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Abstract:



A high performance diascopic illumination configuration is presented for the simultaneous detection of cells and particles with different sizes and different fluorescence labels in a microchannel. In the proposed approach, the cells/particles are illuminated by an objective-type dark-field condenser equipped with a low-cost tungsten light source and are then characterized by extracting the side-scatter, absorbance, and fluorescence signals from the spectra obtained by a ultraviolet-visible-near infrared (UV-Vis-NIR) spectrometer. A modified computation model is adopted to improve the capability for discriminating more fluorescence dyes simultaneously. The feasibility of the proposed detection configuration is demonstrated by counting and classifying a mixed sample of green, red, and crimson fluorescent-labeled particles and non-labeled particles with various dimensions. The suitability of the proposed system for real-world cytometry applications is then evaluated by classifying a mixed bio-sample comprising of gastric epithelial (AGS) cells stained with Trypan-blue and Erythrosin-bluish dye, respectively. The results show that the cytometer enables the efficient detection, identification, and classification of mixed bio-samples without the need for spatial filters or delicate optical components. Consequently, the proposed system has significant potential for high-performance micro-flow cytometry applications.
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1. Introduction


Flow cytometry is a powerful technique for the measurement and analysis of various characteristics of cell samples, and is used in applications ranging from immunophenotyping [1,2] to gene diagnosis [3,4], bacterial analysis [5], clinical hematology diagnosis [6,7,8], and even food industry applications [9]. Accordingly, various discrete polychromatic detection systems [10] and spectral analysis systems [11,12] have been developed in recent decades. In previous studies, this was generally achieved by using multiple light sources, filter sets, and photon detectors [13,14,15,16]. Delicate and luxurious fluorescence illumination systems were adopted to produce multiple fluorescence detection signals with different colors [14]. The results showed that the developed optical systems permitted the analysis of up to 19 different parameters of quantum-dot-labeled samples. However, these approaches relied on large-scale optical components and automation processes to construct bench-top cytometry systems. Alternatively, some other researchers have proposed micro-scale cytometry chips incorporating buried optical fibers to couple and transmit the excitation light and to collect the fluorescence signals, respectively [5,17,18,19,20,21]. However, whilst such devices provide an effective means of accomplishing multi-parametric analyses, the requirement for delicate optical components and multiple optical filters and photo-detectors greatly increases their cost and complexity. Furthermore, the fabrication processes for these microfluidic chips are relatively delicate and time consuming.



In spectral detection schemes, a multi-color detection capability was achieved using a single photo detector (e.g., a charge-coupled device (CCD), camera, or photomultiplier tube (PMT)) equipped with a grating [22], integrated micro-spectrometer [23], bio-photonic detector [24], or tunable filter [11,25]. For example, Goddard et al. [26] utilized a diffraction grating to disperse the fluorescence signals emitted from the cells or microspheres passing through the interrogation region of the cytometer, and then used a CCD image sensor to analyze the spectral distribution of the collected signals. Individual fluorophores in multiple-tagged samples were successfully detected with high resolution. Typically, most spectral detection schemes use a single monochromatic light source, such as an argon laser with a UV wavelength (488 nm), to excite the fluorescent-labeled samples in order to broaden the fluorescence spectra and simplify the experimental setup. However, the use of a monochromatic excitation source limits the number of fluorescent probes which can be distinguished by the cytometry system. Several reports have indicated that this problem can be overcome by replacing the conventional organic fluorophores with quantum dot reagents due to their higher fluorescence emissions [27,28,29]. Similarly, Watson et al. [30] achieved a multi-parameter analysis capability by replacing the CCD detector in the cytometer by a Raman spectral detection system. Raman flow cytometry makes the multi-parameter, multiplexed measurement of cells and particles using a single detector and light source possible. However, such systems involve a more complicated sample-labeling procedure than those required for conventional organic fluorescent probes. In this regards, the practical applications of this method are hindered.



Dark-field illumination is generally used for the detection and tracking of small or transparent particles in a solution near the surface [31,32]. The use of dark-field illumination in accomplishing multi-color fluorescence detection on a single microfluidic chip for capillary electrophoresis applications was also successfully demonstrated [33,34]. A dark-field configuration was also used to quantify and characterize particles and cells in accordance with their light scattering properties [35]. The concept for developing a simple yet effective technique for the simultaneous detection of mixed samples comprising cells/particles with different sizes and with different fluorescence labels on a microfluidic chip without the need for spatial filters or delicate optical components has been reported [36]. In the present study, an objective-type dark-field condenser equipped with a white light source with continuous wavelengths (400–900 nm) is used to induce scattered light and fluorescence signals from particles or cells as they pass through the interrogation region of the microfluidic chip. The scattered light and fluorescence signals are then collected by an ultraviolet-visible-near infrared (UV-Vis-NIR) spectrometer. The resulting spectrogram is then processed using a simple linear superposition scheme in order to extract the fluorescence, absorbance, and side-scatter properties of the various particles or cells within the sample. This work focuses on the improved computation algorithm which significantly improves the ability for the developed system to discriminate more fluorescence dyes and real biological samples, simultaneously. The feasibility of the proposed multispectral cytometer is demonstrated via the detection and analysis of a dummy sample comprising polystyrene beads with green, red, and crimson fluorescence labels, respectively, and the dimensions of 5, 10 and 15 μm. The real biological applicability of the proposed configuration is then confirmed via the analysis of a bio-sample containing gastric epithelial (AGS) cells stained with two different dyes, namely Trypan-blue and Erythrosin-bluish.




2. Materials and Methods


2.1. Working Principle


Figure 1 illustrates the working principle of the proposed multi-wavelength detection applied to the micro-flow cytometer. As shown, a white light source with a continuous wavelength spectrum (400–900 nm) is passed through an objective lens equipped with a light-stop such that it forms a hollow-cone-shaped illumination region focused on the microfluidic channel. Significantly, the white light source provides an effective excitation light over a broad spectrum, and is therefore suitable for the excitation of many different fluorescence and absorbance dyes without the need for spatial filters. When particles labeled with fluorescent probes pass through the interrogation region of the cytometer, part of the incident light is absorbed and subsequently emitted as fluorescence, while part of the incident light is scattered. Thus, the spectrogram of the signal acquired at the spectrometer contains information relating to the absorbance, fluorescence, and scattered-light properties of the particles, respectively.


Figure 1. Working principle of the proposed diascopic illumination technique in multispectral cytometry analyses.
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2.2. Instrumental Setup and Flow Cytometry


Figure 2 presents a schematic representation of the proposed multi-spectral micro-flow cytometry system. The bulk of the experimental system is built on an inverted microscope (Eclipse TE2000U, Nikon, Tokyo, Japan) equipped with a high numerical aperture (N.A.) objective lens (CFI60 20×/0.75, Nikon, Tokyo, Japan) and a light-stop film as the excited unit. In accordance with the proof-of-concept study performed in [36], the spatial resolution of the cytometer was further enhanced by passing the light emitted from the dark-field condenser through a pinhole prior to entering the high N.A. objective lens. Additionally, a small interrogation region is beneficial to particle/cell detection and counting, and the experiments were performed using a circular pinhole with a diameter of 1 mm for forming the interrogation region with a diameter of 100 μm.


Figure 2. Schematic for the experimental setup of the proposed multi-parameter cytometry detection system. N.A., numerical aperture; UV-Vis-NIR, ultraviolet-visible light-near infrared.
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The light emitted from the interrogation region of the cytometer was collected by a low N.A. objective lens (CFI60 20×/0.45, Nikon, Tokyo, Japan) and was then coupled into a UV-Vis-NIR spectrometer (HR4000, Ocean Optics, Dunedin, FL, USA) via a multi-mode fused silica fiber (P400-2-UV-Vis, Ocean Optic, Dunedin, FL, USA). Note that an objective lens with a lower N.A. than that of the excitation objective lens was deliberately chosen on the detection side of the cytometer in order to restrict the collected light to just the scattered light and fluorescence signals emitted from the particles. The detection signal was processed by the spectrometer and then collected using a personal computer via a USB interface and software (OOIBase32, Ocean Optics, Dunedin, FL, USA) at a sampling rate of 20 acquisitions per second. Finally, the spectra were analyzed and post-processed by a proprietary program written in Matlab® (R2012, The MathWorks, Natick, MA, USA). In order to meet the optical detection scheme of this study, the microfluidic chip was fabricated in low-cost microscope slides with a rapid fabrication process [37]. The details regarding the chip design and the reagents for the experiments are provided in the supplementary information.



To confirm the focusing capability of the two sheath flows, an initial experiment was performed using Rhodamine B as the sample solution. Figure 3 presents the visualization results obtained using a general fluorescence microscope after the vacuum pump was removed, and the sheath and sample moved under the effects of inertia and hydrostatic forces alone. The results presented in Figure 3a confirm that the sheath flows confine the sample flow to a narrow stream within the center of the microchannel. The width of the focused stream is dependent on the sample and sheath flow rates [38], and in the present case, was found to have a value of 20 μm. However, a slight diffusion of the focused stream was observed in the downstream region of the chip due to the low flow rate.


Figure 3. (a) Fluorescent dye squeezed into a narrow stream by neighboring sheath flows, (b) focused red fluorescent-labeled particles with a size of 15 μm focused into a single stream for detection and analysis purposes.
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Having confirmed the focusing capability of the two sheath flows, a second experiment was performed using a sample containing red fluorescent-labeled particles with a size of 15 μm. The corresponding visualization results are presented in Figure 3b. It can be seen that the focusing effect causes the particles to flow through the interrogation region of the chip in a single-line fashion, thereby permitting their individual characterization and counting. The linear velocity of the focused sample stream was about 500 μm/s for the particle movement, and the velocity was necessary to provide sufficient exposure time for the spectral measurement using the UV-Vis-NIR spectrometer with an integrated time of 20 ms.




2.3. Reagents and Bio-Sample Preparation


The feasibility of the proposed micro-flow cytometer was evaluated initially using blank polystyrene beads and red, green, and crimson fluorescent-labeled beads of various sizes. Other than the crimson polystyrene beads (10 μm, 625/345, Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA), all of the beads were purchased from Thermo Scientific (Duke Standards) Co. in the USA. The real-world applicability of the proposed cytometer was then investigated using a bio-sample containing stained and non-stained AGS cells. In preparing the bio-sample, AGS cells in phosphate-buffered saline (PBS, Invitrogen, Waltham, MA, USA) were fixed with 70% EtOH (v/v, cell:EtOH = 1:5, J.T. Baker, Center Valley, PA, USA) at −20 °C overnight. The fixed cells were washed by centrifugation and re-suspended in 0.5 mL PBS buffer before adding 0.5 mL high salt concentration buffer (0.2 M Na2HPO4 and 0.1 M citric acid, Sigma-Aldrich, St. Louis, MO, USA) for 5 min. The cells were then collected by centrifugation and re-suspended in a 0.5 mL buffer solution mixed with either 20 μL Trypan-blue (4% w/v, Invitrogen, Waltham, MA, USA) or 20 μL Erythrosin-bluish (4% w/v, Sigma-Aldrich, St. Louis, MO, USA) staining solution for 10 min.





3. Results and Discussion


3.1. Spectral Analysis and Performance Measurement


The discrimination capability of the micro-flow cytometer was evaluated using a mixed sample comprising green fluorescent-labeled beads (468/508 nm), red fluorescent-labeled beads (542/612 nm), crimson fluorescent-labeled beads (625/645 nm), and non-labeled beads (blank) with diameters of 5, 15, 10 and 12 μm, respectively. Figure 4a presents a dark-field image of the particles captured through the eyepiece lens of the microscope using a digital camera (SP-350, Olympus, Center Valley, PA, USA) with an exposure time of 25 ms. The image clearly shows a scattering phenomenon with different color expression at the boundary of each polystyrene bead due to the difference in refractive indices of the particles (1.59 at 589 nm) and the sample solution (deionized water, 1.33 at 589 nm), respectively. It is noted that the scatter patterns correspond to the pattern of the light-stop film. Figure 4b presents the detected wavelength spectra of the labeled and non-labeled particles. The difference in the four spectra enables the different particles to be reliably identified. Specifically, the green, red, and crimson fluorescent-labeled particles result in a scattering of the green, red, and blue light, respectively. By contrast, the non-labeled particles simply reflect the white excitation light, i.e., the normalized detected spectrum is identical to the excitation spectrum. It is observed that the spectra of the green and red fluorescent-labeled particles exhibit slighter absorption at the shorter wavelengths than the emitted florescence corresponding to the excitation wavelength of each fluorescence label. However, in general the emission spectra of the green and red fluorescence labels dominate the overall color expression of the particles in the dark-field image. Therefore, the color expressions of the green- and red-labeled particles correspond to the detected spectra (i.e., green fluorescence at 502 nm and red fluorescence at 580 nm). By contrast, the spectrum of the crimson fluorescent-labeled particles exhibits strong and broad band absorption at wavelengths between 550 and 650 nm and has a fluorescence peak at 690 nm.


Figure 4. (a) Images obtained under diascopic illumination of green-labeled (5 μm), red-labeled (15 μm), crimson-labeled (10 μm), and non-labeled (12 μm) polystyrene beads. (b) Corresponding detected wavelength spectra. Note that the spectrum for the non-labeled particle in (b) was used as reference spectra and was used to calculate the fluorescent, absorbance, and side-scatter indices.
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Although the detected spectra provide the means to distinguish between the different fluorescent-labeled particles, real-world cytometry applications require a more quantitative analysis of the sample. Accordingly, the sampled spectrogram data acquired in the previous experiments were processed using a simple linear superposition scheme in order to extract the corresponding absorption, fluorescence, and side-scatter information. In general, the detected spectrum, Id (λ), (i.e., the lines for non-labeled particle in Figure 4b) composed of absorption and fluorescence spectral signals can be expressed as
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(1)




where Iabs (λ) and Ifluor (λ) are the absorbance (negative sign) and fluorescence (positive sign) spectra of the specific fluorophore probe, respectively, Iss (λ) is the side-scatter (positive sign) spectrum (i.e., the line for the labeled particle shown in Figure 4b which is identical to the spectrum of non-labeled particles for the reference of the linear superposition calculation), and λ is the wavelength.



The detection performance of the proposed system was further evaluated using a mixed sample comprising red fluorescent-labeled particles with dimensions of 3, 7 and 15 μm, respectively. Figure 5a,b present one-dimensional histograms showing the distribution of the particles within the sample in terms of their fluorescent indices and side-scatter indices, respectively. Note that the fluorescent index (Flindex) is calculated by integrating the function of Ifluor (λ) and provides a reliable index with which to compare the fluorescence levels of the different-sized particles. A similar method is used to calculate the absorbance (Absindex) and side-scatter (SSindex) indices. In other words, the fluorescent, absorbance, and side-scatter indices are given by


[image: there is no content]



(2)
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Figure 5. Flow cytometer detection results for mixed sample composed of particles with sizes of 3, 10 and 15 μm, respectively: (a) one-dimensional histogram for fluorescence emission, (b) one-dimensional histogram for side scatter, (c) scatter plot of fluorescent index and side-scatter index.
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In this application, the variations of fluorescence and side-scatter indices are both involved with the vertical position in the microfluidic channel due to a very shallow excitation region of the objective-type dark-field condenser. Although the diascopic configuration is an easy way to realize the advanced objective-type dark-field system for excitation of particles, it also brings the disadvantage for the quantification of fluorescence and side-scatter. When the fluorescence-labeled particles are higher or lower than the focal plane, fluorescence has a more obvious variation than side-scatter because of different excitation planes for fluorescence and side-scatter detection. An inspection of the fluorescence histogram presented in Figure 5a shows that the coefficients of variation (CV) for the populations of 3-, 7- and 15-μm particles are 70.94%, 43.91% and 35.55%, respectively. According to the side-scatter histogram (Figure 5b), the CVs of the three populations are 26.97%, 37.59% and 32.29%, respectively. It is noted that these values are significantly lower than those in Figure 5a. Since the intensity for the scattered light was determined by the scattering surface of the passing particle, the bigger particle scattered more light such that particles with different sizes could be discriminated by the developed system. Figure 5c presents a scatter chart of the fluorescent indices and side-scatter indices of the particles within the mixed sample. The results confirm the ability of the proposed system to discriminate between particles of different sizes within the sample.




3.2. Discrimination for Particles and Bio-Cells


The ability of the developed cytometer to discriminate and count microspheres of different types and sizes was evaluated using a mixed sample comprised of green fluorescent-labeled particles (7 μm), red fluorescent-labeled particles (15 μm), crimson fluorescent-labeled particles (10 μm), and non-labeled particles (12 μm). Figure 6a presents the results obtained for the four sub-population clusters within the sample when classifying the particles in terms of the green, red, and crimson fluorescent indices. For clarity, Figure 6b-d present the 2D scatter plots obtained by plotting the three fluorescent indices against the side-scatter index. In general, the results confirm the ability of the proposed cytometer to simultaneously detect and count particles with different fluorescence-labels and sizes using a single white light source and no filter sets.


Figure 6. Flow cytometer detection results for the mixed sample composed of green-, red-, crimson-labeled and non-labeled particles: (a) 3D scatter plot without side-scatter index; (b)–(d) 2D scatter plots with different fluorescent and side-scatter indices.
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The feasibility of the proposed cytometer for practical bio-detection applications was evaluated using a sample comprising a mixture of Trypan-blue and Erythrosin-bluish stained AGS cells and unstained AGS cells. Figure 7 presents the dark-field images and detected spectra of the different cells. The dark-field images confirm the ability of the proposed illumination system to provide an effective excitation source for cells stained with different dyes. For microsphere samples, scattering occurs only at the boundary. However, cells and bio-samples contain both water and cytoplasma with a refractive index close to that of the buffer solution. As a result, the scattering phenomenon occurs not only at the boundary of the cells or bio-samples, but also at various points on their surface. Consequently, the dark-field images shown in Figure 7 exhibit a homogenous scattered color expression. When the cells are illuminated by the white light excitation source, certain wavelengths are absorbed (depending on the absorbance properties of the particular dye), whilst others are reflected or scattered. The Erythrosin-bluish stained cells absorb blue-green light (400–550 nm), and therefore have a red color when illuminated by the excitation light (see insets of Figure 7a). Similarly, the Trypan-blue-blue stained cells absorb green-red light (550–700 nm), and therefore have a blue appearance. The non-labeled cell yields a peak intensity at a wavelength of around 510 nm due to the absorption of water at the near infrared range. As a result, it has a light green color.


Figure 7. (a) Wavelength spectra of stained and non-stained gastric epithelial (AGS) cells. Note that the insets show the captured dark-field images of stained and non-stained AGS cells, respectively. (b) 3D scatter plot of the side-scatter index and the absorbance indices of stained AGS cells, respectively.
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Figure 7b presents the 3D scatter plots of the mixed sample shown in Figure 7a. The results confirm that the information-rich spectra obtained using the proposed dark-field illumination configuration enable the multi-parameter analysis and characterization of bio-samples containing cells or particles with different dimensions, optical properties, and dye labels (i.e., fluorescence or absorbance). As a result, the system provides a simple and low-cost alternative to conventional multi-color cytometer systems based on multiple laser illumination sources and filter sets.





4. Conclusions


This paper has presented a diascopic illumination configuration for the characterization and counting of cells and particles using a micro-flow cytometer chip. In the proposed approach, the cells and particles are illuminated by a white light source under dark-field conditions, and the corresponding detection spectra are acquired by a UV-Vis-NIR spectrometer. The spectrum data are then processed by a simple linear superposition scheme in order to extract the corresponding absorption, fluorescence, and side-scatter information. The extracted information is then analyzed using an improved computation model to characterize the sample components in terms of their size, number, and fluorescent labels. With the newly developed computation method, the developed configuration successfully discriminated between both micro-particles with four different fluorescence labels, and a mixed bio-sample comprising Trypan-blue and Erythrosin-bluish stained AGS cells. The results have confirmed that the spectra obtained using the dark-field illumination configuration enable multi-parameter analysis and characterization of samples with different sizes, optical properties, and fluorescent labels. Significantly, the proposed configuration utilizes a single white light source and has no need for spatial filters or delicate optical components. Consequently, it provides an effective, low-cost solution for the multi-color detection, identification, and classification of bio-samples within a single microchannel.
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