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Characterizing protein-ligand binding dynamics is crucial for 

understanding protein function and for developing new 

therapeutic agents. We present a novel microfluidic platform that 

features rapid mixing of protein and ligand solutions, variable 

incubation times, and an integrated electrospray ionization source 

for mass spectrometry-based monitoring of protein-ligand binding 

dynamics. This platform offers many advantages, including 

solution-based binding, label-free detection, automated 

operation, rapid mixing, and low sample consumption. 

Noncovalent protein-ligand interactions are fundamental to many 

biological processes including signal transduction, enzymatic 

catalysis, and immune response. Determination of protein-ligand 

binding affinities and kinetics is critically important for drug 

discovery
1
 and understanding protein function.

2
 A number of 

analytical methods have been developed for protein-ligand studies 

including equilibrium dialysis, liquid chromatography, capillary 

electrophoresis (CE), surface plasmon resonance (SPR), 

spectroscopy, and calorimetry.
3
 Many of these methods, however, 

require labelling or immobilization of one of the binding partners to 

a solid substrate, which can substantially interfere with the binding 

and can introduce additional complications such as costly assay 

development.  

Mass spectrometry (MS) is increasingly being used for protein-

ligand studies as it provides precise mass information and detailed 

quantitative information of unbound proteins and protein-ligand 

complexes without the need to incorporate a label or immobilize 

one of the binding partners.
4-6

 While the use of MS for measuring 

equilibrium binding affinities continues to mature,
4,7-9

 application of 

MS for determining the dynamics of such interactions has scarcely 

been undertaken. A notable exception is the work of Krylov and co-

workers, who have extracted rate constants from the elution 

profiles of dissociating protein-ligand complex undergoing 

separation by CE
10

 or size exclusion chromatography
11

 followed by 

MS detection of the ligand.  

Time-resolved MS
12,13

 involves the rapid mixing of reagents, 

incubation of the mixture for a variable time, and online or offline 

MS analysis to provide a powerful tool for characterizing rapid, 

solution-based processes on a time scale of microseconds to 

seconds. To date, time-resolved MS has been applied to enzymatic 

reactions,
14

 protein unfolding
15

 and protein subunit exchange
16

 but 

not to protein-ligand binding, with the exception of offline 

monitoring of very slow interactions.
17

 Microfluidics can be used to 

automate multi-step fluidic manipulations with ultra-small volumes, 

and is thus promising for miniaturizing and integrating the steps 

required for time-resolved MS. Wilson et al. developed a hybrid 

capillary/microfluidic reactor for the measurement of millisecond 

time-scale cytochrome c unfolding
18

 and later improved the design 

for monitoring bottom-up hydrogen/deuterium exchange (HDX).
19

 

While the adjustment of reaction time needed to be performed 

manually, and the high flow rates (14 µL/min) were suboptimal for 

efficient ESI desolvation, the results showed the promise of 

coupling time-resolved MS with microfluidics for monitoring the 

dynamics of rapid reactions. The development of a fully integrated, 

miniaturized and automated microfluidic platform for time-resolved 

MS-based monitoring of protein-ligand interactions should 

substantially benefit such kinetic measurements.  
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Here we describe a microfluidic platform (Figure 1) that 

incorporates protein and ligand introduction channels, a multi-

lamellar flow mixer, an automated volume-adjustable incubation 

chamber, and an integrated electrospray source for time-resolved 

MS-based monitoring of protein-ligand binding kinetics. The device 

is fabricated using multilayer soft lithography and consists of three 

layers: a flow layer, a control layer, and a cover layer (Figure S1). 

The multi-lamellar flow mixer contains 28 co-flowing channels of 

alternating composition that merge into a single narrow channel 

(Figure 1B). The protein introduction channel (Figure 1, blue) is on 

the flow layer and directly connects to the long co-flowing channels, 

while the ligand introduction channel (yellow) is part of the cover 

layer and connects to shorter co-flowing channels via holes 

punched on the control layer (Figure S1). Figure 1C shows a 3D 

representation of the connection between the protein and ligand 

introduction channels and the co-flowing channels of the micro-

mixer. The incubation chamber comprises eight flow paths which 

have a volume range spanning a factor of ~30 (4.5 nL – 120 nL). A 

photograph of a device interfaced with a mass spectrometer is 

shown in Figure S2. 

To monitor protein-ligand binding kinetics, the protein and ligand 

solutions were initially split into two sets of co-flowing channels. 

Mixing was triggered at the merging triangle and completed in the 

narrow channel. After rapid mixing, the solution was directed to the 

incubation channels. The incubation time was determined by the 

volume of the given flow path, which was selected through the 

actuation states of the integrated pneumatic microvalves. The 

mixture was subsequently electrosprayed and detected by an ion 

mobility spectrometry (IMS)/time-of-flight MS instrument,
20

 which 

was optimized to preserve fragile noncovalent interactions.  

Monitoring dynamic, solution-based processes by MS imposes 

requirements on both fluidic sample handling and detection, and 

reagent mixing should be as rapid as possible to enable a well-

defined starting point. The laminar flow conditions present in 

microfluidic channels present a challenge for rapid mixing,
21

 as the 

primary mechanism is diffusional mass transport. Reducing the 

diffusion distance by splitting the flow into several laminae can 

substantially decrease mixing time.
22,23

 Here we integrate a multi-

lamellar flow mixer containing 28 co-flowing channels merging into 

a single narrow channel to reduce the diffusion distance. The 

average diffusion time t of a molecule over a distance L is:  

� �
��

2�
 

where D is the diffusion coefficient of the molecule. For the 

protein/ligand mixing pair studied here, we consider the diffusion 

time of carbonic anhydrase (the model protein used for the present 

study) across the laminar distance as the mixing time since the 

diffusion coefficient of protein is limiting. The diffusion coefficient 

of carbonic anhydrase in an aqueous solution can be correlated to 

its molecular weight, M (g/mol), based on an equation proposed by 

Young et al.:
24

 

� � 8.34 � 10��
�

ŋ��/�
 

where T is temperature (K), and ŋ is the solvent viscosity (cP). The 

calculated diffusion coefficient of carbonic anhydrase (29 kDa) at 

room temperature is 8.0�10
-11

 m
2
/s, corresponding to a calculated 

mixing time of 13 ms for L=20/14 µm, which is nearly 200 times 

faster than a straight channel mixer without co-flowing channels. 

For visual comparison, the multi-lamellar mixer was compared to a 

serpentine Y-micromixer using colored dyes. Figure 2A shows the 

complete mixing of the dyes using the multi-lamellar mixer at a 

total flow rate of 3 µL/min. In contrast, mixing in a 15-µm-wide 

serpentine Y-micromixer is incomplete even after 50 ms at the 

same flow rate (Figures 2B and 2C). The multi-lamellar mixer thus 

provides rapid and efficient mixing, enabling MS-based monitoring 

of millisecond protein-ligand binding dynamics. 

Continuous flow methods are usually used in time-resolved MS for 

monitoring reaction kinetics.
25

 The reaction time can be adjusted in 

two ways: (1) changing flow rate at a fixed reaction volume,
26

 and 

(2) changing reaction volume at fixed flow rate.
25

 For MS detection, 

 
Figure 1. (A) Platform overview with device outline shown in grey. (B) 

Top view of the multi-lamellar mixer. (C) Side view of the protein and 

ligand introduction channels. Protein (blue) and ligand (yellow) are 

introduced via individual inlets and split into 28 coflowing channels of 

alternating composition. The flow channels merge to induce rapid 

mixing as shown in the inset, and the mixture passes through a variable 

flow path (green) with an incubation time that depends on the 

actuation state of the microvalves (red). Following incubation, the 

solution is directed to an integrated ESI emitter for MS analysis.

 

 
 

Figure 2. Mixer based on parallel lamination. (A) 28 co-flowing 

channels of alternating composition are combined in a triangular 

mixing region that tapers to a 20-um-wide channel. The time to 

traverse the mixing region is 13 ms. For comparison, the inlet (B) 

and outlet (C) of a 15-µm-wide serpentine Y-micromixer indicate 

incomplete mixing after 50 ms. The flow rate was 3 µL/min for all 

images. Scale bar is 100 µm. 
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changing flow rate can substantially alter the ionization efficiency of 

the ESI source, negatively impacting quantitative measurements, 

and can also destabilize the electrospray. Thus, changing reaction 

volume at a fixed flow rate is preferred. In our design, the 

incubation chamber incorporates eight flow paths having different 

volumes (Figure 3). The reaction time corresponds to the volume of 

the selected flow path, and the selection of the path is controlled 

by the actuation state of the integrated pneumatic valves.  As such, 

a wide range of reaction times can be accommodated to follow a 

process from close to t=0 until equilibrium is reached. Figure 3A 

shows that the protein/ligand mixture flows through the first flow 

path by opening the first microvalve and closing the others, with a 

reaction volume of 4.5 nL and a time of 90 ms at 3 µL/min. Figures 

3B and 3C show the protein/ligand mixture passing through the 

second and eighth flow paths, respectively. By stepping from the 

first flow path to the eighth flow path, the reaction time increases 

from 90 ms to 2.4 s at a total flow rate of 3 µL/min. 

Human carbonic anhydrase I (hCA-I) is an enzyme that catalyzes the 

hydration of carbon dioxide to carbonic acid. It has a series of 

inhibitors that suppress its activity.
27

 Furosemide, a drug used to 

treat fluid build-up due to heart failure, liver scarring, or kidney 

disease, can quickly inhibit hCA-I via non-covalent interactions in 

which hydrogen bonding and Van Der Waals interactions play major 

roles.
28

 In this study, carbonic anhydrase-furosemide binding was 

used to evaluate the microfluidic platform for monitoring 

millisecond time-scale kinetics. Stable electrospray was achieved by 

applying an ESI voltage of 4.6 kV at a flow rate of 3 µL/min. The 

large applied voltage served to minimize the volume of the 

electrospray Taylor cone, which was found to be ~50 pL in previous 

work
29

 and was thus neglected here when calculating the 

incubation volume. The integrated emitter is similar to those 

reported previously,
29-33

 which have been found to provide highly 

stable and long-term performance. While long-term operation of 

the devices used in the current study was not evaluated, it is 

expected that neither the emitter nor the valves will be a common 

source of failure. 

Figure 4 shows mass spectra of a mixture of 5 µM hCA-I and 25 µM 

furosemide at the 10
+
 charge state after an incubation time of 90 

ms (Figure 4A) and 2.4 s (Figure 4B). The later time point shows a 

decrease in peak intensity of the native protein and an increase in 

peak intensity of the protein-ligand complex, indicating more 

protein/ligand binding with longer reaction times. Note that the 

secondary peaks are a mixture of nonspecific Zn adducts and Zn-

bound hCA-I, and furosemide appears to bind to hCA-I and apo-

hCA-I (lacking its cofactor Zn
2+

) with similar affinity, as has been 

observed with related systems.
34

 Figure 5 shows the binding 

profiles of carbonic anhydrase at an initial concentration of 5 µM 

and furosemide at initial concentrations of 25 µM and 50 µM, 

respectively, also monitored at the 10
+
 charge state. The incubation 

time was adjusted by stepping through the eight flow paths. 

Protein-ligand binding reached equilibrium at ~1 s with an initial 

furosemide concentration of 50 µM and at ~1.5 s with 25 µM. As 

expected, higher initial furosemide concentrations led to faster 

equilibration and higher concentrations of the protein-ligand 

complex. The narrow error bars, obtained from 3 separate runs, 

illustrate the excellent reproducibility of the platform. A simple 

binding interaction of two biomolecules can be described using the 

following model: 

                                                            

 A + B                   AB 

 

When the reaction is at equilibrium, the equilibrium dissociation 

constant can be expressed as: 

�� �
����

���
�
������

����
 

By measuring the ratio of unbound protein to complex based on 

acquired mass spectra, the relevant concentrations can be obtained 

at each time point. This assumes that ionization efficiency is not 

changed upon binding of the ligand,
35

 which is reasonable for a 

large protein and a small ligand as is the present case, and it is 

possible to verify this assumption or correct for discrepancies as 

needed with the incorporation of a nonbinding internal standard.
36

 

With the current system, the KD of carbonic anhydrase-furosemide 

binding interactions is calculated as 6.35 µM (standard error of the 

mean, SEM, of 1.5 µM), which is similar to but somewhat higher 

than the 2.38 µM obtained by SPR
7
. The calculated on and off rates, 

obtained by nonlinear curve fitting using Graphpad Prism software 

��� 

����
k  

 
Figure 3. Schematic showing flow-path-based control of incubation 

time by actuation of the microvalves. (A) The protein/ligand mixture 

flows through the first flow path with the corresponding microvalve 

(not shown) open and the others (red) closed. (B) The protein/ligand 

mixture flows through the second flow path by opening the second 

microvalve and closing all others. (C) The protein/ligand mixture flow 

through the longest flow path by opening the corresponding 

microvalve. Scale bar is 3 mm. 

Figure 4. The effect of incubation time on hCA-I-furosemide 

binding. (A) Mass spectrum of protein/ligand mixture traversing the 

shortest flow path with an incubation time of ~90 ms with a 

complex:hCA-I ratio of 0.58 after baseline subtraction. (B) Mass 

spectrum of the same mixture passing through the longest flow 

path with an incubation time of ~2.4 s, resulting in an increase in 

the ratio of complex:hCA-I to 3.0. 

 
Figure 5. hCA-I-furosemide binding profile monitored by time-

resolved MS at the 10+ charge state for an initial concentration of 

hCA-I of 5 µM. The incubation time was adjusted by stepping through 

the eight flow paths. Error bars represent the standard error of the 

mean of three replicate measurements. 
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(see Supplemental Information), were found to be kon 
= 

1.7×10
5
 M

-

1
s

-1
 and koff = 1.07 s

-1
 (SEM = 9.9×10

3
 M

-1
s

-1
 and 0.22 s

-1
, 

respectively). These values are also in reasonable agreement with 

the only published values for this protein ligand system,
7
 which 

were obtained by SPR (kon = 2.12×10
4
 M

-1
s

-1 
and koff = 0.0505 s

-1
). 

Potential sources of error with the current system include the 

different ammonium acetate concentration used in the buffer 

solutions,
8
 the addition of methanol in the buffer solution used to 

stabilize electrospray, limited gas-phase dissociation of the 

complex, and artifacts associated with the SPR measurements used 

for benchmarking.
37

 Still, such discrepancies are quite acceptable 

for these measurements and are considered to be in close 

agreement.
7
 

Conclusions 

We have designed a novel microfluidic platform for MS-based 

monitoring of protein-ligand binding dynamics. The microchip 

incorporates protein/ligand introduction channels, a multi-

lamellar flow mixer for rapid mixing, a novel variable-volume 

incubation chamber based on pneumatic microvalves, and an 

on-chip electrospray ionization emitter. The sub-micrometer 

diffusion distances established by the mixer produce mixing 

times of around 13 ms. The incubation chamber contains eight 

flow paths which have different volumes, leading to a range of 

incubation times from 90 ms to 2.4 s at 3 µL/min total flow 

rate. The binding kinetic profile of carbonic anhydrase and 

furosemide was monitored by MS to validate device 

performance. The result shows a reproducible trend towards 

equilibrium at longer incubation times. The binding of carbonic 

anhydrase with an initial concentration of 5 µM reached 

equilibrium at ~1s with an initial furosemide concentration of 

50 µM and at ~1.5 s with 25 µM furosemide.  

Further development of the on-chip emitter such as hydrophobic 

surface treatment should enable stable electrospray without any 

organic co-solvent since such a solvent can potentially affect the 

accuracy of the binding measurements. The mixing time can be 

reduced by increasing the number of the co-flowing channels, and 

the range of incubation times can be increased by adding more flow 

paths or varying their volumes. The volume of the region where the 

co-flowing channels meet can be reduced to minimize pre-mixing 

before the protein and ligand merge into the narrow single channel. 

Further reductions in the flow rate (with a concomitant 

enhancement in ESI-MS sensitivity), which can still achieve rapid 

mixing and short incubation times, will lead to a broadening of the 

dynamic range of measurement such that systems having low-nM 

affinities should become accessible. A final issue is common to all 

MS-based efforts to study noncovalent interactions, which is the 

need to ensure that the observed ratios of bound and unbound 

protein peak intensity accurately reflect the ratios of their 

concentrations.
7,38

 With additional developments such as these, this 

microfluidic platform should find broad application for monitoring a 

variety of rapid, label-free and time-resolved processes by MS.  
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