Continuous Millionfold Molecular Concentration Using Pulsed-Field Conductive-Wall Single-Buffer Isotachophoresis
Steven Doria1 and Zachary Gagnon1*
1Artie McFerrin Department of Chemical Engineering, Texas A&M University
*Corresponding author: zgagnon@tamu.edu

Abstract
We present an experimental study of continuous molecular concentration using plateau and peak model isotachophoresis (ITP). Unlike typical ITP systems which require both a fast-moving leading electrolyte (LE) and slow-moving trailing electrolyte (TE). In a typical ITP experiment, the interface between the TE and LE serves as a concentration zone for ions as their migration outpaces slow moving trailing ions and accumulate at this interface. Physically, the LE can be considered as a no-flux boundary because slower moving sample ions focus and accumulate directly against the edge of an LE zone. In this work we successfully replace this LE with a conductive wall. In this case, the electric field can still penetrate this region due to the wall’s conductivity, but ion migration is impeded due to the physicality of the wall. We perform detailed plateau mode concentration experiments over varying TE ion concentrations and show good agreement with reported peak mode ITP concentration theory. We also demonstrate continuous peak mode ITP concentration and show that our conductive wall ITP can achieve a 4-million-fold concentration factor using only 10 volts DC. Our free-flow wall ITP (FFWITP) offers high concentration power at a fraction of the required voltage without the need of a LE with the increased throughput potential of a continuous process.

1. Introduction
	Micro total analysis systems (µTAS) are miniaturized platforms that can perform liquid handling and processing operations, such as sample preparation, molecular concentration, separation, and target analyte detection within a single device or integrated system. Over the last few decades, significant progress has been made in developing µTAS components and platforms for broad range of applications, including point-of-care (POC) diagnostics, environmental monitoring, metabolic profiling, and for use in single-cell analysis.1,2,3,4 Applications utilizing µTAS can benefit from significant time-savings and reduced sample volumes when compared to their conventional laboratory counterparts. While there has been advancement in device microfabrication, optical integration, and liquid handing technologies, the ability to preconcentrate and detect low concentration analytes entirely on a single µTAS device, or chip, without some degree of external handling remains challenging. Downstream biomolecular analytical methods, including polymerase chain reaction (PCR) and protein immunoassays have been successfully miniaturized.5,6,7 However, there is a lack of on-chip upstream sample preparation components capable of entirely preparing the sample for these methods. As such, many miniaturized analytical techniques in biology and medicine still rely on off-chip upstream sample purification and concentration prior to on-chip molecular handling and analysis.8,9 Such constraints can minimize the portability, speed, simplicity and potential impact of these µTAS tools. 
In terms of the state-of-the art methods for such sample preparation, the current standard for purifying nucleic acids and proteins for analysis is solid phase extraction (SPE) where molecular targets are purified by adsorption on solid silica membranes or specialized adsorption beads.10 The SPE process is tedious, time-consuming and requires specialized materials, chaotropic agents and organic solvents. An emerging alternative method to detect low concentration analytes is to preconcentrate and purify target species from complex samples using isotachophoresis (ITP). In this approach, an external direct current (DC) electric field is applied across a heterogenous multi-buffer system in order to generate electric field gradients for both the concentration and separation of ionic species based on their differing electrophoretic mobilities. ITP has been largely utilized as a batch driven sample purification technique and successfully applied to preconcentrate a wide range of ionic species and biomolecules, including DNA and proteins, and has shown to be compatible with downstream molecular diagnostics techniques, including PCR and DNA hybridization.11,12 While ITP was initially developed for separating and concentration metal ions from organic solutions, most recently, this electrokinetic method has been applied to the purification of biomolecules such as nucleic acids and proteins from complex biological samples.13 ITP is usually performed as a batch process using a discontinuous two electrolyte system. A high-mobility leading electrolyte (LE) and a low mobility trailing electrolyte (TE) form two electrolyte zones between charged sample containing a single or multiple charged species of intermediate mobility. The LE, sample and TE are usually loaded into a capillary tube or microfluidic channel and an electric field is dropped down the length of the LE/sample/TE mixture. Upon application, the species of intermediate mobility focus at the interface between the LE/TE electrolytes, while species with higher or lower mobilities than the TE and LE are excluded from the concentration region. The charged analytes then continue to accumulate and focus into concentrated bands in order of decreasing electrophoretic mobility as they electrophoretically traverse down the channel length under capillary electrophoresis where they ultimately exit the channel and are can be extracted in concentrated/purified form. Due to the versatility and raw concentrating power, ITP has been used as a preconcentration method for a wide variety of ionic and molecular analytes, including concentrating potassium in explosive residues, bacteria in water, and rRNA indicative of urinary tract infections in urine.2,14,15 ITP has also been used to concentrate biomarkers such as RNA and DNA for enhanced RT-qPCR qPCR.16,17 Further, ITP also offers high separation resolutions capable of performing chiral separations and separating mitochondrial proteomes.18,19 To date, the highest ITP concentration factor reported is from Santiago et al. where they reported a ~2 million-fold concentration of the fluorescent dye, AlexaFluor 488 using batch-driven ITP with capillary electrophoresis.20 
	Such robust concentration capabilities position batch ITP as an attractive candidate for sample preprocessing, however batch separation can place throughput limitations when attempting to use ITP to preconcentrate targets from larger volume samples. To increase sample throughput, free flow ITP (FFITP) has been proposed as a potential alternative technique.21 In FFITP, sample analytes are mixed with a TE and co-flowed adjacent to a LE at low Reynolds number. The multi-electrolyte system is flowed continuously down the length of a microchannel while simultaneously being exposed to an electric field perpendicular to the direction of flow. Ionic species then migrate across the channel width by electrophoresis and accumulate and focus by ITP at the TE/LE interface. The resulting concentrated zone can then be continuously fractionated and extracted from the device. The continuous nature of FFITP enables the continuous processing larger sample volumes when compared to conventional batch driven ITP methods.
In this work we focus our attention on alleviating two major limitations of FFITP, while bolstering the concentrating power of the technique. First, one shortcoming of ITP in general is the need to utilize a heterogeneous two electrolyte LE/TE system to drive ITP analyte accumulation and separation. While necessary to produce an electric field gradient, the TE and LE buffers place design constraints on ITP because they must be selected based on the sample’s target species mobility. Further, the two-buffer ITP requirement is experimentally inconvenient. In batch ITP, tedious setup is required to place a plug of TE/S adjacent to a plug of LE. In FFITP, it requires the fluidic handling and co-flow control of two electrolyte flows, which typically requires more complex fluidic flow control than if only one electrolyte was needed. While it would fundamentally appear that two buffers are required for ITP, this is not inherently true if one considers the pure electrokinetic role of an LE. This fast-migrating leading buffer serves as a high electrical conductivity zone, and as such the resulting electric field strength within this zone is low relative to the adjacent ionic species and lower conductivity TE zones. As such, as analytes are electrophoretically driven into the LE under a relatively greater field strength. They then accumulate and stack at the TE/LE zone boundary due to the reduction in ion drift velocity from the reduced electric field strength. The fundamental role of an LE is then to inhibit the electrophoretic flux of analyte while still allowing for the transmission of an electric field. Such inhibition at this TE/LE interface serves as an effective electrokinetic no-flux boundary which enables the migrating charged analytes to accumulate and concentrate. Therefore, in the simplest role we argue here that the LE can be emulated and replaced with a conductive no-flux boundary.
	Here, we demonstrate for the first time, the ability to perform ITP using only a TE. We flow a single buffer ITP sample mixture down a main flow channel at a constant flowrate. Each sidewall of the flow channel is comprised of a polydimethylsiloxane/carbon nanotube (PDMS/CNT) composite polymeric electrode membrane. The sidewall electrode membranes serve to deliver the necessary electric field across the microchannel perpendicular to the flow direction. The conductive electrode walls also serve as a physical no-flux boundary condition and therefore perform the equivalent role of the ITP LE. In conventional ITP this field is generated using a DC voltage where the resulting electrolysis products are capable of venting because the electrode pair is situated at the channel inlet and outlet. In our system, to avoid electrolysis bubble nucleation within the flow channel we utilize an asymmetric pulsed square wave which allows the electrodes to cyclically switch off prior to bubble nucleation, but still initiate a single-direction field for electrophoresis. Using this approach, we demonstrate that our novel free-flow wall ITP (FFWITP) platform is capable of sample focusing and sample separation by ITP, but with significant advantages over conventional batch ITP. Notably, FFWITP reduces operational complexity and required system voltage while simultaneously leading to a larger ITP concentration factor. In comparison to the largest reported concentration experiment, this novel continuous microfluidic ITP platform can perform FFITP without an LE at million-fold concentration factors several times greater than those previous reported by Santiago et al. for batch ITP.20
We first present our method for fabricating the FFWITP devices with locally patterned polymeric electrode membranes. We then present ITP plateau concentration performance of a charged fluorescent dye using the previously reported model, AlexaFluor 488 and demonstrate the near-linear concentration dependence with the concentration of TE buffer. Next, we demonstrate concentration and separation of fluorescein and AlexaFluor 594 using FFWITP in plateau mode. Finally, we compare this system’s performance in peak mode ITP and measure the maximum observed concentration factor with AlexaFluor 488 to compare this performance to previously batch driven ITP results by Santigo et al.20
2. Theory Section
2.1 Concentration by Plateau Mode ITP
	Here, we present a 1D analytical model for the concentration of sample accumulated at the ITP interface for plateau mode ITP. The ITP model consists of a single microchannel with two conductive mass impermeable sidewalls. A sample, S mixed with TE flows down the flow channel at a constant flowrate and is subjected to a perpendicular electric field. Sample ions race ahead of the TE ions but cannot migrate across the conductive sidewall. As such, we focus our modelling efforts at the TE-conductive sidewall interface in the same way as prior works model ITP at an LE-TE interface under conventional ITP.22
Our experimental system consists of a main flow channel with two conducting sidewall membranes. A single electrolyte containing TE and an ionic sample, is pumped continuously down the channel and exposed to a perpendicular electric field, E. Under the field, the TE and S ion electromigrate across the channel width under free flow electrophoresis and encounter the no-flux boundary in the vicinity of the conductive barrier. In the absence of a TE, the sample ions would migrate and accumulate at the wall and achieve a steady state concentration distribution dictated entirely by conventional electrophoresis. However, in the presence of lower-mobility TE, the higher-mobility S will outpace the electromigration flux of the TE, and form an ITP concentrated, pure sample zone at the conductive wall. Further, the TE will lag behind S and form a second ITP zone containing purely TE. As is assumed in the model of classical ITP, we assume that these two distinct zones contain a pure, uniform concentration of either S in the sample zone, and TE in the terminating electrolyte zone.22  The resulting sample and TE zones have distinct conductivities, creating an electric field mismatch between the zones required to maintain the constant current condition. Here, we develop a simple expression to predict this steady state sample ITP concentration at the conductive wall as a function of the inlet TE concentration. 
At any given axial position along the flow channel, the perpendicular electric current, , is continuous across both the S, and TE zones, as: 
			(1)
where  and  represent the electrical conductivity within the sample and TE zones, respectively, and  and  represent the electric field strength within the sample and TE zones, respectively. Likewise, the ion electromigration velocity is continuous as: 
,			(2)
where  and  are the ion mobilities of the TE and sample counterions.	
With electrical conductivity for a given electrolyte containing charged ion species, I, in both the TE and S domains are given by the sum of the ionic conductive species contributions as:
,		(3)
where F and zi are the Faraday constant and ion valance of a given ion species i, respectively.
	In this work, we are interested in cationic ITP, where we utilize an electric field to drive ionic migration and concentration of the negatively charged sample ions in the presence of negatively charged TE ions. Each ITP zone is assumed to consist of an electroneutral electrolyte composed of a negatively charged ion and a positively charge counterion, A, which is shared between the TE and S. This is analogous to the shared counterion between the LE and S in classical ITP.
.		(4)
.		(5) 
As in other ITP works, assuming a common counterion mobility in both zones and combining eqs 1-5 we arrive at an ITP expression predicting the sample ion concentration (cs) as a function of the TE concentration (cTE) and a series of electrophoretic mobilities (μi) and species valances (zi).
.		(6)
2.3 Traditional ITP vs FFWITP
	The result of FFWITP (6) is similar to the solution to the classical ITP model22:
.		(7)
	Here, we note that the above classical ITP concentration equation must be solved through the lens of the LE as no force exists within classical ITP to increase the concentration of the LE. Therefore, the concentration of all other species within the capillary must adapt to the initial concentration of the LE. Therefore, we refer to the LE as the working electrolyte in classical ITP, whereas the TE is the working electrolyte within FFWITP.
	Although the results of both conventional and FFWITP models appear mathematically similar, close inspection reveals that the FFWITP model predicts superior concentrating power and buffer selection constraints. In a classical TE-LE ITP electrolyte system, the mobility of the trailing electrolyte must be lower than the mobility of the leading electrolyte. Furthermore, the sample mobility must always be lower than the mobility of the leading electrolyte. Simple inspection of eq 6 and 7 show that the final sample concentration is maximized as the mobility of the working electrolyte decreases. Therefore, because the mobility of the TE must be lower than the mobility of the LE, FFWITP is expected to offer a superior concentrating power when compared to classical ITP.
	Furthermore, the LE/TE system for classical ITP has a finite upper limit on concentration power. For a given TE/LE system, in the limit that the mobility of the counterion (µA) is small relative to the mobilities of the sample and LE, or in the limit that the mobility of the LE approaches the mobility of the sample, the largest possible concentration ratio of sample to working electrolyte is such that . In FFWITP, however, there is no finite limit to the concentration power. In the limit that the mobility of the TE approaches zero, the concentration ratio tends toward infinity. Thus within the limits of this model, there is no upper bound to the concentration ratio of the sample to the working electrolyte for FFWITP. Therefore, ultralow mobility electrolytes could potentially be used to combat a weakness of traditional ITP where low concentrating factors occur under high initial sample concentrations relative to the TE and LE coion concentrations.
2.4 Electrophoresis in Traditional ITP vs FFWITP
	It is important to note that FFWITP and classical ITP interact with conventional electrophoresis in fundamentally different ways. Classical ITP occurs within the frame of reference of electrophoresis, and therefore no purely electrophoresis driven concentration occurs in this case due to the net electrophoretic flow of mass down the axial length of the channel. This is exemplified by the theoretical case where the TE and LE are removed from a classical ITP experiment. Under these conditions the experiment physically collapses to that of capillary electrophoresis in which charged species electromigrate down the channel under the influence of the electric field and no concentrating event occurs. FFWITP, however, occurs in a superposition with electrophoresis. In the case where the TE is removed from FFWITP, a charged sample is still driven towards the wall and concentrates at the no flux zone until it reaches an concentration distribution in equilibrium with a counteracting molecular diffusion flux. The addition of the slower mobility TE to this system induces an electric field gradient similar to that of the classical ITP case, and an ITP driven concentration. We account for pure electrophoresis in our model by superimposing this concentration term for the purely electrophoresis sample concentration in the case where no TE is present into the ITP concentration equation.
.		(8)
	Thus, according to eq 8 we can predict the final sample concentration (cs) of as a function of the TE concentration (cTE), electrophoretic mobilities (μi) and species valance (zi), and the knowledge of a single electrophoresis concentration constant , which can be determined experimentally for the case where cTE = 0 .
3. Materials and Methods
3.1 Trailing Electrolyte and Fluorescent Dyes
	All chemicals used in this work were purchased from Sigma-Aldrich unless otherwise stated. All ITP experiments applied the commonly used TE and pH buffer, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).20,23,24  The TE was combined with the negatively charged fluorescent dye, Alexa Fluor 488, Alexa Fluor 594, or Fluorescein (Lifescience Technology) depending upon the given experiment. ITP was performed in both peak and plateau mode. In peak mode, sample ion concentrations are significantly lower than TE ion concentration and do not contribute to the buffer conductivity. The resulting peak mode ion concentration distribution is characterized as a self-sharpening interface where multiple sample ions focus within the same narrow ITP region as overlapping peaks. To perform peak mode FFWITP, we combined a higher concentration 10 mM TE buffer with a significantly lower initial concentration of sample (0.8 pM of Alexa 488) when compared to a plateau mode ITP experiment. This species and concentration were selected to provide the exact experimental comparison to a previous batch ITP work demonstrating a two-million-fold ITP concentration. 10 To perform plateau mode FFWITP, we created a TE mixture of 10μM of Alexa 594,10μM of fluorescein and a 50 μM TE solution. To verify our previously described theoretical model (eq 8), we mixed Alexa 488 with TE concentrations varying from 0 to 50μM.
To measure the concentration of fluorescent dye during ITP, we measured the fluorescent intensity of known concentration standards and calibrated these measurements to a linear curve. Calibration and the experimental ITP concentration factor was calibrated fluorescently using an inverted swept field confocal microscope (Nikon Eclipse Ti, 70 μm confocal slit, Nikon/Prarie Technologies), an Andor iXon 897 EMCCD camera, a 50 mW solid state laser for excitation, and a 10X objective. The fluorescent intensity of dye at a known concentration was measured by the Andor sensor and fit to a concentration calibration curve in order to map intensity to concentration.
3.2 Device Fabrication
	FFWITP devices were constructed from polydimethylsiloxane (PDMS) and consisted of a main fluidic flow channel with two side-wall conductive polymer membrane electrodes. The membrane electrodes ran parallel to the flow channel and were powered using solid gallium metal leads (Sigma, 772631). Each sidewall membrane was 100 µm in thickness and comprised of a mixture of PDMS/carbon nanotube (CNT) composite. Each membrane was fabricated using a multistep soft lithography process that we have reported previously.21 One important design feature of the FFITP devices is the patterned conductive polymer membranes along the side walls of the microchannel which served as a conductive wall for ITP concentration. To fabricate these sidewall features, we first fabricated a microchannel mold using the negative photoresist, SU-8 3050 (Microchem Corp). This mold consisted of a central main flow channel for initiating ITP along with a side channel on each side of the flow channel which was separated from the main channel by a 100 µm gap. To create the polymer membrane on each main channel sidewall, we applied a PDMS/CNT composite directly within this 100 µm gap between the electrode channel and the main flow channel. We used multiwalled 20-30 nm OD, 20-30 μm length CNTs (Cheap Tubes, 030104) as an additive agent to increase the conductivity of the PDMS. We made our CNT/PDMS nanocomposite by mechanically mixing 5 wt% CNTs with PDMS for its use as ITP electrodes. The compositive was injected into the two sidewall gaps and the excess nanocomposite was removed using the edge of a razor blade. We then immediately poured a 1:10 mixture of PDMS (Momentive, RTV 615A) and curing agent atop the mold and allowed the mixture to cure at 85oC for 2 hours. The cured PDMS was then gently peeled from the mold, releasing the PDMS/CNT and creating a main flow channel with conductive membrane sidewalls. Fluid inlet and outlet ports were punctured using a 0.75 mm biopsy punch (Ted Pella). To complete the fabrication process, each device was exposed to oxygen plasma (Jetlight, model 42A) for 2 minutes and immediately bonded to a 1 mm-thick glass coverslip (75 mm x 25mm x 1 mm, VWR 16004-422). The assembled devices were then baked for 48 hours at 85oC to ensure strong PDMS-glass bonding. The resulting FFWITP device consisted of a main flow channel 40 mm in length, 500 µm in width, and 50 µm tall with one inlet, a main flow channel and an outlet (Figure 1A). Each 100 µm thick PDMS/CNT sidewall membrane was fabricated against a solid metal gallium circuit lead (Figure 1B). To fabricate the gallium structures, the PDMS device was placed on a 40 oC hotplate and gallium metal was melted and injected as a liquid metal into both two side channels. After cooling, these solid metal-filled channels served to supply electrical connections to the conductive sidewall membranes. Fluid flow was driven down the main flow channel using a constant flow rate source with a syringe pump (Cole-Parmer 78-8200C). 
Electromigration was initiated in the flow channel by applying a pulsed DC electric field perpendicular to the flow direction between one gallium electrode while grounding the adjacent electrode using a function generator (Rigol DG1022Z). This positive-pulsed waveform served to significantly reduce the influence of Faradaic reactions and electrolysis in the main flow channel. Unlike batch driven ITP which typically uses a constant high voltage DC potential and vents the resulting gaseous electrolysis byproducts via the microchannel inlets and outlets, our electric field was integrated directy into the main flow channel. The waveform consisted of a pulsed positive square wave, starting from a value of 0 volts and stepping up to a value of 10 volts at a frequency of 1 kHz and a duty cycle of 80% (Figure 1C). In this manner, the electric field is pulsed on at 10 volts for 800 µS to drive electrophoresis and switched off for 20% of each pulse (200 µS) to prevent the electrolysis reactions from nucleating. Without pulsing, these products are observed to nucleate at the sidewall electrodes, which can clog the channels and impede device performance (Figure 1D). However, with a pulsed DC field no channel clogging bubbles are observed to be produced (Figure 1E). It is worth noting that we are not claiming to have eliminated the Faradaic electrolysis products using this pulsed wave technique, however, we are able to perform ITP using electrodes directly embedded directly into a microchannel. Similar to conventional batch ITP work which can produce electrolysis products directly in the main flow channel, the pH in our experiments is maintained by the buffering capacity of the electrolyte used in the experiments.
[image: ]

Figure 1. (A) A single PDMS microchannel device with two conductive sidewall membranes. (B) Each conductive wall consists of a solid metal gallium electrode adjacent to a polymeric CNT/PDMS membrane. (C) A pulsed DC electric field (1 kHz; 80% duty cycle) is used to drive ITP in the microchannel. (D) A non-pulsed DC field leads to bubble generation at the electrodes in the microchannel. (E) A pulsed DC field eliminates bubble formation from electrolysis in the microchannel.

4. Results and Discussion
4.1 Terminating Electrolyte Concentration Dependence
Our FFWITP method uses ITP to separate and concentrate charged species based on their differing effective electrophoretic mobilities. 20,23,24 We first investigated the ability to concentrate Alexa 488 under plateau mode ITP. A 10 μM solution of Alexa 488 in 30 μM TE buffer was driven down the main flow channel at a constant 10 μL/min flow rate (Figure 2A). A pulsed DC field was applied across the main flow channel and the Alexa 488 fluorescent intensity profile was measured spatially across the microchannel width at an axial position 30 mm in length from the microchannel inlet. When the field was applied, the negatively charged fluorescent species was observed to migrate across the microchannel and concentrate at the conductive PDMS/CNT wall adjacent to the positive electrode (Figure 2B). The Alexa 488 concentration was also measured in the absence of TE buffer (Figure 2C). This concentration was the species concentration under pure free-flow electrophoresis as described previously in eq 8 as . 
[image: ]
Figure 2. Plateau mode FFWITP. (A) A single species of Alexa 488 in TE buffer in a microchannel. The concentration profile indicates a uniform distribution across the channel. (B) A 10 V pulsed DC field is applied across the channel and the fluorescent species concentrates at the conductive wall. (C) Concentration at the conductive wall in the absence of a TE buffer. In comparing the fluorescent intensity profiles of B and C, the lack of a TE leads to a reduction in observed concentration.

We varied the TE concentration over a range between 0 to 40 μM and the ITP concentration was then determined from the peak intensity value at the conductive wall. As shown in Figure 3, there was an observed linear increase in peak species concentration at the wall with increasing TE concentration. Using reported mobility and valance data for Alexa 488, the concentration factor was calculated using eq 8 and experimentally measured concentrations were observed to agree well.
[image: ]Figure 3. Plot of the ITP concentration factor from the FFWITP measured 30 mm from the inlet of the microchannel. The concentration factor increases linearly with increasing TE concentration. The theoretical prediction given by eq 8 is shown as a solid line (with no fitting parameters).
The FFWITP concentration is superior to the free flow electrophoresis case because the presence of a lower mobility TE creates a high field zone in the microchannel which serves to focus the sample into a sample stacking zone at the conductive wall, which serves as the no-flux physical equivalent to a conventional ITP LE. As the concentration of the TE increases this focusing effect is amplified, which leads to an increase sharpening and sample concentration within the sample stacking zone. 
4.2 ITP Species Separation
Next, we investigated the separation capability of the platform by performing plateau mode FFWITP on a binary mixture of 10 μM Alexa 594 and 10 μM fluorescein mixed with 50 μM TE buffer. We flowed the mixture down the main flow channel at a volumetric flow rate of 10µL/min and again applied a 10 V pulsed DC potential with an 80% duty across the channel width (Figure 4A). When the pulsed field was applied, both analytes were observed to migrate toward the cathodic wall and observed to separate and stack in decreasing order of their electrophoretic mobilities, which is indicative of plateau mode ITP (Figure 4B). The resulting two-channel fluorescent intensity profile for each species depicts a clear separation and stacking of the two species.
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Figure 4. (A) Confocal micrograph of a binary mixture of fluorescein and Alexa 594 in the absence of an electric field. (B) Alexa and fluorescein separate and stack under exposure to a pulsed DC electric field.

4.3 Four Million-Fold Concentration Under Peak Mode ITP
Finally, we compared the peak-mode ITP concentrating power of our platform to the reported performance of conventional batch driven peak-mode ITP by performing FFWITP under the identical experimental buffer and analyte conditions (0.8 pM Alexa 488). Under such conditions, the batch ITP experiment by Santiago et al. resulted in a reported 2-million-fold concentration factor of Alexa 488.10 We performed FFWITP under these same buffer conditions in order to quantitatively compare the concentration performance of FFWITP. First, we calibrated the sensor of the Andor iXon against known concentrations of Alexa 488 at the ITP measurement location 30 mm downstream from the microchannel inlet position.  The resulting intensity-concentration calibration curve is shown in Figure 5A which demonstrates a linear dependence between the EMCCD measured intensity and the Alexa 488 concentration. We then attempted to concentrate the 0.8 pM Alexa 488 sample at the conductive wall using FFWITP. We dropped an 80% duty, 10 V DC pulsed potential across the flow channel and measured the resulting fluorescent intensity profile. The sample was observed to concentrate at the conductive wall (Figure 5B) in a mechanism like that of the previously presented plateau mode ITP experiments. However, unlike the plateau mode experiments, the significantly lower initial sample concentration resulted in an observed concentration profile that was extremely sharp and localized to the conductive wall. The resulting intensity profile shown in Figure 5C is indicative of a 4-million-fold concentration factor. This concentration result indicates that we can achieve a greater concentration performance than classical ITP in this continuous ITP process by replacing the ITP leading electrolyte with a conductive wall. The experiment was repeated in the absence of a TE ion and no concentration of Alexa 488 was observed. FFWITP achieves superior concentration performance relative to classical ITP under a continuous flow at a conductive wall. FFWITP has several benefits over the conventional batch driven approach. In classical ITP the sample residence time is proportional to the length of the channel. This creates a design tradeoff between the residence time and the required electric potential, as a higher voltage is required to maintain the same electric field strength across a longer ITP channel. FFWITP eliminates this tradeoff by employing a flow field which is perpendicular to the direction of ITP, and therefore the distance between electrodes is not dependent on the length of the channel. As such, we have demonstrated a 4-million-fold peak mode concentration factor using only a simple function generator and a 10-volt pulsed potential compared to the 650 VDC potential used by Santiago et al.10 Similarly, batch ITP suffers from a tradeoff between the sample residence time and device throughput due to the nature of the batch process. Such a tradeoff does not exist for FFWITP, as it is a continuous process with a corresponding electric field strength that is independent of the microchannel length.
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Figure 5. (A) Plot of the average fluorescent intensity across a microchannel as a function of Alexa 488 concentration. (B) Peak mode concentration of Alexa 488. (C) The fluorescent profile in the vicinity of the wall indicates a 4-million-fold concentration increase.

5. Conclusions
	In this work, we have demonstrated a new method of performing ITP at a conductive wall without a leading electrolyte using a pulsed DC electric field. Previous attempts at performing continuous flow-based FFITP successfully improved on throughput but failed to demonstrate comparable peak-mode concentration factors offered by conventional batch ITP.20 The FFWITP platform presented here demonstrates that ITP is possible without a leading electrolyte. Using a pulsed DC potential, we performed ITP continuously in a microchannel. We investigated the influence of the TE concentration and the resulting ITP concentration factor and showed good agreement with concentration predicted with our ITP model. We then demonstrated that our platform is capable of ITP separation based on relative electrophoretic mobility by separating Alexa 594 from fluorescein. We note here that such a separation would not occur purely by electrophoresis, and therefore such an experiment is indicative of ITP. Finally, we performed a peak-mode ITP concentration under identical conditions to previous conventional ITP work.10 FFWITP achieved a higher 4-million-fold concentration factor than the previously reported 2-million-fold batch ITP experiments, while still maintaining the improved scalability and throughput of this continuous method and only requiring a DC potential of 10 volts. Therefore, FFWITP is capable of twice the highest reported concentration factor using less than 2% of the DC voltage. Overall, we believe that these results demonstrate that a conductive wall can serve as an effective replacement for a leading electrolyte which offers a reduction in buffer complexity. Further, the FFWITP platform has the potential to provide a low-cost and portable solution to sample preparation and target isolation in POC diagnostic devices because of these simplified electrolyte requirements and greater potential sample processing throughput compared to the conventional batch driven ITP methods in a channel or capillary.
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