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The biological function of proteins is dictated by the formation of supra-molecular complexes that act as
the basic machinery of the cell. As such, measuring the properties of protein species in heterogeneous
mixtures is of key importance for understanding the molecular basis of biological function. Here, we
describe the combination of analytical microfluidic tools with liquid chromatography for multidimensional
characterisation of biomolecules in complex mixtures in the solution phase. Following chromatographic
separation, a small fraction of the flow-through is distributed to multiple microfluidic devices for analysis.
The microfluidic device developed here allows the simultaneous determination of the hydrodynamic radius,
electrophoretic mobility, effective molecular charge and isoelectric point of isolated protein species. We
demonstrate the operation principle of this approach with a mixture of three unlabelled model proteins
varying in size and charge. We further extend the analytical potential of the presented approach by
analysing a mixture of interacting streptavidin with biotinylated BSA and fluorophores, which form a mixture
of stable complexes with diverse biophysical properties and stoichiometries. The presented microfluidic
device positioned in-line with liquid chromatography presents an advanced tool for characterising
multidimensional physical properties of proteins in biological samples to further understand the assembly/
disassembly mechanism of proteins and the nature of complex mixtures.

Introduction

The formation of discrete structures by proteins is dictated by
their ability to correctly fold, interact and assemble into
hierarchically ordered complexes. Thus, the ability of proteins
to serve as the basic machinery in cells is governed by their
range of static and dynamic interactions enabling their flexible
and specific functionality. Therefore, it is not surprising that
over 80% of proteins do not appear on their own, but as part
of complexes." The nature of these interactions is defined by
the specific amino acid sequences of the proteins and their
post-translational modifications,*> thus modulating their
interactions.>® In particular, the direct electrostatic
interactions are enabled by charged and polar groups at the
protein surface that allow the formation of ion pairs, hydrogen
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bonds and other electrostatic interactions. The overall protein
charge and formation of complexes in solution are dependent
on the number and nature of the charged groups presented
and is related to the isoelectric point (pI), known as the pH
value at which the net charge is zero.” While electrostatic
interactions can be highly specific and possess strong
geometric constraints, hydrophobic interactions minimise
water-exposed hydrophobic residues, and these are usually
buried inside proteins or protein complexes.® Malfunctioning
proteins that misfold and interact in an unregulated manner
can lead to protein aggregation, a key feature in many
neurodegenerative diseases. Thus, this wide range of
interactions is a key feature of protein self-assembly and
function, both in vivo and in vitro.

Techniques capable of characterising complex mixtures
are limited and commonly only allow to determine
unidimensional information. As protein complexes are highly
dynamic and their composition is dependent on exogenous
factors including temperature, pH, local salt concentration
and viscosity, it is challenging to determine their biophysical
properties under physiological conditions. Simultaneous
acquisition of multidimensional characteristics is therefore
essential as state and compositions of the sample can change
between sequential measurements. Conventional approaches
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for multidimensional characterisation include e.g size
exclusion chromatography coupled to multi-angle light

scattering (SEC-MALS),” 2D-gel electrophoresis,'® liquid
chromatography-mass spectrometry (LC-MS),"" LC coupled to
nuclear magnetic resonance spectroscopy (LC-NMR),"> high
performance anion exchange coupled with pulsed
amperometric detection (HPAEC-PAD)"? and
electrochromatography.'*"® In many cases, these approaches
require special probes, including isotopes, oxidisable
functional groups, protein tags or fluorescence labeling®*'®
or the use non-physiological conditions, such as sample
ionisation and high sample concentration.”” The difficulty in
conserving protein conformation and observing non-native
complexes, can in principle, be avoided by operating under
physiological conditions. Yet, methods with high separation
power that work under these conditions have been found
challenging to develop and adapt.

In order to overcome current challenges in obtaining high
resolution understanding caused by the diversity of
molecular species of heterogeneous samples, most of the
techniques described above have a chromatographic and/or
electrophoretic step as part of the workflow, which requires
large sample volumes. The stationary phase used in
chromatography can have a major influence on the
purification strategy and can consist of biomolecules such as
dextran, agarose or cellulose or synthetic substrate such as
polyacrylamide, polystyrene or silica-based polymers.’® By
contrast, the selection of the mobile phase controls the
interplay between the analyte molecules and the matrix and
is usually organic or buffered."®

Microfluidic systems are used to parallelise different
assays while allowing small sample volumes being used. Such

View Article Online
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lab-on-a-chip devices enable manipulation and control over
small quantities of fluids, usually in the range of pico- to
microliters.>® Examples of microfluidic analytical tools are
diffusional sizing,>>* capillary electrophoresis,* free-flow
electrophoresis (FFE)**~° and microscale
thermophoresis. Along with the wide range of existing LC
methods, e.g. size exclusion, reversed phase, ion-exchange
and affinity chromatography,”*>*=*” microfluidic tools can be
used for a resolved characterisation of physiological protein
complexes from endogenous samples.***’

In this study, we combine high flow size exclusion
chromatography with microfluidic protein analysis. A small
fraction of the eluting sample was continuously
distributed between two functionally separate fluidic
circuits. By measuring the sample composition in the
condensed phase, we were able to analyse proteins and
their complex formation under native conditions. The
microfluidic  systems applied here allow for the
simultaneous determination of hydrodynamic radius and
electrophoretic mobility of molecules in a quantitative
manner in complex mixtures.”****”>%%° Fyrthermore, by
applying multiple orthogonal downstream analyses
approaches, we were able to increase the limited effective
resolution of the SEC column. In order to quantify
multiple biophysical parameters, the individual
microfluidic components were arranged to fit within a
single camera field of view (Fig. 2b), where one part
documents the deflection of molecules in an electric field
applied on an electrophoretic chamber (Fig. 2c) and a
second part records the molecular diffusion at distinct
positions along a channel. The acquired intensity of the
diffused molecules in converted into two-dimensional
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Fig. 1 Scheme of liquid chromatography with integrated (in-line) analytical microfluidics. Starting with a complex protein mixture, the molecules
are separated by their individual properties depending on the column applied. The eluting liquid is divided by a macro- to microfluidic flow
adapter. Following this step, the flow-through can be guided to individual microfluidic components or collected separately. In this way, the
hydrodynamic radius and electrophoretic mobility of the eluted species can be measured continuously using a microfluidic chip. The acquired
information is processed to generate multidimensional information of individual species in a complex mixture.
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Fig. 2 Microfluidic components in a single camera field of view with
subsequent analytical processes. a) Experimental diffusion profiles
(black curve) from the diffusional sizing are of the camera field of view
(b) were fitted against theoretical basis functions (red dashed curve)
resulting in a hydrodynamic radius prediction. b) Overlay of two
images taken at 0 V (magenta) and 60 V (green). The field of view
captures the microfluidic electrophoresis device on the left side and
the diffusional sizing part on the right side. Scale bar represents 100
um. c) The sample is deflected when an electric field of 60 V (green
curve) is applied in the electrophoresis device. From the distance of
deflection, x, the electrophoretic mobility can be deduced.

profiles and fitted against theoretical basis functions
assuming a range of hydrodynamic radii (Fig. 2a). Only a
small fraction of the solution is used for analysis, whereas
the main volume of the sample is collected and can be
used for further evaluation.

This journal is © The Royal Society of Chemistry 2020
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Materials and methods
Analyte mixtures

To demonstrate the functionality of the method for the
characterisation of model proteins, we selected a mixture of
three proteins varying in size and plI: bovine thyroglobulin
(Mw = 670 kDa, pI = 4.5, GE Healthcare, 28-4038-42), chicken
conalbumin (My = 76 kDa, pI = 6.7, GE Healthcare, 28-4038-
42,) and chicken lysozyme (Myw = 14.3 kDa, pI = 9.3, Sigma-
Aldrich, L6876) (Fig. Slat). The proteins were diluted in a
100 mM sodium HEPES buffer (pH 7.3) to a concentration of
4.6, 33 and 110 uM, respectively; total sample volume was 40

uL.

We further used a second system to generate a
heterogeneous sample, which was based on streptavidin-
biotin complex formation. This mixture was prepared by
incubating  streptavidin = (Prospec, Israel, PRO-791),
biotinylated bovine serum albumin (Generon, UK, 7097-5)
and biotinylated Atto488 dye (ATTO-TEC GmbH, Germany) at
concentrations of 15.7, 15.7 and 47.1 pM, respectively (total
volume 50 pL), for 1 h at room temperature in 10%
phosphate buffered saline (0.1x PBS) at pH 6.5, 7.3 and 8.2.
The mixture is expected to form seven distinct complexes
with masses ranging from 1 kDa to 300 kDa (Fig. S1bt). Five
of the complexes contain an Atto488 fluorophore and,
therefore, the latter molecules were the focus of detection

and analysis.

LC separation

Two different buffers were used for the elution of the sample
through the column. First, we used a 100 mM sodium HEPES
buffer (pH 7.3) for the label-free sample characterisation. In
contrast, the streptavidin-biotin mixture was eluted in a 0.1x
PBS buffer with a pH of either 6.5, 7.3 or 8.2. Both buffers
also contained 0.01% sodium azide and 0.1% Tween to
reduce sample adhesion to microfluidic channels. A Superdex
200 Increase 3.2/300 column (GE Healthcare, UK) at a flow
rate of 600 uL h™" was operated on an AKTA Pure System (GE
Healthcare, UK). Eluting sample absorption at 280 nm and
500 nm wavelengths were monitored simultaneously using a
10 mm path length absorption monitor U9-M (GE Healthcare,
UK). The absorption intensity was used for matching the
molecular elution volume with the image sequence on a
fluorescence microscope. The flow from the LC separation
was connected to the microfluidic flow adapter.

Microfluidic flow adapter

A microfluidic junction (P-722, IDEX Health & Science, USA)
with carefully pre-cut polyether ether ketone (PEEK) capillaries
(IDEX Health & Science, USA) and two flow sensors (MF2 420 pL
h™, Elveflow, France) was designed and fabricated, directing
only a fraction of the flow which eluted from chromatographic
separation into individual parts of the microfluidic device (Fig.
S2 and S67). The lengths of the capillaries were as follows: the
flow adapter has three outlets (Fig. S61). One fractionator output
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was fabricated of a capillary with Ly = 10.2 cm and 125 yum ID
and the outputs A and B were made of two capillaries with L; =
10 cm with 125 pm ID each leading to individual flow sensors,
each followed by a capillary with L, = 8.1 cm with 67.8 pm ID.
Both capillaries were connected to a microfluidic device
operating at flow rates close to few 100 uL h™ (~102 pL h™). In
general, the flow from the LC protein separation can be in the
range of 600 uL h™-60 mL h™ (600 uL h™-60 ml h™),
depending on the pressure and column used. The individual
flow rates leaving the flow splitter were set by the individual
capillary resistances. The flow sensors were integrated into the
AKTA Pure system with an I/O-box E9 for real time flow
monitoring (GE Healthcare, UK). Stable flow splitting was
achieved, directing ~10% of the total flow to different areas of
the microfluidic chip (Fig. S31). The flow rates at the diffusional
sizing and the electrophoresis device sample inlets were
measured to be 40.0 + 0.7 uL h™ and 37.4 + 0.7 uL h™,
respectively.

Flow control

The need for purification or separation techniques of
complex mixtures in biomolecular studies is vast. However,
most of these bulk techniques cannot directly be
transferred to microfluidic scales due to the high pressure
flow systems commonly wused. In order to match
macrofluidic flows used in chromatographic systems with
microfluidic flows found in chips with micron sized
features, a flow adapter scalable to a wide range of rates
had to be designed and implemented (Fig. 1). The
incoming flow can be split into numerous outlets, each
adjusted for specific applications. Thus, our flow adapter
interface enables a standard LC separation, followed by
simultaneous multidimensional characterisation. The LC
system used was an AKTA Pure system which drives two
high pressure pumps maintaining a highly stable flow with
a 1-5% fluctuation level depending on the buffer and the
separation column used (Fig. S31). In our experiments, the
microfluidic  flow adapter with carefully adjusted
resistances distributed the fluid from the LC absorption
measurement cell between two microfluidic sample inlets
and a fractionation outlet. The flow rates at the chip inlets
for the free-flow electrophoresis and diffusional sizing
were measured to be 6.7 + 0.1% and 6.2 + 0.1%, of the
initial flow rate, respectively. The rest of the post LC
separation fluid not used for further characterisation
(~90%) was collected via the fractionation outlet. The
ratios used were adapted to the microfluidic application
used or separation procedure applied.

Microfluidic chip fabrication

The devices were fabricated using standard
polydimethylsiloxane ~ (PDMS)  through  soft-lithography
approaches as have been previously described.** The master for
the replica molding of PDMS was fabricated with an SU-8
photolithography process.”> After mixing PDMS (Sylgard184,
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Dow Corning, two components 10:1 ratio and degassed) and
casting it onto the photo-lithographically defined structure, it
was cured at 65 °C for 1 h. A carbon black nanopowder, <100
nm particle size (Sigma-Aldrich, 633100), was added to the
PDMS before curing to generate black devices (see Fig. S8t),
thus minimising background noise and the unwanted
autofluorescence from PDMS under 280 nm-LED illumination
during the measurements as have been previously shown.*® The
PDMS replica of each master was then cut, and the connection
holes were generated using a biopsy punch. The PDMS device
was sonicated for 3 min in isopropanol, blow-dried with Ny,
and placed in an oven at 65 °C for 10 min. Finally, the replica
was activated using O, plasma at a 40% power for 10 s (Diener
etcher Femto, Germany) and bonded to a clean quartz slide
(Alfa Aesar, 76.2 x 25.4 x 1.0 mm) for UV measurements or a
simple glass slide for fluorescence measurements.

Microfluidic chip design and operation

The microfluidic chip was designed to fit two distinct analytical
areas in one fluorescence microscope field of view (Fig. 2b), a
diffusional sizing and a free-flow electrophoresis part. The
diffusional sizing part consists of a long diffusion channel of a
length of Ly, = 43 mm, a width of Wy, = 200 um and a height of
Hp =55 pm (Fig. 1 and 2b). The positions for diffusion profile
acquisition were chosen to allow a high dynamic range for
sizing and have been fixed at distances of 1.4 mm, 2.0 mm,
10.7 mm, 11.3 mm, 19.9 mm, 20.5 mm and 39.2 mm from the
sample injection point. A degassed co-flow buffer (same as the
LC mobile phase) was injected at a 150 uL, h™ flow rate using a
neMESYS syringe pump (CETONI GmbH, Germany). The outlet
of one flow adapter was connected to the sample inlet on the
diffusional sizing device. The injected sample diffusion profile
was recorded and fitted to the numerical diffusion simulations
(example shown in Fig. 2a).>**

The second part of the microfluidic chip was a free-flow
electrophoresis device with liquid electrodes.”” It was
designed to create up to 60 V cm™' transverse electric fields
on-chip, while avoiding bubble formation and electrolysis
product build-up. We injected a conductive 3 M KCl
electrolyte solution from the sides (Fig. 1) at flow rates of 150
uL h™. The sheath flow buffer was injected at 150 uL h™
using a neMESYS syringe pump. The second output of our
flow adapter was connected to the sample inlet of our free-
flow electrophoresis device. To establish electrical contacts,
hollow stainless steel 1.5 mm ID electrodes were inserted
into the liquid electrode channels on the sides of the device
and connected to a power supply (EA Elektro-Automatik
6230207, Germany). The power supply was connected to the
chip via liquid electrodes and a multimeter (Agilent 34410A,
USA) to record the current flowing through the circuit.

The combined microfluidic blocks were operated
continuously for approximately 3-5 h without any flow
adjustments. Epifluorescence microscopy images were taken
with 10 s intervals. These images were analysed to give
hydrodynamic radius, electrophoretic mobility and charge for

This journal is © The Royal Society of Chemistry 2020
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every 3.3 puL of the eluent from the column while still
fractionating 90% of the total volume.

Fluorescence microscope setups

Two different fluorescence microscopes were used for the
experiments: an intrinsic fluorescence microscope for a label-
free protein detection’ and a green epifluorescence
measurement setup for labelled samples. Autofluorescence
measurements of proteins containing aromatic amino acids
were performed by illuminating with a 25 mW 280 nm LED
(M280L3, Thorlabs, UK) through an excitation filter (FFO1-
280/20-25, Semrock, USA) centred at a Ao, = 280 nm and a
dichroic mirror (FF310-Di01-25 x 36, Semrock, USA). The
fluorescence from the sample was collected through an
emission filter (FF01-357/44-25, Semrock, USA) centred at Aep,
=357 nm, and focused onto a EMCCD camera (Rolera EMC2,
QImaging, Canada) with an exposure time of 4 s.

The green epifluorescence microscope, optimised for the
green fluorescent protein (GFP)/Alexa488 detection, consisted
of a 490 nm LED (M490L4, Thorlabs, UK), an excitation filter
at 482 + 9 nm, a dichroic mirror (350-488 nm/502-950 nm)
and an emission filter at 520 + 14 nm (filter set MDF-GFP2,
Thorlabs, UK). The microscope had an xyz stage for accurate
chip positioning in the field of view of a 2.5x objective, and
images were acquired with an exposure time of 1 s per frame
using a CCD camera (Retiga R1, QImaging, USA). A raw
background corrected fluorescence image of a sample under
test is shown in Fig. 1 and 2b.

Electrophoresis device calibration and mobility analysis

We applied a voltage V, to the of the
electrophoresis device. First, we performed the mobility
measurements while recording the current flowing through
the circuit, I. The electrophoresis chamber was then primed
with the conductive electrolyte solution, effectively shorting
the chamber so that the chamber electric resistance can be
neglected (R., = 0). Thus, the current, I,, could be measured
while applying the same voltage, Vv, (Fig. S51), allowing the
estimation of the electrode resistance, Reje.. Then

electrodes

VO = I(Relec + Rch); (1)
VO = IORelem (2)

The voltage drop across the electrophoresis chamber
could be expressed as:

=V =IRch = Reteclo — 1) = V(1 — I/l). (3)

Distance along the direction of flow d can be expressed
as:

)

dh
d”:v”tzgl’ﬁt:”—w
hw Q

This journal is © The Royal Society of Chemistry 2020
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with v, being the molecule convection velocity along the
chamber, w the chamber width, # the chamber height, ¢ the
elution duration in the electrophoresis chamber and Q the
total flow rate.

The mobility can be expressed as:

v _x _ awQ Q. Q
KZE T vapw  vap™  Ve(1-I/I)dh (5)

where v is the transverse electrophoretic velocity, E is the
electric field strength and x is the electrophoretic deflection
(Fig. 2c). The experimental parameters in our case were Q =
146 uL h™, V, = 60 V, dj = 2880 um, h = 55 um, I = 0.267 +
0.002 mA, I, = 0.283 + 0.001 mA.

Size and charge calculation

The diffusion profiles were extracted by processing the
images and removing the background using image alignment
in the Fourier plane. The curve, generated by the non-
uniform  illumination intensity, removed by
multidimensional polynomial fitting. The channel edge
positions and image rotation angle were detected and
corrected automatically using an FFT-based technique.** The
noise was then reduced by spatial averaging along the
channel before extracting the profiles at 7 predefined
positions along the diffusion channel. Then, a set of basis
functions, predicting the diffusion profiles of predefined
sizes (diffusion coefficients), was generated.>****>** Finally,
a fit deconvolving the measured experimental profiles into a
linear combination of the simulated basis functions was
computed using a least-squares error algorithm. The fit

was

interpolation  yielded the average eluting analyte
hydrodynamic radius with the associated error.
The measured hydrodynamic radius R, and the

electrophoretic mobility x. can be used to estimate the
complex charge using the Nernst-Einstein relation:*°

q = Ze = 6mnRy e, (6)

with Z being the charge number and e the elementary charge,
using the corresponding hydrodynamic radius and
electrophoretic mobility. The equation is based on the
assumption that the electrical force exerted on the analyte
molecules balance with the drag force arising from analyte
migration through the solution.

Isoelectric point prediction

The isoelectric point of BSA, streptavidin and their various
combinations were predicted using the ExPASy online pI/Mw
computing tool. Therefore, we used the sequence for BSA
(UniProtKB P02769 [25-607]) and streptavidin
(MAEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRY-
VLTGRYDSAPATDGSGTALGWTVAWKNNYRNAHSATTWSGQY-
VGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAAS).

Lab Chip, 2020, 20, 2663-2673 | 2667


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0lc00219d

Open Access Article. Published on 26 June 2020. Downloaded on 2/5/2026 10:20:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Results and discussion

Label-free protein characterisation

In order to examine whether this combined strategy allows
for detecting and analysing a mixture of unlabelled proteins
following SEC, we employed a UV-microscopy set up, capable
of exciting aromatic amino acids and measuring their
intrinsic fluorescence.*® Therefore, the sensitivity of our label
free approach is dependent on the tryptophan and tyrosine
composition of each protein. Previous studies have shown
that the minimum content of tryptophan or tyrosine required
for reliable detection using such microfluidic designs is ~50
nM or 140 nM, respectively.*’ The mixture used consisted of
the three unlabelled proteins: thyroglobulin dimer (bovine),
conalbumin (chicken) and lysozyme (chicken) (Fig. S17).
These proteins vary in mass from 14 to 670 kDa and were
selected to give adequate separation by size exclusion
chromatography. Therefore, the tested proteins were baseline
separated into three major peaks eluting at volumes of 1.06
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mL, 1.52 mL and 2.12 mlL, respectively, with a minor
conalbumin oligomer peak at 1.34 mL (Fig. 3). Following this,
the eluting samples were continuously injected into a free-
flow electrophoresis and diffusional sizing device (Fig. 1).
More specifically, one fraction of the sample is loaded into
an electrophoresis device between two liquid electrodes with
a perpendicularly applied electric field. A second fraction of
the sample is loaded into the diffusion device focused in the
centre by a surrounding buffer co-flow geometry along a
channel. The molecular diffusion is monitored in a time
resolved manner by measuring at distinct position along the
channel. Data from the two devices were combined to
calculate the effective charge g of individual species (Fig. 3a-
c). To determine the biophysical properties of the separated
molecular species more accurately, we aligned the
absorbance chromatogram measured using LC with the
fluorescence intensity acquired on the microscope. The
alignment is necessary to correlate intensity information of
the chromatogram with the microfluidic based biophysical

b)

o O
(0]
2
o]
<
(6]
2 10
©
S
(IT|
-20
4
Hydrodynamic Radius / nm
10"
Absorbance 280 nm (mAU)
C
) Protein Ry/nm [ Q./e
Lysozyme 2.240.14 6.3+0.4
Conalbumin 3.961£0.14 | -0.8+0.3
Thyroglobulin 7.8610.3 | -19.4+1.3

Fig. 3 Label-free multidimensional characterisation of a ternary mixture of thyroglobulin, conalbumin and lysozyme by in-line SEC with parallel
FFE and diffusional sizing. a) The mixture was separated by size exclusion chromatography into three major peaks and the eluting molecule size,
electrophoretic mobility and effective charge were continuously measured. b) Individual measurements conducted every 20 s were analysed based
on the molecular absorption at 280 nm revealing 3 major populations in the protein mixture with specific size and charge. c) Hydrodynamic radii
and net charges of the three major peaks assigned to the proteins originally being used.

2668 | Lab Chip, 2020, 20, 2663-2673

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0lc00219d

Open Access Article. Published on 26 June 2020. Downloaded on 2/5/2026 10:20:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

parameters acquired in series and, therefore, allows the
specific assignment of individual species at a later stage. The
measured signals of thyroglobulin, conalbumin and lysozyme
correspond to hydrodynamic radii of 7.86 + 0.30 nm, 3.96 +
0.14 nm and 2.20 + 0.14 nm, respectively (Fig. 3c). These
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measurements are in agreement with previously established
values.””*°  Furthermore, we have been able to
simultaneously acquire the effective charge of the
components in the mixture as -19.4 + 1.3, 0.8 + 0.3 and 6.3
+ 0.4, corresponding to thyroglobulin, conalbumin and
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Fig. 4 The labelled streptavidin/BSA/Atto488 mixture was characterised at three pH values. a) The five identified labelled molecule complexes
were characterised and 3-dimensional charge vs. size maps were generated. The points are binned and weighted based on the absorption intensity
at 500 nm. The third dimension given by the molecule absorbance at 500 nm is proportional to the detected protein labels and therefore bright
spots can be related to individual species. b) The labelled mixture was incubated and separated via LC at pH 6.5 (blue curve and points), 7.3 (black
curve and points) and 8.2 (red curve and points). The hydrodynamic radii, electrophoretic mobilities and effective charges of all elutions were
recorded. c) Measured mobilities of the individual identified species were plotted against the different pH conditions and analysed further by linear
regression.
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lysozyme, respectively (Fig. 3c). The measured net charge at
pH 7.4 for the three analysed proteins correlates with
previously reported pIs.>®®' We further analysed the
measured information using a 3-D plot, showing molecular
size vs. effective charge map with a 280 nm absorption
intensity related color-map (Fig. 3b). The absorbance and
therefore the third dimension is proportional to the relative
abundance of detectable species and thus enables the
identification of single species as bright spots in the 3-D plot.
The plot shows three species with distinct biophysical
properties. Thus, we demonstrate in-line label-free
biophysical characterisation of a biomolecular mixture
following SEC separation.

Heterogeneous labelled analyte separation and
characterisation

The advantage of fluorescent labels is an increase in
sensitivity and specificity, such that detection of particular
molecules is possible even in highly diverse mixtures and at
low concentrations. Thus, fluorescent labeling enables
tracking of individual interactions of a probe in complex
solutions. In our study, we used a mixture of biotinylated
BSA and biotinylated Atto488 dye, both capable of binding
streptavidin with one of the strongest affinities found in
nature (Kp = 10" M).>> Using this approach, we observe a
higher sensitivity when using Alexa488 labelled proteins by
determining the fraction of the integrated intensity of the
first detectable data point using fluorescent microscopy and
the overall intensity of Alexa488 from the chromatogram.
Thus, the lower limit of labelled protein detection for our
application is ~3 nM Alexa488. To illustrate the power of this
technique and estimate yet another analytical dimension, we
have repeated the experiment under three different pH
conditions, 6.5, 7.3 and 8.2 and followed changes in
molecular charges to investigate individual isoelectric points.
In addition to the alignment of the absorbance intensity of
the chromatogram with the biophysical parameter acquired
using our microfluidic chip, we aligned the results of all
three pH conditions for a better comparison of individual
molecule properties. The LC separation of the Atto488
labelled streptavidin-biotin based system resulted in similar
sample elution peaks for all three conditions (Fig. 4b).
Simultaneously, we measured the size and electrophoretic
mobility of the eluting material via fluorescence microscopy
(see Materials and methods). Both sets of information were
used to calculate the distinct net charge of each molecule
(Fig. 4b). We plot the effective charge vs. molecular size
where the intensity of each point is the absorption intensity
at 500 nm, summarising the biophysical properties of the five
Atto488 labelled molecular complexes abundant in the
mixture (Fig. 4a). By further applying a Savitzky-Golay filter
before and after taking the second derivative of the raw
absorbance spectrum, four distinct Atto488 labelled
molecules and the free dye itself can be assigned (Fig. S4af).
The first major peak with elution volume between 1 ml and
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1.5 ml has three subpeaks which could not be separated
completely due to the insufficient resolution at the given
molecular weight range of our selected column. However,
using our multiple orthogonal downstream analyses
approach, we were able to increase the effective resolution of
the SEC chromatogram. By applying the second derivative
analysis of the absorption at 500 nm (Fig. S4at) we estimated
the approximate elution volumes for streptavidin with one,
two and three BSA molecules to be 1.08 ml, 1.16 ml and 1.33
ml, respectively (Fig. S4bt). The second major peak with an
elution volume between 1.5 ml and 1.9 ml can be identified
as streptavidin with four Atto488 dye molecules and, finally,
the last well-defined peak with an elution volume between 2
ml and 2.3 ml was the free biotinylated Atto488 dye.
Furthermore, we have used the elution volume ranges to
estimate the size and effective charge with the corresponding
confidence intervals for each of those five species (Table 1).
All molecules have a negative charge under the measured
conditions and, more specifically, the charge of a biotinylated
Atto488 dye was measured to be —1.00 + 0.07 at pH 7.3 which
agrees with the expected charge of -1.>° Streptavidin with
four bound dyes resulted in a size of 3.21 + 0.04 nm and an
effective charge of -2.77 + 0.12. The mono-, di-, and trivalent
streptavidin-BSA complexes have hydrodynamic radii of 5.43
+ 0.07 nm, 7.39 + 0.38 nm, 7.55 + 0.92 nm and effective
charges of -13.18 + 0.51, —20.19 + 1.20 and -23.19 + 1.43
elementary charges, respectively (Table 1). The relative charge
accumulation between each complex correlates with the
relative amino acid contribution of the individual BSA/
streptavidin components.

Similar characterisation for all five molecules were
performed at two further pH conditions (Table 1). A route to
measure the pI of individual molecules is to screen the
electrophoretic mobility of those molecules over a range of
different pH conditions.”® To this effect, we analysed our
streptavidin/BSA/Atto488 mixtures described above at pH 6.5,
7.3 and 8.2. By linear regression of mobility values at
different pHs of individual species, we extrapolated the

Table 1 Summary of determined molecule hydrodynamic radius,
effective charge, theoretical (ExPASy) and experimental isoelectric point
after identifying the molecular elution volume ranges

Molecule pPH Ry/nM Qesile Pltheo  Plexp

Atto488-biotin 6.5 0.81+0.01 -0.44+0.14 — 5.82
7.3 0.75+0.01 -1.00 = 0.07
8.2 0.96+0.02 -1.79 +£0.01

Strep + 4xAtto488 6.5 3.47 £0.09 0.07 £ 0.40 6.09 6.10
7.3 3.21+£0.04 -2.77 +£0.12
8.2 3.52+0.01 -2.35+0.36

Strep + 3xAtto488/1xBSA 6.5 5.24 +0.22 -7.04 +0.57 5.73 5.74
7.3 5.43 £0.07 -13.18 £ 0.51
8.2 5.52+0.21 -22.33 £ 2.65

Strep + 2xAtto488/2xBSA 6.5 6.27 +0.47 -9.21 +1.11 5.68 5.74
7.3 7.39+£0.38 -20.19 = 1.20
8.2 6.13+0.17 -27.38 £1.71

Strep + 1xAtto488/3xBSA 6.5 7.96 + 0.47 -13.1+1.18 5.65 5.62
7.3 7.55+0.92 -23.19 +1.43
8.2 6.66 +0.23 -30.87 £1.23
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condition where the overall net charge is 0 (Fig. 4c). We
determined the theoretical isoelectric point (pIieo) using the
ExPASy platform which predicts the pI based on the amino
acid sequence. Comparing the experimental acquired
isoelectric points (pley,) with the EXPASy sequence predicted
Plineo Of all four protein species, a high similarity can be
seen, ranging from 6.1 for streptavidin with four dyes to 5.7
and 5.6, respectively, for streptavidin with two and three BSA.
This shows that streptavidin on its own has a significant
higher pI than the dye and the pI of BSA is even lower than
both of them.

Conclusions

Conventional liquid chromatography, especially size
exclusion chromatography, is limited by the effective
resolution of protein mixtures. By applying orthogonal
multiplex microfluidic downstream analyses, we were able to
increase this effective resolution. We established a direct
coupling between chromatography and
multidimensional microfluidic analysis system while
diverting only a minor fraction of the sample for analysis
with the majority remaining available for preparative
purposes. The multidimensional characterisation of distinct
complexes yields their size, electrophoretic mobility and

size exclusion

effective charge simultaneously. We demonstrate the
operation principle of the approach developed by
determining the biophysical properties of unlabelled

standard proteins within a mixture. We further demonstrate
the potential of this analytical method with a heterogeneous
labelled mixture and analyse multiple partially separated
peaks following chromatographic separation along with
predicting the effective charge and molecular size of
complexes within the mixture. By repeating this separation at
different pH values, we have further been able to find the pI
of each labelled species of this mixture individually. The
strategy presented here could be further expanded beyond
size exclusion and the two microfluidic modules chosen here.
Further analytical and separative techniques, such as affinity,
ion exchange and reversed phase chromatography as well as
capillary electrophoresis or isoelectric focusing, can be
utilized to investigate more complex forms of protein
oligomerisation and protein assembly. The study of highly
dynamic oligomeric composition and formation, which can
either quickly convert to other higher order aggregates or
dissociate again, is of vital importance. In particular, the
formation of short-lived, on-pathway oligomers represent the
major toxic species formed through the aggregation of
proteins such as amyloid- and a-synuclein, resulting in
neurodegenration related to Alzheimer's and Parkinson's
diseases, respectively.”>® Recently, however, the aggregation
of such amyloidogenic proteins has been found to be
inhibited or modulated through the interaction of formed
oligomers with chaperones, such as the small heat shock
protein (sHSP) family.”” In addition, it has been shown that
the family of SHSP consists of highly heterogeneous oligomer
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compositions mainly for regulatory purposes. Understanding
oligomeric stability, composition and biophysical properties
of sHSP such as clusterin or aB-crystallin, chaperones found
to be inhibitors of protein aggregation, would be a suitable
target for our application.”®> Therefore, the in-line approach
of separation and biophysical characterisation before re-
equilibration described here are an ideal approach for
investigating protein oligomerisation and their inhibition by
a diverse range of chaperones. The proposed approach can
further be extended to detect molecular interaction in
complex samples, such as serum or cell lysate. The
limitations are mainly based on the capabilities of the
separation by the liquid chromatography stage. The method
can be improved upon by introducing combinations of
separation techniques, e.g. size-exclusion and ion-exchange.
The use of labelled proteins enables the microfluidic
biophysical characterisation of specific proteins even in such
complex solutions. However, if multiple molecular species
are targeted simultaneously using the presented microfluidic
setup, only an average hydrodynamic radius or charge can be
determined, when no particular multimodal distribution can
be identified.”®®° As the duration between the separation
following liquid chromatography and microfluidic detection
lies in the range of a few minutes, our technique might not
be suitable for characterising very transient oligomers and
complexes formed of very weak or unspecific interactions.
Those complexes conventionally exhibit dissociation
constants above hundreds of micromolar or dissociation rate
constants above ko = 10?7 s71.°1 Yet we believe that the
presented platform will allow for a detailed investigation of
post-translational modifications of protein mixtures, such as
ubiquitination, phosphorylation or carbohydrate moiety, each
showing individual changes in either size, charge and
hydrophobicity. This protein analysis approach has
significant potential to extend the characterisation of
heterogeneous protein mixtures in the condensed phase and
offers a route towards multidimensional post-column
analysis.
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