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Abstract

:

Developing rapid and inexpensive diagnostic tools for molecular detection has been pushed forward by the advancements of technical aspects. However, attention has rarely been paid to the molecular detection methodology using inkjet printing technique. Herein, we developed an approach that employed a self-assembled inkjet printer as the enabling technology to realize droplet digital loop-mediated isothermal amplification in a low-cost and practical format. An inkjet printer is a self-assembled tool for the generation of discrete droplets in controllable volumes from a picoliter to a nanoliter. A microfluidic chip serves as a droplets reservoir to perform droplet digital LAMP assays. The inkjet printer approach successfully quantified the HPV16 from CaSki cells. This self-assembled and practical inkjet printer device may therefore become a promising tool for rapid molecular detection and can be extended to on-site analysis.
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1. Introduction


Molecular detection plays a critical role in diseases prevention, prediction, diagnosis, treatment, and prognosis. Advances in science and technology have made the molecular detection methodology become universally available, but they are usually limited to clinical or laboratory use due to a complex workflow and bulky instruments. Therefore, developing rapid and practical molecular detection methods, especially combining detection specificity and sensitivity with portability, user-friendliness and cost-effectiveness is still highly desired [1]. Generally, the content of the target nucleic acid cannot reach the level required for detection. Therefore, nucleic acid amplification is a primary and fundamental step for target detection during which process a large number of target copies are produced [2]. Polymerase chain reaction (PCR) remains to be commonly accepted for nucleic acid amplification with a turnaround time approaching 2 h [3,4,5,6]. However, PCR thermocycling requires precise temperature control, limiting its application in special scenarios. An isothermal amplification method, such as loop-mediated isothermal amplification (LAMP), is an attractive alternative to a conventional PCR due to its remarkable rapidity and thermal simplicity [7,8,9,10]. The LAMP technique eliminates the need for temperature control instrumentation while reducing the amplification time, thus making it more suitable for resource-limited settings.



Digitalization is today changing the field of molecular analysis [11,12]. Digitalization relies on compartmentalizing the reaction sample aliquot into large numbers of small-volume partitions, with each partition containing either zero or one copy of the target DNA to be amplified. After amplification, the partitions containing the target DNA molecule present a fluorescent signal. Finally, the target DNA concentration in the original sample is calculated using Poisson distribution [13,14]. A variety of microfluidic-based LAMP methods have been developed for molecular detection, which allows for the design of different precise micropatterns for compartmentalizing a sample into small-volume partitions, generating large numbers of droplets for digital analysis [15,16,17,18,19,20]. However, many of them still require complex processing devices and precise microfeatures, leading to its implementation in a cumbersome manner.



The development of diagnostic tools for molecular detection is urgently needed. Although few studies have been previously devoted to the usage of inkjet printer setups, such as acoustic [21], electrohydrodynamic (EHD) [22], or laser-assisted [23], issues of complex assembly and resource requirements still exist. Herein, we reported an inkjet printer as the enabling technology to realize droplet digital LAMP in a low-cost and practical format. An inkjet printer is an easily self-assembled tool for the generation of monodisperse droplets in a controllable volume from a picoliter to a nanoliter [24]. A microfluidic chip serves as a droplets collection chamber to perform LAMP assays. By virtue of this approach, droplets can be accurately printed by an inkjet printer and collected in a microfluidic chip. Each individual droplet supported the LAMP amplification of the molecules. We employed an inkjet printer device for the quantitative analysis of human papilloma virus (HPV) 16 from CaSki cells, and after the Poisson distribution calculation, a good correlation (R2 value was 0.989) was obtained between the observed number and the expected number. These findings demonstrated the self-assembled inkjet printer for the droplet digital LAMP was feasible and reliable. This self-assembled inkjet printer proposed herein may serve as a potential tool for a droplet digital LAMP analysis in resource-limited settings.




2. Materials and Methods


2.1. Inkjet Printer Apparatus


The inkjet printer (Fuji Electrics, Tokyo, Japan) with piezoelectric ceramic was employed to print droplets. Using the bending mode of piezoelectric ceramics that closely adhered to the chamber of inkjet chip, the injection of droplets is controlled by laboratory-programmed software. A VW-9000 high-speed microscope (Keyence, Osaka, Japan) was employed for the observation of droplets ejected by the inkjet microchip. A 75 mm capillary tube (Funakoshi, Tokyo, Japan) was provided for holding and supplying inkjet solution. The electromotive X-Y stage MMU-30X (Chuo Precision Industrial, Tokyo, Japan) was controlled by laboratory-programmed software. The driving conditions (driving voltage and pulse width) of the piezoelectric ceramic on the inkjet chip are also controlled by laboratory-programmed software to produce monodisperse droplets of different sizes. The printed droplets are entrained by immiscible mineral oil and introduced into a fused quartz capillary (530 μm i.d., GL Science, Tokyo, Japan) for final collection in the microfluidic chip. The mineral oil (Sigma-Aldrich, Beijing, China) was supplemented with 3 wt % of Span 80 surfactant (Sigma-Aldrich, Beijing, China).




2.2. DNA Extraction


HPV16 DNA was extracted from cervical cancer cell lines, CaSki cells (Cancer Institute and Hospital, Chinese Academy of Medical Science, Beijing, China) by using TIANamp Micro DNA kit (Tiangen, Beijing, China) according to the manufacturer’s recommended protocol. The extracted HPV16 DNA was diluted to a final concentration of 10 ng/μL and stored at −20 °C for further use.




2.3. Microfluidic Chip Fabrication


Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) was used to fabricate the microfluidic chip. The microfluidic chip in this study consisted of two layers. The top layer is a collection chamber for storing droplets and performing LAMP reaction, and the bottom layer is glass substrate spin-coated with PDMS. In droplet digital LAMP, the droplets printed by inkjet printer were water-in-oil (W/O) emulsions such that both samples and reagents were encapsulated in oil. Therefore, a thin PDMS layer was spin-coated on the glass substrate to maintain hydrophobicity [25]. The collection chamber in the top layer had a total capacity of 1.57 mL; the bottom layer is a flat surface to seal the collection chamber. For the top layer, PDMS and a curing agent were mixed together at a weight ratio of 5:1 and poured onto the cell culture dish with a thickness of about 0.5 cm. After the PDMS was cured and cut into appropriate size, a biopsy puncher with 2 cm diameter was used for punching a hole which was used as the droplets’ reservoir. In terms of the bottom layer, 10:1 ratio mixed PDMS was spin-coated on the thin glass substrate to prevent the droplets from directly contacting the glass. When the PDMS was incompletely cured, we manually assembled the two layers together, followed by thermal bonding in the oven at 80 °C for 3 h. The whole microfluidic chip does not need complex microstructure, thus eliminating the need of photomasks.




2.4. LAMP Primers


The DNA sequence of HPV16 was obtained from the National Center for Biotechnology Information (NCBI) website. The design of HPV16 primers was referred to the previous related studies [26]. The HPV16 primers were designed by software Primer Explorer (http://primerexplorer.jp/e/ (accessed on 6 February 2019) and synthesized by Sangon Biotechnology (Shanghai, China). LAMP reaction requires four specific primers: a forward outer primer (F3), a backward outer primer (B3), a forward inner primer (FIP), and a back inner primer (FIP). These primer sequences are: FIP(5′-3′): TTCTGCTTGTCCAGCTGGACGCAATTAAATGACAGCTCAGAG; BIP(5′-3′): CCGGACAGAGCCCATTACAAT GTGTGTGCTTTGTACGCA; F3(5′-3′): AGACAACTGATCTCTACTGTT; B3(5′-3′): CTTC CAAAGTACGAATGTCTAC.




2.5. Pretreatments and Assembly of Inkjet Chip


The pretreatment of inkjet chip was performed according to the instructions provided by the manufacturer, which was described previously [27]. Prior to use, the microchannels of the inkjet chip were washed thoroughly with alcohol to eliminate internal air bubbles, then the microchannels were cleaned with ultrapure water, followed by drying with air. Afterward, the prepared sample solution was transported through the microchannel into the inkjet chip using a capillary. The inkjet chip with piezoelectric ceramic was integrated into the whole inkjet printer system, which was connected with the voltage and position control circuit by computer software. A driving voltage of 90 V and pulse width of 10 μs was applied on the piezoelectric actuator of the inkjet chip to print droplets. There may hide some common and potential drawbacks, such as satellite droplets [28] and nozzle clogging [29,30] during the inkjet printing process; proper pretreatments of the inkjet chip could effectively avoid the non-desirable effects.




2.6. Droplet Digital LAMP


The LAMP reaction mixture was prepared using the LoopAmp DNA amplification kit (Eiken Chemical, Tochigi, Japan) and the calcein fluorescence indicator kit (Eiken Chemical, Tochigi, Japan) according to the manufacturer’s protocols. The LAMP reaction was carried out in 25 μL mixture using the following reagents (final concentrations): 12.5 μL 2 × reaction mix (RM) containing 40 mM Tris-HCl (pH 8.8), 20 mM KCl, 16 mM MgSO4, 20 mM (NH4)2SO4, 0.2% Tween 20, 1.6 M betaine, 2.8 mM each of deoxynucleoside triphosphate (dNTP). The amount of primer needed for one reaction was 40 pmol for FIP and BIP, 20 pmol for LF and LB (if needed), and 5 pmol for F3 and B3, 2 μL DNA, 1 μL Bst DNA polymerase, and 1 μL calcein (fluorescent detection reagent) was added to LAMP mixture before the LAMP reaction. Finally, distilled water was used to make up a deficiency. The entire sample preparation process was performed on ice in order to prevent the inactivation of Bst DNA polymerase. Subsequently, the premixed LAMP reaction mixture was introduced into the inkjet chip and printed discrete droplets using the inkjet printer. The microfluidic chip was used as droplets reservoir. The mineral oil was prefilled in the microfluidic chip in order to prevent droplet evaporation and cross-contamination. The microfluidic chip was sealed with an optical adhesive film, which is covered on the top layer to prevent the evaporation of mineral oil. Lastly, the microfluidic chip was incubated at 65 °C for 60 min and terminated at 80 °C for 5 min to perform LAMP amplification. Fluorescence images after LAMP reaction were recorded using a microscope (Leica DMI 4000 B, Wetzlar, Germany) equipped with a CCD camera (Leica DFC 300 FX, Wetzlar, Germany).




2.7. LAMP Feasibility


LAMP feasibility was tested in the centrifuge tube. A total of 25 μL LAMP reaction mixture was prepared as above described, except that extracted HPV16 DNA was used as the positive sample and nuclease-free H2O as the negative control. Labeled two tubes, respectively. Afterward, added all LAMP reaction components to the labeled tube, capped the tube, and vortexed the tube to mix the components. Centrifuged the tube briefly to spin down the contents and eliminate air bubbles. After LAMP reaction, it was observed with the aid of 365 nm UV irradiation. Fluorescence spectra were measured with a F-7000 spectrometer (Hitachi, Tokyo, Japan).





3. Results


3.1. Droplets Generation Using Inkjet Printer


The operating workflow of the inkjet printer for the droplet digital LAMP assay is schematically illustrated in Figure 1. The extracted HPV16 DNA and LAMP reaction mixture was loaded into the inkjet printer to print the droplets and finally collected in the microfluidic chip for the LAMP reaction. In each individual droplet, the LAMP reaction was initiated, along with the accumulation of the reaction products. After the LAMP reaction, the fluorescence that amplifies the target DNA accumulated within the droplets was imaged and analyzed. Calcein was used as the fluorescent metal indicator for the LAMP product detection, as its fluorescence was sensitive to changes in the concentration of metal ions in the solution. The fluorescence signal after the LAMP reaction was subject to digital analysis, and the accurate quantification of the target was obtained through Poisson statistical analysis by the ratio of the positive fluorescent LAMP droplets.



The inkjet printer is a reusable device that can be easily assembled for droplet generation. Briefly, the inkjet chip needs to be immersed in mineral oil. Adjust the position and distance between the nozzle and capillary using a high-speed microscope. By manually adjusting the X-Y stage, the nozzle on the inkjet chip would be moved to the top of the capillary, and then control the piezoelectric ceramic on the inkjet chip through a waveform generator, as shown in Figure 2a. Because the piezoelectric ceramic is tightly attached to the chamber of the inkjet chip, by adjusting the driving voltage and pulse width applied on the piezoelectric ceramic, discrete droplets can be printed. The resulting droplets fell directly and were introduced into the capillary, before finally being collected in the microfluidic chip, as shown in Figure 2b. The printed droplet size mainly depends on the driving voltage and pulse width; thus, the droplet size can be fine-tuned by changing these two parameters, which is different from the traditional microfluidic method.



To improve the dynamic range and accuracy of the digital LAMP analysis, 10,000 droplets were printed using the inkjet printer and collected in a microfluidic chip for subsequent analysis. The printing process of the inkjet printer was observed and recorded by a high-speed microscope, as shown in Figure 2c. Because the evaporation of oil and droplets may occur during the LAMP reaction process, the microfluidic chip was prefilled with some mineral oil; thus, the resulting printed droplets can be submerged in mineral oil.




3.2. The Feasibility of LAMP


To examine the LAMP feasibility, extracted HPV16 DNA was utilized as the positive sample and nuclease-free H2O as the negative control. The LAMP feasibility assay was carried out in a centrifuge tube to simplify the testing process and facilitate the results identification. The red line and black line represent the fluorescence spectra of the positive sample and the negative control after the LAMP reaction, respectively. For a positive reaction, the color change could be characterized with the aid of an ultraviolet light at 365 nm. As depicted in Figure 3, it can be clearly observed that the fluorescence intensity appeared to be increasing when the extracted DNA was used as the template but not with the negative control (nuclease-free H2O), indicating that the LAMP reaction was successful and feasible for HPV16 detection.




3.3. ddLAMP by Inkjet Printer


Quantification analysis of target nucleic acid is of great importance for device application. In order to examine the capability of the proposed inkjet printer approach for the droplet digital LAMP, serial 10-fold dilutions of HPV16 DNA samples ranging from 10−6 fg/μL to 10−2 fg/μL were prepared for the droplet digital LAMP assay. Five HPV16 DNA samples, including the negative control, were used as input templates for the LAMP reaction. Diluted HPV16 DNA samples (including negative control) were premixed with LAMP reagents and loaded into the inkjet printer through the microchannel. For each sample with a different concentration, the experiment was conducted three times. By applying the driving voltage, discrete microdroplets were printed and subsequently collected in the microfluidic chip.



Following the isothermal LAMP reaction, representative fluorescent images were obtained by microscope, as shown in Figure 4. A droplet within the target HPV16 generates fluorescence after amplification, that is, a positive droplet, while droplets without target HPV16 have no fluorescent signal. It can be seen that the fraction of the positive droplets increased proportionally with the concentration of DNA. The increasing fraction of the positive droplets occurs due to a rise in the number of target molecules in the original sample, and consequently, the probability of a droplet containing at least one target molecule also increases, which in turn leads to an increase in the number of fluorescence droplets after the LAMP endpoint reaction.



In principle, the minimum concentration for digital HPV16 analysis is a single molecule. The presence of more than one copy of HPV16 molecule in a droplet may result in a non-linear relationship between the positive signals and the copy number of HPV16 molecules. If the sample is at a lower concentration, the copy number within the droplets can be measured by directly counting the positive fluorescent droplets. This can be calculated by Poisson statistical analysis. If the sample is at a very low concentration, the results of the LAMP reaction may appear to be all negative, this phenomenon was confirmed in our experiment, as shown in Figure 4e. When 99% of the droplets exhibited positive signals, 1% of the droplets therefore exhibited negative signals. It was further analyzed by Poisson statistics, and the expected average DNA copy number per droplet (λ) was calculated. Therefore, the number of DNA templates was about 4.6 copies/droplet. The droplet diameter printed by the inkjet printer is about 60 μm, and the droplet volume follows the equation: V = 4/3 × π × r3. Thus, the maximum theoretical dynamic range of the inkjet printer method for the droplet digital LAMP was from 1 to 4 × 104 copies/μL.



In the present study, the proposed inkjet printer method was employed to measure the concentration of target HPV16. After the Poisson statistical analysis, it was found that the calculated concentration of the HPV16 showed a good linear correlation with the expected concentration (R2 value was 0.989), as shown in Figure 5. A good correlation of the calculated and expected concentration of the HPV16 demonstrated the capability of the inkjet printer for the droplet digital LAMP.





4. Conclusions


Herein, we reported a self-assembled inkjet printer that can reliably perform droplet digital LAMP assays. The performance of the inkjet printer for the droplet digital LAMP was characterized and employed for HPV16 detection, and the experimental calculated concentration has a good correlation with the expected concentration, indicating this method enables digital nucleic acid quantitative analysis. Soft dip-pen nanolithography (DPN) is an atomic force microscopy (AFM) setup optimized to precisely control the deposition of biomolecules [31]. AFM is a powerful tool to address biomolecular morphology [32] and the individual biorecognition [33] based on adhesion force. Nevertheless, a self-assembled inkjet printer can be a cost-effective solution for fast biomolecular detection. In comparison with previous devices, the self-assembled inkjet printer simplifies the operation procedure and reduces instrument complexity which greatly increases the portability of these assays. We envision such a self-assembled inkjet printer as a promising and practical tool that can be extended to on-site analysis, especially in a resource-limited environment.
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Figure 1. Schematic illustration of the self-assembled inkjet printer for droplet digital loop-mediated isothermal amplification. (Not real scale). 
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Figure 2. Droplet generation using inkjet printer. (a) Schematic illustration of a droplet generation cycle by piezoelectric inkjet printer. (b) Schematic illustration of droplets generation by inkjet printer. (c) Microscopic image of droplet injection by inkjet printer. 
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Figure 3. The fluorescence spectra of extracted HPV16 DNA and nuclease-free H2O after LAMP reaction. Red line: fluorescence spectra of extracted HPV16 DNA after LAMP reaction. Black line: fluorescence spectra of nuclease-free H2O after LAMP reaction. 
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Figure 4. Droplet digital LAMP results by the proposed inkjet printer with different concentrations of HPV16 DNA. The scale bar is 50 μm. (Representative image sections cropped). (a) Representative fluorescent image of LAMP reaction results with 10−2 fg/μL HPV16 DNA. (b) Representative fluorescent image of LAMP reaction results with 10−3 fg/μL HPV16 DNA. (c) Representative fluorescent image of LAMP reaction results with 10−4 fg/μL HPV16 DNA. (d) Representative fluorescent image of LAMP reaction results with 10−5 fg/μL HPV16 DNA. (e) A representative nontemplate control (NTC) image after LAMP reaction. 
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Figure 5. The correlation between the calculated concentration and the expected concentration of HPV16. 
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