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GRAPHICAL ABSTRACT

e SMIL coating allows generation of
homogeneous ultra-flat surfaces.

e Molecular electrostatic adhesion
forces can be determined in the inner
wall of CZE capillary with pico-
Newton accuracy.

e Topographical images and simulta-
neously acquired adhesion maps
yield morphological and chemical
information at the nanoscale.
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Capillary zone electrophoresis (CZE) is a powerful analytical technique for fast and efficient separation of
different analytes ranging from small inorganic ions to large proteins. However electrophoretic resolu-
tion significantly depends on the coating of the inner capillary surface. High technical efforts like Suc-
cessive Multiple Ionic Polymer Layer (SMIL) generation have been taken to develop stable coatings with
switchable surface charges fulfilling the requirements needed for optimal separation. Although the
performance can be easily proven in normalized test runs, characterization of the coating itself remains
challenging. Atomic force microscopy (AFM) allows for topographical investigation of biological and
analytical relevant surfaces with nanometer resolution and yields information about the surface
roughness and homogeneity. Upgrading the scanning tip to a molecular biosensor by adhesive molecules
(like partly inverted charged molecules) allows for performing topography and recognition imaging
(TREC). As a result, simultaneously acquired sample topography and adhesion maps can be recorded. We
optimized this technique for electrophoresis capillaries and investigated the charge distribution of
differently composed and treated SMIL coatings. By using the positively charged protein avidin as a single
molecule sensor, we compared these SMIL coatings with respect to negative charges, resulting in
adhesion maps with nanometer resolution. The capability of TREC as a functional investigation technique
at the nanoscale was successfully demonstrated.
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1. Introduction

Due to the high separation efficiency and electrophoretic reso-
lution, capillary zone electrophoresis (CZE) represents an indis-
pensable tool in bioanalysis. The electroosmotic flow (EOF) is an
important parameter in CZE that modifies the apparent separation
selectivity. The EOF is determined by the charge density at the inner
capillary surface, the pH, and the ionic strength of the background
electrolyte (BGE) [1]. However, protein adsorption onto the inner
wall of fused-silica separation capillaries is an issue of concern in
capillary electrophoresis impairing electrophoretic efficiency and
resolution, signal intensity, and repeatability [2]. For macromole-
cules with inherent adhesion propensity, i.e. proteins, application
of bare fused-silica capillaries requires operation at extreme pH
values and/or BGEs of high ionic strengths to prevent adsorption
events. This might represent unfavorable conditions if native pro-
tein conformation has to be maintained, Joule heating should be
prevented or capillary electrophoresis-mass spectrometry (CE-MS)
hyphenation is intended. Thus, different preventive means have
been developed and optimized as reviewed elsewhere [3,4]. Stra-
tegies comprise dynamic capillary coating [5—7], physical polymer
adhesion [8—12] and covalent coating [13,14]. High efforts have
enhanced and are expected to further enhance the performance of
capillaries for effective biomolecule separation. Successive Multiple
Ionic Polymer Layer (SMIL) coating, introduced by Katayama et al.
[15,16], is such a promising approach fulfilling the requirements of
CZE. There, alternating layers of oppositely charged polymers are
immobilized on bare fused-silica capillaries and microchips [17] by
subsequent rinsing with cationic and anionic polymer solutions.
SMIL coatings provide improved separation performance for pep-
tides and proteins compared to uncoated capillaries with up to
685,000 theoretical plates [12,16] and stabilize the EOF and thus
migration times. SMIL layer composition and preparation have
been optimized and adopted to their respective target analytes
[9,12,18] including biopharmaceuticals [19], recombinant allergens
[12], model proteins [9,20,21], synthetic peptides [18], and (glyco)
peptides [22,23], all using standard fused-silica capillaries with a
circular cross-section.

Due to the chemical structure of the used polymers, relevant
surface properties like roughness, and more important, the effec-
tive charge can be switched. Separations with these capillaries
directly show their performance and thus give information on their
usability. With an appropriately optimized coating protocol they
provide durability from days to several weeks [12,20]. Neverthe-
less, a systematic quality proof is required to understand all
analytical relevant processes sufficiently [24]. A first limitation is
given by the accessibility of the inner capillary surface due to their
small inner diameter in the range of 100 pm or less. Furthermore,
the inner capillary coating can be significantly altered by prepara-
tion techniques including drying or any mechanical treatment
resulting in measurement artefacts [24]. Finally, a lateral and ver-
tical resolution in the nanometer range is required. Scanning
electron microscopy as well as X-ray photoelectron spectroscopy
fail regarding their ability to investigate adhesive properties and
the requirement to measure topography in liquid environment.
Atomic force microscopy (AFM) imaging has established as the best
suited technique, since it allows determining the surface roughness
with nanometer accuracy under buffered conditions. AFM imaging
has been successfully applied to measure the morphology directly
within the capillary itself [25—28] or on flat substrates mimicking
the inner surface of electrophoresis capillaries [29—32]. These
studies gained information about the topography of bare fused-
silica surfaces as well as about different coatings used in capillary
electrophoresis. Furthermore, scratching experiments were used to
determine the thickness of the coatings. Beneath these structural

investigations, attempts to explore their adhesive behavior have
been started. Haselberg et al. [29] observed a 3 nm height increase
of a polybrene — dextran sulfate (DS) — polybrene coating after
incubation with cytochrome c indicating strong electrostatic
binding. To gain further information on the electrostatic adhesion
properties especially on the distribution of charges at the terminal
coating on the inner capillary wall a new technical approach is
needed. Topography and recognition imaging (TREC) fulfills these
requirements. In TREC measurements the scanning tip is upgraded
to a (monomolecular) biosensor. This technique has been applied to
specifically localize different biomolecules like biotin [33,34], or
proteins (e.g. cellular membrane receptors) on different surfaces
ranging from isolated molecules over artificial [35] and native
membranes [36] to cellular surfaces (for a review see Ref. [37] or
[38]). In all these measurements, specific binding partners (e.g.
antigen—antibody) have been used. Within this study, we per-
formed TREC measurements to gain a map of charge distributions
on the bulk exposed surface of a SMIL coated capillary while
simultaneously scanning the sample topography.

2. Materials and methods
2.1. Chemicals

If not stated otherwise all chemicals were used at highest purity
available. 3-Aminopropyltriethoxysilane (APTES), chloroform, citric
acid, buffer salts, ethanol, formic acid (98—100%; puriss.), triethyl-
amine (TEA), sodium chloride (>99.5%), avidin, streptavidin, pol-
y(diallyldimethylammoniumchloride) (PDADMAC) (20% wt in wa-
ter; M; 400,000—500,000), dextran sulfate sodium salt
(M; > 500,000) from Leuconostoc spp., and di-sodium hydrogen
phosphate dihydrate (min. 99.5%) were purchased from Sigma-
Aldrich (Vienna, Austria). Ortho-phosphoric acid (w > 85.0%) was
obtained from Merck (Darmstadt, Germany). Sodium hydroxide
(standard volumetric solution 1 M) and Parafilm™ were from
AppliChem (VWR International GmbH, Vienna, Austria). Ammo-
nium bicarbonate (specified as eluent additive for LC-MS) was
purchased from Fluka (Buchs, Switzerland). The commercially
available linker NHS-PEG(18)-Acetal [39] was purchased from Prof.
Gruber (JKU Linz, Austria). Poly(acrylamide-co2-acrylamido-2-
methyl-1-propansulfonate) with a molar ratio of charged mono-
mers of 55% (55% PAMAMPS) was synthetized by radical poly-
merization as described elsewhere [40]. The molar mass of the 55%
PAMAMPS determined by size exclusion chromatography is
~640,000 g/mol (polydispersity index = 2.8). The hydrodynamic
diameter of DS was 90—100 nm whereas the hydrodynamic
diameter for 55% PAMAMPS was determined to be ~40—42 nm by
Taylor dispersion analysis (TDA) [41] in storage buffer. Structures of
the polyelectrolytes (PEs) applied in SMIL coating are provided in
Fig. 1A (DS), B (55% PAMAMPS), and C (PDADMAC). Recombinant
major pollen allergen of birch (Betula verrucosa), specified as iso-
form Bet v 1a, was nitrated in-lab with peroxynitrite [42] and used
for the comparison of CZE-performance and the mobility of the EOF
(neor) of different SMIL-coated capillaries (Section 3.1). Ultrapure
water with 18 MQ cm resistivity was used for all preparations
(MilliQ grade, Millipore, Austria). Argon 5.0 and nitrogen 5.0 gas
were purchased from Linde (Vienna, Austria).

2.2. Capillary SMIL coating

Circular fused-silica capillaries with 50 um inner diameter (i.d.)
and 360 um outer diameter (0.d.) were used for CZE measurements.
For AFM measurements square shaped fused-silica capillaries with
100 pm i.d. and 360 pm o.d. were used. Both capillary types were
purchased from Polymicro Technologies (Phoenix, AZ, USA). The
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Fig. 1. Structures of PE used for the preparation of the respective SMIL coating. (A) DS with branched structure. (B) Structure of 55% PAMAMPS. The annotation as 55% PAMAMPS is
related to the following ratio: n/(n + m) = 55%. (C) PDADMAC. (A) and (B) represent polyanionic PEs and constitute the terminal layer in the respective SMIL coating, whereas (C) is a
polycationic polymer. (D, E) Comparison of CZE performance and EOF for two SMIL-coated circular capillaries with identical PE basal layer structure (PDADMAC-DS-PDADMAC) and
a different terminal layer, (D) DS, (E) 55% PAMAMPS. Inserts depict details. Arrows indicate minor fractions resolved due to improved resolution in SMIL-55% PAMAMPS. Capillaries:
50 pm i.d., 360 pm o.d., effective capillary length (Lp) 39.7 cm, total capillary length (Lr) 50.1 cm. BGE: 50 mmol L~! NH4HCOs, pH 6.50, 8.0 KV; 30.0 °C. 210 nm. Sample: nitrated Bet

v 1a. Peaks: 1: non-modified Bet v 1a; 2, 3 and minor peaks: nitrated Bet v 1a variants.

total capillary length of the square capillary was 82.6 cm. The
described coating procedure was based on a previous protocol [12]
and applied for coating both circular and square capillaries, except
that the voltage conditioning had to be adjusted to the different i.d.
Since the finally applied coating protocol included some amend-
ments the SMIL coating procedure is described in the following
paragraphs. The polyelectrolytes (PE) used for SMIL coating were
dissolved in an aqueous solution containing 80 mmol L~! NaCl and
20 mmol L~! di-sodium hydrogen phosphate buffer adjusted to pH
7.00 with ortho-phosphoric acid, i.e. deposition solution (DPS). PE
coating solutions were prepared with the following concentrations:
0.20% (v/v) PDADMAC, 0.20% (w/v) DS, and 0.20% (w/v) 55%
PAMAMPS. PDADMAC and DS were dissolved in DPS at least 1.5 h
before the coating procedure was started. 55% PAMAMPS was

dissolved the day before coating to allow for chain relaxation of the
PE. Prior to their application in capillary coating all PE solutions
were filtered through non-sterile 0.45 um filters from Sartorius
(Vienna, Austria).

Square capillaries were prepared in the Agilent 7100 Capillary
Electrophoresis System (Agilent Technologies, Waldbronn, Ger-
many) while the P/ACE™ MDQ system (Beckman Coulter, Fullerton,
CA, USA) was used for circular capillaries. The fused-silica capil-
laries were conditioned at 35.0 °C by rinsing with 1.0 mol L~ NaOH
(30.0 min), ultrapure water (5.0 min) and finally with the condi-
tioning solution (100 mmol L~ di-sodium hydrogen phosphate
buffer adjusted to pH 6.50 with ortho-phosphoric acid; for 3.0 min),
all at 93 kPa. Each PE layer was attached according to the following
protocol [12] that was slightly modified. Briefly, the capillary was
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flushed at room temperature outside the CE system by means of a
syringe pump from ColeParmer Instrument Company (Vernon Hills,
IL, USA) with a flowrate of 1.1 mL h™! using a 1 mL syringe. Capillary
rinsing with PE deposition solutions was done with the external
syringe, respectively, to prevent contamination of the CE system
and carryover effects. A PEEK-capillary of appropriate dimensions
was used to assure tight connection between the capillary and the
syringe. The PEEK-capillary was additionally sealed with Parafilm
to prevent leaks.

The respective PE-solution was flushed through the capillary for
12.0 min followed by rinsing with conditioning buffer for 10.0 min.
Afterwards the capillary was inserted in the CE system (at 30.0 °C)
and flushed (93 kPa) with conditioning buffer for 3.0 min followed
by application of 6.0 kV (10.0 min, with 0.17 min ramp time) with
both capillary ends immersed in conditioning buffer. In the circular
capillary 10.0 kV were applied to ensure corresponding power
generation. After the voltage application the coating was allowed to
rest for 10.0 min with both capillary ends placed in conditioning
buffer. All addressed steps including the voltage conditioning and
resting were performed during the deposition of each individual PE
layer. Polycationic and polyanionic PE layers were attached in turn.
The provided final SMIL stratification was PDADMAC-DS-
PDADMAC-55% PAMAMPS or PDADMAC-DS-PDADMAC-DS,
respectively.

After completion of the four PE layers, the SMIL capillary was
flushed with BGE, i.e. 50 mmol L~! di-sodium hydrogen phosphate
buffer (pH 6.50, adjusted with ortho-phosphoric acid), for 20.0 min
with subsequent application of 10.0 kV (with 0.17 min ramp time)
for 30.0 min. The SMIL capillary was then rinsed with BGE for
5.0 min and a second voltage application (10.0 kV; 0.17 min ramp
time) was done for 30.0 min. Finally, the capillary was flushed with
storage buffer (200 mmol L~! di-sodium hydrogen phosphate
buffer, pH 6.50 adjusted with ortho-phosphoric acid) and stored
with its ends dipped in storage buffer for 85—90 h prior to its
further use.

After the surface characterization by AFM, the SMIL coating with
55% PAMAMPS as terminal layer was subjected to two rinsing steps
with 0.050 mol L~! NaOH (93 kPa, 5.0 min, respectively). Rinsing
steps with NaOH were intermitted by rinsing with BGE
(50 mmol L~! di-sodium hydrogen phosphate buffer, pH 6.50,
93 kPa, for in total 30.0 min) and voltage application (9.0 kV,
0.17 min ramp, for in total 230.0 min) in BGE. After the second
NaOH rinsing the capillary was flushed (5.0 min, 93 kPa) with
conditioning buffer (100 mmol L~! di-sodium hydrogen phosphate
buffer, pH 6.50). Characterization of the capillary surface by AFM
was done after the second rinsing step with NaOH. The application
of NaOH rinsing served to investigate the influence on the SMIL
surface since this is a frequent tool in capillary electrophoresis to
detach adsorbed proteins from capillary surfaces.

2.3. Capillary electrophoresis

CZE separations with SMIL coated circular capillaries were
performed with a Beckman Coulter P/ACE™ MDQ System (Full-
erton, CA, USA) including a photodiode array detector. System
control and data treatment were done with Karat 32 software,
version 5.0. 50 mmol L~! ammonium bicarbonate adjusted to pH
6.50 with formic acid was used as BGE to separate the model
allergen. The volatile BGE was selected since it offers the option for
subsequent hyphenation to mass spectrometry. Samples were
injected hydrodynamically with 3.45 kPa for 10.0 s. CZE separations
were done with +8.0 kV (cathode at detector side) at 30.0 °C. Be-
tween runs, capillaries were rinsed with the volatile BGE (100 kPa)
for 5.0 min. Detection was at 210 mn.

2.4. AFM imaging

All AFM measurements have been performed on a Pico Plus
5500 AFM equipped with a MACMode™ controller and a TREC™
box (all from Agilent Technologies, Santa Clara, CA, USA). MSCT
cantilevers (Bruker AFM Probes, Karlsruhe, Germany) have been
used for imaging and molecular recognition force spectroscopy. For
all TREC adhesion measurements Type VII MACLevers (Keysight
Technologies, Santa Rosa, USA) were used. All measurements were
performed under buffered conditions using storage buffer.

2.5. AFM tip chemistry

Coupling of single avidin molecules to the outer tip apex of
MSCT and MAC cantilever was performed in close analogy to pre-
viously published protocols [39,43]. In a nutshell: Commercially
available bare MSCT cantilevers were treated in a plasma cleaner
(40 min, 30 W) and cleaned by incubation in chloroform
(3 x 5.0 min) and ethanol (3 x 5.0 min) and dried in a gentle stream
of nitrogen gas. Amino-functionalization of the tips was performed
by gas phase deposition of APTES [44]. For this the cleaned canti-
levers were placed into a 5 L desiccator and two chambers filled
with 60 pL APTES and 20 pL TEA, respectively, were placed into the
desiccator filled with argon gas. Both reactants were removed after
a reaction time of 2.0 h and the desiccator was extensively rinsed
with argon to remove unbound chemicals. To ensure a stable APTES
coating, the tips were allowed to remain in the desiccator for 48.0 h.
As a next step the cantilevers were immersed for 120 min in a
500 pL chloroform solution containing 1.0 mg NHS-PEG(18)-Acetal
[39] linker and 0.50% (w/v) TEA as catalyst, followed by washing in
chloroform (3x) and drying in a gentle stream of nitrogen gas. After
de-protecting the acetal group (1.0% (v/v) citric acid for 10.0 min)
resulting in aldehyde residues and washing in water (3x), the tips
were placed in a solution of avidin (or streptavidin) (0.20 mg mL™!)
in PBS containing 40 mmol L~! freshly prepared NaCNBHj; for
120 min. To destroy remaining unreacted aldehydes ethanolamine
(yielding a final concentration of ~100 mmol L~') was added after
120 min. After washing in PBS (3 x 5.0 min) the avidin (or strep-
tavidin) functionalized tips were ready for sensing experiments and
either used immediately or stored for up to 2 day at 4 °C in PBS.

2.6. Molecular recognition force spectroscopy

For Molecular Recognition Force Spectroscopy (MRFS) mea-
surements MSCT probes were functionalized as described in Sec-
tion 2.5. Avidin was coupled as sensing protein, whereby for control
experiments the same protocol was applied to couple streptavidin.
The functional avidin or streptavidin tip was prepared freshly
before use and always kept in PBS to avoid denaturation. For MRFS
experiments SMIL coating was either prepared (i) on the outer
capillary wall (55% PAMAMPS) or (ii) inside the capillary (DS). For
the first case (i), the coating protocol for inner wall coating was
adopted. Briefly, the protective polyimide was thermally removed
and the outer capillary surface was conditioned by dipping into the
respective solutions. SMIL coating was done by dipping the capil-
lary into the coating solutions instead of rinsing (Section 2.2) and
voltage application was not performed. The coated capillary part
was attached to the surface by pressing on a Parafilm stripe
attached in the liquid cell which was covered with storage buffer.
The functionalized cantilever was approached to the middle of the
capillary and MRFS was started immediately after approaching. The
pulling velocity was set to 600 nm s~! for all measurements that
were performed in a 300 nm z-range, respectively. The position of
the tip was changed after every 250 curves to avoid position
dependent artefacts. At least 3 independent datasets with
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1000—2000 force distance cycles (FDCs) each were performed to
gain sufficient statistics. The spring constant of the used cantilever
was determined using the thermal noise method [45]. For each FDC
showing interaction, unbinding length, unbinding force, and the
spring constant in the moment of rupture were determined. Sta-
tistical analysis as described previously [46] yielded the most
probable unbinding force and length at given conditions. The
overall probability was calculated by dividing the number of FDCs
exhibiting a binding event by the total number of FDCs. Specificity
proof experiments were performed by exchanging an avidin for a
streptavidin functionalized tip and by using poly(ethylenglycol)
(PEG) functionalized tips without any coupled protein at the very
same capillary.

2.7. Topography and recognition imaging

The protective polyimide layer of the capillary of interest was
peeled off the glass body and pressed under buffer on a Parafilm
stripe mounted at the AFM liquid cell surface to ensure tight
attachment. A scalpel was used to split the capillary more or less
parallel to the long axis or alternatively cut normal to the capillary
axis. Although it needs some training, the success rate to orient the
scalpel split along the dimension of the rectangular bore is very
high. An optical microscope was used to check the geometry of the
ruptured area. After opening the capillary the AFM liquid cell was
oriented in a way that the direction of the cantilever was exactly
parallel to the capillary. Under optical control the cantilever was
either positioned above the opened area or (via a micro manipu-
lation stage) moved inside the capillary opening. By careful posi-
tioning using the X, y- and z-stage of the AFM equipment we were
able to place the cantilever into the inner part of the capillary. It has
to be mentioned that this is the most critical step of the whole
procedure since any contact of the (functionalized) AFM tip may
cause mechanical or chemical damage of the sensor.

A frequency plot (i.e. a measurement of the amplitude as a
function of the frequency) was performed to determine the reso-
nance frequency of the cantilever. The excitation frequency for the
topography and recognition measurements was set 500 Hz below
this frequency. The cantilever was approached until the sensing tip
got into contact with the inner capillary surface. All TREC mea-
surements were performed under buffered conditions at 1.0 Hz line
frequency. The amplitude was set to ~8 nm to ensure upper
damping of the oscillation in case of molecular (avidin — SMIL)
interaction. Image processing was performed by Gwyddion
(Version 2.41) using line and area flattening. Surface roughness was
calculated by Gwyddion using root mean square (RMS)
determination.

3. Results

SMIL represents a quasi-permanent physically adhered coating
with an improved capillary-to-capillary reproducibility and a
considerably more facile preparation than laborious multi-step
covalent coatings [16]. Additionally, SMIL possesses higher dura-
bility - particularly with accordingly optimized protocols [12] - than
dynamic coatings and thus compatibility with CE-ESI-MS [19]. Due
to the overcharging of SMIL, a strong EOF is generated with low pH-
dependence thus improving the separation repeatability. Consis-
tently, high flow rates driven by the electric field are assured even
at pH values where they are otherwise not generated. This accel-
erates the separation and promotes a stable electrospray particu-
larly in sheathless MS interfaces. However, closely related protein
variants often require EOF-tuning to exploit subtle differences in
their effective electrophoretic mobilities efficiently. Therefore,
polyionic polymers with reduced charge density to allow for both a

lower but still repeatable EOF and stable anchoring to the subjacent
polymer layer are aimed. 55% PAMAMPS represents a candidate
polymer that has recently been tested successfully in different
charge states for this purpose with peptides [40]. Results presented
in this study provide a surface comparison of SMIL coatings
applying 55% PAMAMPS or DS as terminal layer and show their
influence on the EOF and the CZE separation of closely related
proteins. Thereby, the charge density of 55% PAMAMPS is lower
than for DS (Fig. 1B, A). The behavior of 55% PAMAMPS in the
outlined SMIL coating in CZE separations of proteins will be
comprehensively described in another publication.

Measuring morphology and charge distribution on the inner
wall of a SMIL coated capillary used for CZE requires the following
steps. (1) Functionalization of the capillary. (2) Fast and gentle
preparation protocol to allow direct contact of the adhesion sensing
tip (3) to the inner capillary surface. (4) Test of the sensing molecule
to ensure sufficient interactions. Finally, (5) the surface has to be
scanned laterally using an upgraded sensing device yielding
morphology and adhesion map with nanometer resolution.

3.1. Comparison of CZE performance of SMIL coated capillaries with
different terminal layer

The CZE performance of different SMIL-capillaries is demon-
strated in Fig. 1D, E. Therefore, circular capillaries with 4-layer SMIL
coatings with 55% PAMAMPS or DS as terminal layer were
compared. A recombinant isoform of the pollen allergen of birch
(Betula verrucosa), i.e. Bet v 1a, was in-lab nitrated with peroxyni-
trite and used as a model system. Nitration occurs at tyrosine res-
idues and slightly reduces the isoelectric points of resulting
nitration variants [47]. Depending on the position of the induced
modification, even Bet v 1a variants of identical nitration grade
could be separated [42]. Thus, nitrated Bet v 1a was selected as an
appropriate model sample. The pgor in the SMIL-coated circular
capillary with 55% PAMAMPS was 3.90 x 10~% cm?.V~'s~!, whereas
the SMIL coating with terminal DS provided an pgor of
446 x 1074 cm?V~Ls~! under the selected separation conditions
(Fig. 1D, E). Thus, the pgor became reduced by ~13% when using 55%
PAMAMPS as terminal SMIL layer. This is consistent with the
reduced charge density of the applied terminal layer, ie. 55%
PAMAMPS in comparison to DS. Due to its lower pgor the SMIL
coating with 55% PAMAMPS (showed an improved resolution of
minor nitration variants when analyzing the same allergen batch
(Fig. 1D, E with inserts)).

3.2. Capillary preparation for AFM measurements

AFM investigation of the inner part of an electrophoresis
capillary is challenging due to its small dimensions and accessi-
bility with the AFM tip. Consistently, we investigated rectangular
shaped capillaries (Fig. 2A) which allow an easier AFM investiga-
tion. Thus optimized mounting and opening protocols were
developed performing all steps under buffered conditions and
avoiding artefacts as known to appear using smashing or grinding
[24]. We tested two different approaches for mechanical opening,
both optimized for square shaped capillaries. First, we performed a
cut rectangular to the capillary axis as shown in Fig. 2B. Although
the cutting itself can be done easily and quick, the positioning of the
AFM cantilever remains challenging. It is very critical that the
orientation of the cantilever is perfectly aligned with the axis of the
capillary. Alternatively, we applied a second optimized cutting
method. By applying gentle force to the side section of the broken
capillary we were able to cut the capillary (partly) along its axis.
Although this opening procedure is more challenging, it allows
easier positioning of the cantilever. The latter was realized by
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Fig. 2. (A) Square capillary with SMIL coating. (A1) Insert provides a detailed SMIL stratification. (B) An AFM cantilever is positioned in the freshly opened inner capillary tube in
aligned orientation by moving it into the hole of a vertically cut capillary. (C) If the capillary is cut in axial direction the cantilever has to be adjusted above the opened area.

adjusting the cantilever exactly above the (accessible) area of
capillary (Fig. 2C) followed by simple approaching of the cantilever
to the capillary surface. Both presented methods allow fast, glass
splinter and artefact-free AFM imaging and sensing investigations
which are offering an optimal basis for biosensing AFM
measurements.

3.3. AFM tip chemistry

Both applied AFM biosensing techniques, MRFS and TREC, rely
on the upgrade of tips using specific biomolecules. Thus, the same
functionalization scheme can be applied. To mimic a realistic situ-
ation for charge sensing we decided to use the positively charged
protein avidin for sensing of negatively charged coatings. Avidin, a
very stable and robust mid-sized protein is known to have a high
isoelectric point (~10.5) and thus is highly positively charged at
neutral pH [48]. The anchoring of avidin was performed following a
well-established protocol for tip functionalization [39,43,49] as
shown in Fig. 3A including (1) aminofunctionalization, (2) binding
of a heterobifunctional linker, and (3) the sensing protein (avidin or
streptavidin). PEG used as linker material brings thereby the
advantage of its stretchability which is a prerequisite for both,
MREFS and TREC, but also acts as non-adherent chemical avoiding
interactions caused by other molecules than the sensing molecule.

3.4. Molecular recognition force spectroscopy

MREFS is an innovative tool to investigate adhesion forces at the
single molecule level [50—52] which has been applied to explore
the energy landscape of isolated proteins, artificial and native bio-
membranes as well as different types of fixed and living cells (for
review see Ref. [52]). In our study, MRFS experiments were applied
as proof of principle to ensure charge induced binding of the
sensing molecule at inversely charged surfaces (i.e. PDADMAC-DS-
PDADMAC-55% PAMAMPS and PDADMAC-DS-PDADMAC-DS) and
to quantify this interaction strength. Furthermore MRFS was per-
formed to gain insights into the adhesive interactions of all inter-
mediate formed layers ranging from PDADMAC over PDADMAC-DS,
to PDADMAC-DS-PDADMAC. Since we were interested to

investigate the distributions of negative charges, i.e. SMIL surface
coverage by the terminal 55% PAMAMPS or DS layer, we used the
positively charged avidin molecule as sensor. Thus, freshly pre-
pared avidin functionalized tips were used immediately after
preparation. As a test surface a square shaped fused-silica capillary
with a SMIL coating on its outside was prepared and tested (see
Sections 2.2 and 2.6). Due to the negative charge of 55% PAMAMPS
or DS an electrostatic interaction was expected. To measure the
adhesion forces, the avidin functionalized tip was repeatedly
approached to — and withdrawn from — the different SMIL coated
surface. In all cases, the indentation force was limited to ~400 pN to
ensure nondestructive measurements. While being in direct
physical contact, the avidin molecule has the ability to adhere to the
SMIL coatings as a result of expected mainly electrostatic attrac-
tions. As exemplary shown for the PDADMAC-DS-PDADMAC-55%
PAMAMPS — avidin interaction in Fig. 3B, only an upwards
bending of the cantilever can be observed in the approaching
period (Fig. 3B red line), whereas the retraction curve exhibits a
second, but this time downwards, bending after losing contact
(Fig. 3B black line, highlighted with an arrow). This gives a clear
evidence of adherence. To statistically verify this, 1500—2000 FDCs
were performed. As a result we could show that adherence
appeared with a binding probability (BP) of 22.3 + 6% (Fig. 3C, blue
line), for the PDADMAC-DS-PDADMAC-55% PAMAMPS — avidin and
22.5 + 5% for the PDADMAC-DS-PDADMAC-DS — avidin interaction
thus reflecting a probability of interaction close to the upper limit
[53] when using PEG based chemistry in both cases. The most
probable unbinding force was 56.7 + 13 pN at a most probable
unbinding length of 16.8 + 3 nm (n = 4) for 55% PAMAMPS and
60.0 + 10 pN at a most probable unbinding length of 12.9 + 4 nm
(n=4) for DS as final layer. To further prove the electrostatic nature
of this interaction we performed force spectroscopy experiments
on the very same SMIL surface (PDADMAC-DS-PDADMAC-55%
PAMAMPS) using the similar but neutral charged protein strepta-
vidin. Here the binding probability dropped down significantly to
1.5 + 0.5%, whereas no pronounced unbinding length and force was
observed (Fig. 3C, green line). To determine possible influences of
the tip functionalization except the (avidin or streptavidin) protein
itself, a PEG functionalized tip without any coupled protein was
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Fig. 3. Molecular Recognition Force Spectroscopy. (A) Tip chemistry: An APTES coated
tip (1) is functionalized with a heterobifunctional NHS-PEG(18)-Acetal crosslinker (2)
via amide formation. The deprotected acetal residue of the linker is used to tether the
adhesion sensor molecule avidin (or streptavidin) to the tip (3). (B) Typical force dis-
tance cycle showing interaction of the positively charged (tip bound) avidin with a
(negatively charged) outer SMIL layer (55% PAMAMPS). In contrast, an (uncharged)
streptavidin functionalized tip does not show any interaction with the same layer. (C)
Probability density functions (pdf) of the interactions of 55% PAMAMPS surfaces with
avidin (blue line), streptavidin (green line), and protein-free tips (purple line). The
probability of molecular electrostatic adhesion events drops from 22.3 + 6% for avidin
to 1.5 + 0.5% for streptavidin and 0.6 + 0.3% for protein-free tips. The curves are
normalized to their relative binding probability. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

used for MRFS at the same surface and showed again nearly no
interaction (Fig. 3C, purple line) with a binding probability of

0.6 + 0.3%. Summarizing, we could clearly demonstrate the us-
ability of PEG tethered avidin functionalized AFM tips as electro-
static sensors fulfilling the requirements for recognition imaging.

In addition, we compared the adhesive properties of simpler
coatings, namely of the stepwise formed layers ranging from
PDADMAC, PDADMAC-DS, PDADMAC-DS-PDADMAC to PDADMAC-
DS- PDADMAC-DS. As expected no interaction was determined on
the first (2.3 + 3.2% BP) and third layer (5.3 + 4.6% BP), namely
PDADMAC, whereas the second layer (i.e. the first DS layer) yielded
very comparable results to the final layer (56.8 + 6 pN rupture force
with a BP of 22.5 + 5%, n = 4).

3.5. TREC measurements

Topography and recognition imaging is based on the use of
biosensing AFM tips and allows simultaneous measurement of
sample topography and recognition map without loss in lateral
resolution and imaging speed compared to conventional tapping
mode [33,54—56]. TREC has successfully been applied to map for
recognition sites of isolated proteins [33,54], on artificial [35] and
native biomembranes [36], and whole cells [57—59]. Here we uti-
lized the electrostatic interaction of the positively charged avidin
molecule to map the adhesion sites of the negatively charged outer
SMIL layers (55% PAMAMPS and DS). From the previously per-
formed MRFS experiments based on the very same tip functional-
ization and capillary coating protocols, the acting electrostatic
forces were known, 56.7 + 13 pN for avidin — 55% PAMAMPS and
60.0 + 10 pN for avidin — DS (final layer), no interaction was
observable for streptavidin — 55% PAMAMPS (or PEG — 55%
PAMAMPS). We now applied TREC mode AFM imaging on the inner
capillary surface of different freshly prepared SMIL coated capil-
laries as shown in Fig. 4A (55% PAMAMPS) and Fig. 4C (DS). The
topography of the terminal 55% PAMAMPS layer appeared rather
flat with a RMS roughness of 1.43 + 0.07 nm (n = 3) and only
slightly increased to 1.56 + 0.08 nm (n = 3) after the NaOH rinsing
of the very same capillary. A slightly higher surface roughness was
measured on the terminal DS layer (roughness of 2.1 + 0.2 nm,
n = 3.). In contrast, for the 55% PAMAMPS layer, the homogeneously
distributed adhesion (red and yellow areas in Fig. 4A, lower image)
dramatically changed after the NaOH treatment. As shown in
Fig. 4B (lower image) the surface appeared more heterogeneous. In
addition to areas with high adhesion (red-yellow) also areas
without or with low adhesion (green) appeared. Thus, it is evident
that the adhesive properties got altered by the NaOH treatment.
Interestingly, if one looks at the average distance between two
peaks on the topographical trace for PDADMAC-DS-PDADMAC-55%
PAMAMPS coating, which is about 38 nm (13 inter peak distances
on the whole 500 nm range), it is close to the hydrodynamic
diameter (or typical size) of the 55% PAMAMPS chain which was
determined to be 40—42 nm by Taylor dispersion analysis in the
storage buffer. Therefore, each ‘cloudy’ white spot (on topography
pictures) or red spot (on adhesion pictures) may be interpreted as
the top of an adsorbed 55% PAMAMPS chain. For PDADMAC-DS-
PDADMAC-DS coating, the inter peak distances increased in good
agreement with the higher hydrodynamic diameter of DS
(~90—100 nm). In an ongoing study (manuscript in progress) the
analytical performance of such a SMIL coated capillary at different
stages of their coating is cross correlated with their topographical
appearance and its adhesive behavior. The comparison of
PDADMAC-DS-PDADMAC-55% PAMAMPS with PDADMAC-DS-
PDADMAC-DS layer show clear differences in both, surface rough-
ness (Fig. 4A and C, upper images) which can be explained by the
branched structure of DS (Fig. 1A), but also in their lateral distri-
bution of charges (Fig. 4A and C, lower images).
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Fig. 4. Molecular adhesion measurements of PDADMAC-DS-PDADMAC-55% PAMAMPS SMIL coated capillaries before (A) and after (B) NaOH treatment and (C) PDADMAC-DS-
PDADMAC-DS SMIL coated capillary. Freshly prepared SMIL capillaries were imaged using an avidin functionalized tip (A, top) resulting in a smooth surface showing pro-
trusions of 1-5 nm (A, middle) and an rms roughness of 1.43 nm. In contrast, the adhesion image reveals a rather homogenously distributed adhesion (A, bottom). Although the
surface topography of NaOH treated SMIL coated capillaries (B, top) show only minor changes in their surface topography (B, middle) (rms roughness of 1.56 nm) the adhesion map
(B, bottom) appears significantly more heterogeneous. Surfaces with a final DS layer (C, top) showed increased size of polymers (c, middle) and more heterogeneous adhesion
properties (c, bottom) compared to 55% PAMAMPS as final layer. Z-range for the adhesion images is set to 50 mV. The scaling for the cross-section of the topographical images is

9 nm and for the adhesion images 60 mV.

4. Discussion and conclusions

Capillary electrophoresis is an essential analytical tool with
prosperous future perspectives in the characterization of intact
proteins. Coating of the inner surface of separation capillaries
thereby allows for a further improvement of CZE performance.
SMIL coatings experience increasing interest and application due to
their straightforward preparation with consistent performance.
However, the characterization of the inner capillary surface is still
an obstacle in the purposive optimization of capillary coatings and
their treatments. Particularly, elucidation of molecular processes
that happen at the surface of coatings while it degrades and the
separation impairs but also during remedying strategies, i.e. rinsing
and refreshment of coatings, are required which demands related
tools for quality control and characterization. AFM, beside electron
microscopy and XPS (which both do not allow measurements un-
der buffered conditions mimicking the real situation), offers a
powerful tool for investigation of such coatings at the nanoscale. In
contrast to the excellent AFM imaging studies of other groups, we

developed for the first time a direct functional investigation
approach yielding in parallel information about the morphology
and the adhesive properties of the coating of the inner capillary
wall which is indispensable for understanding adsorptive effects.
Furthermore, we determined the electrostatic interaction forces
between an opposed charged protein (tethered on a sharp canti-
lever tip) and the capillary surface at different coatings and
different stages of preparation. To demonstrate the ability to
monitor adhesive changes at the nanoscale we compared two
different states of the coating. TREC adhesion imaging clearly
resolved significant differences in the ability of charge induced
adhesion which cannot be followed by simple topographical im-
aging, since morphological changes do not reflect functional vari-
ations in sufficient manner. In addition, we could determine clear
differences of the charge distributions of PDADMAC-DS-PDADMAC-
55% PAMAMPS and PDADMAC-DS-PDADMAC-DS coated capillaries
which show a comparable interaction force towards positively
charged avidin molecules. We believe that recognition imaging
offers a promising tool for functional investigations of
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electrophoresis capillaries and thus closing a knowledge gap
needed for a more in-depth understanding in this field.
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