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Abstract

:

In this paper, we report developing approaches to tuning the optical behavior of microfluidic devices by infusing smart hybrids of liquid crystal and quantum dots into microchannel confinement. We characterize the optical responses of liquid crystal–quantum dot composites to polarized and UV light in single-phase microflows. In the range of flow velocities up to 10 mm/s, the flow modes of microfluidic devices were found to correlate with the orientation of liquid crystals, dispersion of quantum dots in homogeneous microflows and the resulting luminescence response of these dynamic systems to UV excitation. We developed a Matlab algorithm and script to quantify this correlation by performing an automated analysis of microscopy images. Such systems may have application potential as optically responsive sensing microdevices with integrated smart nanostructural components, parts of lab-on-a-chip logic circuits, or diagnostic tools for biomedical instruments.
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1. Introduction


Microfluidic devices and laboratories-on-a-chip broaden horizons for the synthesis and application of photonic particles [1,2,3]. Microfluidic circuits offer additional options for the tailored synthesis of photonic micro- and nanoparticles [4,5,6] and their applications in biosensing [7,8], medical diagnostics [9,10], and fabricating labels with anti-counterfeiting capabilities [11,12,13].



Integrating microfluidic devices with optically active functional nanomaterials such as quantum dots (QD) makes a substantial contribution to advancing applications of fluidic micromachines in nanotechnology [14,15], chemical and bioanalysis [16,17,18], the synthesis of target drug delivery systems [19,20,21] or nanomedicine [22]. Current research activities also focus on fine-tuning the microscale synthesis of quantum dots [23,24,25,26] and conjugating them with soft matter [15,21,27].



Among organized media studied and applied in microfluidic confinement, liquid crystals (LC) are among the most suitable and promising materials for photonics [28,29,30]. Compared to quantum dots at a microscale, integrating liquid crystals with microfluidic chips offers an alternative approach to designing microscale temperature and flow sensors [29,31,32,33] or optically active functional microcapsules [34,35,36]. Confinement offers a simultaneous and programmable control over the optical behavior of LC systems by a number of factors such as flow [37,38,39], temperature [29,33], or light [40].



Doping liquid crystal materials with quantum dots allows to combine their advantages as optically active materials [41,42,43] and offers a synergistic effect to applications of the resulting composites such as displays [44] or security labeling [45]. As opposed to studying and applying such composites in macroscopic conditions, microfluidic research in composites of LC with quantum dots or similar functional nanomaterials is an emerging area represented by mostly pioneering publications, which focus, for example, on composite microdroplets synthesized by microfluidic techniques [45,46]. In this respect, a detailed analysis on the impact of various factors such as flow conditions on optical properties of LC-QD composites in microfluidic channels may bring new insights into fine-tuning their optical responses at the microscale and enhancing the photonic application capabilities of fluidic micromachines.



This work continues our research in nematic LC systems [47] and LC-QD composites [43,48] at the microscale and macroscale. In our previous works, we focused on analyzing the impact of flow conditions in microchannels on the orientation behavior of liquid crystals in single-phase and multiphase microflows and characterized the sensitivity of such systems to variable flows in polarized light.



On the other hand, luminescence is an intrinsic property of quantum dots, which is the cornerstone of their sensing capabilities. This work, therefore, aims specifically at adding the luminescence behavior of quantum dots to the portfolio of possible optical responses of LC-QD composites to variable microfluidic flows. We studied the optical behavior of LC-QD hybrid materials in variable flow conditions in both polarized and UV light in single-phase microflows in straight rectangular microchannels. We analyze a correlation between orientation states of the LC matrix in a microchannel, optical responses of the LC material under polarizers, and the luminescence behavior of quantum dots. The novel contribution of this work is also to offer automated polarized and UV microscopy image analysis capabilities. We offer a Matlab algorithm for image analysis that obtains a quantitative correlation between the optical state of the LC-QD composite and the flow velocity.




2. Materials and Methods


2.1. Materials


Microfluidic devices were fabricated from polydimethylsiloxane (PDMS) SylgardTM 184 silicone elastomer. PDMS was purchased from Dow Corning (Midland, MI, USA) and used as received. It came as a two-part elastomer kit (the pre-polymer and curing agent). SU-8 3050 photoresist (Microchem Corp., Westborough, MA, USA) and was used to produce a mold for microfluidic chips.



For the liquid crystal phase, the nematic liquid crystal N-(4-methoxybenzylidene)-4-butylaniline (MBBA) was used. It was purchased from Reachem, Moscow, Russia, and used as received. It exhibits liquid crystal properties at room temperature.



In this work, pre-synthesized core–shell quantum dots were used. In quantum dots, the CdSe core was coated by two shells: the internal CdS shell and the external ZnS shell. The details of synthesis of quantum dots are provided in Supplementary Materials.



The PDMS surface is initially hydrophobic, and its contact angle was high (>100°) according to our contact angle measurement experiments. Before performing microfluidic experiments, microchannel walls were pre-processed by infusing surfactant solutions (sodium dodecyl sulphate—SDS) for 10 min to increase the wettability of internal PDMS walls and favor the orientation of liquid crystal molecules with respect to microchannel walls.



SDS was purchased from BDH Limited, Poole, UK, and used as received. SDS was sold as a powder. Bulk samples of pre-micellar 5 × 10−3 mol/L SDS were produced by dissolving dry surfactant in water. At this concentration, SDS is below its critical micellization concentration, which is 8.4 × 10−3 mol/L [49]. The addition of surfactant provides a smooth and reproducible formation of uniform droplets in microfluidic confinement [50]. Bidistilled water was used for the aqueous phase. Before performing microfluidic experiments, the solvent was passed through 0.45 µm Millipore polytetrafluoroethylene (PTFE) filters by Merck, Darmstadt, Germany.




2.2. Methods


2.2.1. Synthesis of LC-QD Composite and Characterization of Components


Composites of liquid crystal and quantum dots were prepared by doping the LC phase with the dispersion of quantum dots in hexane. The composites were agitated by a magnetic stirrer at 50 °C for 5 h to remove hexane. The concentration of quantum dots in the composite was 0.25 wt %.



The photoluminescence emission spectra of quantum dots and the composite were recorded by a Varian Cary Eclipse spectrofluorimeter (Agilent, Santa Clara, CA, USA). The hydrodynamic diameter of quantum dots was measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS system (Malvern Panalytical, Malvern, UK).




2.2.2. Recording and Processing Microscopy Images of Microflows


The preliminary characterization of LC and LC-QD flows in microfluidic confinement was performed by digital optical microscopy using a Levenhuk D320 optical microscope (Levenhuk, Tampa, FL, USA). Microscopy images were captured at 100× magnification using a ToupCam E3ISPM08300KPB camera (Touptek, Hangzhou, China).



The orientation behavior of the LC material and LC-QD composites in microfluidic flows were studied by polarized optical microscopy (POM) using an Olympus BX51 microscope (Olympus, Tokyo, Japan) equipped with a high-precision Linkam heating system. Microscopy images were captured at 100× and 500× magnification using a ToupCam E3ISPM08300KPC camera (Touptek, Hangzhou, China).



The luminescent properties of LC-QD composites in microchannels were studied by an Olympus BX43 fluorescent microscope (Olympus, Tokyo, Japan). Microscopy images were captured at 100× magnification using a ToupCam E3ISPM05000KPA camera (Touptek, Hangzhou, China).



Polarized and fluorescent microscopy images were processed by Matlab 2021b software. For processing, microscopy images were taken at identical microscope settings. The luminance components of polarized microscopy images and the red color components of fluorescent microscopy images were extracted and processed by the pre-developed Matlab script.




2.2.3. Fabricating Microfluidic Devices and Preparing Experimental Setup


Microfluidic devices were fabricated using standard photolithography techniques [51]. The chips with rectangular microchannels were produced by this technology. The length, width, and height of all the microchannels were 15 mm, 200 μm, and 100 μm, respectively. SU-8 photoresist and a transparent photomask with a negative image of a microchip were used to produce a 100 µm thick mold of microfluidic chips on top of a 3-inch silicon wafer. PDMS pre-polymer was mixed with a curing agent, poured over the mold, and allowed to cure for 4 h in a 60 °C oven. Once cured, PDMS was peeled off the mold and bonded to a flat PDMS slab via 1 min plasma treatment by Harrick Plasma Cleaner PDC-23G, Ithaca, NY, USA. The PDMS device was then heated in an oven at 180 °C for 1 h to complete the bonding of the two polymer layers.



The LC and aqueous phases were infused into microfluidic devices using Shenchen ISPLab01 syringe pumps (Baoding Shenchen Precision Pump Co. Ltd., Baoding, China), which provide a minimal flow rate of 0.001 µL/min. In this work, the flow velocities of the LC material, LC-QD composite, and the aqueous phase were varied in the range up to 10 mm/s. To provide the same hydraulic paths for fluids to all the inlets, PTFE tubes of identical lengths (10 cm) and internal diameters that fit the same needle tips inserted into microchip outputs (20 G-type needles, 0.9 mm diameter) were used. These tubes were connected to identical 1 mL syringes installed into syringe pumps.






3. Results


3.1. Preliminary Characterization of LC and LC-QD Composites in Microfluidic Confinement


Microfluidic devices and the confined environment of microchannels often require specific conditions for infusing and processing both organic and aqueous fluids. The viscosity, temperature behavior and optical characteristics of liquid crystal and quantum dot systems are important factors for designing applicable microfluidic devices and ensuring the compatibility of media with microfluidic experiments.



At the first stage of this work, we performed a preliminary analysis of components of the LC-QD composite and its compatibility with microchannel confinement. Figure 1 shows a schematic representation of LC molecules, quantum dots, and their composites and the results of their characterization by applicable spectroscopy and microscopy methods.



According to the synthesis procedure, the core–shell quantum dots used in this work consist of the internal CdSe core that is covered with CdS and ZnS shells. According to dynamic light scattering experiments, the average hydrodynamic diameter of quantum dots dispersed in hexane is about 10–12 nm. As compared with smaller size QD particles, the emission maximum of such quantum dots is supposed to be in a longer-wave visible range [43]. It agrees with spectrofluorimetry studies, which report that the emission peak of these quantum dots is in the red light range both individually and in composite (λem ≈ 650 nm). This wavelength is within the transmittance range of PDMS [52], so we can expect a smooth detection of QD emission in microflows.



MBBA is an intensively studied liquid crystal material, which attracts a sustainable research interest both individually and as a matrix for various composites [53,54]. It exhibits nematic mesophase at room temperature (its clearing point is about 38 °C [54]). At room temperature, MBBA is represented by a yellow turbid liquid, which could be easily infused into standard PDMS microchips, according to our preliminary microfluidic tests. Such microchips can operate at room temperature and require no internal or external heating system to obtain a nematic MBBA mesophase.



The optical microscopy photo in Figure 1 shows an image of the LC-QD composite at 500× magnification. We can see that the structure of the composite is non-homogeneous and includes clusters of quantum dots in the size range of approximately 5–30 μm. The size of such QD clusters is much smaller than the standard width of microfluidic channels (~100–200 μm), so the composites can be smoothly infused into conventional microfluidic devices.



Therefore, we designed and fabricated microfluidic devices for MBBA-QD composites with the channel widths of 200 µm and heights of ≈100 µm, so they could smoothly incorporate such clusters of quantum dots. Figure 2 demonstrates the designs of the respective microfluidic devices and test microscopy photos of single-phase and two-phase microflows.



For single-phase experiments (Figure 2a), we fabricated single-channel microfluidic chips with a channel width of 200 μm and length of 15 mm. Such microchips allowed us to generate a smooth flow of the LC phase (Figure 2b) or a composite in the studied flow velocity range (up to 10 mm/s) and above.



Thus, MBBA-QD composites are represented by microscale QD clusters in an LC matrix. Such disperse systems are compatible with microfluidic confinement and can be processed by standard microfluidic devices. The optical properties of the LC phase and QD emission can be studied by applicable microscopy methods. The next stage of this work focused on characterizing orientation behavior of the LC phase by polarized optical microscopy and luminescence of quantum dots by fluorescence microscopy.




3.2. Optical Behavior of LC-QD Microflows in Polarized and UV Light


3.2.1. Orientation Behavior of Confined MBBA and MBBA-QD Composite


Nematic liquid crystal flows demonstrate a flow-dependent orientation behavior in microfluidic confinement [37]. Depending on the orientation of LC molecules with respect to the view direction, a variety of optical responses are generated by microchannels with a mobile mesophase in polarized light: from a homeotropic orientation and a planar orientation of a continuous LC phase to characteristic cross-shaped textures of LC microdroplets [28,39].



A useful approach to quantify orientation of the LC director such as its tilt angle is comparing their interference colors with a Michel–Levy chart [55,56,57,58]. The authors in [56] evaluated the in-plane orientation of the liquid crystal by rotating the LC cell between crossed polarizers and observing changes in interference colors. In [59], the rotation of polarizers to 45° was used to confirm the orientation of LC specifically in microchannel confinement.



To characterize the orientation behavior of the LC matrix in a LC-QD composite in single-phase flows, we performed polarized optical microscopy studies of LC microflows at flow velocities up to 10 mm/s. The results are summarized in Figure 3.



Figure 3a was obtained by infusing LC to the microchannel first and then turning off the syringe pump to obtain an immobile LC phase. At flows below approximately 0.1 mm/s, the microchannel environment is represented by a nearly uniform dark field at crossed polarizers except for ~10 μm bright stripes at microchannel boundaries. Such an optical response was reported in [37,39]. We also observed it in our previous studies of similar nematic LC flows [47]. Such an image is supposed to represent a homeotropic orientation of the LC phase with the domains aligned perpendicular to microchannel walls and the view direction.



The POM image with polarizers rotated by 45° (Figure 3a inset) shows, however, a bright field image in such conditions. No visible differences in color are observed along the microchannel, which could indicate no differences in LC alignment to be distinguished by the Michel–Levy chart. Such an alignment was reported to be more typical for a uniform director orientation in a position tilted to the flow axis [37] or aligned along it [59].



It should be noted that the alignment state shown in Figure 3a was stable only in weak (<0.1 mm/s) flow conditions. The immobile LC phase demonstrated sequential transitions from uniform bright to dark colors of different brightness at crossed polarizers both in 0° and 45° positions within 30 min observation after the flow was fully stopped. The coincidence of dark fields at both positions of crossed polarizers did take place, but it was very unstable.



Such a behavior can be associated with the fact that achieving a stable homeotropic alignment requires processing microchannels with aligning reagents [37]. Although microchannels were pre-processed with surfactant (1 mmol SDS) before LC experiments, added surfactant turned out to be insufficient to provide a stable homeotropic orientation. In their turn, weak flows may perform as a stabilizing orientation factor for LC molecules that favors their alignment with respect to the microchannel axis. It should be emphasized that the director orientation stayed uniform along the microchannel in the observed zero flow or weak flow conditions: no separate zones of different colors or light intensities were detected along the microchannel.



At flow velocities higher than 0.2 mm/s, non-uniform stripes appear in the LC flow under polarized light (Figure 3b). Polarizers rotated to 45° show (Figure 3b inset) show a residual bright field with the color close to that demonstrated in the Figure 3a inset. It indicates that LC molecules still tend to align uniformly with respect to the flow axis in faster flow conditions.



A further increase of the flow velocity up to 1 mm/s makes this non-uniform structure predominant (Figure 3c). The rotation of polarizers (Figure 3c inset) provides a similar irregular pattern with a variety of light intensities and colors. If we apply the Michel–Levy color chart approach to Figure 3c, we can conclude that it demonstrates a rather irregular alignment of LC domains with arbitrary angles with respect to the microchannel axis, although a certain ordering effect of flow on the stripes is observed.



At higher flow velocities, LC domains start to align along the flow direction. At the flow velocity above ~5 mm/s, the orientation of LC domains is predominantly planar (Figure 3d) and shows a characteristic bright field in polarized light with crossed polarizers at 0° and a darker field at 45°.



At the next stage of this work, we studied the impact of added quantum dots on the behavior of the LC matrix under polarized light. Figure 4 summarizes the results obtained in the same flow conditions as those demonstrated in Figure 3.



The impact of quantum dots on the optical state of the composite at U→0 is shown in Figure 4a. We can see a mostly uniform alignment of the LC matrix in slow flow or zero flow conditions. Quantum dot aggregates, however, also perform as aligning additives for the LC molecules and show bright spots around QD clusters in polarized light. The rotation of polarizers changes the colors of the microchannel medium in a way similar to that shown in Figure 3a for a pure LC matrix.



QD aggregates were found to be unstable in microchannel flows. An increase of flow velocities above 0.5 mm/s results in the decomposition of QD aggregates to smaller clusters (Figure 4b,c). Increasing shear stresses in microscale flows favors the homogenization of the LC-QD composite that agrees with our previous studies of a similar hybrid system [48]. At the same time, QD aggregates favor the formation of instabilities in the LC matrix: a chaotic pattern in Figure 4b is more pronounced as compared to that of a pure LC matrix in the same flow conditions (Figure 3b). Transition to an irregular pattern occurs in the 0.5–1 mm/s range, which is approximately 0.3 mm/s lower than in a pure LC matrix: the composites in Figure 4b,c show much more similarities than a pure LC matric at the same flow velocities in Figure 3b,c.



Finally, a uniform bright field is achieved in fast flows approaching 10 mm/s (Figure 4d) similar to that demonstrated by a pure LC matrix in Figure 3d upon its transition to a predominant orientation along the flow.



A suggested confined orientation of LC molecules in the presence of QD aggregates is shown in Figure 5. In slow flow conditions (Figure 5a), the orientation is predominantly uniform. In slow flows, LC molecules are supposed to align in a certain direction with respect to the microchannel axis. QD aggregates coexist with the LC phase and also perform as additional directors for its molecules. It should be noted that an alignment of LC molecules in zero flow conditions was found to be unstable but still uniform.



In microflows at 1 mm/s (Figure 5b), a uniform orientation of LC molecules is replaced with an irregular pattern of LC domains. The size of QD aggregates decreases in faster flows. Finally, LC domains tend to align along the flow axis (Figure 5c). However, such an alignment is not perfect, and residual inhomogeneities can be still detected in Figure 3d and Figure 4d.



The Reynolds number is a key parameter that characterizes flow transitions in single-phase microfluidic systems, so it is interesting to evaluate it for the conditions shown in Figure 3 and Figure 4. For aqueous microflows, for example, this parameter is generally small and corresponds to a laminar flow mode, which was observed in our previous experiments [60]. The Reynolds number depends on the fluid viscosity, and liquid crystals demonstrate non-uniform flow-dependent viscosities. As opposed to aqueous flows, the Reynolds number is expected to provide only an approximate characterization of LC flows at various flow velocities and non-uniform viscosities resulting from changes in the alignment of LC molecules in variable flows. The data in [61] allow us to evaluate MBBA viscosities according to Leslie–Ericksen theory for various Miesowicz geometries of LC molecules aligned parallel or orthogonal to the velocity vector. According to Figure 3, MBBA may exhibit intermediate orientation states as compared to these geometries in our microfluidic experiments. We can consider, therefore, the viscosities found for these geometries as the boundaries of a possible MBBA viscosity range in our experiments and evaluate the resulting Reynolds number. All the viscosity coefficients reported in [61] provided Re < 1 for the microchannel width of 200 µm and velocities up to 10 mm/s. The LC flow transitions shown in Figure 3 occur, therefore, at low Reynolds numbers.



It should be noted that microfluidic devices remained stable and operational at increasing flow velocities. Although flow velocities of several millimeters per second are quite high for microfluidic experiments performed in microscale width channels, we observed no deformation of such a microchannel at LC flow rates up to 20 µm/s. A possible effect of flow pressure can be expected for long channels of serpentine microchips with much larger hydraulic resistance. The major flow-induced effects of LC alignment and QD luminescence were observed, however, at flow velocities below 1 mm/s. Thus, such operation modes can be potentially applicable to a broader range of microchip designs.



The aggregates of quantum dots were large at zero flow conditions. Their aspect ratio (aggregate diameter to microchannel height) was greater than 0.3 in zero flow conditions or flows slower than 0.2 mm/s. The aggregates, however, did not exert a negative impact on microchannel environment. They turned out to be easily deformable inside a microchannel and were therefore supposed to put virtually no pressure on microchannel walls. The aggregates were also sensitive to flow: their size reduced to approximately 20–30 μm upon an applied flow of 0.3–0.5 mm/s and less in faster flows.



Thus, MBBA-QD composites demonstrate a flow-dependent orientation behavior of the LC matrix and aggregative the behavior of quantum dots. It resulted in a variety of optical responses to polarized light. At the next stage of this work, we analyzed an impact of flow-dependent properties of the composite on the luminescence properties of quantum dots in UV light.




3.2.2. Luminescence Behavior of MBBA-QD Composite Microflows


Fluorescence microscopy is a key method to unleash the sensing potential of lab-on-a-chip, especially in cutting-edge biomedical applications [17,62,63] and organ-on-a-chip platforms [64]. Therefore, analyzing the luminescence behavior of LC-QD hybrids in microfluidic confinement may reveal new approaches to sensing applications of such composites in lab-on-a-chip devices. At this stage of the work, we studied the impact of flow velocity on the luminescence behavior of the composite. Figure 6 summarizes the results of the respective fluorescence microscopy experiments.



Excitation by UV light initiates a red-light emission of quantum dots in a confined immobile composite (Figure 6a). Some of the QD clusters are absorbed on microchannel walls and represent bright red light spots on the microscopy image. The largest clusters are about 50–60 μm in diameter. The height of the microchannel is 100 μm, so all the QD clusters can be potentially fully immersed in the LC matrix. The luminescence from such clusters is easily detected in Figure 6a as turbid red spots throughout the microchannel.



In the flow of the composite at 0.3 mm/s (Figure 6b), large clusters of quantum dots still exist. They exhibit, however, a much weaker luminescence than in immobile composite. The clusters are mostly represented by dark spots with limited red color areas. The major contribution to luminescence is provided by smaller QD clusters.



Finally, Figure 6c shows a residual red light emission from small QD aggregates at 3 mm/s. The majority of QD aggregates are represented by turbid dark spots inside the LC matrix.



The luminescence behavior of the composite demonstrated in Figure 6 correlates with the orientation states of the LC matrix (Figure 3). The most intensive luminescence was observed for a uniformly aligned LC matrix in zero or slow flow conditions. The transition from a uniformly aligned state to an irregular pattern of domains reduced QD emission.



A possible reason for such an optical behavior of quantum dots is the Rayleigh scattering of electromagnetic radiation and anisotropy of the LC matrix. In slow flows of microfluidic LC-QD composites, the molecules of the LC matrix are supposed to be aligned uniformly with respect to microchannel walls. Such an orientation may initiate a less intensive scattering of UV light on its path to the QD cluster inside a microchannel as compared to faster flows with an irregular pattern of LC domains.



In addition, the scattering intensity is inversely proportional to λ4, according to the Rayleigh scattering law, where λ is the wavelength of light. Excitation UV light (λ = 365 nm), therefore, is scattered more intensively than emission light from QD clusters (λ = 645 nm) with the factor of (645/365)4 ≈ 10. In LC-QD flows, UV light intensity can be insufficient to excite a substantial emission from QD clusters inside a microchannel. Such clusters are represented by dark spots in Figure 6b,c. The major contribution to luminescence is made by small QD clusters absorbed on microchannel walls or segments of large QD clusters near microchannel walls, where a thickness of the LC matrix and the resulting scattering are minimal.



Finally, the decomposition of aggregates and reduction in their adsorption to microchannel walls favors their uniform distribution inside the LC matrix and reduces a contact with microchannel walls in fast flows that should also contribute to minimizing the emission from the composite (Figure 6c).




3.2.3. Quantifying the Impact of Flow Conditions on Optical Responses of Confined LC-QD Composite


The automated analysis of microscopy data with image processing software offers a convenient tool to characterize the optical behavior of microfluidic flows. To reveal possible quantitative correlations between microflow conditions and optical responses of the LC-QD composite in polarized and UV light, we performed a microscopy image analysis with a pre-developed Matlab script. The details of the image processing algorithm and the respective Matlab script are provided in the Supplementary Materials.



To perform this analysis, a series of LC and LC-QD composite microscopy images were taken in polarized and UV light in addition to the images shown in Figure 3, Figure 4 and Figure 6. All the images in each series were taken with identical microscope settings. These images are shown in Figure S1 in Supplementary Materials.



For polarized microscopy images, their average luminance    Y ¯    of the YCbCr color space [65] was calculated by the Matlab script. For fluorescence microscopy images, their average red color brightness    R ¯    from the RGB data was calculated by the Matlab script. Figure 7 demonstrates the results.



The following reference values were used for image processing. The average luminance      Y ¯   0    of the pure immobile LC phase was considered to be zero. The average luminance of the pure LC phase at 10 mm/s      Y ¯    max     was considered to be maximum. The average red color brightness of the pure LC phase at 10 mm/s      R ¯   0    was considered to be zero. The average red color brightness of the immobile LC-QD composite at 10 mm/s      R ¯    max     was considered to be maximum.



The average reduced luminance (Figure 7a,b) was calculated by the following equation:


   Y ′  =       Y ¯   −      Y ¯   0         Y ¯    max   −      Y ¯   0     



(1)







The average reduced red color brightness (Figure 6c) was calculated by the following equation:


   R ′  =       R ¯   −      R ¯   0         R ¯    max   −      R ¯   0     



(2)







Both Y′ and R′ varied, therefore, in the [0;1] range in all the images.



Figure 7a shows the optical states of pure LC phase microflows. The zero luminance zone at the 0° position of crossed polarizers corresponds to a uniform orientation of LC molecules in microflows below 0.1 mm/s. It transforms into the maximum luminance at velocities above 2–3 mm/s through a transient zone where the Y′ changes nearly linearly with logarithmic flow velocity upon a growing contribution of irregular LC patterns.



In Figure 7b, the orientation of LC molecules around QD aggregates in composites increases the initial luminance at flow velocities below 0.1 mm/s. Large and dark QD aggregates decrease the growth of luminance in the 0.1–1 mm/s range as compared with pure LC phase flows. The decomposition of aggregates in faster flows quickly increases the luminance up to its maximum value.



Figure 7c shows that the red color brightness is maximum in flows slower than 0.1 mm/s, which corresponds to undisturbed red light emission from quantum dots in the uniformly aligned LC matrix. In faster flows, the red color intensity decrease is close to linear with logarithmic flow velocity. In flows faster than 1 mm/s, irregular LC patterns are supposed to be responsible for intensive scattering of the excitation UV light. The brightness reaches its minimum corresponding to a residual luminescence from QD clusters absorbed on the microchannel walls.



Thus, processing polarized and fluorescence microscopy images allowed us to quantify the optical response of the LC-QD composite to variable microchannel flow velocity and correlate it with orientation state of the QD matrix, flow behavior of QD aggregates and their luminescence properties.






4. Discussion


Composites of MBBA with core–shell CdSe quantum dots were found to generate a variety of optical responses in mobile microchannel confinement both in polarized and UV light. Such an optical behavior of the composite may be attributed to changes in the orientation of domains in the LC matrix. It can be, therefore, conveniently controlled by a single microfluidic parameter (flow velocity up to 10 mm/s).



A quantitative correlation between the flow velocity and average brightness of LC-QD hybrids in polarized and UV light was detected in the flow range up to 2–3 mm/s, which is a typical operation mode of microfluidic devices. Such hybrids can be, therefore, used as luminescence flow detectors or quantitative flow sensors in this range.



At low (below 0.05 mm/s) and high (over 1–2 mm/s) flow velocities, there are two opposite optical states by both the LC matrix in polarized light and QD luminescence in UV. In polarized light, the LC matrix shows a dark field microchannel environment in slow flows and a bright field image in fast flows. Quantum dots demonstrate bright luminescence in UV light in zero or slow flows, which decreases to almost zero in fast flow conditions. Both these effects can be suitable for microfluidic logic applications and setting “0” or “1” logic states and designing flow-controlled optofluidic logic gates. Such logic states can be detected and processed by a simple automated microscopy image analysis with a respective algorithm and used for automated sensing application in lab-on-a-chip tools.



Despite their application potential, the revealed optical effects, however, represent fundamental research results. Studying effects of additional factors on optical properties of confined LC-QD hybrids may contribute to clarifying their potential as nanostructural components of optofluidic devices. The future research activities will focus on studying the impact of temperature and chemical agents (such as surfactants at various concentrations) on optical properties of the studied LC-QD hybrids. Special attention will be given to analyzing the flow and temperature behavior of multiphase systems with LC-QD hybrids confined in microdroplets suitable for further applications as functional photonic microparticles. In this respect, hydrodynamic trapping is a promising approach that allows us to perform experiments with colloid particles and anisotropic systems in microfluidic confinement with a precise control of these parameters [66,67]. Available microfluidic chip designs will allow us to create Stokes traps for LC-QD hybrids and control their behavior with flowrates and temperature as well as additional parameters such as magnetic field.




5. Conclusions


MBBA liquid crystal composites with CdSe core–shell quantum dots were found to reversibly generate opposite optical responses in both polarized and UV light in a typical microflow velocity range up to 10 mm/s. In flows slower than 0.05 mm/s, the composite is dark under crossed polarizers at the 0° position and shows intensive red light emission in UV light. These effects change to a bright field in polarized light and almost zero emission in UV light in flows faster than 1–2 mm/s. The change of brightness upon transition between these two states occurs almost linearly with the logarithmic flow velocity. Such a behavior is considered to correlate with a transition of the LC matrix from a uniform orientation at zero or slow flows to an irregular pattern of domains, which then gradually align along the flow axis.



Such optofluidic microdevices offer new options for applications in photonics as luminescent flow sensors or lab-on-a-chip binary logic circuits as well as optically active tools for medical diagnostics.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/mi14050990/s1, Figure S1. Processed microfluidic images of MBBA flows in microfluidic channel at various flow velocities [68,69].





Author Contributions


Conceptualization, A.B. and Y.G.; methodology, A.B.; software, A.B.; validation, Y.G.; formal analysis, A.B. and Y.G.; investigation, A.B.; resources, Y.G.; data curation, Y.G.; writing—original draft preparation, A.B.; writing, A.B., review and editing, Y.G.; visualization, A.B.; supervision, Y.G. All authors have read and agreed to the published version of the manuscript.




Funding


The work was performed using the financial support of the Ministry of Science and Higher Education of the Russian Federation within the framework of the state task for delivery of state services (performing works) of 9.12.2022 # 075-01508-23-00. Topic of research: “Development of Scientific Foundations for Synthesis of Novel Multifunctional Materials with a Broad Scope of Application”.




Data Availability Statement


Not applicable.




Acknowledgments


The study was performed using the equipment of the Center of Collective Usage “Nanomaterials and Nanotechnologies” of the Kazan National Research Technological University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ramirez, J.C.; Grajales García, D.; Maldonado, J.; Fernández-Gavela, A. Current Trends in Photonic Biosensors: Advances towards Multiplexed Integration. Chemosensors 2022, 10, 398. [Google Scholar] [CrossRef]

	



Dawson, H.; Elias, J.; Etienne, P.; Calas-Etienne, S. The Rise of the OM-LoC: Opto-Microfluidic Enabled Lab-on-Chip. Micromachines 2021, 12, 1467. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Z.; Li, Z.; Ravaine, S.; He, M.; Song, Y.; Yin, Y.; Zheng, H.; Teng, J.; Zhang, A. From colloidal particles to photonic crystals: Advances in self-assembly and their emerging applications. Chem. Soc. Rev. 2021, 50, 5898–5951. [Google Scholar] [CrossRef]

	



Xavier, J.; Vincent, S.; Meder, F.; Vollmer, F. Advances in optoplasmonic sensors–combining optical nano/microcavities and photonic crystals with plasmonic nanostructures and nanoparticles. Nanophotonics 2018, 7, 1–38. [Google Scholar] [CrossRef]

	



Kim, Y.G.; Park, S.; Kim, S.-H. Designing photonic microparticles with droplet microfluidics. Chem. Commun. 2022, 58, 10303–10328. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Y.; Wang, B.; Jin, M.; Yu, Y.; Zhou, G.; Shui, L. A review on self-assembly in microfluidic devices. J. Micromechanics Microengineering 2017, 27, 113002. [Google Scholar] [CrossRef]

	



Rifat, A.A.; Ahmed, R.; Yetisen, A.K.; Butt, H.; Sabouri, A.; Mahdiraji, G.A.; Yun, S.H.; Adikan, F.M. Photonic crystal fiber based plasmonic sensors. Sens. Actuators B Chem. 2017, 243, 311–325. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, X. Microfluidics-based plasmonic biosensing system based on patterned plasmonic nanostructure arrays. Micromachines 2021, 12, 826. [Google Scholar] [CrossRef]

	



Maia, F.R.; Reis, R.L.; Oliveira, J.M. Finding the perfect match between nanoparticles and microfluidics to respond to cancer challenges. Nanomed. Nanotechnol. Biol. Med. 2020, 24, 102139. [Google Scholar] [CrossRef]

	



Guimarães, C.F.; Cruz-Moreira, D.; Caballero, D.; Pirraco, R.P.; Gasperini, L.; Kundu, S.C.; Reis, R.L. Shining a Light on Cancer—Photonics in Microfluidic Tumor Modeling and Biosensing. Adv. Healthc. Mater. 2022, 2201442. [Google Scholar] [CrossRef]

	



Hou, J.; Li, M.; Song, Y. Patterned colloidal photonic crystals. Angew. Chem. Int. Ed. 2018, 57, 2544–2553. [Google Scholar] [CrossRef] [PubMed]

	



Ren, W.; Lin, G.; Clarke, C.; Zhou, J.; Jin, D. Optical nanomaterials and enabling technologies for high-security-level anticounterfeiting. Adv. Mater. 2020, 32, 1901430. [Google Scholar] [CrossRef] [PubMed]

	



Visaveliya, N.R.; Köhler, J.M. Softness Meets with Brightness: Dye-Doped Multifunctional Fluorescent Polymer Particles via Microfluidics for Labeling. Adv. Opt. Mater. 2021, 9, 2002219. [Google Scholar] [CrossRef]

	



Valencia, P.M.; Basto, P.A.; Zhang, L.; Rhee, M.; Langer, R.; Farokhzad, O.C.; Karnik, R. Single-step assembly of homogenous lipid− polymeric and lipid− quantum dot nanoparticles enabled by microfluidic rapid mixing. ACS Nano 2010, 4, 1671–1679. [Google Scholar] [CrossRef] [PubMed]

	



Wojnicki, M.; Hessel, V. Quantum materials made in microfluidics-critical review and perspective. Chem. Eng. J. 2022, 438, 135616. [Google Scholar] [CrossRef]

	



Fattahi, Z.; Hasanzadeh, M. Nanotechnology-assisted microfluidic systems platform for chemical and bioanalysis. TrAC Trends Anal. Chem. 2022, 116637. [Google Scholar] [CrossRef]

	



Kashaninejad, N.; Yaghoobi, M.; Pourhassan-Moghaddam, M.; Bazaz, S.R.; Jin, D.; Warkiani, M.E. Biological diagnosis based on microfluidics and nanotechnology. In Nanotechnology and Microfluidics; Wiley: Hoboken, NJ, USA, 2020; pp. 211–238. [Google Scholar]

	



Şahin, S.; Ünlü, C.; Trabzon, L. Affinity biosensors developed with quantum dots in microfluidic systems. Emergent Mater. 2021, 4, 187–209. [Google Scholar] [CrossRef]

	



Yong, K.-T.; Wang, Y.; Roy, I.; Rui, H.; Swihart, M.T.; Law, W.-C.; Kwak, S.K.; Ye, L.; Liu, J.; Mahajan, S.D. Preparation of quantum dot/drug nanoparticle formulations for traceable targeted delivery and therapy. Theranostics 2012, 2, 681–694. [Google Scholar] [CrossRef]

	



Onoshima, D.; Yukawa, H.; Baba, Y. Multifunctional quantum dots-based cancer diagnostics and stem cell therapeutics for regenerative medicine. Adv. Drug Deliv. Rev. 2015, 95, 2–14. [Google Scholar] [CrossRef]

	



Li, Y.; Männel, M.J.; Hauck, N.; Patel, H.P.; Auernhammer, G.K.; Chae, S.; Fery, A.; Li, J.; Thiele, J. Embedment of quantum dots and biomolecules in a dipeptide hydrogel formed in situ using microfluidics. Angew. Chem. Int. Ed. 2021, 60, 6724–6732. [Google Scholar] [CrossRef]

	



Bian, F.; Sun, L.; Cai, L.; Wang, Y.; Zhao, Y. Quantum dots from microfluidics for nanomedical application. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1567. [Google Scholar] [CrossRef]

	



Hu, Y.; Wang, J.; Wang, H.; Wang, Q.; Zhu, J.; Yang, Y. Microfluidic fabrication and thermoreversible response of core/shell photonic crystalline microspheres based on deformable nanogels. Langmuir 2012, 28, 17186–17192. [Google Scholar] [CrossRef] [PubMed]

	



Baek, J.; Shen, Y.; Lignos, I.; Bawendi, M.G.; Jensen, K.F. Multistage microfluidic platform for the continuous synthesis of III–V core/shell quantum dots. Angew. Chem. Int. Ed. 2018, 57, 10915–10918. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Hsiao, J.C.; Howes, P.D.; de Mello, A.J. Microfluidic tools for the synthesis of bespoke quantum dots. In Nanotechnology and Microfluidics; Wiley: Hoboken, NJ, USA, 2020; pp. 109–148. [Google Scholar]

	



Kim, E.B.; Tomczak, K.M.; Chandrasiri, H.B.; Pálmai, M.; Ghaznavi, A.; Gritsenko, D.; Xu, J.; Snee, P.T. Nucleation control of quantum dot synthesis in a microfluidic continuous flow reactor. Front. Nanotechnol. 2023, 4, 104. [Google Scholar] [CrossRef]

	



Du, X.Y.; Wang, C.F.; Wu, G.; Chen, S. The rapid and large-scale production of carbon quantum dots and their integration with polymers. Angew. Chem. Int. Ed. 2021, 60, 8585–8595. [Google Scholar] [CrossRef]

	



Chen, H.Q.; Wang, X.Y.; Bisoyi, H.K.; Chen, L.J.; Li, Q. Liquid Crystals in Curved Confined Geometries: Microfluidics Bring New Capabilities for Photonic Applications and beyond. Langmuir 2021, 37, 3789–3807. [Google Scholar] [CrossRef]

	



Pan, Y.; Xie, S.; Wang, H.; Huang, L.; Shen, S.; Deng, Y.; Ma, Q.; Liu, Z.; Zhang, M.; Jin, M. Microfluidic Construction of Responsive Photonic Microcapsules of Cholesteric Liquid Crystal for Colorimetric Temperature Microsensors. Adv. Opt. Mater. 2022, 11, 2202141. [Google Scholar] [CrossRef]

	



Kim, J.G.; Park, S.Y. Photonic Spring-Like Shell Templated from Cholesteric Liquid Crystal Prepared by Microfluidics. Adv. Opt. Mater. 2017, 5, 1700243. [Google Scholar] [CrossRef]

	



Copar, S.; Ravnik, M.; Žumer, S. Introduction to colloidal and microfluidic nematic microstructures. Crystals 2021, 11, 956. [Google Scholar] [CrossRef]

	



Takenaka, Y.; Škarabot, M.; Muševič, I. Nematic Liquid-Crystal Necklace Structure Made by Microfluidics System. Langmuir 2020, 36, 3234–3241. [Google Scholar] [CrossRef] [PubMed]

	



Segura, R.; Cierpka, C.; Rossi, M.; Joseph, S.; Bunjes, H.; Kähler, C.J. Non-encapsulated thermo-liquid crystals for digital particle tracking thermography/velocimetry in microfluidics. Microfluid. Nanofluidics 2013, 14, 445–456. [Google Scholar] [CrossRef]

	



Priest, C.; Quinn, A.; Postma, A.; Zelikin, A.N.; Ralston, J.; Caruso, F. Microfluidic polymer multilayer adsorption on liquid crystal droplets for microcapsule synthesis. Lab A Chip 2008, 8, 2182–2187. [Google Scholar] [CrossRef]

	



Schwartz, M.; Lenzini, G.; Geng, Y.; Rønne, P.B.; Ryan, P.Y.; Lagerwall, J.P. Cholesteric liquid crystal shells as enabling material for information-rich design and architecture. Adv. Mater. 2018, 30, 1707382. [Google Scholar] [CrossRef] [PubMed]

	



Hamlington, B.D.; Steinhaus, B.; Feng, J.J.; Link, D.; Shelley, M.J.; Shen, A.Q. Liquid crystal droplet production in a microfluidic device. Liq. Cryst. 2007, 34, 861–870. [Google Scholar] [CrossRef]

	



Čopar, S.; Kos, Ž.; Emeršič, T.; Tkalec, U. Microfluidic control over topological states in channel-confined nematic flows. Nat. Commun. 2020, 11, 59. [Google Scholar] [CrossRef]

	



Sengupta, A.; Tkalec, U.; Bahr, C. Nematic textures in microfluidic environment. Soft Matter 2011, 7, 6542–6549. [Google Scholar] [CrossRef]

	



Sengupta, A.; Tkalec, U.; Ravnik, M.; Yeomans, J.M.; Bahr, C.; Herminghaus, S. Liquid crystal microfluidics for tunable flow shaping. Phys. Rev. Lett. 2013, 110, 048303. [Google Scholar] [CrossRef] [PubMed]

	



Gleeson, H.F.; Wood, T.A.; Dickinson, M. Laser manipulation in liquid crystals: An approach to microfluidics and micromachines. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006, 364, 2789–2805. [Google Scholar] [CrossRef]

	



Basu, R.; Iannacchione, G.S. Evidence for directed self-assembly of quantum dots in a nematic liquid crystal. Phys. Rev. E 2009, 80, 010701. [Google Scholar] [CrossRef]

	



Mirzaei, J.; Reznikov, M.; Hegmann, T. Quantum dots as liquid crystal dopants. J. Mater. Chem. 2012, 22, 22350–22365. [Google Scholar] [CrossRef]

	



Kurilov, A.D.; Chausov, D.N.; Osipova, V.V.; Kucherov, R.N.; Belyaev, V.V.; Galyametdinov, Y.G. Highly luminescent nanocomposites of nematic liquid crystal and hybrid quantum dots CdSe/CdS with ZnS shell. J. Mol. Liq. 2021, 339, 116747. [Google Scholar] [CrossRef]

	



Huang, B.-L.; Guo, T.-L.; Xu, S.; Ye, Y.; Chen, E.-G.; Lin, Z.-X. Color converting film with quantum-dots for the liquid crystal displays based on inkjet printing. IEEE Photonics J. 2019, 11, 1–9. [Google Scholar] [CrossRef]

	



Gollapelli, B.; Suguru Pathinti, R.; Vallamkondu, J. Carbon Quantum Dots doped Cholesteric Liquid Crystal Films and Microdroplets for Anti-Counterfeiting. ACS Appl. Nano Mater. 2022, 5, 11912–11922. [Google Scholar] [CrossRef]

	



Gollapelli, B.; Ganji, S.R.R.; Tatipamula, A.K.; Vallamkondu, J. Bio-derived chlorophyll dye doped cholesteric liquid crystal films and microdroplets for advanced anti-counterfeiting security labels. J. Mol. Liq. 2022, 363, 119952. [Google Scholar] [CrossRef]

	



Bezrukov, A.; Galyametdinov, Y. Orientation Behavior of Nematic Liquid Crystals at Flow-Wall Interfaces in Microfluidic Channels. Coatings 2023, 13, 169. [Google Scholar] [CrossRef]

	



Bezrukov, A.; Osipova, V.; Galyametdinov, Y.G. Orientational behavior of a nematic liquid crystal and its composite with quantum dots in a microfluidic channel. Russ. Chem. Bull. 2022, 71, 2092–2097. [Google Scholar] [CrossRef]

	



Holmberg, K.; Jönsson, B.; Kronberg, B.; Lindman, B. Surfactants and Polymers in Aqueous Solution, 2nd ed.; Wiley: Hoboken, NJ, USA, 2003; 545p. [Google Scholar]

	



Anna, S.L. Droplets and Bubbles in Microfluidic Devices. Annu. Rev. Fluid Mech. 2016, 48, 285–309. [Google Scholar] [CrossRef]

	



McDonald, J.C.; Duffy, D.C.; Anderson, J.R.; Chiu, D.T.; Wu, H.; Schueller, O.J.A.; Whitesides, G.M. Fabrication of microfluidic systems in poly(dimethylsiloxane). Electrophoresis 2000, 21, 27–40. [Google Scholar] [CrossRef]

	



Wu, M.-H.; Paul, K.; Whitesides, G. Patterning Flood Illumination with Microlens Arrays. Appl. Opt. 2002, 41, 2575–2585. [Google Scholar] [CrossRef]

	



Ibragimov, T.D. Dielectric and conductivity properties of liquid crystal MBBA doped with SWCNTs. Fuller. Nanotub. Carbon Nanostructures 2022, 30, 848–852. [Google Scholar] [CrossRef]

	



Antharjanam, P.S.; Prasad, E. Nematic to smectic texture transformation in MBBA by in situ synthesis of silver nanoparticles. N. J. Chem. 2010, 34, 420–425. [Google Scholar] [CrossRef]

	



Price, A.D.; Schwartz, D.K. DNA Hybridization-Induced Reorientation of Liquid Crystal Anchoring at the Nematic Liquid Crystal/Aqueous Interface. J. Am. Chem. Soc. 2008, 130, 8188–8194. [Google Scholar] [CrossRef]

	



Shah, R.R.; Abbott, N.L. Orientational Transitions of Liquid Crystals Driven by Binding of Organoamines to Carboxylic Acids Presented at Surfaces with Nanometer-Scale Topography. Langmuir 2003, 19, 275–284. [Google Scholar] [CrossRef]

	



Zou, Y.; Namkung, J.; Lin, Y.; Ke, D.; Lindquist, R. Interference colors of nematic liquid crystal films at different applied voltages and surface anchoring conditions. Opt. Express 2011, 19, 3297–3303. [Google Scholar] [CrossRef]

	



Brake, J.M.; Mezera, A.D.; Abbott, N.L. Active Control of the Anchoring of 4′-Pentyl-4-cyanobiphenyl (5CB) at an Aqueous−Liquid Crystal Interface By Using a Redox-Active Ferrocenyl Surfactant. Langmuir 2003, 19, 8629–8637. [Google Scholar] [CrossRef]

	



Sengupta, A.; Herminghaus, S.; Bahr, C. Liquid crystal microfluidics: Surface, elastic and viscous interactions at microscales. Liq. Cryst. Rev. 2014, 2, 73–110. [Google Scholar] [CrossRef]

	



Bezrukov, A.; Galyametdinov, Y. On-Chip Control over Polyelectrolyte-Surfactant Complexation in Nonequilibrium Microfluidic Confinement. Polymers 2022, 14, 4109. [Google Scholar] [CrossRef]

	



Kneppe, H.; Schneider, F. Determination of the Viscosity Coefficients of the Liquid Crystal MBBA. Mol. Cryst. Liq. Cryst. 2011, 65, 23–37. [Google Scholar] [CrossRef]

	



Jamiruddin, M.R.; Meghla, B.A.; Islam, D.Z.; Tisha, T.A.; Khandker, S.S.; Khondoker, M.U.; Haq, M.A.; Adnan, N.; Haque, M. Microfluidics technology in SARS-CoV-2 diagnosis and beyond: A systematic review. Life 2022, 12, 649. [Google Scholar] [CrossRef]

	



Gao, D.; Ma, Z.; Jiang, Y. Recent advances in microfluidic devices for foodborne pathogens detection. TrAC Trends Anal. Chem. 2022, 157, 116788. [Google Scholar] [CrossRef]

	



Buchanan, B.C.; Yoon, J.-Y. Microscopic imaging methods for organ-on-a-chip platforms. Micromachines 2022, 13, 328. [Google Scholar] [CrossRef]

	



Gupta, N.; Shukla, D. A Reconstruction of Gray Scale Image into RGB Color Space Image Using YCbCr Color Spacing and Luminance Mapping in Matlab. i-Manag. J. Pattern Recognit. 2017, 4, 17. [Google Scholar]

	



Kumar, D.; Richter, C.M.; Schroeder, C.M. Conformational dynamics and phase behavior of lipid vesicles in a precisely controlled extensional flow. Soft Matter 2020, 16, 337–347. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; Shenoy, A.; Deutsch, J.; Schroeder, C.M. Automation and flow control for particle manipulation. Curr. Opin. Chem. Eng. 2020, 29, 1–8. [Google Scholar] [CrossRef]

	



Qidwai, U.; Chen, C.H. Digital Image Processing: An Algorithmic Approach with MATLAB; CRC Press: Boca Raton, FL, USA, 2009; p. 294. [Google Scholar]

	



Galyametdinov, Y.G.; Krupin, A.S.; Sagdeev, D.O.; Karyakin, M.E.; Shamilov, R.R.; Knyazev, A.A. Luminescent Composites Based on Liquid Crystalline Europium({III}) Complex and {CdSe}/{CdS}/{ZnS} Quantum Dots. Liq. Cryst. Appl. 2022, 22, 27–38. [Google Scholar] [CrossRef]








[image: Micromachines 14 00990 g001 550] 





Figure 1. Components, schematic microstructure and optical microscopy images of MBBA composites with CdSe-CdS-ZnS core–shell quantum dots. 
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Figure 2. Design of microfluidic chips and flow testing: (a) microfluidic device with a straight microchannel for generating single-phase LC and LC-QD microflows; (b) bright field optical microscopy image of a single-phase flow of the pure MBBA liquid crystal at 0.5 mm/s. 
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Figure 3. Polarized microscopy images of LC microflows: (a) U → 0; (b) U = 0.5 mm/s; (c) U = 1 mm/s; (d) U = 10 mm/s. Red arrows demonstrate coordinate axes with respect to Figure 2. Crossed arrows indicate positions of polarizers. 
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Figure 4. Polarized microscopy images of LC-QD microflows: (a) U → 0; (b) U = 0.5 mm/s; (c) U = 1 mm/s; (d) U = 10 mm/s. Red arrows demonstrate coordinate axes with respect to Figure 2. Crossed arrows indicate the positions of polarizers. 
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Figure 5. Suggested orientation of LC molecules and state of QD aggregates in LC-QD composites at various flow velocities: (a) U = 0.1 mm/s; (b) U = 1 mm/s; (c) U = 10 mm/s. 
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Figure 6. Fluorescence microscopy images of single-phase LC-QD composite microflows: (a) U → 0; (b) U = 0.3 mm/s; (c) U = 3 mm/s. 
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Figure 7. Optical characteristics of microfluidic channels with infused LC or LC-QD composites obtained from polarized and fluorescence microscopy images processed with Matlab: (a) reduced average luminance of the pure LC phase in polarized light; (b) reduced average luminance of the LC-QD composite in polarized light; (c) reduced average red color brightness of the LC-QD composite in UV light. 
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