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Abstract

:

African trypanosomes are responsible for significant levels of disease in both humans and animals. The protozoan parasites are free-living flagellates, usually transmitted by arthropod vectors, including the tsetse fly. In the mammalian host they live in the bloodstream and, in the case of human-infectious species, later invade the central nervous system. Diagnosis of the disease requires the positive identification of parasites in the bloodstream. This can be particularly challenging where parasite numbers are low, as is often the case in peripheral blood. Enriching parasites from body fluids is an important part of the diagnostic pathway. As more is learned about the physicochemical properties of trypanosomes, this information can be exploited through use of different microfluidic-based approaches to isolate the parasites from blood or other fluids. Here, we discuss recent advances in the use of microfluidics to separate trypanosomes from blood and to isolate single trypanosomes for analyses including drug screening.
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1. Introduction


African trypanosomes are protozoan parasites that cause disease in livestock (including Trypanosoma congolense, T. vivax, T. evansi, T. brucei brucei) and humans (T. b. rhodesiense and T. b. gambiense). The parasites are transmitted by various routes. Tsetse flies of the Glossina genus transmit many key species, but other biting flies can transmit T. evansi and T. vivax. In the case of T. equiperdum, the disease is transmitted venereally in horses.



The life cycle of trypanosomes is, in general, complex and depends on the species. In the best-studied T. brucei group, two key forms are generally considered in the mammalian hosts (proliferating long slender forms and non-proliferating short stumpy forms, pre-adapted for transmission to the tsetse fly; see Figure 1), and multiple forms within the vector (including the midgut proliferative procyclic trypomastigote form and the metacyclic trypomastigote form found in salivary glands pre-adapted for transfer back to mammals) [1]. During infection, trypanosomes enter the host’s bloodstream or lymphatic system during a blood meal of the tsetse fly. Later, trypanosomes also enter the central nervous system, where they induce neurological disorders and dysregulate the sleep–wake cycle of their host [2]. The exact route from blood to the brain is still not completely elucidated: the current model, in which trypanosomes cross directly from the blood to the brain via the blood–brain barrier, has recently been challenged. In the proposed model, trypanosomes cross from the blood into the cerebrospinal fluid (CSF) and possibly via the Virchow–Robin space into the brain, circumventing the blood–brain barrier entirely [2]. In a recent review, Mogk et al. discuss both models and support the latter one, hypothesizing the existence of a chronic infection stage in the meninges [2]. Recently, it has been shown that trypanosomes can be found in skin [3,4] and fatty tissues [5,6]; indeed, evidence indicates these parasites can reside and proliferate in a wide range of organs including the heart (which may account for significant morbidities and mortalities [7,8]) as well as the genital organs [9].



In spite of the flagellum offering little motility in the bloodstream, where the force of blood flow exceeds that produced by the flagellum, it is likely to play a crucial role in motility within other environments in which the trypanosomes find themselves, for example, in other organs where it does generate force required for motility. It also plays a key role in evading the immune system [10]. Employing optical tweezers, Stellamanns et al. measured the force generated by the trypanosome flagellar motor to be about 1 pN, while the power output amassed to    5.9 ×   10   − 16     W   , about nine times more than needed for its propulsion alone in a static fluid environment [11]. The excess energy of each stroke of the flagellum (about    4.0 ×   10   − 17     J   ) generates a hydrodynamic drag force, which draws any surface-bound antibodies towards the flagellar pocket, a region through which the flagellum leaves the cell and where the sub-pellicular microtubule array is absent, creating a specialised space for endocytosis and exocytosis. Antibodies swept to the flagellar pocket are endocytosed and subsequently digested within the phagolysosomal system [10]. Together with their ability to express, in semi-sequential fashion, a single variant surface glycoprotein gene, from a repertoire of many hundreds [12], the parasites cans sustain infections for many months or even years.



Diagnosis of trypanosomiasis still depends upon identification of trypanosomes in blood, a medium in which there may be up to 109 trypanosomes per mL, compared with only 107 per mL in culture medium [13,14]. In order to obtain high numbers of trypanosomes for visual identification or for molecular and biochemical analysis, in blood, a process of enrichment may be required. Physicochemical properties have long been exploited to enrich for trypanosomes from whole blood. For instance, the microhematocrit centrifugation technique (mHCT) is based on the difference in density between trypanosomes and red blood cells. After centrifugation of whole blood at high speed in anticoagulant-coated capillary tubes, trypanosomes can be collected in the buffy coat, that is, the leukocyte-containing layer that sits at the interface between the erythrocyte pellet and plasma [15]. Furthermore, even purer populations of trypanosomes can be obtained using the mini-anion-exchange centrifugation technique (mAECT). This method is based on the fact that the exposed surface charge of these parasites is neutral due to their being sheathed by the contiguous variant antigen coat that protects their surface from immunoeffector molecules. Blood cells, by contrast, are negatively charged in neutrally buffered solutions due to the exposed phospholipid bilayer. Anion-exchange substrates, such as a diethylaminoethyl cellulose (DEAE-C) matrix, therefore bind red blood cells and leukocytes while trypanosomes remain unbound and pass freely through anion-exchange columns [16,17]. The mAECT was adapted to be performed on the buffy coat, after centrifugation of 5 mL of whole blood (mAECT–BC), which was shown to significantly improve the sensitivity of this diagnostic test [18]. A recent comparative study reported that mAECT–BC is the parasitological technique for blood examination that offers the best performance in the context of gambiense human African trypanosomiasis (HAT) diagnosis [19].



In this review, we discuss recent advances in the use of microfluidic-based approaches to separate trypanosomes form blood using a range of different physicochemical parameters.




2. Separation by Dielectrophoresis


Trypanosomes carry no net surface electric charge—which, as stated above, underpins the ability to separate them from blood cells using anion-exchange chromatography [20]. However, in a non-uniform electric field, a dipole moment can be induced within the trypanosome that can result in a dielectrophoretic force (DEP)—resulting in movement caused by the interaction of the induced dipole moment with an electric-field gradient. Menachery et al. employed this DEP technique to enrich trypanosomes in murine blood in a four-armed spiral electrode array (see Figure 2). By applying a quadrature-phase voltage of 2 V at 140 kHz inside this spiral electrode array, they generated a traveling-wave electric field. This field separated trypanosomes from red blood cells due to their induced dipole moment, shape and size. Affected cells underwent levitation and translational motion. Red blood cells (RBCs) were pushed upwards and outwards, while trypanosomes were pulled downwards and towards the centre of the device. A key aspect of the DEP separation relates to the lateral movement of the cells depending not only on the cells’ shapes and sizes, but also on their internal polarizability, regardless of surface charge, which distinguishes the approach from existing methods used to enrich trypanosomes (e.g., centrifugation and mini-anion-exchange chromatography).



In order to optimize the separation of trypanosomes from the blood-sample matrix, it was necessary to analyze the cross-over frequencies of both cell types. The cross-over frequency is characteristic for each cell and describes the AC-frequency at which viable cells experience the reversal of DEP force direction (i.e., from force away from high electric-field density to force attracting to high electric-field density). In this case, the cross-over frequency for trypanosomes was below 140 kHz, and for RBCs above 140 kHz, thus allowing for effective separation using DEP. This difference in cross-over frequency is due primarily to differences in cell shape and size [20].



After 10 min of separation, the trypanosomes moved under the influence of the travelling wave electric field to the centre of the spiral electrode array. The voltage had to be kept at a maximum of 2 V to avoid lysis of trypanosomes at the centre of the device [20]. The limit of detection for a single spiral electrode (2.9 mm diameter) device was determined to be    1.2 ×   10  5     trypanosomes per mL in whole blood, which could be increased by about two orders of magnitude when using ten spiral arms with a diameter of 10 mm to process one mL of infected blood. Although this limit of sensitivity exceeds the threshold of many trypanosome infections (which can be as low as <10 parasites per mL of blood), the fact that the array was designed for a handheld device, powered by batteries, might render it useful for field work in endemic areas with scarce resources. Moreover, as the technology is refined and possibly integrated with orthogonal methods for parasite enrichment, the potential for this technique is exciting. Along with the tunability of the cross-over frequency, various pathogens, including the African trypanosomes of veterinary importance, Trypanosoma cruzi, Leishmania species, flukes or microfilarial worms could also be enriched for diagnosis with variations on the DEP theme [20].




3. Separation by Deterministic Lateral Displacement (DLD)


A second microfluidic approach that has been successfully applied to the separation and detection of trypanosomes employs deterministic lateral displacement (DLD), a technique that uses a structured array of obstacles inside a microfluidic channel to generate a patterned flow-field with which particles interact and, based on physical properties such as size and shape, become spatially separated.



The basic principle of separation by DLD can be understood by considering the interaction of particles with solid obstacles in the path of a fluid flow. The centre of a particle in a laminar flow will follow a streamline unless influenced by a force perpendicular to the direction of flow; a steric interaction between particle and obstacle constitutes just such a force. In a simplified model, if a fluid streamline carrying a particle passes closer to the surface of an obstacle than the effective radius of the particle, the particle will be pushed into a neighbouring streamline. The larger the particle, the further it will be pushed. If another obstacle is placed downstream in the correct position, then all particles larger than a critical size, that were pushed far enough by the first obstacle, will again be pushed laterally with respect to the flow direction, while all particles smaller than the critical size will remain in their original streamlines. In a DLD device these small lateral displacements are repeated many times in an array of obstacles, leading to the lateral separation of particles based on their effective size at the end of the array (see Figure 3a).



The mechanism of separation by DLD was first shown by Huang et al. [21]. The strength of the technique lies in the fact that it is continuous, does not require the application of external fields other than fluid flow, is label free and separates with excellent resolution (better than 1% size difference for polystyrene spheres in the 1 µm size range). In order to design devices for specific applications, a more nuanced model than that presented above is required. Inglis [22] and Davis [23] developed an understanding of the critical size based on the array parameters shown in Figure 3a. To first approximation, the critical size is proportional to the gap size and the square root of the row shift. Studying the behaviour of erythrocytes in DLD devices, Beech et al. [24] and Henry et al. [25] developed a more detailed understanding of how the size, shape and deformability of the particles themselves contribute to their effective size and how particles could be separated by these parameters, which are highly relevant from a biological perspective. It is the difference in size and primarily in shape that is used for the separation of trypanosomes from blood using DLD.



Holm et al. [26] modified DLD devices in order to greatly improve the separation of trypanosomes from blood cells. As mentioned above, the primary requirement of a microfluidic tool to improve detection of trypanosomes is to remove (or reduce) the large background of RBCs. While, at first appearances, trypanosomes seem to be much larger than RBCs, in a standard device they are hard to separate, due to the increase in the throughput of the devices (where deep devices enable non-spherical particles to rotate such that it is their smallest dimension that defines their critical size). In shallower devices (typically shallower than the longest dimension of the particles), rotation is hindered and the effective size of the particles changes, as shown in Figure 3b. In this way, Beech et al. [24] and Holm et al. [26] showed that careful choice of device depth can maximize the difference in effective size between RBCs and trypanosomes, greatly improving separation.



In the most recent iteration, Holm et al. [27] showed a device that could deal with blood with low concentrations of parasites, with as little dilution as possible, outputting a sample stream of plasma containing parasites and close to no blood cells. The device was designed with simplicity and ease-of-use as highest priorities. In order to remove the need for expensive and power-consuming pumps, the device has one inlet only, and flow is driven using only a disposable syringe. Because of this simple, one-inlet design, all functionality must be built into the device which is able to (1) remove leukocytes in order to avoid clogging in subsequent steps, (2) create cell-free plasma and (3) transfer parasites into the cell-free plasma. The functionality in each section of the device comes from a combination of the array-spacing parameters and the depth of the channel (height of the posts). Figure 3c and d show electron-microscopy images of sections of the multi-depth device from [27].



Through this multi-height design, red cells, white cells and trypanosomes could all be successfully separated from each other, as shown in Figure 4.




4. Separation of Trypanosomes Using Optical Tweezers and Drug Screening


Optical tweezers have been used for many years to capture individual, microscopic particles through attractive forces yielded by a highly-focused laser beam. Captured particles, like solid silica spheres, hollow polymer spheres and single cells, can then be manipulated and moved as though held by remarkably fine tweezers. Optical tweezers have been used on trypanosomes for multiple purposes [11,28,29,30,31,32]. For example, optical tweezers were employed to separate and distinguish trypanosomes from other cells [30,31], to analyse their chemotactic behaviour [28] and to measure the forces created by their flagellar motors [11]. Whilst it is possible to estimate the forces and energy consumption of freely swimming cells [33], optically confined cells can be studied at higher magnification in greater detail. It is worth noting that the shape of cells and the integrated structure of their flagella have a pronounced, yet often overlooked, impact on the motility of trypanosomes [34] and cells in general, and that motility in turn is vital to cell differentiation [35,36]. Since optically confined trypanosomes are limited in their motility but retain their full mobility, a very small field of view can be used to quantify the forces and power of their flagellar motors [11]. The two distinct motility modes (tumbling and persistent/directional) have been present both in freely swimming [34,37] and optically confined trypanosomes, where directional displacement in optical confinement resulted in a persistent rotation around the point of optical confinement [11].



In addition, optical tweezers have been used to select single trypanosomes to study drug impact at the single-cell level [29]. In these studies, trypanosomes were confined individually to microfluidic compartments (microchambers) under no-flow conditions to investigate their motility patterns and to quantify their motility by calculating mean squared displacement (MSD, see Figure 5). By comparing the MSD of motile trypanosomes to the MSD of paralyzed trypanosomes, it was possible to express the energy a trypanosome consumes for propulsion in multiples of the thermal energy required to cause Brownian motion of an immobile trypanosome [29] (see Figure 5c,d).



These devices also offered a means to study the effects of drugs on trypanosomes (and other cells) using two different approaches, described in Section 4.1 and Section 4.2 below:



4.1. Ramping


In the ramping method, captured trypanosomes were sorted into larger-sized microchambers (100 × 100 µm2, see Figure 5b and Figure 6). The main channel that feeds the chambers is then flushed with a solution containing a high concentration of the test drug. Drug distribution into the microchambers from this reservoir is governed by diffusion rate, which ensures predictable and reproducible exposure of drug concentrations over a wide range of concentrations within minutes. Flushing of the main channel with drug-free medium then reduces the drug concentration inside the microchambers by reverse diffusion, thus stopping drug exposure at any chosen time, enabling time-dependent effects of drug exposure to be analyzed. These include differentiation between trypanostatic effects (reversible loss of motility) and trypanolysis or other irreversible effects on viability. It may even be possible to introduce methods that simulate in-vivo pharmacokinetic and pharmacodynamic (PK/PD) profiling by altering drug concentration to which parasites are exposed over time, thus mimicking in-vivo exposure where drug doses vary in time following an initial dose. The capability to distinguish between these effects offers a clear advantage over classical micotitre plate-based screening approaches.




4.2. Constant Exposure


The constant exposure approach offers a single-cell and observable derivative of the classical microtitre plate approaches. Microchambers loaded with cells are filled with drug solution of desired concentration. The size of the microchamber and of the connecting channel influence the time needed to establish the same drug concentration in the chamber as in the main channel (potentially as quick as a few seconds). Alternatively, cells and drug solutions can be already mixed outside the chambers after the entire device has been washed with drug solution and prior to separating trypanosomes into microchambers, where their motility can be recorded and analysed while being exposed to a constant drug level. The first approach makes possible viewing effects at the onset of drug exposure, while the second approach (premixing) ensures that all recorded data show the cells at a constant drug level, albeit after the lag time incurred by premixing outside of the microfluidic device [29].





5. Conclusions


Successful application of biophysical techniques in separating trypanosomes from blood cells has been of fundamental importance in diagnosing the disease caused by these parasites and enabling the molecular and biochemical analysis of separated trypanosomes. Classically, buffy-coat centrifugation and anion-exchange chromatography have been combined to enable this. New methods involving novel microfluidics approaches that can exploit the biophysical characteristics of these cells have proliferated in recent years. Here we have outlined how dielectrophoresis, deterministic lateral displacement and optical tweezer-based methods have been applied to the separation and manipulation of trypanosomes. Another approach, for example, tuning surface acoustic waves (SAW), may also find application [38] given its ability to separate particles according to their shape, size and other characteristics, including deformability. SAW was applied to create single-drop centrifugation able to separate healthy erythrocytes from malaria-infected ones [38]. In 2015, loop-mediated isothermal amplification (LAMP) was reported as a proven technique for detecting trypanosome genetic material [39,40,41,42,43,44,45,46], and combining a microfluidic device design with LAMP detection of trypanosomes offers a potential improvement in diagnostic capability. Integrating several microfluidics approaches may further improve diagnostic capability with improved speed and scale of separation. DEP, for example, could also be coupled with the shape-dependent opto-electric cell lysis [47,48,49], or specific chemical lysis [50], wherein RBCs can be selectively destroyed while preserving trypanosomes, improving their detection. The scale at which instruments exploiting these techniques can be produced is amenable to production of handheld devices with readouts readily achieved within the processing power of modern smartphones. In addition to both the human infective and veterinary animal trypanosomes, other haemoparasites may be amenable to similar approaches (e.g., Trypanosoma cruzi, Leishmania species and microfilaria). Of all these techniques, DLD and optical tweezers could potentially also be used to separate different life-cycle stages of the same pathogen (e.g., short stumpy bloodstream forms from long slender blood stream forms of Trypanosoma brucei brucei), based on differences in their shapes and/or sizes. Moreover, intestinal parasites such as Giardia, Trichomonas and Entamoeba are endowed with similar types of biophysical characteristics, and would likely be separated from stools using these approaches, too.







Acknowledgments


MPB is funded by the Wellcome Trust through its core grant to the Wellcome Centre for Molecular Parasitology (104111/Z/14/Z). We acknowledge support from the FP7-PEOPLE-2013-ITN LAPASO “Label-free particle sorting”, the Swedish research Council (VR 2015-05426) and NanoLund at Lund University.




Author Contributions


Axel Hochstetter and Michael Barrett drafted the manuscript. All authors critically revised the paper, read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Langousis, G.; Hill, K.L. Motility and more: The flagellum of Trypanosoma brucei. Nat. Rev. Microbiol. 2014, 12, 505–518. [Google Scholar] [CrossRef] [PubMed]

	



Mogk, S.; Boßelmann, C.M.; Mudogo, C.N.; Stein, J.; Wolburg, H.; Duszenko, M. African trypanosomes and brain infection—The unsolved question. Biol. Rev. 2017, 92, 1675–1687. [Google Scholar] [CrossRef] [PubMed]

	



Harrington, J.M.; Scelsi, C.; Hartel, A.; Jones, N.G.; Engstler, M.; Capewell, P.; MacLeod, A.; Hajduk, S. Novel African Trypanocidal Agents: Membrane Rigidifying Peptides. PLoS ONE 2012, 7, e44384. [Google Scholar] [CrossRef] [PubMed]

	



Capewell, P.; Cren-Travaillé, C.; Marchesi, F.; Johnston, P.; Clucas, C.; Benson, R.A.; Gorman, T.-A.; Calvo-Alvarez, E.; Crouzols, A.; Jouvion, G.; et al. The skin is a significant but overlooked anatomical reservoir for vector-borne African trypanosomes. Elife 2016, 5, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Beverley, S.M. African Trypanosomes Find a Fat Haven. Cell Host Microbe 2016, 19, 748–749. [Google Scholar] [CrossRef] [PubMed]

	



Trindade, S.; Rijo-Ferreira, F.; Carvalho, T.; Pinto-Neves, D.; Guegan, F.; Aresta-Branco, F.; Bento, F.; Young, S.A.; Pinto, A.; Van Den Abbeele, J.; et al. Trypanosoma brucei Parasites Occupy and Functionally Adapt to the Adipose Tissue in Mice. Cell Host Microbe 2016, 19, 837–848. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Blum, J.A.; Zellweger, M.J.; Burri, C.; Hatz, C. Cardiac involvement in African and American trypanosomiasis. Lancet Infect. Dis. 2008, 8, 631–641. [Google Scholar] [CrossRef]

	



McCarroll, C.S.; Rossor, C.L.; Morrison, L.R.; Morrison, L.J.; Loughrey, C.M. A Pre-clinical Animal Model of Trypanosoma brucei Infection Demonstrating Cardiac Dysfunction. PLoS Negl. Trop. Dis. 2015, 9, e0003811. [Google Scholar] [CrossRef] [PubMed]

	



Claes, F.; Vodnala, S.K.; Van Reet, N.; Boucher, N.; Lunden-Miguel, H.; Baltz, T.; Goddeeris, B.M.; Büscher, P.; Rottenberg, M.E. Bioluminescent imaging of Trypanosoma brucei shows preferential testis dissemination which may hamper drug efficacy in sleeping sickness. PLoS Negl. Trop. Dis. 2009, 3, e486. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Engstler, M.; Pfohl, T.; Herminghaus, S.; Boshart, M.; Wiegertjes, G.; Heddergott, N.; Overath, P. Hydrodynamic Flow-Mediated Protein Sorting on the Cell Surface of Trypanosomes. Cell 2007, 131, 505–515. [Google Scholar] [CrossRef] [PubMed]

	



Stellamanns, E.; Uppaluri, S.; Hochstetter, A.; Heddergott, N.; Engstler, M.; Pfohl, T. Optical trapping reveals propulsion forces, power generation and motility efficiency of the unicellular parasites Trypanosoma brucei brucei. Sci. Rep. 2015, 4, 6515. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mugnier, M.R.; Stebbins, C.E.; Papavasiliou, F.N. Masters of Disguise: Antigenic Variation and the VSG Coat in Trypanosoma brucei. PLoS Pathog. 2016, 12, e1005784. [Google Scholar] [CrossRef] [PubMed]

	



Hirumi, H.; Hirumi, K. Continuous cultivation of Trypanosoma brucei blood stream forms in a medium containing a low concentration of serum protein without feeder cell layers. J. Parasitol. 1989, 75, 985–989. [Google Scholar] [CrossRef] [PubMed]

	



Schuster, F.L.; Sullivan, J.J. Cultivation of Clinically Significant Hemoflagellates. Clin. Microbiol. Rev. 2002, 15, 374–389. [Google Scholar] [CrossRef] [PubMed]

	



Woo, P.T. Evaluation of the haematocrit centrifuge and other techniques for the field diagnosis of human trypanosomiasis and filariasis Evaluation of the Haematocrit Centrifuge and Other Techniques for the Field Diagnosis. Acta Trop. 1971, 28, 298–303. [Google Scholar] [PubMed]

	



Lanham, S.M.; Godfrey, D.G. Isolation of salivarian trypanosomes from man and other mammals using DEAE-cellulose. Exp. Parasitol. 1970, 28, 521–534. [Google Scholar] [CrossRef]

	



Lumsden, W.H.R.; Kimber, C.D.; Evans, D.A.; Doig, S.J. Trypanosoma brucei: Miniature anion-exchange centrifugation technique for detection of low parasitaemias: Adaptation for field use. Trans. R. Soc. Trop. Med. Hyg. 1979, 73, 312–317. [Google Scholar] [CrossRef]

	



Camara, M.; Camara, O.; Ilboudo, H.; Sakande, H.; Kaboré, J.; N’Dri, L.; Jamonneau, V.; Bucheton, B. Sleeping sickness diagnosis: Use of buffy coats improves the sensitivity of the mini anion exchange centrifugation test. Trop. Med. Int. Health 2010, 15, 796–799. [Google Scholar] [CrossRef] [PubMed]

	



Mumba Ngoyi, D.; Ali Ekangu, R.; Mumvemba Kodi, M.F.; Pyana, P.P.; Balharbi, F.; Decq, M.; Kande Betu, V.; Van der Veken, W.; Sese, C.; Menten, J.; et al. Performance of Parasitological and Molecular Techniques for the Diagnosis and Surveillance of Gambiense Sleeping Sickness. PLoS Negl. Trop. Dis. 2014, 8, e2954. [Google Scholar] [CrossRef] [PubMed]

	



Menachery, A.; Kremer, C.; Wong, P.E.; Carlsson, A.; Neale, S.L.; Barrett, M.P.; Cooper, J.M. Counterflow dielectrophoresis for trypanosome enrichment and detection in blood. Sci. Rep. 2012, 2, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.R.; Cox, E.C.; Austin, R.H.; Sturm, J.C. Continuous particle separation through deterministic lateral displacement. Science 2004, 304, 987–990. [Google Scholar] [CrossRef] [PubMed]

	



Inglis, D.W.; Davis, J.A.; Austin, H.; Sturm, J.C. Critical particle size for fractionation by deterministic lateral displacement. Lab Chip 2006, 6, 655–658. [Google Scholar] [CrossRef] [PubMed]

	



Davis, J.A. Microfluidic Separation of Blood Components through Deterministic Lateral Displacement. Ph.D. Thesis, Princeton University, Princeton, NJ, USA, 2008. [Google Scholar]

	



Beech, J.P.; Holm, S.H.; Adolfsson, K.; Tegenfeldt, J.O. Sorting cells by size, shape and deformability. Lab Chip 2012, 12, 1048–1051. [Google Scholar] [CrossRef] [PubMed]

	



Henry, E.; Holm, S.H.; Zhang, Z.; Beech, J.P.; Tegenfeldt, J.O.; Fedosov, D.A.; Gompper, G. Sorting cells by their dynamical properties. Sci. Rep. 2016, 6, 34375. [Google Scholar] [CrossRef] [PubMed]

	



Holm, S.H.; Beech, J.P.; Barrett, M.P.; Tegenfeldt, J.O. Separation of parasites from human blood using deterministic lateral displacement. Lab Chip 2011, 11, 1326–1332. [Google Scholar] [CrossRef] [PubMed]

	



Holm, S.H.; Beech, J.P.; Barrett, M.P.; Tegenfeldt, J.O. Simplifying microfluidic separation devices towards field-detection of blood parasites. Anal. Methods 2016, 8, 3291–3300. [Google Scholar] [CrossRef]

	



De Thomaz, A.A.; Fontes, A.; Stahl, C.V.; Pozzo, L.Y.; Ayres, D.C.; Almeida, D.B.; Farias, P.M.A.; Santos, B.S.; Santos-Mallet, J.; Gomes, S.A.O.; et al. Optical tweezers for studying taxis in parasites. J. Opt. 2011, 13, 044015. [Google Scholar] [CrossRef]

	



Hochstetter, A.; Stellamanns, E.; Deshpande, S.; Uppaluri, S.; Engstler, M.; Pfohl, T. Microfluidics-based single cell analysis reveals drug-dependent motility changes in trypanosomes. Lab Chip 2015, 15, 1961–1968. [Google Scholar] [CrossRef] [PubMed]

	



Tropea, C.; Eds, H.B. Nature-Inspired Fluid Mechanics; Tropea, C., Bleckmann, H., Eds.; Notes on Numerical Fluid Mechanics and Multidisciplinary Design; Springer Berlin Heidelberg: Berlin/Heidelberg, Germany, 2012; Volume 119. [Google Scholar]

	



Kremer, C.; Neale, S.; Menachery, A.; Barrett, M.; Cooper, J.M. Optoelectronic tweezers for medical diagnostics. Proc SPIE Int. Soc. Opt. Eng. 2012, 8212, 1–7. [Google Scholar]

	



Hochstetter, A.; Stellamanns, E.; Uppaluri, S.; Heddergott, N.; Engstler, M.; Pfohl, T. Tracing the microscopic motility of unicellular parasites. Eur. Biophys. J. 2013, 42 (Suppl. 1), S35–S235. [Google Scholar]

	



Li, G.; Tang, J.X. Low flagellar motor torque and high swimming efficiency of Caulobacter crescentus swarmer cells. Biophys. J. 2006, 91, 2726–2734. [Google Scholar] [CrossRef] [PubMed]

	



Wheeler, R.J. Use of chiral cell shape to ensure highly directional swimming in trypanosomes. PLoS Comput. Biol. 2017, 13, e1005353. [Google Scholar] [CrossRef] [PubMed]

	



Bastin, P.; Sherwin, T.; Gull, K. Paraflagellar rod is vital for trypanosome motility. Nature 1998, 391, 548. [Google Scholar] [CrossRef] [PubMed]

	



Rotureau, B.; Ooi, C.-P.; Huet, D.; Perrot, S.; Bastin, P. Forward motility is essential for trypanosome infection in the tsetse fly. Cell. Microbiol. 2014, 16, 425–433. [Google Scholar] [CrossRef] [PubMed]

	



Heddergott, N.; Krüger, T.; Babu, S.B.; Wei, A.; Stellamanns, E.; Uppaluri, S.; Pfohl, T.; Stark, H.; Engstler, M. Trypanosome Motion Represents an Adaptation to the Crowded Environment of the Vertebrate Bloodstream. PLoS Pathog. 2012, 8, e1003023. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bourquin, Y.; Syed, A.; Reboud, J.; Ranford-Cartwright, L.C.; Barrett, M.P.; Cooper, J.M. Rare-cell enrichment by a rapid, label-free, ultrasonic isopycnic technique for medical diagnostics. Angew. Chem. Int. Ed. 2014, 53, 5587–5590. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, L. Discovery and Development of Diagnostic Biomarkers for Human African Trypanosomiasis. Ph.D. Thesis, University of Dundee, Dundee, UK, 2012. [Google Scholar]

	



Kennedy, P.G.E. Diagnostic and neuropathogenesis issues in human African trypanosomiasis. Int. J. Parasitol. 2006, 36, 505–512. [Google Scholar] [CrossRef] [PubMed]

	



Radwanska, M. Emerging trends in the diagnosis of Human African Trypanosomiasis. Parasitology 2010, 137, 1977–1986. [Google Scholar] [CrossRef] [PubMed]

	



LaBarre, P.; Boyle, D.; Hawkins, K.; Weigl, B. Instrument-free nucleic acid amplification assays for global health settings. In Proceedings of the Event: SPIE Defense, Security, and Sensing, Orlando, FL, USA, 25–29 April 2011; Volume 8029, p. 802902. [Google Scholar]

	



Mori, Y.; Notomi, T. Loop-mediated isothermal amplification (LAMP): A rapid, accurate, and cost-effective diagnostic method for infectious diseases. J. Infect. Chemother. 2009, 15, 62–69. [Google Scholar] [CrossRef] [PubMed]

	



Brun, R.; Blum, J.; Chappuis, F.; Burri, C. Human African trypanosomiasis. Lancet 2010, 375, 148–159. [Google Scholar] [CrossRef][Green Version]

	



Njiru, Z.K.; Mikosza, A.S.J.; Armstrong, T.; Enyaru, J.C.; Ndung’u, J.M.; Thompson, A.R.C. Loop-mediated isothermal amplification (LAMP) method for rapid detection of Trypanosoma brucei rhodesiense. PLoS Negl. Trop. Dis. 2008, 2, e147. [Google Scholar] [CrossRef] [PubMed]

	



Njiru, Z.K. Rapid and sensitive detection of human African trypanosomiasis by loop-mediated isothermal amplification combined with a lateral-flow dipstick. Diagn. Microbiol. Infect. Dis. 2011, 69, 205–209. [Google Scholar] [CrossRef] [PubMed]

	



Kremer, C.; Witte, C.; Neale, S.L.; Reboud, J.; Barrett, M.P.; Cooper, J.M. Shape-dependent optoelectronic cell lysis. Angew. Chem. Int. Ed. 2014, 53, 842–846. [Google Scholar] [CrossRef] [PubMed]

	



Neale, S.L.; Witte, C.; Clark, A.W.; Reboud, J.; Cooper, J.M. Optoelectronic Cell Lysis. In Proceeding of the Nano Science + Engineering, San Diego, CA, USA, 17–21 August 2014. [Google Scholar]

	



Witte, C.; Kremer, C.; Cooper, J.M.; Neale, S.L. Continuous cell lysis in microfluidics through acoustic and optoelectronic tweezers. SPIE. Digit. Libr. 2014, 8615, 2–7. [Google Scholar]

	



Biéler, S.; Matovu, E.; Mitashi, P.; Ssewannyana, E.; Bi Shamamba, S.K.; Bessell, P.R.; Ndung’u, J.M. Improved detection of Trypanosoma brucei by lysis of red blood cells, concentration and LED fluorescence microscopy. Acta Trop. 2012, 121, 135–140. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 06 00047 g001 550] 





Figure 1. Life cycle of Trypanosoma brucei spp. in the tsetse fly (left) and the mammalian hosts (right). 
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Figure 2. Dielectrophoretic separation device for trypanosomes in blood matrix. (a,b) The spiral array has a diameter of 2.9 mm, electrode width and spacing equals 0.03 mm. During the separation, red blood cells (RBCs) are pushed away from the electrode (red). (c) Micrograph of artificially infected blood. (d) Murine RBCs are forced towards the outer edges of the electrode array. (e) Trypanosomes amass in the centre of the device, moving around in circles when exposed to AC (f) or being trapped between neighbouring electrodes of two-phasic DC. Reprinted from [20]. 
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Figure 3. The principle of trypanosome/blood cell separation by deterministic lateral displacement (DLD). (a) An array of posts divides a fluid-flow into many well-defined streams. Particles smaller than the critical size follow the streams, whereas larger particles follow a trajectory defined by the geometry of the array. (b) The effective size of particles is a function of their shape and orientation as they flow through the device. Device depth can be used to control the orientation of blood cells and parasites to maximize differences in effective sizes. (c,d) Scanning electron microscopy images of a poly(dimethylsiloxane) (PDMS) device, designed to separate trypanosomes from blood cells; the different sections achieve different separation steps. 
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Figure 4. Results of trypanosome/RBC separation in the DLD device. (a) Micrograph showing the end section of the device with RBCs being focused to the sides. (b) The trypanosomes (highlighted with circles) are on the other hand focused into the centre of the device. (c) Quantification of a typical separation showing the distribution of the two cell types along the end section of the DLD device. 83.1% of trypanosomes are displaced into the central outlet while 97.0% of RBCs are displaced into the two side outlets. The dashed lines show the boundaries between the outlets. 
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Figure 5. Motility recording and analysis: (a) Schematic of the experimental procedure (left to right): individual trypanosomes were put into microchambers, where their motility in drug-free condition was recorded. By flushing the main channel of the device, the drug concentration inside the adjacent microchambers was increased in a diffusion-controlled manner. Once the drug level had reached the desired concentration, the motility of the trypanosomes was recorded again. (b) (left to right) Micrograph of two trypanosomes inside a microchamber; superimposed image of the color-coded trajectory of the two trypanosomes in drug-free condition; superimposed colour-coded trajectory of two trypanosomes during drug exposure. (c) Mean squared displacements (MSD) of trypanosomes at various drug concentrations. (d) Energy output of trypanosomes (given as the motility factor    ε ˜   , a multiple of the thermal energy, which causes Brownian motion) versus concentration of 2-deoxy-D-glucose). The colour code for drug concentrations in (c,d) is the same. 
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Figure 6. Ramping drug exposure: Cells are put into the microchambers without any drug present in the device. Then, a drug-loaded solution is pumped through the main channel at high velocity, to ensure a quasi-steady-state of maximum drug concentration in the main channel. Through the long and narrow connecting channels, drug diffuses slowly into the microchambers, ramping up the drug concentration inside the chambers in a diffusion-controlled manner. During the entire experiment, the motility of cells inside the microchambers is recorded. 
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