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Abstract
[bookmark: _GoBack]We report on how the electrical and optical properties of a spatially varying microplasma might influence the gradient surface modification of an adsorbed protein layer inside a microfluidic chip. Previously, microfluidic chips fabricated with a central microchannel, surounded by two graded electrodes, were shown to generate microplasmas of spatially varying intensities. These could be used to remove / modify adsorbed layers of protein from the microchannel walls in a gradient fashion where the protein removal rate decreases along the length of the microchannel as the plasma intensity diminishes. In this study, microfluidic chips were used without an adsorbed protein layer. Electrical characterisation of the gradient microplasma reveals that the discharge filament distribution and intensity evolves from a broad to bi-modal distribution towards a stable single peak after 65 minutes of operation at a helium (He) flow rate of 5.3 ml / min. Optical emission spectroscopy reveals that this is due to the gradual purging of air with He from the microchannel and gas supply system. The temporal evolution of selected He and nitrogen (N2) emission lines suggest that excited and metastable states of He and N2 can play a major role in the removal / modification of protein during the discharge period. In-between discharge events, the N2(A) metastables can also induce bond breaking and surface modification. However, the role of He in the modification of protein inside the microchannel is only relevant if the process gas (He) is flushed through the microchannel. This depends on the gas delivery system design, including the microfluidic chip, and operation. The purge, or contamination, of air can be monitored by observing the evolution and shape of the filament distribution without use of optical methods. The purge time of the feed gas (prior to plasma treatment) is an important factor that needs consideration in the use of small scale microplasma sources for surface processing or protein modification. 






Introduction
The application of low temperature microplasma technology is rapidly advancing in many areas including materials processing,1-4 chemical patterning,5-9 photonics,10 nanomaterial synthesis,11-14 chemical / analyte sensing,15-17 biotechnology (e.g. cell transfection)3, 18-20 and plasma medicine.21-24 Microplasma sources, broadly defined as electrically driven µm to mm atmospheric pressure gas discharges, can be operated over a wide range of power, frequency and pressure regimes depending on the configuration of the microplasma device.25 Because microplasma sources are amenable for the miniaturisation of technologies they have also found use as excitation sources in lab-on-a-chip devices for in situ chemical modification and patterning of microchannel walls, arraying of biomolecules and for analytical chemistry.5, 9, 26-30 

Lab-on-a-chip technology has progressed remarkably within the past 15 years from the preserve of small groups of researchers using “home-built” type of devices to complex, commercially available products for industrial and clinical applications.31-35 The strong interest in developing microfluidic technology has arisen from the industrial, environmental and societal requirements for “greener” technologies and more accessible and lower cost healthcare. This can be accomplished through miniaturisation of technology that affords higher efficiency, lower fabrication and running costs and a higher level of convenience in handling and operation.

We are interested in the use of microplasma in lab-on-a-chip technology for two reasons. The first is to develop a microplasma (chemical) patterning approach to functionalise the internal walls of bonded microfluidic chips. This approach allows us to add a chemical and biological functionality to the microfluidic chip in situ, which can be used to tailor the microfluidic chip for specific applications in biotechnology (e.g. sensors, cell-screening) and chemical intensive processes such as solvent extraction. The second is to develop biomimetic models based on a lab-on-a-chip design to study the interaction of plasma with biological systems in order to understand how plasma can be used to influence biological processes in a controllable fashion. Because the potential benefits of plasma in healthcare are significant as shown through many promising applications including the stimulation of wound healing,23 wound decontamination,36, 37 dentistry38 and cancer therapy,39 we believe that more fundamental studies of plasma with biomimetic systems is necessary in order to develop safe and effective plasma medical technologies. 

In order to effectively pursue the application of microplasma in lab-on-a-chip and in medicine then we must also develop our understanding of the plasma source. However, the characterisation of the microplasma inside the microchannel is challenging; arising from the small scale of the microchannel (50 µm), confined environment and the non-planar geometry. Previously, we demonstrated the efficacy of using gradient microplasmas to modify and generate protein gradients inside microfluidic chips.40 In that previous study, we adsorbed a homogeneous coating of bovine serum albumin (BSA) to the microchannel walls. The microcchannel was then exposed to a helium (He) plasma of gradient emission intensity. It was found that a higher amount of BSA was removed at the end with the smallest electrode separation. Here, the plasma emission was highest. As the electrode separation increased and the plasma emission decreased, a lower amount of BSA was gradually removed along the microchannel in a gradient fashion. In this paper, we aim to understand the plasma species and mechanisms responsible for BSA removal. We believe that this new information is necessary to achieve reliable and reproducible operation of microplasma sources inside confined capillary spaces of lab-on-chip devices, to deliver enhanced process control for surface modification procedures and for understanding plasma interactions with biomolecules. 

Experimental
Microfluidic chip fabrication
Microfluidic chips, consisting of a PDMS half with patterned microchannels and a flat glass half, were fabricated using PDMS (Sylgard 184, Dow Corning, USA) and microscope slides. A 50 μm SU8 negative photoresist was spin-coated (Suess Delta 80, 3000 rpm) onto Si wafers (50 mm dia., [100], Si-Mat, Germany), baked (4 min at 65 °C and 20 min at 95 °C), exposed (EVG620 Mask Aligner, 250 mJ cm-2) and post-exposure baked (1 min at 65 °C and 4 min at 90 °C). After the microchannel structures were developed, they were hard baked (ramping profile 100 °C  - 200 °C - 100 °C) and silanized at 80 °C under vacuum (~ 10-2 Torr, 20 min) using hexamethyldisilane (HMDS). PDMS was cured on the master for 2 h at 65 °C. The gas and gallium inlets were created using a biopsy punch (1.5 mm, Kai Medical, Germany) after removal of the PDMS structure.

The microscope slides were rinsed with acetone and isopropanol, dried under nitrogen (N2), plasma cleaned (oxygen, 5 min, Harrick Plasma Cleaner) and chemically bonded to the PDMS structure. The PDMS surface was activated by oxygen plasma treatment (15 s, Harrick Plasma Cleaner) before the two halves were compressed up to 30 min in ambient atmosphere. Alongside the 50 μm wide main microchannel with length of 18 mm, two electrode guides were included in the photomask (JD Photo-Tools, UK). These guides were graded, i.e. the electrode – main microchannel distance is 50 μm at one end of the main microchannel and 150 μm at the other end. The width of the electrode guides is 100 μm and the depth of the microchannel is determined by the thickness of the photoresist layer (50 μm). The injection of the gallium electrodes is described elsewhere.26 Briefly, gallium is heated to 50 °C, drawn into ethylene vinyl acetate microbore tubing (Cole Parmer) with a 1 ml syringe and injected into the guide. The electrodes were solidified by adding a seed crystal to a droplet of gallium protruding from the inlet. In this paper BSA protein was not adsorbed onto the microchannel walls. Figure 1a shows the arrangement of the graded electrodes and microchannel and figure 1b shows the gradient in emission intensity of the microplasma along the microchannel as the electrode separation increases. In a proof-of-principle demonstration, we adsorbed a homogeneous coating of fluorescein conjugated BSA to the microchannel walls. The microchannel was then exposed to the plasma of gradient emission intensity. The plasma removed / modified BSA along the microchannel. A higher amount of BSA was removed at the higher intensity plasma intensity end and gradually a lower amount of BSA was removed along the microchannel as the plasma emission reduced in intensity. This was visualized inside the microchannel by fluorescence microscopy of the fluorescent BSA protein (figure 1c).

Microplasma operation and electrical measurements
The experimental set-up is shown in figure 2. A signal generator (Farnell ESG.1) was connected to an audio amplifier (HQ power VPA2350MB) and a custom made step-up transformer (Express Transformers, UK) to generate sinusoidal voltages at 10 kHz and 8 kVpk-pk. The electrical connection to the microfluidic chip was made by using unshielded (stripped BNC cable) in order to minimize current loses which can be significant at these high voltages. He gas (BOC 99.996 % purity) was passed through copper gas tubing (initially filled with air) into an Omega FL3800 series rotameter with a glass float (FLT-45G). The gas flow was fixed at the lowest measureable He flow rate of 5.3 ml / min. A gas-tight custom-made adaptor allowed connection to the micro-bore tubing (Cole Parmer), which was push-fitted into the microfluidic chip. The experiment was housed in a dark box to minimize stray light. The driven electrode voltage was measured by a Tektronix P6015A voltage probe. The discharge current was obtained from a voltage probe (Tektronix P6139A) connected across a 75  resistor between the opposing electrode and ground. Electrical signals were then displayed on a Tektronix DPO3034 oscilloscope. 

Optical emission spectroscopy (OES) and optical imaging
The microfluidic chip was mounted onto a vertically adjustable holder which was fixed onto a carriage and optical rail. A 600 m optical fibre (Ocean Optics P600-1-SR) was placed in a separate holder and vertically adjusted until the fibre head was aligned close to the microchannel (glass side). The fibre assembly was mounted onto a moveable rail carriage that allowed for micrometer controlled movement of the optical fibre along the microchannel. The fibre was coupled to an Ocean optics (USB4000-UV-VIS) spectrometer (full width at half maximum, FWHM, resolution of 1.5 – 2.3 nm). Time averaged optical emission data was acquired with 20 s exposure (Boxcar average over 10 data points) after background subtraction of stray room light. A video camera (JVC TK-S350) was positioned, on a rail carriage, in-front of the microfluidic chip (PDMS side) to image the discharge and was used to align the fibre to the microchannel. In both the electrical and optical experiments the air inside the gas supply system was not purged before acquiring measurements. The discharge was ignited, and measurements were acquired, a few minutes after opening the valve for He to flow to ensure a steady flow rate.

Results
Electrical properties
He gas was allowed to flow at a fixed rate of approximately 5.3 ml / min, with the electrical and optical measurements taken regularly at 10 min intervals. Discharge parameters (8 kVpk‑pk at 10 kHz) were kept constant throughout the experiment. After ignition, the discharge current showed distinctive filamentary behaviour (see ESI, figure S1), similar to those observed in a larger dielectric barrier discharge (DBD)41 and in a similar microfluidic DBD plasma.42 Due to the random temporal occurance of the filaments, the captured screen images were found to be inadequate in determining the variation of filament amplitude and the voltage range over which the filaments occurred. By using the oscilloscope in envelope mode it was possible to capture all measured filaments over a longer interval of time. This allowed the filament distribution over the entire voltage period to be more easily observed. Figure 3 shows the filament envelope from just after ignition (2 min) and at 24 and 84 min. The discharge ignited twice per period with the regions of no discharge defined by bands of constant current amplitude due to accumulated noise. Filaments of both positive and negative amplitudes were observed over a wide range of voltages. In both discharges, the larger amplitude filaments are associated with the same polarity as the electrode voltage (i.e. positive current during positive half period). The filaments that occured in the negative half-period of the voltage waveform are larger than those in the positive half-period. This suggests that during the negative half cycle the discharge is more intense with higher electron and radical densities. The discharge envelope evolved from a single broad peak (2 min), slowly increasing in amplitude and duration, to a bi-modal distribution (24 min). This is characterised by a narrow intense peak and a less intense broader peak. At later times, the filament distribution decreased in amplitude to a single narrower peak appearing after 55 min (Figure 3, 84 min).

The ignition of each discharge shifted to earlier times (Figure 3) with changes in the threshold voltage at which the discharge appears. Charge accumulation on the microchannel walls, during each succesive discharge event, is time dependant and manifests as a memory voltage. The applied voltage is then augmented by the memory voltage so that small applied voltages can still lead to discharge ignition.41 The onset voltage in the negative half period increased from  0.2 kV (at 2 min) to 1.8 kV (at 84 min). Also shown is the displacement current (1.1 mApk-pk, averaged over 128 samples), which is leading the voltage waveform by approximately 90o due to the capacitive nature (< 1 pF) of the microfluidic chip and capacitive coupling to nearby grounded metal wires and surfaces.

The temporal behaviour of the peak filament current (the first and largest narrow peak after each ignition) and the discharge duration is shown in figure 4. Both the peak filament current and discharge duration show similar trends. The peak filament current, after reaching a maximum value around 5.3 mA (at 14 min) decreases to a minimum value, around 1.3 mA between 45 and 55 min, before increasing to a plateau after 65 min. The increase in the peak filament current, due to more intense filaments, is indicative of a rise in the electron density. After reaching a maximum value, the peak filament current (electron density) decreases to a minimum value before increasing and reaching a steady value at around 65 min. The discharge duration reaches a maximum time of 35 ms before decreasing to a steady value of around 7 ms at later times. The discharge duration and electron density (proportional to the intensity of the filament current) are important factors that determine how much BSA protein is removed from the microchannel walls. It has often been observed experimentally1 that longer treatment times (discharge duration) enhances the surface modification. Higher electron densities, resulting in higher excited, metastable and ion densities, increases the rate of surface modification.1          

Optical emission characterisation
A typical optical emission spectrum acquired at 84 min is shown in figure 5. The optical fibre was positioned at the end with the smallest electrode seperation of 50 m. All line intensities are normalised (relative intensity units) to the most intense N2 337.13 nm line acquired less than 1 min after ignition. Lines were analysed by identifying persistant lines from all available data to mitigate the effects of random noise. Lines were assigned to particular transistions if the wavelength discrepancy,  = observed - assigned, was less than the spectral resolution of the spectrometer (FWHM of 1.5 nm). In cases where  > 1.5 nm the discrepancy is stated. Clear emission lines from the second positive system (SPS) of N2 (C3u – B3g transition) rotational states are observed between 268 – 546 nm.43 Most of the SPS lines overlap with those from He. Lines were then assigned if they share the same temporal behaviour as unambiguous lines (see figure 5). The upper C3u state (N2 SPS) has a threshold energy, Ethreshold, of 11 eV above the ground state.41 At atmospheric pressure, during each micro-discharge filament, this high level state is likely to be populated by multi-step in-elastic electron collisions. Emission around 390 and 426 nm correspond to emission from the first negative system (FNS) of N2+ (B2u+ - X2g+) at 388.43, 391.44 ( = 1.74) and 427.81 ( = 1.87) nm.43 In general, ion lines are unlikely to contribute significantly to the observed peak intensities due to the low fractional ionisation at atmospheric pressure. However, observations in DBDs with flowing He and air mixtures demonstrate that the transition at 391.44 nm can be as strong as the He lines.41 

Additional peaks atributed to various He lines are observed between 388 – 728 nm.44 Two He emission lines (706.57 and 706.52 nm) occur around 706.5 nm which, due to the spectrometer’s resolution, are unresolvable. The He emission at 706.5 nm is caused by a transition from the 3s 3S1 to the 2p 3P0,1,2 state.41 The upper 3s 3S1  state  can be populated via electron collisions, during the micro-discharge filament, from the ground state (Ethreshold = 22.72 eV) or from the metastable states (2s 3S1 Ethreshold = 2.9 eV and 2s 1S0 Ethreshold = 2.12  eV).44 The 3s 3S1 state can also be populated by either associative ionization: 

		He*(n  3) + He  He2+ + e		(1)

or by three-body collisions involving He ions and metastables:

		He+ + 2He  He2+ + He;  Hem + 2He  He2* + He			(2)
		
combined with dissociative recombinaton:
	
		He2+ + e  He2*  He*(n = 3) + He		(3)

followed by: 
		
		He*(n = 3)  He*(n = 2) + hv ( 706.5 nm)

The strong He emission at 706.5 nm and the above reaction scheme indicates a high abundance of He2+, He+ and highly excited He atoms (n > 3, E > 22.72 eV) in the filamentary discharges.41, 45 These species decay on a timescale of 100s of ns during the filament afterglow.41 Electrons with energies between 2.12 eV and 19.82 eV, to excite from metastable and ground states, must also be present during the discharge filament.

Figure 6 shows the time evolution of selected prominent lines from both N2 (314, 337.13, 357.69 and 380.94 nm) and He (667.8 and 706.5 nm). The 313.6 nm and 315.93 nm N2 lines are unresolvable and are desinated as 314 nm. Both the 314 nm and 380.94 nm N2 lines have almost the same relative intensity and are shown as a single line. Residual air is present in the gas supply system and microchannel prior to introducing He. It is reasonable to assume that the N2 concentration is decreasing over time as the air is flushed out in the microchannel. Despite this, all of the N2 lines increase in intensity up to 33 min. This behaviour could then be due to an increasing electron density and is consistant with increases in the peak filament current, the intensities of the He lines (667.8 and 706.5 nm) and the discharge duration (Figure 3). Collisions between He metastables are also known to produce electrons46 in addition to associative and multi-step ionization. At approximately 33 min after ignition, the line intensities reach maximum values (between 33 and 43 min). This time period corresponds to the bi-modal filament envelope (Figure 3). After 43 min, the N2 SPS line intensities decrease and coincide with the reduction in the peak filament current and reduced discharge duration. The associated drop in electron density and diminishing N2 concentration in the microchannel results in the decreasing SPS line intensities. Stability is reached in both the peak filament current and discharge duration after 64 min when the N2 lines have decreased to values comparable to the He lines (Figure 5). 

Also shown are the 390 and 427 nm emission lines, which show different temporal behaviour. The 390 nm emission reaches a maximum intensity at around 53 min and then slowly decreases. The maximum is reached after the maxima for the N2 lines between 33 and 43 min. The observed peak around 390 nm involves contributions from He (388.87 nm), N2 (389.46 nm) and N2+ (391.44 nm). Although it is difficult to determine the relative contributions to the measured peak it is likely that the observed behaviour is a result of the interplay between the steadily increasing He concentration and the variation in both N2 and N2+ emissions. The 427 nm emission also increases steadily, reaching a maximum at the same time as the 390 nm line, before decreasing at a slower rate. The 427 nm emission, which has contributions from N2 (426.97 nm) and N2+ (427.81 nm), is likely to have a significant contribution from N2+. The presence of N2+ is verified by the observed weak emission at around 485 and 626.76 nm in figure 5. These emissions correspond to the transitions B2u+ - X2g+ (485.0 and 485.7 nm) of the FNS and A 2u+ - X 2g+ (626.76 nm) of the Meinel system.43 The FNS transitions at around 390, 427 and 485 nm can be caused by the very fast Penning ionization of He metastables:41, 45

		Hem + N2  N2+(B 2u+) + He + e		(4)

and also by the charge transfer reaction:41 

		He2+ + N2  N2+(B 2u+)  + 2He 		(5)

The He metastable, Hem (Ethreshold = 19.82 eV), can be populated by direct electronic transitions from ground state, cascade transitions from higher level states and by reaction (3). The molecular ion He2+ can be produced from reactions (1) and (2) as well as by Penning ionization with Hem.46 The Penning reaction rate (4) is so high that the effective lifetime of the He metastables and the N2+ ions are comparable to the lifetime of the micro-discharge filament.45 The main loss mechanisms for N2+ (B 2u+) is radiative decay to the X 2g+ state and quenching with ground state N2 via the reaction:

		N2+  (B 2u+) + N2  products + N2 			(6)

with rate constant k = 3.7  10-10 cm3 s-1.45 The decay time is around 0.1 ns so that the effective lifetime for these ions is also limited to the lifetime of the discharge filament (10 – 100 ns). In addition to the reaction scheme (4) and (5), N2+(B 2u+) can also be produced from the ground states of N2 (Ethreshold = 18.7 eV) and N2+ (Ethreshold = 3.17 eV) by electron collisions.41 

In reactions (4) and (5) the reaction product N2+ is dependant on the abundance of Hem, He2+ and N2. The continual increase in the 706.5 and 667.8 nm emission intensities (see figure 6) indicates that the He species (He2+, He, He*, He+ and Hem) also steadily increase. The FNS lines (390 and 427 nm) follow the increase of the He lines (706.5 and 667.8 nm) even after 33 min where the peak filament current and SPS lines are decreasing. The loss of N2 molecules (reaction 6) must occur at a slower rate than the combined production rate of Hem and He2+ (reactions 4 and 5). Eventually, after the intensity maxima has been reached, the loss rate of N2 dominates over the production rate of Hem and H2+ and the N2+ densities and emissions start to decrease. Similar flow related effects were observed in a larger DBD reactor in flowing He in ambient air.41 

In the same experiment the CCD camera was used to acquire pictures of the discharge through the PDMS side. The time evolution of the total light emission is shown in figure 7 with pictures taken at different times after discharge ignition. Up to about 40 minutes after ignition the discharge emission is mostly confined to the region with the smallest electrode separation. In figures 4 and 6 this corresponds to both the prominent N2 emission lines and discharge duration increasing in magnitude to maximum values. After 40 minutes of operation the discharge starts to expand downstream into regions of increasing electrode separation. In figures 4 and 6 this corresponds to the gradual increase of the He lines, the decrease of the prominent N2 emission lines and the discharge duration.  

The variation of the most prominent emission lines along the microchannel is shown in figure 8. The spectrums were acquired over a duration of 40 min from the ignition of the discharge starting from the most intense end of the microchannel. The optical fibre was moved along the microchannel in approximately 2.6 mm steps with distance measured from the electrode edge at the smallest electrode separation (i.e. upstream). Intense emission is observed around 0.4 mm which corresponds to the brightest glow of the discharge (as confirmed by comparing the fibre position with the image obtained by the video camera). These lines originate from the N2 C3u – B3g second positive system (SPS) with no He detected in this experiment. As the fibre is moved downstream, with the electrode seperation gradually increasing, all of the line intensities rapidly decrease to less than 0.16 (relative intensity) at a distance of 3 mm. These lines then gradually decrease until the last measurement position near to the end of the microchannel at 16 mm. At 18.8 mm, outside the region of the electrodes, no lines are detected.   

     
Discussion
We conducted an electrical and optical study of the microplasma to provide an insight into the nature of the plasma environment and possible mechanisms that may be involved in the plasma modification of biomolecules to generate gradients of proteins inside confined microchannels. The removal or modification of protein can occur during the discharge period (with durations 6 – 34 µs) consisting of many transient filamentary discharges (10 – 100 ns duration). During each microdischarge filament, collisions by energetic ions (e.g. N2+) accelerated in strong electric fields (caused by surface charges) and absorption of VUV photons can cause bond-breaking within the protein. In addition, excited N2 neutrals, metastables and radical species such as O3, OH and NOx are well known reactants which can cause surface modification or functionlisation. The optical emission spectrum of the discharge up to around 40 min (see figure 5) is dominated by N2 emission lines. The absence of OH (200 – 315 nm with intense peaks around 310 nm) or NOx lines (190 – 300 nm) in the spectrum could be due to the attenuation of glass. It is well known that glass typically allows transmission of light for wavelengths above 300 nm with the transmission dropping rapidly below 300 nm. The atomic oxygen line at 777 nm, which is usually an intense emission line indicative of the presence of oxygen, is not observed. This does not mean that these reactive species are not present. However, their relative abundance in laboratory air is expected to be small (e.g. O2  20 %) compared to that of N2 ( 78 %) and may not be detectable by the spectrometer. Filaments occur randomly both in time and space45 so that the filament intensity, distribution along the microchannel and overall discharge duration per cycle will determine the rate of protein modification. For the experimental conditions used in this study, the intensity of the N2 (C3u – B3g) SPS bands decrease rapidly to within 3 mm from the electrode edge (see figure. 8). This means that the length of the main discharge is less than 3 mm. The observed intense emission in this region indicate that the filament density, and by inference protein removal rate, is highest here. Downstream, with increasing electrode seperation, the observed fainter emission suggests that the filament density (and current) is signifiacntly lower than in the main discharge region. Consequently, the rate of protein modification is expected to be significantly lower in the tenuous discharge region. With increasing electrode gradient, and weaker electric fields, the filament density is expected to decrease further leading to less protein modification along the microchannel.40 

The period in-between discharges (with duration of 10 – 20 µs) can also result in protein modification. In a recent paper, laser induced fluorescence spectroscopy was used to determine the N2(A3u+) metastable density in a single micro-discharge filament, in a DBD reactor with pure N2 at 0.5 Bar.47 It was found that the metastable density reached a maximum value with densities around 5  1013 cm-3, several µs after extinction of the microdischarge. In a computational DBD model values of the order of 1012 cm-3 were also reported.45 After the extinction of a filamentary discharge, collisional de-excitation from the higher level C3u and B3g states can populate the N2(A3u+) metastable state. The energy level of this state is around 6 eV above ground level and is more than enough to break chemical bonds of protein such as C-H, C-C and amide (peptide) bonds with dissociation energies typically reported below 5 eV.2, 48 Given the close proximity of the channal walls, surface-to-volume ratio: S / V = 8  104 m-1, this will occur if the characteristic diffusion time, D, is significantly less than the residance time, r, in the microchannel due to gas flow. The characteristic diffusion time is given by D  a2 / D, with the diffusion coeffcient D   10-1 cm2 s-1 (N2, 1 Bar, 300 K) and the characteristic distance (a = 25 µm) from microchannel axis to wall. This gives D to be around 63 µs. The residance time can be estimated from r = L a2 / Fv with L the microchannel length (L = 18 mm) and Fv is the volumetic flow rate. Taking the majority of the species to be N2 the effective N2 flow rate is 2 ml / min. This gives the residence time to be around 338 µs. This allows for sufficient time for the metastable density to build up. The dominant loss mechanisms for these metastables is via collisions with ground state N2 neutrals N2(X) (rate constant, kX = 3  10-16 cm3 s-1) and via the pooling reaction: 

	N2 (A3u+) + N2 (A3u+)  N2 (C3u, B3g) + N2 (X 1g+)

with a rate constant kA  1.5 – 4  10-10 cm3 s-1.47 Assuming a N2(X) density of 2.4  1019 cm‑3 (1 Bar, 300 K) then the characteristic decay time,  = (n  k)-1, is around X  = 139 µs for collisions with ground state neutrals. This is comparable to the corresponding decay time of A = 50 - 133 µs for the pooling reaction above (with nA = 5  1013 cm-3).. The total decay times for both loss mechanisms is T = (A-1 + X-1)-1  = 36.8 - 68 µs. This is comparable to the diffusion time of 63 µs. The metastable density in the microchannel is likely to be lower than that in a larger DBD. This would mean a longer decay time for the pooling reaction increasing the overall decay time. Note that these decay times are longer than the period in-between successive discharges. Consequently, the metastable density reaches a steady value over many cycles. Other quenching processes such as collisions with O2(X)49 can be neglected due to the low abundance of O2 in air and the lower rate constant of kO = 2.5  10-12 cm3 s-1. This strongly suggests that N2 metastables can contribute significantly to the breaking of the protein chemical bonds. 

It is also useful to consider the role of He in protein surface modification and removal at later times, i.e. after 33 min of He flow, when the He emission appears in the observable spectrum. The lowest level above ground state is around 20 eV and corresponds to the 2s metastable states. Excited and metastable He atoms, upon collision with the protein-coated walls, can induce bond breaking leading to protein modification and eventual removal. However, due to the very fast Penning reaction (4) the decay time is around 0.6 ns (km = 7.1  10-11 cm3 s-1)45 limiting the metastable lifetime to the discharge duration. The bond-breaking and modification of protein due to excited and metastable He atoms, as well as N2, is likely to occur only during the discharge period. In-between these discharge events the N2(A) metastables can induce bond breaking and surface modification. All of these processes, after inducing bond breaking, can lead to the eventual removal of the protein from the microchannel walls, chemical modification of the protein, changes in the protein’s secondary structure and protein fragmentation.9, 50-52 

It was also found that the time allowed for the He to flush the residual air out of the microchannel and gas supply system prior to igniting the discharge is important. Under our experimental conditions, and for flushing times under 60 min, bond-breaking of protein (if present) would be dominated by N2 ions and excited species. After 60 min, He ions and excited species start to contribute with decreasing contribution from N2. This causes changes in the discharge electrical characteristics (e.g. filament distribution) as measured from the discharge current. This is due to the longer time required to flush N2 out of the gas supply system and microchannel by He, at relatively low flow rates (of 5.3 ml / min for He). The actual purge time of air will depend on the volumetric flow rate and the internal volume of the gas supply system. The volumetric flow rate is determined by the pressure difference between the gas supply and the outlet port of the microfluidic chip (nominally atmospheric pressure) and the overall conductance of the gas supply system (with varying lengths and diameters). The overall conductance is expected to be determined largely by the microchannel itself. Given the volumetric flow rate, Fv, an estimate of the purge time can be obtained if the internal volume of the gas system is known. The volumetric flow rate for air, equivalent to He flowing at 5.3 ml / min, is around 2 ml / min. The internal volume, vol, of the gas supply system, largely taken up by the copper pipes, was estimated to be around 40 ml. This gives a characteristic purge time, τp = vol / Fv, of around 20 min. This is less than the measured results with N2 significantly reduced but still observable in the optical emission spectrum at 84 min. Note that the spectrometer was not calibrated for absolute intensity so there is a wavelength dependant attenuation factor which makes comparison of intensities qualitative. Sources of leaks into the microchannel should also be considered. The He gas flows through a tube which is push-fitted into the microchannel of the PDMS microfluidic chip. Atmospheric gases can then diffuse through the gap between the tube and PDMS. Another source is from the PDMS material which typically has a high permeability coefficient. Air present in the material can diffuse into the microchannel. The higher pressure He inside the microchannel will slowly permeate through the PDMS gradually flushing out the air. By observing the evolution of the electrical characteristics the removal or contamination of air from inside the microchannel can be monitored without use of an optical spectrometer or estimating the purge time.   

Comparison of the plasma intensity profile along the microchannel in our previous work40 (Figure 3 a, d = 150 m) with this study (Figure 8) shows a significant difference. In our previous work, the total light intensity (normalised to the intensity at the narrow end of the microchannel) decreases steadily along the microchannel reaching a value of around 0.15 (relative intensity). In Figure 8 the light intensity (normalised to the 337.13 nm N2 emission line at the start of the experiment and narrow end of the microchannel) decreases rapidly to around 0.2 (relative intensity) within 3 mm of the narrow electrode gap. In our previous work, the internal volume of the gas supply system from the mass flow controller to the microfluidic microchannel was 0.785 ml. The gas line from the gas bottle to the mass flow controller (MFC) was purged of air at 5 L / min for about 1 minute before connection to the microchannel. The gas line between the MFC and the microchannel outlet was then flushed for a further 15 minutes at 2.5 ml / min before igniting the discharge. Assuming that the gas in the line between the gas bottle and the MFC is He and the gas line between the MFC and the microchannel outlet is air then the characteristic purge time, τp, at a flow rate of 2.5 ml / min is 0.3 min. Furthermore, it was observed that the length of the emission region inside the microchannel increased along the microchannel towards the wider electrode end (Figure 7) after about 40 minutes. This expansion of the discharge glow along the microchannel is consistent with the gradual purging of air with He in the microchannel. It can be concluded that the gradual decrease of light emission along the microchannel, observed in our previous work,40 is from a He discharge. The rapid decrease of the light emission along the microchannel in this work is from a discharge with an air – He mixture.    

Conclusions
In our previous paper we demonstrated that microfluidic chips, fabricated with microchannels adjacent to pairs of graded electrodes, can be used to generate microplasmas with gradient emission intensities, which is dependent on the slope of the electrodes.40 Microplasmas with graded emission intensities were used to produce micro-scale surface protein gradients in bonded microchannels. In this paper, we have demonstrated that the purge time of air from the microchannel is an important factor that can influence the removal rate of protein that was adsorbed onto microchannel walls prior to microplasma treatment. The resulting flow effect, with gradually increasing amounts of the process gas e.g. He, causes the discharge filament distribution, discharge duration, peak filament intensity and discharge length to slowly evolve over time towards a steady state. This can be monitored by observing the filament distribution or the discharge length within the microchannel without the need for optical emission spectroscopy. We argue that the removal and / or modification of protein (from bond-breaking) occurs during the filamentary discharges and, with sufficient amount of metastable N2, in the period between sucessive microdischarges. During the filament discharge period, breaking of the chemical bonds in the protein can occur from collisions by highly excited neutrals, metastables, energetic ions (accelerated in strong electric fields) of both He and N2, and absorption of VUV photons. In the period between filamentary discharges, bond breaking can result from collisions with N2 metastables that have diffused to the wall. Although not limited to these applications, this technology finds immediate use in bioassays requiring surface-bound biomolecule or adhesive gradients. Controlling the plasma generation of excited He, N2 and N2(A) metastables reactive species, by electrically pulsing the plasma and adjusting the discharge on and off times, may be an important methodology in tailoring surface treatments for specific applications in the future. The discharge length can also be tailored by use of gas mixtures to control the spatial extent of BSA removal in the microchannel. Finally, our results also have implications for the use of microplasmas in medicine where the influence of purge of time could signifcantly affect the resultant medical outcome; such as in the tartgetted treatment of tumours, wound debridement and in the use of microplasmas in therapeutic endoscopy. 
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Figure 1. Design of the microfluidic chip to generate microplasma with gradient of emission intensity. (A) A section of a microfluidic chip designed with a microchannel in-between two graded electrodes is shown in the photograph at the top. (B) Plasma generation with an emission intensity gradient. 
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Figure 2. Schematic of the experimental set-up. The microfluidic chip was mounted in a fixed position. The optical fibre, mounted in a movable holder, can be moved along the microchannel. Experiments were performed in a dark box to minimise interference from room light.
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Figure 3. Filament envelope waveforms (colour filled) at different times after discharge ignition. The averaged electrode voltage (black) and displacement current (white) waveforms are also shown. This shows a filamentary discharge igniting twice per period. The discharge characteristics are slowly changing over time because of flow effects.
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Figure 4. Peak filament envelope current and discharge duration at different times after ignition. The discharge characteristics are slowly changing over time because of flow effects and stabilise after 65 min.
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Figure 5. Optical emission spectrum of the discharge acquired 84 min after ignition. Assigned emission lines are indicated. Relative intensity is normalised to the 337.13 nm line (N2, with 2379.76 counts) less than 1 min after ignition. This shows a mixture of air (N2) and He is present in the microchannel. These species can contribute to the removal and / or modification of proteins.
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Figure 6. Time evolution of prominent selected lines after microplasma ignition. Solid lines (square symbols) are emission from neutral N2 and dashed lines (triangle symbols) are from neutral He. Dash - dot lines (circle symbols) contain several species. Relative intensity is normalised to the 337.13 nm N2 line, with 2379.76 counts, less than 1 min after ignition. At early times (up to 30 min) the spectrum is dominated by highly excited N2 neutrals. At later times, due to the flushing of N2 by He flow, the N2 lines start to decrease and the He lines increase. This shows that the species responsible for the removal and / or modification of proteins depends on the time after ignition.
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Figure 7. Time evolution of micro discharge in the microchannel. Gas flow is left to right. Discharge appears at the narrowest electrode gap (gas inlet side) and increases in intensity with time. After 43 minutes the discharge starts to extend down the microchannel in the direction of gas flow.
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Figure 8. Variation of emission intensity (normalised to the 337.13 nm N2 emission line, with 6662.99 counts) of the most intense lines along the length of the reaction microchannel. The position where the electrode separation is smallest (i.e. at 50 m) corresponds to 0 mm. This shows that the density of plasma species, and the ability to remove and / or modify proteins, decreases along the along the microchannel.
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