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ABSTRACT
A simple microfluidic method for the isolation and analysis of endogenous levels of untagged protein complexes
from minute amounts of cell lysate is presented. The method is based on antibodies (ABs) that are conjugated via a photocleavable linker to magnetic beads being trapped in microcapillaries by magnetic field gradients. Target proteins can be
released together with their trapping ABs by photocleavage for their subsequent analysis, e.g., by transmission electron
microscopy (TEM). The advantages of elution by photocleavage over classical methods are: (i) Mild recovery of proteins
without changing the physiological environment and, (ii) nonspecifically adsorbed proteins are only minimally eluted.
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INTRODUCTION
The investigation of multimolecular protein complexes in terms of their architecture, conformation, structure and
temporal persistence is a key element of experimental systems biology. However, to date, the instrumentation for the
analysis of these complexes is still poorly developed, in particular, the isolation and subsequent analysis of such complexes. Several obstacles must be overcome for these studies, e.g., the quaternary structure of these protein assemblies
must be maintained and, due to the heterogeneous composition of these complexes, the analysis should be performed at
single molecule level. Here we present a fast and simple microfluidic method for the isolation of large multimolecular
protein complexes from cell lysate and the subsequent visual analysis of the assemblies at the single molecule level by
TEM. The method allows the isolation under mild and physiological conditions and exhibits only minimal background
contamination.
FUNCTIONAL PRINCIPLE
Streptavidin coated magnetic beads were trapped in a fused silica capillary by two external magnets (Fig 1A&B).
ABs, conjugated to photocleavable biotin crosslinkers, were mixed with cell lysate to bind the target protein and then
immobilized on the trapped streptavidin-beads. Subsequent washing of the capillary separated the immobilized target
structures from other contaminants (Fig 1B). Recovery of proteins was achieved by illumination of the capillary with
UV-light (Fig 1C) followed by elution of proteins for analysis, e.g., by TEM.
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Figure 1: Working principle of the method. A: Scheme of the composite material used for protein extraction. (1)
Streptavidin coated magnetic bead; (2) photocleavable NHS-Biotin crosslinker; (3) antibody against target
structure; (4) target structure. B: Affinity extraction of protein-antibody conjugates. C: Recovery of immobilized
target proteins by photocleavage.
EXPERIMENTAL
ABs were biotinylated by incubating with a 10-fold molar excess of photocleavable NHS-biotin crosslinker
(Ambergen, USA) for 1.5 h at pH 8.2. The reaction mixture (50 µl) was then dialyzed over night against 2 l of PBS using
dialysis buttons (13 kDa cut-off) to remove unbound crosslinker. HEK293 cells were lysed using a tip sonicator and
diluted to a concentration of 10000 - 35000 cells / µl. A 250 µm inner-diameter fused silica capillary (BGB Analitik AG
#TSP-250350, Switzerland) was guided through a lens tube construction cube (Thorlabs #SM1C6, Germany) providing
protection from UV-light and easy mounting of optical components (Fig 2A). About 40*106 streptavidin coated magnetic
beads (Dynabeads® MyOne™, Invitrogen #656-01, Switzerland) of 1 µm diameter were loaded into the capillary at a
flow rate of 20 µl/min and captured in the center of the cube by a magnetic trap consisting of two external permanent
magnets (Supermagnete #Q-20-10-05-N, Switzerland). Typically, a bead plug with a length of 3 – 4 mm was created (Fig
2B&C). UV-light at 365 nm wavelength was emitted by a high power UV LED (Thorlabs #M365L2, Germany) mounted
on top of the cube and focused onto the magnetic beads. To bind the target protein, biotinylated ABs against target
structures were incubated for one hour with cell lysate. 2 µl of the AB / cell lysate mixture was flown over the trapped
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beads for 15 min. Thereby ABs could bind to the beads for ~ 60 s. After the affinity extraction step, the capillary was
rinsed with 200 µl of buffer at flow rates of 20 – 40 µl/min to separate unbound proteins from immobilized targets.
Immobilized proteins were released by illumination of the capillary for 10 min and recovered by subsequent elution of
released targets in 6 – 8 µl of buffer. The eluted protein was then transferred onto TEM sample carriers and analyzed by
TEM.

Figure 2: A: Experimental setup used for the experiments. Inset: higher magnification showing a magnetic bead plug.
(1) Lens tube construction tube; (2) fused silica capillary (250 µm ID); (3) permanent magnets, building a magnetic
trap; (4) UV-light of 365 nm wavelength, focused onto the magnetic bead plug; (5) magnetic bead plug of 3 – 4 mm
length; (6) capillary without outer polymer coating; (7) sample container mounted on x,y-stage. B and C: The formation
of a bead plug by a magnetic trap, built by the magnetic field gradient of a permanent magnet. Scale bars, 50 µm. D:
Negative stain electron micrograph of endogenous 20S proteasome (arrow; anti-20S proteasome antibody, triangle) that
was isolated from HEK293 cell lysate. Scale bar, 25 nm.
RESULTS AND DISCUSSION
The method enabled the isolation of endogenous levels of 20S proteasomes from twenty thousand HEK293 cells (Fig
2D). The concentration of contaminants in the resulting eluates was extremely low, as indicated by the clean background
observed in TEM preparations. The recovery of immobilized proteins by photocleavage is more specific than classical
chemical procedures, e.g., by competitive elution. Proteins that are nonspecifically bound to the beads or the capillary
surface are not significantly released during the photocleavage step (Fig 3). However, the change in the buffer conditions
during elution with biotin or imidazole, both often used for competitive elution, significantly released contaminants from
the beads and the microcapillary surface.

Figure 3: Comparison of contaminant background of photocleavage and competitive elution by biotin and imidazole.
3 µl of the lysate of approximately 105 cells were incubated for 15 min on a magnetic bead plug (Fig 2). Subsequently,
different elution procedures were studied by TEM. A: Negative control using PBS buffer. B: Eluate obtained in PBS
by illumination of the beads for 10 min with UV-light. C: Eluate obtained by rinsing the beads for 5 min with 0.5 mM
biotin in PBS buffer. D: Eluate obtained by rinsing the beads for 5 min with 500 mM imidazole in PBS buffer. Scale
bars, 100 nm.
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Time series varying the illumination time for the “photoelution” showed a saturation behavior and the amount of recovered protein only slightly increased beyond 10 min of illumination (Fig 4). Subsequent competitive elution after 10
min of illumination, e.g. by biotin solutions, did not release more target protein. We estimate the overall isolation efficiency of the method to be around 10 – 20%.
Finite element simulations estimate the UV-light induced temperature rise in the fused silica capillary and liquid to be
lower than 0.6 K for 10 min of illumination, which usually does not affect protein structures. The elution by photocleavage enables mild and unperturbed recovery of proteins conserving their structural integrity since physiological conditions
can be easily maintained and proteins usually do not absorb at the wavelength employed for photocleavage.

Figure 4: Effect of illumination time on the recovery of protein.
Equal quantities of magnetic beads, coated with biotinylated antiferritin AB-apoferritin conjugates, were loaded (Fig 2) and
illuminated for different time periods. The amount of eluted
conjugates was analyzed employing quantitative TEM. The average
amount of recovered particles is shown. Error bars represent the
standard deviation illustrating the distribution on the particular
TEM sample carrier.
CONCLUSION
The method presented combines magnetic beads being trapped in microcapillaries, with the usage of photocleavable
crosslinkers, for unperturbed and specific recovery of target structures. Nonspecifically bound proteins are eluted only at
minimal concentrations. This is crucial in microfluidics exhibiting high surface to volume ratios and the visual analysis
by TEM. Using TEM, the resulting eluates can be investigated for the composition, conformation and the structure of individual protein assemblies. In future, the presented method will be combined with our new microfluidic sample deposition technique for TEM [1] and a method for the lysis of single cells [2]. The former technique enables a very efficient
transfer of proteins onto TEM sample carriers, which will significantly lower the detection limit of the presented method,
offering the potential even the lysates of single cells to be processed.
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