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Advancement of analytical modes in a multichannel, microfluidic 
droplet-based sample chopper employing phase-locked 
detection

Jean T. Negoua, Juan Hua, Xiangpeng Lia,b, and Christopher J. Easleya,*

aDepartment of Chemistry and Biochemistry, Auburn University, Auburn, AL 36849, USA

Abstract

In this work, we expand upon our recently developed droplet-based sample chopping concepts by 

introducing a multiplexed fluidic micro-chopper device (μChopper). Six aqueous input channels 

were integrated with a single oil input, and each of these seven channels was controlled by a 

pneumatic valve for automated sampling through software control. This improved design, while 

maintaining high precision in valve-based droplet generation at bandwidths of 0.03 to 0.05 Hz, 

enabled a variety of analytical modes to be employed on-chip compared to previous devices 

limited to sample/reference alternations. The device was analytically validated for real-time, 

continuous calibration with a single sample and five standards; multiplexed analysis during 

calibration using a mixed mode; and standard addition through spiking of six sample droplets with 

varying amounts of standard. Finally, the standard addition mode was applied to protein 

quantification in human serum samples using on-chip, homogeneous fluorescence immunoassays. 

Ultimately, with only ~1.2 μL of total analyzed solution volume— representing 100-fold and 75-

fold reductions in reagent and serum volumes, respectively—we were able to generate full, six-

point standard addition curves in only 1.5 min, and results correlated well with those from 

standard plate-reader equipment. This work thus exploited microfluidic valves for both their 

automation and droplet phase-locking capabilities, resulting in a micro-analytical tool capable of 

complex analytical interrogation modes on sub-microliter sample volumes while also leveraging 

drastic noise rejection via lock-in detection. The multichannel μChopper device should prove 

particularly useful in analyzing precious biological samples or for dynamic analyses at small 

volume scales.

Graphical Abstract

Multichannel droplet-based microfluidic sample chopper (μChopper) allows continuous 

calibration, nanoliter sampling, and protein quantification in human serum.
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Introduction

During the past few decades of advancements in the field of microfluidics, one of the most 

notable analytical advantages has been the ability to sample and analyse extraordinarily 

small volumes of sample. As envisioned in early reports 1, integrated microsystems, i.e. 

micro-total analysis systems (μTAS), have since been proven capable of rapid analysis of 

sub-microliter samples such as whole blood, nasal aspirates, etc. 2. Advancements in 

nanoliter-scale sample preparation 3–5, enzyme reactions 6–11, on-chip separations 12–20, and 

integrated detection systems 21–26 have unleashed a large variety of platforms capable of 

novel impacts in the physical, chemical, biological, and medical sciences.

More recently, droplet microfluidics has emerged as a subfield with new set of advantages to 

accompany the classic ones. Seminal works in this area 27–32 exhibited various novel 

capabilities of droplet fluidics, and further advancements have shown the propensity of 

droplets to permit high-throughput molecular evolution 33, digital assays 34, 35, interfacing 

with mass spectrometry 36–39 and electrochemistry 40, and single cell analysis at genome 41, 

epigenome 42, and transcriptome 43, 44 levels.

One unique feature of droplet sampling that our group has developed relates to the reduction 

of measurement noise in optical analytical methods 45–49. By locking the detector into the 

frequency and phase of droplet formation, we devised a microfluidic analogue to an optical 

beam chopper (μChopper) via alternating sample and reference droplets at defined patterns 
45, 49. As with electronic lock-in amplifiers, this approach modulates the signal of interest to 

a higher frequency, removes low frequency noise, then demodulates the signal for recovery 
50–54. Phase-locking with droplet microfluidics was first accomplished passively, where 

large noise reductions allowed on-chip visible absorbance in the nanomolar range 45 or 

fluorescence measurements of metal ions secreted from primary cells 47. A similar passive 

approach was confirmed by Marz et al. for improving Raman signals on-chip 55. Recently, 

we demonstrated the usefulness of on-chip pneumatic valves 56 for further signal bandwidth 

reduction through enhanced precision of droplet formation 49. This advancement reduced the 

droplet bandwidth to 0.04 Hz and enabled fluorescein detection limits of 310 zeptomoles, 

quantitative single-cell fatty acid uptake in adipocytes, and attomole detection limits with 

homogeneous immunoassays 49.

Negou et al. Page 2

Anal Methods. Author manuscript; available in PMC 2019 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Here, we introduce an automated, multiplexed fluidic μChopper with six aqueous input 

channels and an oil channel controlled by on-chip valves. This new design shows improved 

flexibility that allows several analytical modes, either for continuous multi-point calibration 

or multiplexed analysis. One of these modes, standard addition mode, is validated for 

homogeneous protein quantification in human serum samples, exhibiting 100- and 75-fold 

volume reductions in immunoassay reagents and serum samples, respectively. This work 

thus combines the automation capabilities 56 with the droplet phase-locking capabilities 49 

given by microfluidic valves.

Experimental Methods‡

Materials and Reagents

Precursors for polydimethylsiloxane (PDMS) devices, SylgardR 184 elastomer base and 

curing agent, were obtained from Dow Corning (Midland, Maryland, USA). Silicon wafers 

were purchased from Polishing Corporation of America (Santa Clara, CA, USA). 

Photoresists and developers (AZ-40-XT photoresist, AZ 300 MIF developer, SU-8 

photoresist and developer) were purchased from Microchem (Westborough, MA, USA). 

Device interfacing components such as tubing (TGY- 020-5C; 0.02 in. ID, 0.06 in. OD, 0.02 

in. wall) and blunt needles (NE-223PL-C 22G) were obtained from Small Parts (Logansport, 

IN, USA). Fluorescein was purchased from Alfa Aesar (Ward Hill, MA, USA). Fetal bovine 

serum (FBS) was purchased from VWR (West Chester, Pennsylvania, USA), and human 

serum samples were obtained from Bioreclamation IVT (Charleston, Maryland, USA). 

Aquapel was purchased from Pittsburg Glass Works (Pennsylvania, USA), and surfactant-

containing carrier oil solutions were made by dissolving Pico Surf 2 surfactant (Dolomite 

Microfluidics, Royston, UK) in HFE-7500 oil (3M, St. Paul, MN, USA) to make 1.0% w/w 

solution.

Microfluidic Device Fabrication

Actively-controlled, droplet generating microfluidic devices were fabricated as previously 

described 49. Briefly, devices were made of two layers of patterned PDMS following 

standard soft lithography guidelines 57 and pneumatic valving guidelines 56 but using an in-

house built UV lithography source based on 365 nm LEDs 58. Channel layouts were 

designed in Adobe Illustrator, from which masks were printed at 50 800 dpi resolution by 

Fineline Imaging (Colorado Spring, CO). Following exposure and baking steps to create 

SU-8 defined valve control channel templates or AZ-defined fluidic channel templates, 

silicon wafers were exposed to trimethylsilyl chloride vapour for 30 min to enhance PDMS 

removal. After PDMS mixing, spin-coating, and curing steps, devices were peeled from the 

wafer, cleaned with methanol, air dried with a stream of N2, plasma oxidized, and bonded to 

a glass slide. Finally, flow channels were treated with Aquapel then rinsed with methanol to 

give devices capable of actively-controlled, aqueous-in-oil droplet formation. Channel cross-

sections were characterized as needed by slicing an assembled PDMS device with a razor 

and imaging the channel cross section.
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Control of Active Microfluidic Valves

On-chip pneumatic valves were used in the push-up configuration and were controlled via an 

in-house written application in LabVIEW (National Instruments) interfaced to a control 

system of off-chip solenoid valves (Lee Co.; LHDA0533115H). This approach provided on-

demand droplet formation from any of the six aqueous channels in patterns defined by the 

mode of operation, as discussed below. Actuation of valves was accomplished with a 

regulated pressure source of ~20 psi, and flow was driven with a vacuum applied to the 

outlet channel using a hand-held, 100-mL glass syringe (SGE Analytical Science).

Multichannel μChopper Characterization and Data Analysis

For device characterization, fluorescein solutions were diluted in 20 mM HEPES buffer 

solution (pH = 7.5) according to each mode of operation. Stock solutions were verified 

through absorbance at 490 nm with a spectrophotometer (Nanodrop 1000, Thermo 

Scientific). Fluorescence imaging or higher sensitivity fluorescence measurements on the 

μChopper device were performed with either a cooled CCD camera (CoolSnap HQ2; 

Photometrics Scientific) or with a PMT (Hamamatsu), respectively. Both detectors were 

interfaced with a Nikon Ti-E inverted fluorescence microscope through a green fluorescence 

filter cube (excitation: 470 ± 20 nm; emission: 525 ± 25 nm). For higher sensitivity 

measurements, a PMT was set to a sensitivity of 10−3 μA V−1 with a 0.5 ms time constant, 

and amplifier offset was adjusted manually. RGB color images and videos were captured 

with a digital camera (Nikon J1) interfaced to a tissue culture microscope (Nikon TS100F).

The microdevice was programmable, allowing operation in several analytical modes, as 

discussed below. The device (multichannel μChopper) included six aqueous inlets and an oil 

channel inlet (Figure 1A). Using pneumatic microvalves and the LabVIEW application, 

droplets were generated in a programmable fashion [Negou], where each droplet was moved 

to the region of interest (ROI), stopped, and the fluorescence emission was collected with 

the PMT. This phase-locking of the droplets with the detector through customized software 

(Figure 1C) allowed facile separation of all six signals into different data arrays. Depending 

on the analytical mode, several signals could be used to generate real-time calibration 

curves. For characterization purposes, fast Fourier transform (FFT) analysis was also carried 

out in Matlab. Droplets were generated at ~0.5 Hz from each of the six reservoirs, typically 

resulting in a total droplet frequency of ~3.2 Hz.

Homogeneous Immunoassays in Human Serum

Concentrations of albumin in human serum samples were quantified using a mix-and-read, 

homogeneous fluorescence immunoassay (Human Albumin FRET-PINCER Assay Kit; 

Mediomics, St. Louis, MO), where higher albumin levels caused decreases in fluorescence 

due to target-specific probe quenching. Albumin levels in human serum samples 

(Bioreclamation IVT) were analysed with the standard protocols as per the manufacturer’s 

instructions using a multimode plate reader (Beckman Coulter DTX 880), and these results 

were compared to those of the multichannel μChopper operating in standard addition mode 

on the inverted fluorescence microscope. Antibody-oligonucleotide probes were diluted 25×, 

and standard additions ranged from 0.03 to 4.0 μg mL−1. For each serum sample, 18 μL of 
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sample plus reagents were made in total, yet only ~5 μL of working volume was needed in 

each of the 6 input reservoirs of the device.

Results and discussion

Microfluidic Device Design and Modes of Operation

The six-channel μChopper design shown in Figure 1A not only addressed several of the 

limitations of our previous design 49 while maintaining the benefits of valve-controlled 

phase-locked detection, but several novel modes of operation were also enabled. The 

inclusion six aqueous input channels allowed sampling, calibration, and measurement to be 

carried out in a fully automated fashion rather than sequential addition of various samples or 

standard solutions to an inlet. As shown in Figure 1B–C, the oil inlet could be programmed 

to separate the six aqueous inlets and position nanoliter-scale droplets at the detection point 

(ROI shown in Figure 1A inset). This way, the superior noise rejection of the μChopper 

could be exploited, and we could also avoid human error introduced while manually 

changing solutions in previous device iterations. A video of the multichannel μChopper 

device operating in continuous calibration mode is shown in SI (Video S-1).

Furthermore, since the segmentation and analysis up to six samples could be automated 

through LabVIEW control in a variety of ways, the new device design enabled access to 

multiple analytical modes not normally present in typical microfluidic fluorescence 

measurements. A key benefit of our design is the ability to pass any one of multiple samples 

or standard solutions through the same tightly focused fluorescence detection point. By 

matching the optical probe volume to that of one single detection channel and to the droplet 

dimensions, focusing optics and detector sensitivity could be fully optimized 59, which 

would be difficult to impossible to achieve using multiple parallel microchannels. With these 

combined benefits, herein the μChopper was operated using one of three analytical modes: 

continuous calibration mode, mixed mode, or standard addition mode. Further discussion on 

each mode is included below. Certainly, additional analytical modes could be envisioned, but 

the choice was made to validate our device with these three modes.

Continuous Calibration Mode: Real-Time, 5-Point Calibration

The gray trace in Figure 2A shows a 30 s record of raw fluorescence data from the 

multichannel μChopper, and a zoomed view of a 2 s window of the data is shown in Figure 

2B. It is clear from these data that the automation benefits of on-chip pneumatic valving 

permitted precise droplet positioning and temporal control. In this instance, the third droplet 

in the sequence of six was labeled as the sample droplet (shaded in Figure 2B), such that 

every sample droplet was flanked by five calibration standards to allow full calibration about 

every 2 seconds. In contrast to other methods using constant referencing to a single standard 
45, 47, 49, 55, this approach provides novel information to be gathered in real time. The gray 

traces in Figure 2E show that the slope and y-intercept of the calibration could be collected 

and evaluated continuously, and the quality of the linear least-square fit was maintained as 

the R2 value was near unity (Figure 2D). Note that for all modes, >900 calibrations were 

performed over the allotted time, and R2 histograms in Figure 2D represent counts from 

these individual calibrations.
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An important benefit of this mode of operation is that data from calibrations and sample 

evaluations are simultaneously collected, eliminating the need for separate calibrations and 

greatly simplifying the workflow of device users. This approach also opens the possibility of 

studying temporal responses of systems, such as reaction kinetics 29 or the dynamics of 

cellular function 47. Figure 3A–B shows an example of processed data in continuous 

calibration mode, where the software-encoded timing allowed facile separation of relevant 

fluorescence data from each droplet population and even allowed stitching of the data in the 

time domain for a varied representation of all traces. Finally, Figure 3C shows the time-

averaged calibration curve (gray) and the unknown (light gray), confirming the operation of 

continuous calibration mode.

Mixed Mode: Real-Time Calibration with Multiplexed Sampling

To give one example of the multiplexing capability of the device, we show that the device 

can be operated in “mixed mode,” which combines a real time, three-point calibration with 

droplet formation from three different samples. The blue trace in Figure 2A shows a 30 s 

record of raw fluorescence data, and a zoomed view is again shown in Figure 2B. During 

one automated cycle, three samples were segmented into nanoliter droplets and positioned at 

the detection ROI, followed by three calibration standards. Again, the slope and y-intercept 

of the calibration could be evaluated continuously, and the quality of the linear least-square 

fit was maintained as the R2 value was near unity (blue data in Figure 2D–E). It is obvious 

that the device could also be used with various combinations of samples/standards (e.g. five 

samples with one reference), or we could feasibly modify the device design by increasing 

the number of input channels to allow mixed mode with more than three samples while 

maintaining constant calibration. Figure 3C shows the time-averaged calibration curve (blue) 

and the unknown (light blue), confirming the operation of mixed mode for multiplexed 

analysis.

Standard Addition Mode: Matrix Corrections in Real-Time

For clinical or biochemical analyses, it is often necessary to evaluate analyte concentrations 

in the presence of a complex background matrix such as serum, tissue, cell lysates, soil, etc. 

In such cases, an effective and time-tested analytical method is the method of standard 

addition, where a sample aliquot is analysed alongside aliquots spiked with increasing 

amounts of standard solutions of the analyte of interest 53. The magenta trace in Figure 2A 

shows a 30 s record of raw fluorescence data from standard addition mode, and a zoomed 

view is shown in Figure 2B. During an automated cycle, the sample was segmented and 

detected followed by five standard-spiked samples. Once again, the slope, y-intercept, and 

R2 value of the calibration were continuously determined (magenta data in Figure 2D–E). 

Figure 3C shows the time-averaged standard addition curve (magenta points), and in this 

case the x-intercept is marked (light magenta) to representing the result of the standard 

addition analysis. This standard addition methodology was further validated by applying to 

quantification of proteins in human serum, as discussed in detail below.

Fourier Analysis

For all three analytical modes discussed above, we also characterized the frequency 

responses of the μChopper. FFT analysis was performed on raw data as in Figure 2A, which 
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resulted in the complex spectra shown in Figure 2C. Despite the increased complexity 

compared to previous μChopper characterizations 45, 49, a consistent pattern emerged as a 

result of the six-droplet pattern. Regardless of the analytical mode used, six dominant 

frequency-domain peaks were present. The first peak represented the frequency of the 

complete six-droplet pattern (~0.54 Hz), while the sixth peak represented the individual 

droplet frequency (~3.2 Hz). Harmonic patterns were also present at higher frequencies (>5 

Hz), which is to be expected from the approximate square-wave signals generated by 

droplets passing the detection ROI. Importantly, this analysis once again confirmed the 

exquisite control offered by on-chip pneumatic valving; for each analytical mode tested, 

droplets were generated with high precision at bandwidths between 0.03 and 0.05 Hz, 

consistent with our recent report 49.

Testing the System with Temporal Challenges

One of the purported advantages of the multichannel μChopper is the ability to monitor 

dynamic changes in a sample. To exhibit this capability, we introduced a small volume spike 

of high concentration fluorescein into the sample reservoir (away from the microchannel 

entrance) while running the device in continuous calibration mode for nearly 20 min. As the 

diffusional mixing of fluorescein occurred, its concentration in the segmented aqueous 

droplets gradually increased. The leftmost data in Figure 4A shows the processed, stitched 

traces from each standard solution, and the corresponding quantitative data in Figure 4B 

shows the expected gradual increase in fluorescein concentration as the spiked standard was 

diffusing from the reservoir into the droplet generator. The gray calibration curve in Figure 

4C shows a time-averaged curve representative of the real-time calibrations used to generate 

quantitative data in Figure 4B. Next, we challenged the analytical system by manually 

adjusting the PMT sensitivity and amplifier offset during data collection, which occurred 

over a time of ~1 min just after the 12 min time point. Since the PMT would respond rapidly 

(amplifier set to 0.5 ms time constant), this 1-minute change period was the time needed for 

the user to adjust both the amplification ratio and offset settings; thus the 1-minute period 

was essentially unimportant to the experiment at hand. The change is marked by a dashed 

blue line and “before” and “after” labels in the figure. The PMT sensitivity was reduced by 

about 20%, and the offset setting was adjusted to bring the voltage into the detection range 

of the analog-to-digital converter. It is clear from the data in Figure 4A that the voltage range 

of fluorescence emission measurements was reduced for the same calibration standards. The 

effects of this manual adjustment can be seen more clearly in Figure 4D where the slope 

abruptly decreased, the y-intercept abruptly increased, and the R2 was reduced briefly during 

the adjustment starting just after the 12 min time point. The time averaged calibration curve 

after the change is shown by the magenta data points and line in Figure 4C.

It is clear from the quantified unknown concentration traces over time in Figure 4B that the 

μChopper’s continuous calibration mode was able to compensate for these abrupt and 

significant changes to the detector circuitry, as the trajectory of the varying fluorescein 

concentration was essentially unaltered. This result demonstrates one of the major benefits 

of the continuous, five-point calibration capability of the multichannel μChopper device. Not 

only can sample measurements be made on a real-time, continuous basis without the need 
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for separate calibrations, but the system is also capable of adjusting to environmental 

changes without compromising the quantitative results in longer term experiments.

Standard Addition Mode Applied to Human Serum

Lastly, we validate the device for quantification of protein in complex matrices. Specifically, 

homogeneous immunoassays were used to quantify albumin in human serum samples. Four 

different human serum samples were analysed individually using standard addition mode to 

correct for background fluorescence interferences, and continuous calibrations were used as 

depicted in Figures 2 and 3C (magenta data) to determine the x-intercept then adjust for 

sample dilutions. As shown in Figure 5, the μChopper results matched well with standard 

methodology for all four human serum samples, validating the quantitative methodology. 

Although higher measurement precision was expected in the μChopper results, the precision 

was comparable to the standard methodology, suggesting the variability to be a feature of the 

antibody-oligonucleotide based assay, not the measurement technique.

Along with than the rapid, automated analysis (~1.5 min) in these experiments, an important 

advantage provided by the μChopper was that only ~1.2 μL of total reagents and sample was 

needed to conduct full, six-point standard addition curves on each serum sample (0.2 μL 

from each of 6 reservoirs; or 35 droplets at 5.7 nL droplet volume). In fact, this represented a 

mere 32 pL of serum sample needed for each standard addition curve, since the serum 

dilution factor for these assays was 3.75 × 104. Of course, since albumin concentrations in 

serum were rather high, this dilution factor was necessarily high. Nonetheless, a drastic 

decrease in immunoassay reagents was afforded using our device, with which albumin 

quantification for kidney disease monitoring could be significantly simplified by coupling to 

very small-volume blood sampling method such as nanoneedle samplers. Compared to the 

plate reader based control assays, the μChopper required only 1.0% of the reagents and 1.3% 

of the serum sample, representing 100-fold and 75-fold reductions in cost to reach 

comparable analytical results (Figure 5). This improvement results from the combined 

effects of small volume sampling with the dramatic noise reduction provided by our phase-

locked μChopper, and it should be readily extendable to other homogeneous immunoassays, 

mix-and-read enzyme assays, etc. For studies on limited biological samples such as single 

cells or small tissue sections, this approach could be enabling for multiplexed analysis or 

highly resolved temporal measurements.

Conclusions

An improved generation of the droplet-based μChopper was designed and validated for 

rapid, automated, continuous calibration of segmented (aqueous-in-oil) samples. The 

device’s capability to accommodate up to six different aqueous solutions enabled operation 

in several analytical modes, namely continuous calibration, mixed, and standard addition 

modes. This analytical flexibility, combined with the superior permitted full calibrations to 

be performed at ~0.5 Hz (every ~2 s), continuous tracking of calibration quality (R2), and 

real-time correction of dynamic sample- and environment-dependent changes.

Results from standard addition analyses in human serum exemplified the drastic sample and 

reagent volume reductions typical in microfluidic analysis systems 1, 2. Merely 32 pL of 
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each serum sample and 100-fold reductions in antibody-oligonucleotide reagents were 

needed to conduct full, sixpoint standard addition curves with the multichannel μChopper 

device. While such homogeneous immunoassay reagents can be expensive at larger assay 

volumes, this microfluidic system enabled dramatic decreases in required reagents, giving a 

considerable reduction in assay cost. This device could therefore represent an enabling tool 

that allows prohibitively expensive assays to be considered—even highly multiplexed—in 

cases where standard laboratory scale analysis would be impractical. Alternatively, one or a 

few assays could be used to leverage high temporal resolution sampling into droplets with 

the new continuous calibration method. Overall, the small-volume requirements of the 

multichannel μChopper could prove invaluable in analysing precious specimens (cells, 

tissues, biological reagents) or in quantifying samples of limited volume.
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Figure 1. 
Multichannel μChopper device design and operation. (A) The channel layout shows flow 

channels (black), control channels (magenta), and labels for various fluidic inlets and the 

waste outlet. The inset image shows the device in operation, where the region-of-interest 

(ROI) marking the fluorescence detection point is defined. (B) A montage of snapshots is 

shown during typical device operation in continuous calibration mode (see Video S-1 in SI), 

and (C) the temporal program for one full cycle of automated valve control is shown, where 

droplet positioning was phase-locked with the detector’s measurement timing.
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Figure 2. 
Data for 3 example modes of operation using the multichannel μChopper. (A) Raw temporal 

data traces are shown for continuous calibration (gray), mixed (blue), and standard addition 

(magenta) modes. Scale bar denotes 5 volts for all y-axes. (B) Zoomed views of 2-second 

windows of data from (A). (C) Fourier analysis revealed complex spectra but confirmed high 

droplet generation precision. (D) Continuous linear least squares analysis (>900 calibrations 

each) exhibited consistent high quality, with R2 values near 1.0. Scale bars denote indicated 

histogram counts. (E) Calibration metrics such as slope and y-intercept could be evaluated 

continuously and used for real-time quantification.
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Figure 3. 
Processed data. (A) Relevant temporal data from continuous calibration mode is shown, 

where software was used to automatically remove between-droplet signals. (B) Stitched data 

from each reservoir revealed consistent signals from each standard (gray) and the unknown 

(light gray). (C) Time-averaged calibration curves from each mode show the consistency 

provided by the μChopper. Unknown sample measurements are shown in lighter shades than 

the standards.
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Figure 4. 
The device operating in continuous calibration mode was challenged with a rapid temporal 

change in PMT sensitivity and offset settings (marked by dashed blue lines). Despite the 

drastic change in instrument settings, the multichannel μChopper was able to compensate for 

this change due to the real-time, five-point continuous calibration. Here, the effect is 

validated by (A) time traces of standard droplets, (B) the time trace of the unknown droplets, 

(C) the cumulative calibration curves before and after the challenge, and (D) the calibration 

metrics of slope, y-intercept, and R2.
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Figure 5. 
Homogeneous, mix-and-read immunoassays were successfully employed within droplets for 

analysis of human serum samples. Using standard addition mode of the multichannel 

μChopper, background fluorescence from serum could be essentially negated, and full 6-

point standard addition curves were carried out with 100- and 75- fold reductions in reagent 

and serum volumes, respectively. On-chip results (magenta) correlated well with the 

standard plate reader method (blue). Error bars represent standard deviations on triplicate 

plate reader analyses or 35-droplet analyses on-chip.
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