensor.

The heating speed was about 1 °C per second, and the precision of

temperature control was less than 0.2 °C. In Fig. S4B (Supporting

information), at 63 °C, these curves showed stability in eight PCR

tubes filled with 25 μL of purified water. The maximum and min-

imum values of CVV were 0.82% and 0.045%, respectively, which

were much less than 5%. The above results alluded that this sys-

tem has very good stability. In Fig. S5 (Supporting information), the

curve signifies the stability of the luminous power in one channel

when the light was turned on and off. The fluctuation values were

0.0097 and 0.0014, respectively, within 1h.

We designed three groups of experiments to verify the EHP de-

tection capability of the device. (I) Eight samples (seven are pos-

itive and one is negative) were used to verify the effectiveness

of the device. (II) Four positive and four negative samples were

used to verify the device effectiveness and the existence of cross-

contamination. (III) Eight samples (six are positive samples diluted

from 10 pg/μL to 10−4 pg/μL and two are negative samples) were

used to verify the sensitivity of the device. The curves of the re-

sults were shown in Fig. 4. Seven curves were takeoff and have

similar trends, imply that the device has good uniformity and sta-

bility (Fig. 4A); Four positive were takeoff, and others were not,

that indicated there was no cross-contamination (Fig. 4B); As the

concentration of positive samples decreased, the take-off time of

the curve was also delayed, and the lowest detection limitation

was 0.1 fg/μL (Fig. 4C). Besides, all positive samples can be cor-

rectly judged by the designed algorithm.

For finding the optimal absorbance wavelength, we designed

a positive control group and EHP experimental group by LAMP.

Absorbance spectroscopic tests were performed at 200–800nm

using ultraviolet-visible-near infrared spectrum (Lambda 750S,

PerkinElmer). As illustrated in Fig. 4D, the optimal and minimum

absorbance range was 555–655nm. In this range, the absorbance

value of the solution was accurate because there was less interfer-

ence from impurities. In market, most lasers have standard wave-

lengths (such as 520, 650, 670nm) [48]. Hence, we chose a 650nm

laser.

In this work, we have been developed a new on-site rapid

testing device for EHP with good stability and high uniformity.

We find that the better absorbance detection range of the prod-

uct of LAMP was 555–655nm. The adoption of laser diode with

monochromaticity and unipolarity improves the stability and accu-

racy of the signals. Besides, an automatic semi-quantitative judg-

ment algorithm has provided for judging the result is positive or

negative and verified the precision through lots of experiments. In

summary, this device exhibited very good stability, uniformity, and
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reliability. Owing to the ease of operation and the high accuracy

for EHP detection, this device can find widespread applications in

the rapid detection of nucleic acids in primary community hospi-

tals, customs, etc.
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