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Current methods for finding the equilibrium dissociation constant, Kd, of protein-small molecule complexes have inherent sources of 
inaccuracy. We introduce “Accurate Kd via Transient Incomplete Separation” (AKTIS), an approach that is free of known sources of 
inaccuracy. Conceptually, in AKTIS, a short plug of the pre-equilibrated protein-small molecule mixture is pressure-propagated in a 
capillary, causing transient incomplete separation of the complex from the unbound small molecule. A superposition of signals from these 
two components is measured near the capillary exit as a function of time, for different concentrations of the protein and a constant 
concentration of the small molecule. Finally, a classical binding isotherm – fraction of unbound small molecule vs protein concentration – 
is built and used to find accurate Kd value. Here we prove AKTIS validity theoretically and by computer simulation, present a fluidic 
system satisfying AKTIS requirements, and demonstrate practical application of AKTIS to finding Kd of protein-small molecule 
complexes. 

Reversible binding of proteins (P) to small-molecule ligands (L) 
plays an important role in regulation of cellular processes1. In 
addition, most therapeutic targets are proteins2, and drugs are 
developed to form stable PL complexes with them: 

P L PL+ ⇌  (1) 

Complex stability is characterized by the equilibrium dissociation 
constant Kd which is defined as: 
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where [P]eq, [L]eq, and [PL]eq are equilibrium concentrations of P, L, 
and PL, respectively. Finding accurate Kd values of PL is pivotal for 
creating adequate models in systems biology and correctly ranking 
pharmaceutical hits in early stages of drug development3. 

All available methods for finding Kd of PL have inherent 
(instrument-independent) sources of inaccuracy. For example, 
fluorescence spectroscopy (e.g. fluorescence anisotropy and 
fluorescence correlation spectroscopy) and thermophoresis require 
labeling L with a fluorophore4. Attaching a fluorescent label to a 
small molecule is virtually impossible without affecting its binding5 
and, thus, the accuracy of Kd measurements. Sensor-based 
techniques, e.g. surface plasmon resonance (SPR) and biolayer 
interferometry (BLI), require the immobilization of either L or P 
onto a sensor surface6. Attaching a molecule to a surface affects 
binding7,8 and, thus, accuracy of Kd measurements. Isothermal 
titration calorimetry (ITC) does not require labeling or 
immobilization but has another source of inaccuracy: the heat of side 
reactions, such as binding of L to high-concentration impurities in P, 
binding of P to P, and solvation of protons released upon L’s binding 
to P9. An inherent source of inaccuracy in Kd determined by direct 
mass-spectrometry (MS) is dissociation of PL during its transfer 
from the liquid or solid phase to the gas phase and during the 
ionization10. Accuracy of Kd determination with Size-Exclusion 
Chromatography (SEC) is affected by inevitable adsorption of L, P, 
and/or PL onto the stationary phase of a SEC column11. Finally, 
finding Kd via Taylor Dispersion Assay (TDA) in a capillary 
requires fast re-equilibration12−14 and, therefore, becomes inaccurate 
for stable PL, which re-equilibrate slowly. 

As a result of inherent inaccuracies, Kd values determined by 
different methods for the same PL may deviate by as much as orders 
of magnitude. Wätzig et al. stated in a recent review15: “Binding 

constants from different laboratories showed an average deviation 

of approximately 0.5 log units, which translates to a factor of about 

3 by which the measurements differ. Surprisingly, this is just the 

average. The cut-off value not to keep two values in one data set was 

2.5 log units which corresponds to a factor of more than 300 by 

which the measurements differ!” Such large inaccuracies in Kd 
values can obviously lead to misinterpretation of experimental 
results, mistaken conclusions, and misconceptions. This problem 
motivated our search for an approach for finding Kd of PL that is free 
of inherent sources of inaccuracy. 

Here, we propose “Accurate Kd via Transient Incomplete 
Separation” (AKTIS), an approach for determination of Kd of PL, for 
which we do not know inherent sources of inaccuracy. Conceptually, 
a short plug of the pre-equilibrated mixture of P and L is propagated 
in a capillary by pressure under laminar-flow conditions. Differential 
transverse diffusion of PL and L in the laminar flow leads to their 
very fast transient incomplete separation (TIS) in the longitudinal 
direction. A cumulative signal from protein-bound and protein-
unbound L is integrated through the stream cross-section near the 
capillary exit for different initial concentrations of P and a constant 
initial concentration of L in the mixture. The signal-vs-time 
dependence is used to calculate a fraction of unbound L for every 
initial protein concentration. A classical binding isotherm, which is 
the dependence of the fraction of unbound L on the initial 
concentration of P, is built. Finally, a value of Kd is found by fitting 
a theoretical binding isotherm into the experimental one with Kd 
being a single fitting parameter. 

In this proof-of-principle work, we present the theory underlying 
AKTIS. We conduct computer simulation of the processes involved 
in AKTIS to demonstrate that AKTIS can accurately recover Kd. We 
construct an experimental setup that can support AKTIS both with 
fluorescence and MS detection. Finally, we experimentally 
demonstrate determination of Kd by AKTIS for two protein small-
molecule complexes: bovine serum albumin (BSA)-fluorescein and 
alpha-1-acid glycoprotein (AGP)-alprenolol. Our results agreed with 
the consensus data found in the literature. The largest variation in Kd 
obtained for our measurements on different days with a single 
detection mode was two folds. Further, the Kd value obtained with 
fluorescence and MS detection differed by a factor of two. We 
associate the latter difference with different efficiencies of signal 
integration through the flow stream cross-section in these two modes 
of detection. Most of future development of AKTIS should be of 
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engineering nature and should aim at optimally coupling the AKTIS 
fluidic system with different detectors. 

 
Results 
General procedure for determination of Kd. In general, finding Kd 
requires determination of a fraction R of unbound L in the 
equilibrium mixture (EM) of L and P with the initial concentrations 
[L]0 and [P]0: 

eq

0

[L]

[L]
R =  (3) 

Finding R, in turn, requires a signal S that must be a superposition of 
signals from L and PL: 

L PL L PL(1 ),  S S R S R S S× + × ≠= −  (4) 

where SL and SPL are the signals of pure L ([L] = [L]0, [PL] = 0) and 
pure PL ([L] = 0, [PL] = [L]0), respectively; SL and SPL can be found 
in experiments with [P]0 = 0 and [P]0 >> Kd, respectively. The signal 
from pure P must be negligible with respect to S even for [P]0 >> Kd. 

From equation (4), R can be experimentally determined via 
measuring three signals SL, SPL, and S: 

exp PL L PL( ) / ( )R S S S S= − −  (5) 

R can be expressed theoretically as a function of Kd, [P]0, and [L]0
16:  
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A standard way of finding Kd is to determine Rexp for a wide 
range of [P]0 at a constant [L]0 and to plot a binding isotherm: Rexp vs 
[P]0. Finally, this binding isotherm is fitted with equation (6) using 
Kd as a fitting parameter16. 

 
 
TIS of L from PL. We hypothesized that a method for 
determination of accurate Kd could be built upon a deterministic 
phenomenon of TIS of solutes with different diffusion coefficients in 
a laminar pipe flow. TIS is a known phenomenon, which could be 
predicted as early as in 1910 upon the results of Griffins’ 
experiments with pressure-driven propagation of a fluorescein plug 

in a narrow tube17. Further, TIS could be accurately modeled as early 
as in 1953 with Taylor’s convection-diffusion equations for a 
diffusive solute in a laminar pipe flow18. Finally, the deterministic 
phenomenon of TIS has been computer-simulated and 
experimentally studied in multiple works spanning over four 
decades19-22. These studies provided important conceptual pillars and 
technical details for our work. 

TIS of species with largely different sizes, e.g. L and PL in our 
case, occurs always when a plug of their mixture is propagated 
within a laminar pipe flow in a capillary, which is much longer than 
the plug (Fig. 1a). Laminar pipe flow is established by a pressure 
difference between the capillary ends and has a characteristic 
parabolic profile of flow velocity23. The velocity is zero at the 
capillary walls and reaches its maximum in the capillary center. TIS 
of L from PL in the longitudinal direction is possible due to the 
difference in rates of transverse diffusion between small-size L and 
large-size PL. PL that is near the capillary center will diffuse to the 
capillary wall slower than L and, thus, will be displaced 
longitudinally by the flow more than L. PL located near the capillary 
wall will diffuse to the capillary center slower than L and will be 
displaced longitudinally by the flow less than L. As a result, during a 
short transitional stage, a bulk of PL moves faster than a bulk of L, 
while a tail of PL moves slower than that of L. The separation is 
incomplete, i.e. the concentration profiles of L and PL do overlap, 
even during the transitional stage. The separation gradually 
dissipates, i.e. the concentration profiles of L and PL become 
symmetrical around the same symmetry axis, after the transitional 
stage. 

Tracking TIS is practical with a flow system in which the inlet-
to-detector distance l is linked with the average flow velocity, vav, 
characteristic diffusion time of L, τL, the volumetric TIS flow rate Q, 
and diffusion coefficient of L, µL, as (Fig. 1b)23: 

l = vavτL = Q / (πµL)  (7) 
where vav relates to Q and the inner capillary radius a as: 

vav = Q / (πa2) (8) 
The characteristic time of diffusion from the capillary centre to the 
capillary wall is: 

τ = a2 / µ (9) 

Fig. 1 | Concept of TIS of L (blue) and PL (red). a, TIS in space domain. Top: plugs of L and PL inside the capillary at three times: immediately after injection 
(t = 0), after propagation during a characteristic diffusion time of L (t = τL), and after propagation during a characteristic diffusion time of PL (t = τPL). Bottom: 
spatial profiles of average cross-sectional concentrations of L and PL at time t = 0, t = τL, and t = τPL; ∆x refers to the initial plug length at t = 0. b, Detector 
positioned at distance l = vavτL = Q / (πµL) >> ∆x, were vav is average flow velocity, Q is volumetric TIS flow rate and µL is diffusion coefficient of L. c, TIS in time 
domain. Left: individual separagrams of L and PL at their increasing concentrations. Right: example of separagrams for three different values of R. 
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If TIS is tracked with a system depicted in Fig. 1b, concentration 
profiles of L and PL will be separated in the time domain as shown 
in Fig. 1c, left. Further, if a signal can be measured for each of L and 
PL at the capillary exit and is proportional to the average cross-
sectional concentration of each of them, SL ∝ [L] and SPL ∝ [PL], 
then, the cumulative signal S satisfies equation (4) and can, thus, be 
used to determine Rexp with equation (5). This conclusion proves 
fundamental suitability of TIS for finding Kd of PL. 

Examples of the cumulative signal, measured at different values 
of R, are illustrated in Fig. 1c, right. Traces showing the dependence 
of the cumulative signal on time, S(t), will be called “separagrams”. 
The choice of a time for measuring S should be governed by 
minimizing error in Rexp. A simple rule is to maximize the value of 
(SL – SPL) in the denominator of equation (5). Time corresponding to 
the second peak in the separagram, which is just under τL, is a good 
generic choice. The shortest time for measuring S is near ½τL (Fig. 
1c, right), and according to equation (9) it is mere 0.1 s for L of a 
size of small-molecule drug (µL ≈ 500 µm2/s)24 and for a capillary 
radius of a ≈ 10 µm (such a capillary is commercially available). 

We showed above that TIS is theoretically suitable for 
measuring Rexp and, thus, for finding Kd of PL. Unlike both SPR and 
BLI, TIS does not require immobilization of P or PL. Unlike direct 
MS, TIS does not require preserving intact PL for detection. Unlike 
SEC, TIS does not require a stationary phase for separation. Unlike 
TDA, TIS is equally applicable to weak and stable complexes. 
Unlike both SEC and TDA, TIS is so fast that adsorption of P, PL, 
and L onto the wall will typically be negligible. Unlike ITC, TIS is 
immune to side reactions. Evidently, TIS is free of known sources of 
inaccuracy present in SPR, BLI, direct MS, SEC, TDA and ITC. 
Accordingly, we coin a name of “Accurate Kd via TIS” (AKTIS) for 
our approach which (i) utilizes TIS to measure Rexp as a function of 
[P]0 resulting in a binding isotherm, and (ii) uses the fitting of this 
binding isotherm with equation (6) to find Kd. 

In addition to being free of known sources of inaccuracy, AKTIS 
is not restricted to a single mode of detection; any detector that can 
measure a cumulative cross-sectional average signal from L and PL 
satisfying equation (4) is suitable provided that it has a sufficiently 
high signal readout speed and a concentration limit of quantitation 
below Kd values of the studied complexes. A unique advantage of 
AKTIS is that TIS is based on processes, which are deterministic in 
nature. These processes can be accurately described by a system of 
equations for convection-diffusion and reversible binding reaction 
without any empirical coefficients. As a result, AKTIS separagrams 
can be accurately computer-simulated and performance of AKTIS 
can be fully studied in-silico before any experimental proof-of-
principle is attempted. 
 
AKTIS using a computer-simulated separagrams. TIS is based on 
three key processes: 1) longitudinal advection of L, P, and PL in a 
laminar pipe flow, 2) their transverse diffusion, and 3) reversible 
binding of L and P. Longitudinal diffusion can be neglected25. We 
created a virtual AKTIS setup in COMSOL Multiphysics software 
and used this virtual setup to simulate separagrams under conditions 
similar to realistic ones in an envisioned proof-of-principle 
experiment (see Materials and Methods and Supplementary Note 1). 

The virtual setup was used to simulate an experiment in which: 
1) EM (equilibrium mixture of L and P) was prepared outside the 
capillary in a solvent with properties of water, 2) a short plug of EM 
(sample plug) was injected by pressure-driven flow with a small 
flow rate of 0.1Q into the capillary pre-filled with water, 3) a plug of 
water was injected into the capillary with a small flow rate of 0.1Q 
to slowly displace the sample plug from the capillary inlet, 4) water 
was continuously pumped into the capillary at a high flow rate of Q 
to induce TIS of L from PL and P, 5) concentrations of L, PL, and P 

(determined as integrals of quantities of L, PL, and P through a 
cylindrical finite-length capillary cross-section divided by the 
volume of this cylinder) were recorded at the capillary end as 
functions of time, and 6) a sum of concentrations of L and PL was 
used to construct a separagram. Here and further we assume that P 
and PL have identical diffusion coefficients due to only a small 
difference in their hydrodynamic sizes. 

The simulation parameters and results are readily scalable to any 
feasible l and Q, as long as their ratio satisfies l / Q ≈ 1 / (πµL) 
(obtained from equation (7))26,27. Thus, an experimental setup with, 
e.g. l = 50 cm, Q = 50 µL/min, and sample-injection flow rate of 
5 µL/min could be simulated with 50 times lower values (1 cm, 
1 µL/min, and 0.1 µL/min) to reduce computational time by 
approximately a factor of 50 (from hours to minutes). The remaining 
parameters (diffusion coefficients, rate constants, concentrations, 
and capillary radius) were set at realistic values. 

Representative separagrams simulated in the virtual experiment 
are shown in Fig. 2a. Signals required for determination of Rexp were 
obtained by averaging points within a time-window near tL (= 20 s). 
The middle of the window corresponded exactly to the maximum of 
the second peak (e.g. 16.63 s in Fig. 2a). The first point and last 
point of the window corresponded exactly to 0.96 and 1.04 of the 
maximum of the second peak (Materials and Methods), respectively 
(e.g. 15.97 s and 17.30 s in Fig. 2a). Further, the fraction Rexp of 
unbound L at a given intermediate value of [P]0 was determined with 
a slightly modified equation (5): 

0 0 d

0 d 0 d

[P] [P]PL
exp

L PL [P] [P]

K

K K

S SS S
R

S S S S

>>

<< >>

−−= ≈
− −

 (10) 

where ����� is a signal at the intermediate value of [P]0. Here and in 
the following, we approximate SPL with �����≫�� and SL with 
�����≪��.  The main reason for such approximation is that strictly 
speaking SPL corresponds to [PL] = [L]0 which cannot be achieved in 
a real experiment since it requires [P] → ∞. Therefore SPL is 
approximated with �����≫��, and, symmetrically, SL is approximated 
with �����≪��. 

The values of Rexp, determined from the simulated separagrams 
in Fig. 2a with equation (10), were used to build a binding isotherm 

Fig. 2 │ Determination of Kd by AKTIS using computer-simulated 
separagrams. a, Representative separagrams for [L]0 = 0.5 µM, [P]0 ranging 
from 0 to 10Kd, koff = 10−3 s−1, kon = 103 M−1 s−1 (Kd = koff/kon = 1 µM), 
µL = 500 µm2/s, µP = µPL = 50 µm2/s, internal capillary radius a = 100 µm, 
inlet-to-detector distance l = 1 cm, sample-plug injection flow rate = 
0.1 µL/min, sample-plug injection time = 12 s, sample-plug displacement 
flow rate = 0.1 µL/min, sample-plug displacement time = 12 s, TIS flow rate 
Q = 1 µL/min. The ordinate shows a sum of cross-sectional averages of [L] 
and [PL] in the detection window. This cumulative concentration, taken as 
average between the times shown with the dashed lines, was used as a signal 
in equation (10) to calculate Rexp. b, A binding isotherm Rexp vs [P]0 (open 
circles), the best fit of the binding isotherm with equation (6) (solid line), 
and the Kd value corresponding to the best fit. 
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shown in Fig. 2b. Non-linear regression was used to fit the isotherm 
with Rtheor represented by equation (6) with Kd being a single fitting 
parameter. The best fit is shown as a solid line in Fig. 2b. The Kd 
value that corresponded to the best fit differed from the one used in 
simulations by only 3%. The deviation from the ideal value was 
expected. Our virtual experiment included a number of non-idealities 
of a real experiment. For example, the initial plug after injection by 
finite pressure had finite length and a non-cylindrical shape. The 
limited number of points in the binding isotherm (like in a real 
experiment) also contributes to the observed deviation.  

The choice of l / Q = 1 / (πµL) is governed by the value of µL, 
and, thus, is a subject to errors associated with uncertainties in µL. 
The value of µL may range from about 300 to 1500 µm2/s for organic 
molecules with MW < 1000 Da28. In practice, the value of µL is not 
known precisely. To study robustness of AKTIS to uncertainties in 
µL we simulated separagrams with l / Q ranging from 1 / (3πµL) to 
3 / (πµL), which is in the range of expected variations for µL = 500 
µm2/s chosen as the value for the first set of simulations (see Fig. 2). 
The resulting separagrams are shown in Supplementary Fig. 1. They 
are qualitatively similar to those obtained for l / Q = 1 / (πµL). The 
values of Rexp were calculated for times corresponding to the 
maximum of the second peak (as in Fig. 2a) and Kd values were 
found not to deviate more than 5% from the value used in 
simulations, proving that AKTIS is robust with regards to the choice 
of l / Q, and suggesting that a single value of l / Q can be used to 
study L greatly varying in size. Thus, our study of AKTIS applied to 
simulated separagrams showed that AKTIS is accurate and robust. 
 
Quenching and masking effects in signal detection. In our above-
described in-silico study of AKTIS, we used a direct link between 
the signal and a cumulative concentration of L and PL: 
S = [L] + [PL]. In reality, the signals from L and PL depend on the 
nature of both P and L as well as the mode of detection. P can 
influence the signal from L by binding L (we’ll call this influence 
“quenching”) and by being in the detector at the time of registration 
(we’ll call this influence “masking”). 

If optical (e.g. fluorescence) detection is used, static quenching 
with a constant quenching coefficient is likely to be present. On the 
other hand, masking (i.e. dynamic quenching) in optical detection is 
unlikely. As a result, the signal in optical detection is multiplied with 
a constant quenching coefficient. Therefore, the signal will satisfy 
the requirement of signal superposition expressed by equation (4). 
Thus, while static quenching will affect separagrams, its presence 
will not affect the Kd value determined with the AKTIS procedure 
illustrated in Fig. 2. 

If MS is used for detection of L, conditions should be created to 
dissociate PL during ionization to exclude the need for detecting the 
intact PL. The dissociation of PL will automatically exclude signal 
quenching. However, the presence of unbound P can affect 
ionization of unbound L and, in turn, signal from L10,29, causing its 
masking (either increase or decrease in the signal). To “unmask” the 
signal, an operator Ô, which describes a mathematical compensation 
procedure, should be applied to the raw MS signal Sraw(t): 

raw
ˆ( ) O ( )S t S t=  (11) 

Subsequently, this “unmasked” signal can be used for Kd 
determination using the standard AKTIS protocol. 

A simple masking-compensation procedure can be built upon 
two facts. First, P and PL have similar separagrams; these 
separagrams can be robustly and accurately computer-simulated. 
Second, the concentration (and amount) of L is constant in 
experiments with varying [P]0; thus, the areas under the separagrams 
should be constant. Based on these two facts, we suggest a 
compensation procedure with two operations: 1) multiplication 

(operator ÔM) of the measured separagrams by the simulated profile 
of P and 2) subsequent normalization (operator ÔN) of the 
separagrams to make the areas (integrals) under them equal to the 
area (integral) under the experimental separagram of L 
corresponding to the smallest amounts of protein ([P]0 << Kd): 

0 dP [P] <<
N M M P N

P raw

( ) ( )
ˆ ˆ ˆ ˆ ˆO O O ,    O ( ), O

( ) ( )

KS t S t dt
S t

S t S t dt
≡ = = ∫

∫

ɶ

ɶ

ɶ
 (12) 

where S̃P is the dimensionless simulated separagram of pure P. ÔN 
can be greater or smaller than unity, i.e. the presence of P can either 
suppress or enhance ionization of L. Combining equation (11) with 
equation (12) provides an instruction on how to process the raw 
signal in order to get the unmasked signal for Kd determination:  

0 dP [P] <<
P raw

P raw

( ) ( )
( ) ( ) ( )

( ) ( )

KS t S t dt
S t S t S t

S t S t dt
= ∫
∫

ɶ

ɶ

ɶ
 (13) 

This unmasked signal can be used in equation (10) to find Rexp and 
determine Kd. 

The described compensation procedure limits the compensated 
effect of P on the signal from L to the linear term: masking is 
proportional to the concentration of P. While higher-order effects are 
theoretically possible, they are assumed to have lower weights than 
the linear effect. This compensation procedure automatically 
becomes null in the absence of masking; therefore, it can be applied 
by default when MS detection is used for AKTIS. 
 
Fluidic system for AKTIS. Our in-silico studies proved that AKTIS 
can be used for finding accurate Kd of reversible protein-small 
molecule binding provided that an experimental setup can be built to 
conduct experiments similar to the simulated ones. In an 
experimental implementation of AKTIS we attempted to mimic in-

silico studies in which plugs of identical volumes were injected by a 
constant low flow rate and TIS was carried out by a constant high 
flow rate. Our fluidic system is shown schematically in Fig. 3. In this 
system, the equality of plug volumes is achieved by using a fixed-
volume injection loop fed from a sample injection pump. The 
constancy of flow rates for sample injection and TIS is achieved by 
using two continuously running pumps under constant back- 
pressures: the low-pressure pump (LPP) for sample transfer from the 
injection loop into the separation capillary and high-pressure pump 
(HPP) for TIS. Constant back-pressures are achieved, in turn, by 
using a mock fluidic circuit: a mock injection loop and a mock 
capillary of dimensions identical to those of the main injection loop 
and the separation capillary.  

The operation of the AKTIS fluidic system involved three major 
stages with a total duration of 86 s. Transitions between these stages 
were carried out by switching fluidic connections with control 
valves; the switch time did not exceed 0.1 s. Stage 1 was the loading 
of the injection loop with the sample during 12 s (Fig. 3a). The 
sample was slowly pumped through the loop by the sample pump. 
The volume of the pumped sample was equal to three volumes of the 
loop; the excess of the sample was collected into the waste reservoir. 
During this stage, the HPP was pumping the buffer through the 
separation capillary and cleaning the capillary, and the LPP was 
pumping the buffer through the mock fluidic circuit. Stage 2 was 
sample-plug transfer into the separation capillary during 24 s 
(Fig. 3b). The LPP was pumping the buffer into the injection loop 
filled with the sample and slowly transferring the sample from the 
injection loop into the separation capillary. It is known that a 
velocity profile of laminar flow is distorted at the capillary entrance 
open to a reservoir of a different diameter30; therefore, the sample 
plug was injected into the capillary so that its back was at a distance 
from the capillary inlet much greater than the capillary diameter (3.2 
vs 0.02 cm in our case). During this stage the sample pump was idle 
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and the HPP was pumping the buffer through the mock capillary. 
Stage 3 was sample-plug propagation by HPP and, thus, TIS of PL 
from L duing 50 s. During this stage the sample pump was filling the 
tube connecting the sample syringe with the injection loop, and the 
LPP was pumping the buffer through the injection loop and the 
mock capillary. The beginning of stage 3 was used as a starting point 
for the corresponding separagram. More details on the AKTIS 
fluidic system can be found in Materials and Methods and 
Supplementary Fig. 2. 
 
AKTIS with fluorescence detection. The first set of AKTIS 
experiments was performed with BSA (P) and fluorescein (L) using 
a fluorescence detector. The obtained separagrams had typical TIS 
shapes with two peaks. The results revealed high repeatability 
(Supplementary Fig. 3). Equation (10) was applied to experimental 
data from Fig. 4a, and a binding isotherm was constructed (Fig. 4b). 
Non-linear regression of the isotherm with equation (6) gave 
Kd = 28 ± 6 µM. When reproduced on other days, the results varied 
between 12 ± 3 µM and 26 ± 3 µM (Supplementary Fig. 4). 
 
AKTIS with MS detection. We coupled our AKTIS setup with an 
MS detector. To facilitate dissociation of PL during ionization, we 
utilized an Atmospheric Pressure Chemical Ionization source (see 
Materials and Methods). AKTIS-MS was used to determine Kd for 

two protein-ligand complexes: BSA-fluorescein and AGP-alprenolol 
(Fig. 5) The AKTIS-MS measurements reveled opposite masking 
effects for these two binding pairs: MS signal from fluorescein 
decreased with increasing [BSA]0 (Fig. 5a, left), while MS signal 
from alprenolol increased with increasing [AGP]0 (Fig. 5b, left). 
Separagrams were highly repeatable (Supplementary Figs. 5,6). We 
applied our two-step signal-unmasking procedure to both sets of 
separagrams and obtained unmasked separagrams with characteristic 
TIS features (Figs. 5a,b, middle). Equation (10) was then used to 
build binding isotherms (Figs. 5a,b, right). Finally, equation (6) was 
used to fit the isotherms and find Kd = 31 ± 4 µM for the BSA-
fluorescein complex and Kd = 1.4 ± 0.2 µM for the AGP-alprenolol 
complex. The largest deviation from these values obtained on 
different days did not exceed two folds: Kd = 44 ± 4 µM for BSA-
fluorescein and Kd = 2.7 ± 0.6 µM for AGP-alprenolol 
(Supplementary Figs. 7,8). The Kd value for BSA-fluorescein 
obtained with AKTIS-MS is approximately two times higher than 
the value obtained by AKTIS with fluorescence detection. Our Kd 
values agree with the literature values for both BSA-fluorescein 
(10−70 µM)31−33 and AGP-alprenolol (2−35 µM)34−37 complexes. 
 
Discussion 
In this proof-of-principle work, we introduce AKTIS as a generic 
approach for measuring accurate Kd of protein-small molecule 
complexes. While relying on separation, AKTIS does not require 
any form of stationary phase and does not impose any requirements 
on the protein and the small molecule except for the requirement of 
their different sizes. AKTIS does not require immobilization of the 
protein or small molecule. TIS can be achieved even in a sub-second 
time scale, making AKTIS applicable to very unstable protein-ligand 
complexes. On the other hand, AKTIS is perfectly applicable to 
stable complexes. The short time of TIS should prevent inaccuracies 
associated with adsorption of the protein-ligand complex or the 
ligand onto the capillary wall. In the case of severe adsorption that 
influences the results, the capillary inner wall can be passivated with 
any kind of chemistry; TIS should not be affected by such capillary 

Fig. 4 │ Determination of Kd by AKTIS with fluorescence detection.
a, Representative separagrams for BSA-fluorescein complex from a set of 
separagrams obtained for [fluorescein]0 = 0.2 µM and [BSA]0 ranging from 0 
to 0.5 mM. The vertical dashed lines show the time window at which an 
averaged signal was taken to calculate Rexp with equation (10). Experimental 
conditions were: internal capillary radius a = 100 µm, inlet-to-detector 
distance l = 50 cm, injection loop’s internal radius = 37.5 µm, injection 
loop’s length = 22.7 cm (injection loop’s volume = 1 µL), sample loading
into the injection loop at a flow rate of 15 µL/min during 12 s, sample-plug 
transfer to the separation capillary at a flow rate of 5 µL/min during 24 s 
(plug length = 3.2 cm, plug end distance from the capillary inlet = 3.2 cm),
TIS flow rate Q = 50 µL/min, 30 mM ammonium acetate buffer pH 7.5. 
b,  A binding isotherm Rexp vs [P]0 (open circles, n ≥ 7) and the best fit of the 
binding isotherm with equation (6) (solid line). The uncertainty of R was 
obtained by error propagation using equation (10) (Supplementary Note 2).  

Fig. 3 │ Schematic of AKTIS fluidic system. a, Sample loading into the 
injection loop required for precisely dosing sample volume; LPP is pumping 
the buffer through a mock loop into a mock capillary, and HPP is pumping 
the buffer through the separation capillary. b, Transfer of the sample plug 
from the injection loop into the separation capillary by LPP using a low flow 
rate to maintain the near-cylindrical plug shape; the sample pump is idle (not 
shown), and HPP is pumping the buffer through the mock capillary. c, 
Propagation of the sample plug by HPP using a high flow rate and causing 
TIS of PL from L registered with a detector; the sample pump is idle (not 
shown), and LPP is pumping the buffer through the injection loop and the 
mock capillary. The mock loop and mock capillary mimic the injection loop 
and separation capillary, respectively, and allow LPP and HPP to run 
continuously under constant back-pressures. For details on instrumentation 
see Materials and Methods and Supplementary Fig. 2.  
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modification if this modification does not introduce non-uniformity 
of capillary radius along the capillary. 

While being free of instrument-independent sources of 
inaccuracy, AKTIS is expectedly susceptible to errors associated 
with instrumentation. For example, potential inability to uniformly 
integrate the signal through the entire capillary cross-section may 
lead to systematic errors. Therefore, optimally coupling the AKTIS 
fluidic system with different detectors will require further efforts of 
the engineering nature which were not undertaken in this work. The 
observed two-fold difference in Kd found by AKTIS-fluorescence 
and AKTIS-MS is most likely associated with the mentioned 
inaccuracies of signal integration. Instrument-independent errors in 
Kd can be caused by uncertainty in protein concentration, e.g. due to 
errors in its measurements or due to protein degradation. This 
uncertainty is likely the reason for day-to-day variations in Kd values 
observed in our experiments. The uncertainty in active protein 
concentration can be taken care of by using a more elaborate way of 
data collection, which includes the variation of both protein 
concentration and ligand concentration. In this way, both Kd and 
active protein concentration can be found simultaneously via varying 
both Kd and [P]0 when fitting equation (6) into a binding isotherm16. 

AKTIS can be combined with any detection method which (i) 
can be coupled with a capillary, (ii) uniformly integrates the signal 
through the capillary cross-section, (iii) has sufficiently high signal 
readout speed, and (iv) has a concentration limit of quantitation 
below Kd values of the studied complexes. A combination of AKTIS 
with MS appears to be the most suitable one for protein small-
molecule complexes as it allows label-free detection of small 
molecules. If AKTIS proves to be applicable to complexes of 
proteins of significantly different sizes, it can potentially be used for 
screening antibodies against small-size protein antigens. This 
application may justify preparing a fluorescent modification of the 
antigen and using AKTIS with fluorescence detection for screening 
antibodies against such an antigen. In general, we foresee that most 
of future technical development of AKTIS will deal with its 
coupling with different detection systems and satisfying the four 
above-listed AKTIS requirement to detection systems. 

 
Materials and Methods  
General. All chemicals and buffer components were purchased from 
Sigma-Aldrich (Oakville, ON, Canada). Fused-silica capillaries were 
purchased from Molex (Polymicro Technologies, Phoenix, AZ, 
USA). All measurements were carried out at room temperature 
(22 ± 2 °C). A single buffer, 30 mM ammonium acetate pH 7.5, was 
utilized to prepare all solutions. When we refer to the buffer, we 
mean 30 mM ammonium acetate pH 7.5. 
 
Simulation of separagrams. To simulate separagrams we used 
COMSOL Multiphysics software, version 5.3, with the “Transport of 
Diluted Species” module, which incorporates mass transfer 
equations (the model is available in the Supplementary files). The 
respective system of differential equations with initial and boundary 
conditions are shown in Supplementary Note 1. The laminar flow 
can be obtained if the Reynolds number, Re ≡ 2Q/(νkπa), is less than 
a thousand, where Q is the volumetric flow rate, νk is the kinematic 
viscosity of a liquid, and a is the capillary internal radius. As a 
result, water (νk ≈ 10−6 m2/s) will have laminar flow in narrow 
capillaries (a ≈ 100 µm) as long as Q ≤ 1 mL/min. The simulation 
parameters were chosen to ensure that the flow is laminar. 

The simulation parameters were also chosen in order to have the 
detection time of the peak of L corresponding to the characteristic 
diffusion time of L as discussed in the main text (see equation (9)). 
This condition resulted in the following ratio: l / Q ≈ 1 / (πµL). 
Considering L with µL = 500 µm2/s, and a capillary with an internal 
radius a = 100 µm, the detection time would be 20 s, which is a 
reasonable value for the prototype experimental setup. 
Computational time depends on the dimensions of the simulated 
capillary. Thus, to reduce this time, the inlet-to-detector distance l 
can be scaled down while the ratio l / Q is kept constant. l = 1 cm and 
detection window of 0.1 mm were chosen which resulted in the flow 
rate of Q ≈ 0.9 µL/min and for simplicity Q = 1 µL/min was used. 
Sample plug injection flow rate should be smaller than TIS flow 
rate. Thus, sample-plug injection was done with a flow rate of 
0.1 µL/min during 12 s resulting in a near-rectangular injection plug 

Fig. 5. │ Determination of Kd by AKTIS with MS detection. a, Determination of Kd for the BSA-fluorescein complex; [fluorescein]0 = 0.2 µM and [BSA]0 ranges
from 0 to 0.5 mM. MS signal for fluorescein was measured at m/z = 287. b, Determination of Kd for the AGP-alprenolol complex; [alprenolol]0 = 0.5 µM and [AGP]0

ranges from 0 to 0.2 mM. MS signal for alprenolol was measured at m/z = 250. Left: representative raw separagrams. Middle: separagrams after application of the 
signal-unmasking procedure; the vertical dashed lines show the time window at which an averaged signal was taken to calculate Rexp with equation (10).  Right: 
binding isotherms Rexp vs [P]0 (open circles) and their best fits (solid lines) obtained with equation (6). Conditions for AKTIS were similar to those described in the 
legend to Fig. 4 except for l = 100 cm and Q = 100 µL/min (l / Q was the same). The uncertainty of R was obtained by error propagation (Supplementary Note 3). 
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of approximately 0.6 mm in length. Subsequently, a water plug was 
injected into the capillary with 0.1 µL/min during 12 s to slowly 
displace the sample-plug from the capillary inlet (plug end distance 
from the capillary inlet was approximately 0.6 mm). The rest of 
simulation parameters were as follows: koff = 10−3 s−1, kon = 103 

M−1s−1 (Kd = koff / kon = 1 µM), µP = µPL = 50 µm2/s, [L]0 = 0.5 µM, 
temperature = 293.15 K (used by COMSOL to define physical 
parameters of water, e.g. viscosity and density). [P]0 was varied from 
1 nM to 1 mM using 11 different concentrations plus a run at 
[P]0 = 0. Further, to study robustness of AKTIS to uncertainties in 
µL = 500 µm2/s we simulated separagrams with l / Q ranging from 
1 / (3πµL) to 3 / (πµL) by varying l (Supplementary Fig. 1). 

Since the plug shape is symmetric with respect to the capillary 
longitudinal axis, the capillary was modeled with a 2D axisymmetric 
shape to further reduce the computation time. The virtual detector 
was placed at the end of the virtual capillary. The modeled shape of 
the capillary was divided into a rectangular mesh with a density of 
5000 cells (20 × 250, radial and axial mesh) per centimeter. The 
detection zone for each l (1 cm as well as 1/3 cm, 1/2 cm, 2 cm and 3 
cm) was also divided into a rectangular mesh but with 200 cells 
(20 × 10, radial and axial mesh).  The Iterative Generalized Minimal 
Residual (GMRES) solver was used in COMSOL to approximate 
concentrations of reactive species in a time-dependent manner over 
the defined mesh. The output signal was defined as a sum of 
individually averaged concentrations of L and PL inside the 200-cell 
detection zone. 

 
AKTIS fluidic setup. A general schematic of the AKTIS fluidic 
setup is shown in Fig. 3 and a more detailed schematic 
emphasizing valve operation during the measurement cycle is 
shown in Supplementary Fig. 2. Custom software written in 
LabVIEW was utilized to control the valves via a PCI-6035E board 
(National Instruments, Austin, TX, USA).  

Buffer and sample solutions were injected by NE-300 syringe 
pumps (New Era Pump Systems Inc., Farmingdale, NY, USA) 
utilizing syringes of 10 mL and 1 mL, respectively (Becton, 
Dickinson and Company; Mississauga, ON, Canada). While being 
identical, these pumps had different functions and were named the 
“sample pump” and the low pressure pump (LPP) for sample loading 
and sample transfer, respectively. The sample plug was propagated 
through the separation capillary by a high pressure pump (HPP) 
from a solvent delivery module of System Gold HPLC 128NM 
(Beckman Coulter, Fullerton, CA, USA) for fluorescence 
measurements and by HPP from Nexera SR System HPLC module 
(Shimadzu Scientific Instruments, MD, USA) for MS measurements. 
Two dual-position valves (Rheodyne MXP7900-000 from IDEX 
Health & Science, Oak Harbor, WA, USA) were used to switch flow 
pathways in the fluidic setup. The sample syringe was connected to 
Valve 1 with a 30-cm long uncoated fused-silica capillary of 150-µm 
inner diameter and 360-µm outer diameter (through capillary tubing 
fittings from IDEX Health & Science); this capillary was pre-filled 
with the sample before the Sample loading stage (see below). The 
buffer syringe was connected to the valves using a polyethylene 
tubing of 1.57-mm inner diameter and 2.08-mm outer diameter (BD 
Intramedic, purchased from Fisher Scientific, Ottawa, ON, Canada). 
An uncoated fused-silica capillary of 75-µm inner diameter, 360-µm 
outer diameter, and 22.7-cm length was utilized as an injection loop 
with a volume of Vloop = 1 µL. The injection loop was placed 
between Valves 1 and 2. An additional mock loop identical to the 
injection loop was positioned between Valves 1 and 2. An uncoated 
fused-silica capillary of 200-µm inner diameter and 360-µm outer 
diameter was used for TIS and is named “separation capillary”; it 
was connected to Valve 2. The total length of the capillary was 60 
cm (inlet-to-detector distance was l = 50 cm) for a setup with 

fluorescence detection and 100 cm (inlet-to-detector distance was 
l = 100 cm) for a setup with MS detection. Two mock capillaries 
identical to the separation capillary were connected to Valve 2. The 
mock loop and the mock capillaries were used to allow the 
continuous operation of LPP and HPP and ensure that they ran under 
constant back-pressures.  

The pumps operated at the following flow rates: the sample 
pump at 15 µL/min, LPP at 5 µL/min, HPP for fluorescence 
detection at Q = 50 µL/min and HPP for MS detection at Q = 100 
µL/min (to keep l / Q = const = 1 cm min µL−1). An 86-s-long 
measurement cycle included 3 stages. Switching between the stages 
was done by changing positions of the valves during less than 0.1 s. 
For the very first run and cycle, the sample was pre-filled into the 
capillary connecting the sample pump and Valve 1 (using its 
position II) before starting the cycle; in subsequent runs and cycles, 
this pre-filling was done during the third stage. 

The first stage was 12-s-long sample loading into the 1-µL 
injection loop (Supplementary Fig. 2a). Valves 1 and 2 were in 
position I. The sample pump moved sample volume equal to 
3 × Vloop through the injection loop to insure its complete filling. 
LPP was pumping the buffer through the mock loop and mock 
capillary. HPP was pumping the buffer through the separation 
capillary. 

The second stage was 24-s-long sample transfer from the 
injection loop into the separation capillary (Supplementary Fig. 2b). 
Both valves were in position II. LPP moved the buffer via the 
sample-containing injection loop. The sample was subsequently 
transferred into the separation capillary. At the end of this stage a 
sample plug of approximately 3.2 cm in length was 3.2 cm away 
from the inlet of the separation capillary. HPP was pumping the 
buffer through the mock capillary. The sample pump was idle. 

The third stage was 50-s-long sample propagation through the 
separation capillary (Supplementary Fig. 2c). Valve 2 was in 
position I, while Valve 1 stayed in position II. The sample pump was 
used for pre-filling. HPP pumped the buffer into the separation 
capillary for TIS of PL from L. LPP was pumping the buffer through 
the injection loop. In total the injection loop was rinsed with 
6 × Vloop (2 × Vloop during the second stage and ≈ 4 × Vloop during the 
third stage). 

 
Fluorescence detector. A diode-pumped solid state laser (AixiZ, 
Houston, TX, USA) was a light source for excitation of 
fluorescence. The laser beam had a diameter of about 2 mm and a 
power of 60 mW at 473 nm. Two subsequent neutral filters of 0.4 
and 1.0 optical density (NE04B and NE10B, Thorlabs, Newton, NJ, 
USA) were used to attenuate laser power to ≈ 2 mW. Fluorescence 
emission was collected by an MPlan 60× objective lens (NA = 0.7 at 
90°) with an additional optical bandpass filter of 525 ± 25 nm 
(Semrock, Rochester, NY, USA). A photocathode of the 
photomultiplier tube R1477 (Hamamatsu Photonics, Hamamatsu, 
Japan) was biased at −400 V. A 20 Hz low-pass electronic filter was 
introduced between the photomultiplier tube and the analog-to-
digital signal converter PCI-6035E (National Instruments, Austin, 
TX, USA), to reduce electronic noise. Fluorescence data collection 
was controlled with the same custom LabVIEW software that was 
used to control the valves in the fluidic setup. 

 
Fluorescence-based determination of Kd for the fluorescein-BSA 
complex. Concentration of fluorescein was 0.2 µM. Concentration 
of BSA ranged from 0.1 µM to 1 mM. Fluorescein-BSA mixtures 
were vortexed and incubated at room temperature for ≈ 2 h to 
establish equilibrium in the reversible binding reaction. After the 
incubation, the EMs were subjected to AKTIS as described in the 
“AKTIS fluidic setup” section. To obtain Rexp for each BSA 
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concentration the experiment was repeated at least 5 times. The 
value of Kd was obtained by fitting Rexp vs [P]0 with Rtheor vs [P]0 as 
described in the “Data acquisition and treatment” section. 
 
MS detector. The output of the separation capillary was inserted 
into the MS ionization source (Turbo V ion source with APCI probe, 
AB Sciex, Vaughan, ON, Canada). MS detection was done with a 
QTRAP 6500+ instrument (AB Sciex, Vaughan, ON, Canada). The 
optimal acceleration and focusing conditions were achieved by using 
a 60-V declustering potential at 525 ºC and 90-psi gas pressure. The 
MS analyses were performed in positive mode, and the analyzed 
small molecules – fluorescein and alprenolol – were detected at m/z 
of 287 and 250, respectively. The m/z signals were processed using 
Analyst QS 2.0 software. MS data collection was controlled with the 
same custom LabVIEW software and PCI-6035E board that were 
used to control the valves in the fluidic setup. 
 
Determination of Kd for fluorescein-BSA and alprenolol-AGP 
complexes by AKTIS with MS detection. The experiments were 
performed to measure Kd of complexes between BSA (0.1–500 µM) 
and fluorescein (0.2 µM) as well as between AGP (0.1–500 µM) and 
alprenolol (0.5 µM). BSA-fluorescein and AGP- alprenolol mixtures 
were incubated at room temperature for ≈ 2 h to establish 
equilibrium in the reversible binding reaction. After incubation, the 
EMs were subjected to AKTIS as described in the “AKTIS fluidic 
setup” section. Measurements of Rexp for each protein concentration 
were done in triplicates. Kd was obtained by fitting Rexp vs [P]0 with 
Rtheor vs [P]0 as described in the “Data acquisition and treatment” 
section. 
 
Data acquisition and treatment. The experimental data acquisition 
was triggered at the beginning of the sample-transfer stage (second 
stage); this mimicked the way of treatment of simulated 
separagrams. The acquired or simulated data were evaluated using 
Excel and OriginPro (files are available in the Supplementary). For 
each experimental signal of the MS data the background taken at the 
beginning of the recorded separagram (t < 5 s) was subtracted; the 
background of the fluorescence data was already within the limits of 
signal noise and, hence, was not subtracted. Equation (10) was used 
to calculate Rexp. Signals required for determination of Rexp were 
obtained by averaging points within a time-window near τL = 20 s. 
The middle of the window corresponded exactly to the maximum of 
the second peak (e.g. 16.63 s in Fig. 2a) taken from the separagram 
of the smallest [P]0 ≠ 0. The first point and the last point of the 
window corresponded exactly to 0.96 and 1.04 of the position of this 
maximum of the second peak, respectively (e.g. 15.97 s and 17.30 s 
in Fig. 2a). This window width was chosen to increase the signal-to-
noise ratio while covering only the tip of the peak; for our data, the 
window width ranged between 1.2 and 1.5 s. The averaged signal at 
each concentration of sample was measured/simulated n ≥ 3 times. 
The standard deviation (σ) for each Rexp was obtained by simple 
error propagation based on equation (10) (Supplementary Notes 2 
and 3). Kd was obtained by fitting the dependence of Rexp on [P]0 
with equation (6) (see main text). A weighted non-linear fitting was 
performed using the Levenberg-Marquardt algorithm; each point had 
a weight of σ−2. 
 
Data and model availability. The COMSOL model as well as the 
raw data and evaluated data for separagrams and binding isotherms 
in Figs. 2, 4, and 5 and Supplementary Figs. 1, 3-8 are provided as 
Supplementary files to the paper.  
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