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ABSTRACT: The direct and precise assessment of ligand-protein interactions under near-physiological conditions is the core of 

drug discovery. In this context, affinity capillary electrophoresis (ACE) has become an emerging and reliable approach. The hyphen-

ation of ACE with mass spectrometry (MS) is even more powerful than the classical ACE-UV methodology. It reduces compound 

identification errors and increases throughput by facilitating the analysis of mixtures. However, buffers and capillary coatings com-

patible with mass spectrometry and operating under physiological conditions are very limited. In this paper, n-methylmorpholine 

acetate buffer and polydopamine-based coating were highlighted as major assets for CE-MS studies involving native proteins. Thanks 

to its protein desorption property, n-methylmorpholine improved the peak shape of proteins during CE analysis at physiological pH. 

The polydopamine-based neutral coating developed in this study is simple to prepare and demonstrated high stability at pH 7.4, 

enabling its use with MS detector. The combination of these two key elements enabled us to successfully convert our ACE-UV 

method for coagulation factor XIIa into an ACE-MS approach operating at physiological pH. This study extends the scope of ACE 

for medicinal chemistry projects. 

Drug discovery projects aim to create a new chemical entity 

that binds strongly to the target protein and affects its disease-

associated function.1 This process is complex and expensive.2 

Its first step is to screen a library of ligands and select hit com-

pounds that reach a threshold value.1,3 The hit compounds un-

dergo a first round of chemical optimization to obtain lead com-

pounds, which are molecules that have demonstrated therapeu-

tic potential.2,3 The second step consists in optimizing the lead 

compounds into a drug candidate.1,3 During the drug discovery 

phase, this last step is the most significant cost driver of a new 

medicine.2,4 Indeed, performing an optimization of poor-quality 

leads will result in a longer lead optimization program and a 

clinical phase with higher failing rate. Therefore, high-quality 

leads can boost productivity.2 To obtain high-quality leads, the 

main requirements are: (1) a well-identified, highly-pure chem-

ical library, (2) accurate affinity determination, and (3) valida-

tion of target engagement.1,2,5 Target engagement is confirmed 

when the molecule is shown to bind directly to the target pro-

tein.5 Target engagement is often verified by native MS, SPR, 

NMR, or microscale thermophoresis (MST).2,5 However, each 

has its shortcomings. With native MS, determination of affinity 

constants in the gas phase is less reliable, as the absence of wa-

ter molecules can affect molecular interactions.6 SPR and MST 

require immobilized and fluorescently-labeled proteins, respec-

tively. The functional integrity of the modified target must 

therefore be confirmed.7 As for NMR, its use is limited by the 

cost of the instrument and the high protein consumption.5,7 

In this context, affinity capillary electrophoresis (ACE) is 

emerging as a reliable approach for validating target engage-

ment and accurately determining dissociation constants (KD).7–

10 The general principle of ACE is an alteration in the electro-

phoretic mobility of the analyte due to its interaction with the 

target.11 There are several experimental configurations; but for 

drug discovery, the most useful is partial-filling ACE. Indeed, 

ACE involves a low consumption of unmodified target, can 

evaluate a wide range of interaction strengths in near-physio-

logical medium, and possesses a separative character that ena-

bles the evaluation of impure samples.7,8,12 Coupling ACE with 

mass spectrometry (ACE-MS) is a powerful combination for 

drug discovery. It helps characterize analytes (by reducing com-

pound identification errors) and facilitates affinity analysis of 

mixtures (by increasing throughput).6,13–17 However, detection 

by MS also imposes limits on buffer composition and capillary 

coating. The buffer must be MS-compatible, and the capillary 

coating must be permanent to prevent polymer leakage into the 

MS instrument. 

One of the most common, neutral, permanent coatings used 

in CE-MS is linear polyacrylamide (LPA).18 However, the co-

valent attachment of LPA to the silica surface is achieved by 

silylation, leading to Si-O bonds. These siloxane linkages are 

unstable at alkaline pH. Damage has already been observed at 

pH above 4.619, generating polymer leakages. LPA can be also 

be bonded to silica through Si-C linkages, which are stable at 

alkaline pH, but this requires the use of Grignard reagent19, a 

dangerous chemical. Among the emerging alternative strategies 

for polymer immobilization inside capillaries, polydopamine 

(PDA) demonstrated an unique set of characteristics: one of the 

simplest preparation process, stability between pH 3 and 11 

similar to covalent coatings on many material surfaces, high hy-

drophilicity, and chemical reactivity with thiol and primary 

amine groups under mild alkaline conditions for further func-

tionalization.20–22 PDA is a self-adherent polymer that is ob-

tained by dissolving dopamine in a mild alkaline aqueous solu-

tion (generally at pH 8.5).23 After PDA deposition, a secondary 

coating can be grafted on to achieve the desired surface proper-

ties. In addition to this conventional two-step approach, PDA 

deposition and surface tethering can also be carried out simul-

taneously. This one-pot method offers a simpler procedure, and 
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can lead to a higher density of molecular immobilizations.21 As 

far as we know, the only ACE assay that utilizes the properties 

of PDA is a CE-UV frontal analysis of bovine serum albumin-

acetaminophen interaction in a Tris-HCl buffer at pH 7.4.24 

The ACE-MS conditions reported in the literature to date are 

not performed at physiological pH (7.4)6,13–17, which compro-

mises their value in the context of drug discovery. Volatile 

buffer systems for pH 7.4 are rare. High buffering capacity at 

this pH is achieved using ammonium bicarbonate, which is un-

stable over time and creates bubbles in the ESI source due to 

CO2 outgassing.25 As a more stable alternative, we investigated 

n-methylmorpholine (NMM), a volatile base with a pKa of 7.4 

at 25°C26. To our knowledge, only two research articles analyz-

ing acidic proteins by CE-MS reported the use of NMM as a 

buffer component for MS applications involving proteins.27,28 

As far as we know, the NMM-acetate buffer system has never 

before been used for ACE applications. Consequently, we stud-

ied its effect on CE analysis of small molecules and proteins 

using bare-fused silica capillary. Then, we optimized an easy-

to-make, permanent, neutral coating using PDA grafted with a 

commercial amino-terminated neutral polymer. We also evalu-

ated the impact of the oxidizing agent, the addition of an 

endcapping step, and storage conditions. Finally, the NMM-

acetate buffer (pH 7.4) and our best PDA-based coating were 

used to determine the KD of p-aminobenzamidine (PABZM) 

with coagulation factor XIIa (FXIIa) by ACE-MS. 

EXPERIMENTAL SECTION 

Materials 

Acebutolol hydrochloride, avidin from egg white, betaxolol 

hydrochloride, bovine serum albumin (BSA) lyophilized pow-

der, celiprolol hydrochloride, dopamine hydrochloride, flurbi-

profen, ketorolac trometamol, labetalol hydrochloride, α-lactal-

bumin from bovine milk (type I), L-lysine, lysozyme from 

chicken egg white, 4-methylmorpholine (NMM, purity ≥ 

99.5%), metoprolol tartrate, oxprenolol hydrochloride, niflumic 

acid, poly(N-isopropylacrylamide) (PIPAAm) amine termi-

nated (average Mn 5,500), prilocaine, ribonuclease A from bo-

vine pancreas, sotalol hydrochloride, and sulindac were pur-

chased from Merck (Darmstadt, Germany). Para-aminoben-

zamidine dihydrochloride (PABZM) was sourced from Acros 

Organics (Fair Lawn, NJ). Acetylsalicylic acid, diclofenac so-

dium salt, ibuprofen, and salicylic acid were acquired from 

Fagron (Nazareth, Belgium). Human plasma β-factor XIIa 

(FXIIa) in solution at 1.15 mg/mL was purchased from Molec-

ular Innovations (Novi, MI). CinnoRA® (adalimumab in solu-

tion at 50 mg/mL) was gifted by a partner. The reel of flexible 

fused silica capillary (75 µm i.d.) was provided by Polymicro 

Technologies, Inc. (Phoenix, AZ). The Tris-Hepes buffer was 

composed of 10 mM Trizma® hydrochloride (Tris), 10 mM 4-

(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes), 100 

mM NaCl, adjusted at pH 7.4 with HCl. The NMM-acetate 

buffers were made by dissolving NMM in water at the desired 

concentration (150 mM, 300 mM, or 500 mM) and then adjust-

ing the pH at 7.4 with acetic acid. 

Physiochemical properties of the studied small molecules 

and proteins 

The physicochemical properties of the small molecules were 

computed by MarvinSketch 19.27 (ChemAxon Ltd., Budapest, 

Hungary). The distribution coefficient (LogD) was calculated 

at pH 7.4 with an electrolyte concentration of 0.15 M NaCl. Sol-

vent-accessible surface areas were computed at pH 7.4 using a 

solvent radius of 1.4 Å (approximated radius of a water mole-

cule). All computed properties are available in Supplementary 

Materials (SM1—Small molecules’ computed properties). The 

electrophoretic mobility of L-lysine without EOF in 150 mM 

NMM BGE was computed by PeakMaster version 6.0f8.29  

The isoelectric point (pI) and the molecular weight (MW) of 

the proteins were found in the literature (lysozyme30, ribonucle-

ase A30, avidin31, α-lactalbumin30, BSA32, adalimumab33). The 

total charge of the proteins at pH 7.4 were determined by sum-

ming the charges of the exposed ionizable amino acids. Solvent-

exposed ionizable amino acids were computed by Protein-sol 

pKa.34 The different solvent-accessible areas (ASA) were cal-

culated by the following procedure: (1) PDB files of the biolog-

ical protein assembly cured of ligand and water molecules were 

obtained (lysozyme: 2LZT, ribonuclease A: 2E3W, avidin: 

5IRU, α-lactalbumin: 1F6S, BSA: 4F5S, adalimumab: 3WD5-

1HZH homology model35); (2) ASA of each atom was com-

puted by GetArea 1.0 beta36 with a probe radius of 10.0 Å (to 

exclude the surface of cavities inaccessible to solid inter-

faces37); (3) the potential field value and ratio of non-polar/polar 

were obtained for each atom thanks to the protein-sol patches 

software38; (4) the positive and negative ASA were calculated 

by summing the atomic surfaces of atoms having a potential 

field value ≥ 0 mV (ASA+) and < 0 mV (ASA-); (5) the hydro-

phobic and polar ASA were determined by summing the atomic 

surfaces of atoms possessing a ratio of non-polar/polar ≥ 1.45 

(ASAH) and < 1.45 (ASAP). All computed properties are avail-

able in Supplementary Materials (SM2, proteins’ properties). 

PDA-coating procedures 

All bare-fused silica capillaries (70 cm in total length) were 

pretreated by consecutively flushing methanol (67 min), 0.1 M 

HCl (67 min), water (11 min), 1.0 M NaOH (67 min), water (17 

min), acetone (17 min), and air (67 min). In the layer-by-layer 

approach, the pretreated capillary was filled with 6 mg/mL do-

pamine hydrochloride in 10 mM Tris-HCl solution (pH 8.5). 

The capillary was sealed on both ends and incubated in a GC 

oven (Hewlett Packard Agilent HP 6890/G1530A Series GC 

System, Waldbronn, Germany) at 30°C for 20 h. The PDA dep-

osition was repeated 0 or 1 times to obtain 1 or 2 layers of PDA 

on silica, respectively. Then, the capillary was rinsed with water 

(5 min) and helium stream (1 h, 30°C). PDA was grafted by 

injecting a solution of 25 mg/mL PIPAAm-NH2 in 10 mM Tris-

HCl solution (pH 8.5) and incubating the sealed capillary in the 

GC oven at 30°C for 30 h. The capillary was rinsed with water 

(5 min) and helium stream (15 min, 30°C). In the one-pot ap-

proach, the pretreated capillary was filled with a solution of 6 

mg/mL dopamine hydrochloride and 25 mg/mL PIPAAm-NH2 

in 50 mM Tris-HCl (pH 8.5). The sealed capillary was then in-

cubated in the GC oven at 30°C for 20 h and rinsed with water 

(5 min) and helium stream (1 h, 30°C). In the case of PDA dep-

osition with oxidizing agent, these molecules were added in the 

dopamine solution before filling the capillary. In the case of 

endcapped coatings, the following step was added: the coated 

capillaries were filled with 100 mM Tris-HCl pH 8.5 (for Tris 

endcapping), 500 mM glycinamide hydrochloride adjusted at 

pH 8.5 with 1.0 M KOH (for glycinamide endcapping), 100 mM 



   

 

 

thioglycerol in 50 mM Tris-HCl pH 8.5 (for thioglycerol 

endcapping), or 10 mg/mL BSA in 50 mM Tris-HCl pH 7.4 (for 

BSA endcapping). Then, they were incubated at 30°C for 72 h 

and rinsed with water (5 min) and helium stream (3 h, 30°C). 

Finally, the capillaries were cut to the desired length. 

Capillary electrophoresis 

CE-UV experiments were carried out on an Agilent 7100 ca-

pillary electrophoresis system that was operated by Agilent 

OpenLab CDS 2.7 software. Capillary electrophoresis was per-

formed with a cassette thermostated at 25°C at a constant volt-

age of 6 kV for anions and −6kV for cations. The small mole-

cules and proteins were detected at 210.0 ± 4.0 nm with a refer-

ence wavelength at 500.0 ± 100.0 nm. The capillary was 35 cm 

in total length and the effective length was 8.5 cm. Each day, 

the capillary was conditioned by successive flushes of H2O (30 

min) and background electrolyte (BGE) (60 min). Before each 

run, the capillary was rinsed by flushing BGE (3 min). The an-

alytes were injected into the capillary by vacuum injection at 

−20 mbar for 4 s, followed by a short plug of BGE at −20 mbar 

for 2 s.  

ACE-MS experiments were performed on an Agilent HP 

G1600AX 3D-CE system coupled to an Agilent 6340 Ion Trap 

through a coaxial sheath liquid interface sprayer (Agilent Tech-

nologies). The sheath liquid was composed of 5 mM ammo-

nium acetate in methanol/water (80:20, v/v) and was delivered 

into the sprayer thanks to an Agilent capillary pump (G1376A) 

at a flow rate of 4.0 µL/min. 6300 Series Trap Control Version 

6.2 (Build 62.24) Software was used for data acquisition. The 

CE and capillary pump were operated by Agilent Chemstation 

(Rev. B.01.03-SR2 [204]). The MS detection was performed in 

positive mode using the following ESI-MS conditions: capillary 

voltage, −3900 V; nebulizer, 2 psi; dry gas, 10.0 L/min; dry 

temperature, 200°C; skimmer, 40.0 V; capillary exit, 101.2 V; 

octopole 1 delta classic, 8.00; octopole 2 delta classic, 1.70; trap 

drive, 25.5; octopole radio frequency, 114.3 Vpp; lens 1, −5.0 

V; lens 2, −60.0 V; max accumulation time, 1000.0 ms; ICC 

target, 500000; scan interval, 119–150 m/z; averages, 2. The an-

alytes were detected as singly charged cations using the follow-

ing m/z values: PABZM – 136.0; lysine – 147.1. Extracted ion 

electropherograms were smoothed (Gauss, 4.186 s, 2 cycles). 

The capillary was 60 cm in total and effective length. The ca-

pillary was conditioned similarly to CE-UV experiments. β-

FXIIa (37.37 µM in 150 mM NMM acetate pH 7.4) was first 

injected hydrodynamically at 50 mbar for 0, 90, 120, 150, or 

180 sec. Then, PABZM (with L-lysine) was inserted at 50 mbar 

for 8 sec, followed by a short plug of BGE (50 mbar for 2 sec). 

Capillary electrophoresis was performed with a cassette ther-

mostated at 25°C at a constant voltage of 7 kV. 

Sample preparations 

The buffer of the FXIIa commercial solution was exchanged 

with 150 mM NMM acetate pH 7.4 using Amicon® Ultra-0.5 

Centrifugal Filter Unit (Merck KGaA, Darmstadt, Germany). 

Tested compounds were prepared at 20 mM in methanol and 

kept at −80 °C. Methanol was evaporated at 40°C until dryness 

using a Centrivap concentrator connected to a cold trap (Lab-

conco, Kansas City, MO). The residue was dissolved in the 

NMM buffer at the desired concentration. The latter solution 

was finally 20-fold diluted with water to obtain the injected so-

lution. The concentrations in CE-UV were 40 µM for small 

molecules and 0.5 mg/mL for proteins. In CE-MS, PABZM, ly-

sine, and FXIIa were injected at 2 µM, 20 µM, and 18.7 µM, 

respectively. 

Data treatment 

In CE-UV, the migration times and tailing factors were de-

termined by Agilent OpenLab CDS 2.7 software. In CE-MS, 

the migration times were obtained thanks to the Agilent DataA-

nalysis for 6300 Series Ion Trap LC/MS Version 4.0 (Build 

234) Software. The corrected migration times of PABZM 

(tM,corr,PABZM) were calculated by applying Eq. 1 (See Supporting 

Information (SI), Supplemental Data 1). The determination of 

the KD was calculated similarly to Nilsson et al.39 using the cor-

rected migration times (See SI, Supplemental Data 2). 

RESULTS AND DISCUSSION 

Previously, our team developed direct ACE methods using a 

diode-array UV detector to validate fragment hits and determine 

their KD.8,9 In the present study, we aimed to adapt the method 

for hyphenation with MS in order to extend its applicability to 

compounds with little or no UV−vis absorption and to confirm 

compound identity during analysis. This additional output helps 

to avoid false structural assignment of binders, which is a valu-

able asset during a drug discovery campaign.2 However, MS 

detection requires a volatile pH 7.4 buffer and a neutral perma-

nent coating showing minimal adsorption of protein targets and 

hit compounds. Our previous methods used a Tris-Hepes buffer 

and a dynamic PEO coating, which are not compatible with MS 

detectors. 

Study design to evaluate the performances of the MS-

compatible BGE and coating 

For the BGE and coating optimization phase, we selected 

model compounds (small molecules and proteins) that cover a 

wide range of physicochemical properties, to select the most 

universal experimental conditions possible. We employed them 

to study the phenomenon of adsorption on the inner capillary 

surface. For small molecules, we used beta-blockers as cationic 

analytes and non-steroidal anti-inflammatory drugs (NSAIDs) 

as anionic analytes. Figure 1A shows that the analytes include 

various lipophilic levels. Indeed, there are anionic and cationic 

analytes with negative, zero and positive LogD7.4, I=0.15M values 

(Figure 1A). The molecules cover a wide range of MW com-

monly found in drug-like compounds (Figure 1B).40 Most mol-

ecules have exactly one benzene ring (6 aromatic atom count); 

but at least one drug in each group has a second aromatic ring 

(Figure 1B). As shown in Figure 1C, small molecules also ex-

hibit different characteristics in terms of solvent-accessible sur-

face area (ASA). For example, the molecular surface of oxpren-

olol (orange dot in Figure 1) is predominantly hydrophobic and 

positive (upper right part of Figure 1C). 

For proteins, we selected hard and soft proteins with different 

MW and charge (Figure 2A). The hard or soft character of a 

protein is an important concept for understanding protein ad-

sorption at solid-liquid interfaces. Hard proteins retain most of 

their conformation upon adsorption, while soft proteins are sub-

ject to structural changes upon adsorption.41 Adsorption of hard 

proteins is governed by electrostatic interactions and dehydra-

tion of the sorbent and the protein. On hydrophilic surfaces, 

hard proteins adsorb only in case of electrostatic attraction. The 

structural rearrangement of soft proteins adsorbed on solid 



   

 

 

surfaces (entropic gain) is an additional driving force that can 

overcome opposing effects such as electrostatic repulsion and 

hydrophilic dehydration. 41 Adsorbed proteins typically have 

10-40% of their amino acid residues in contact with the solid 

surface.41 Thus, a higher MW leads to a greater number of 

points of attachment to the solid surface. It should be noted that 

structural stability upon adsorption is difficult to predict. For 

this study, we only used proteins previously assigned to one of 

these two categories (Figure 2).30,41–44 Among the proteins cho-

sen, adalimumab was used as a representative of immunoglob-

ulins G 1 (IgG1), which are soft proteins44 and the most mar-

keted therapeutic monoclonal antibody.45 Figures 2B and S1 

show the surface properties of the different proteins. 

 

 
Figure 1. Structure and physicochemical properties of the studied small molecules: charge at pH 7.4 (A, x-axis), lipophilicity value 

at pH 7.4 and ionic strength of 150 mM (A, y-axis), molecular weight (B, x-axis), number of aromatic atoms (B, y-axis), and properties of 

the molecular surface in terms of charge and hydrophobicity (C). ASA: solvent-accessible surface area at pH 7.4 (solvent radius used = 1.4 Å, 

approximated radius of a water molecule, Å²) of atoms with a positive partial charge (ASA+), of atoms with a negative partial charge (ASA-), of 

hydrophobic atoms (ASAH), and of polar atoms (ASAP), LogD: distribution coefficient, MW: molecular weight. 

 
Figure 1. Structure and physicochemical properties of the studied proteins. Panel A shows the charge state at pH 7.4 of the proteins 

(y-axis) and their molecular weight (x-axis). Panel B depicts the properties of their molecular surface. The structure of the proteins was 

depicted using cartoon representation. Red and blue regions are negative and positive patches, respectively. ASA: solvent-accessible surface 

area at pH 7.4 (solvent radius used = 10 Å, mimicking a flat surface, Å²) of atoms with a positive partial charge (ASA+), of atoms with a negative 

partial charge (ASA-), of hydrophobic atoms (ASAH), of polar atoms (ASAP), MW: molecular weight. 

Evaluation of n-methylmorpholine acetate as BGE Different concentrations of NMM acetate buffer were com-

pared to the previously used Tris-Hepes buffer.8–10,46 The meas-

ured and calculated characteristics of the buffers are 



   

 

 

summarized in Table S1. Increasing NMM concentration led to 

more viscous BGE with higher background absorbance at 210 

nm. We observed cleaner baselines with NMM BGEs (See SI, 

Figure S2). Compared to Tris-Hepes, 300 mM NMM possessed 

a lower conductivity despite its higher ionic strength. Moreover, 

increasing NMM concentration reduced and stabilized the EOF 

(See SI, Table S1).  

Regarding small molecules, we noticed that tailing correlates 

with the number of H-bond donors (See SI, Figure S3 and Table 

S3). This correlation was confirmed by testing eight supple-

mental molecules. Hydrogen bonding was already reported as 

responsible for the adsorption of numerous small organic mol-

ecules on silica surfaces.47 Ionized silanols that predominantly 

cover the internal surface of bare-fused silica capillary at pH 7.4 

are only H-bond acceptors, which can explain the correlation 

observed in this study.  

As expected41, in the case of Tris-Hepes, the proteins pos-

sessing a molecular surface predominantly positive (Figure 2, 

ASA+/ASA- > 1) strongly interacted with silica (negatively-

charged surface at pH 7.4) leading to important peak tailing (ly-

sozyme, ribonuclease A, and adalimumab) or the absence of 

peak (avidin) (See Figure 3, traces in black). Tailing increased 

with the MW and the ASA+/ASA- ratio. Regarding the soft 

acidic proteins (α-lactalbumin and BSA), large peaks are ob-

served. Interestingly, peak shape of all the proteins improved 

with increasing concentration of NMM (See SI, Figures S4 to 

S9). Using 300 mM or 500 mM NMM, we recorded well-

shaped peaks for lysozyme and adalimumab (See Figure 3A and 

C, respectively), and a peak appeared for avidin (See Figure 

3B). This phenomenon can be due to the ability of morpholines 

to displace adsorbed proteins from silica.43,48 The desorption 

property of morpholines is linked to their uncharged form.48 So, 

to be efficient, NMM must be used at pH 7.4 or higher. By fa-

vorizing protein desorption during CE analysis, proteins spend 

less time attached to surface. Therefore, tailing is reduced and 

the soft proteins are less prone to change conformation (which 

could be linked to the larger peaks observed43).49 Overall, the 

required NMM concentration to obtain an adequate peak shape 

correlates with the propensity of the protein to adsorb on silica. 

Polydopamine-PIPAAm coating 

Although NMM efficiently reduces silica-protein interac-

tions during electromigration, a neutral, antifouling coating is 

still mandatory to achieve low EOF using an appropriate con-

centration of NMM. Indeed, a high NMM concentration (500 

mM) has an ionic strength around 1.8 times higher than the 

physiological value (See SI, Table S1) and affects MS detec-

tion, causing ion supression.27 We used a two-levels strategy 

when studying PDA coatings. First, the coatings had to demon-

strate stability over 30 injections in terms of EOF and small 

molecule migration times. The peak shape of the small mole-

cules was also considered when selecting coatings to prioritize. 

The second level consisted of evaluating the electromigration 

of the studied proteins in terms of migration time and peak 

shape. We compared two PDA deposition and grafting proto-

cols (See Table S2 and Figure S10). The one-pot synthesis was 

superior to the layer-layer approach since it led to a higher EOF 

reduction, was stable with a single deposited layer, and required 

shorter preparation time. The use of 50 mM Tris-HCl had suf-

ficient buffer capacity to support the addition of 25 mg/mL 

PIPAAm-NH2. Chemical oxidants (sodium periodate, or copper 

sulfate with and without hydrogen peroxide) reduced the prep-

aration time, but did not lead to stable coatings. To reduce the 

tailing observed with diclofenac, sulindac, celiprolol, and 

labetalol (See SI, Figure S11), several endcapping strategies 

were investigated. Our best results were obtained with the Tris 

endcapping. We also observed that PDA-coated capillaries 

must be kept in water in order to avoid crack formation in the 

PDA layer (See SI, Figure S12). 50 Conversely, air flushes al-

tered the migration times of small molecules. 

 
Figure 3. Electropherograms of lysozyme (A), avidin (B), and 

adalimumab (C) with different BGE on bare-fused silica capil-

lary. The negative peaks are waterdips due to the sample matrix 

(BGE 10-fold diluted with water) and correspond to the magnitude 

of the EOF. (A) Highly distorted peak of lysozyme detected after 

the EOF was observed with Tris-Hepes. Tailing was still present 

with the 300 mM NMM BGE. 500 mM NMM generated a well-

shaped main peak with two additional species at its base. (B) No 



   

 

 

peak was detected with Tris-Hepes. A distorted peak (end of the 

tailing after the EOF) appeared with the 300 mM NMM BGE. 500 

mM NMM generated a peak with slight tailing. (C) A distorted 

peak was detected with Tris-Hepes. 300 mM NMM and 500 mM 

NMM BGEs generated a well-shaped main peak. Two additional 

species were separated with the 500 mM NMM BGE. BGE: back-

ground electrolytes, EOF: electro-osmotic flow. 

Interestingly, we observed that the small molecules with the 

highest tailing factors (TF) had a second aromatic ring. Thus, 

we suspected a major contribution of π–π stacking and cation–

π interactions with the PDA layer. These interactions maintain 

non-covalent complexes in the PDA layer.51 Therefore, addi-

tional NSAIDs and beta-blockers were tested to expand the da-

taset. Two pairs of compounds possessing similar properties in 

terms of charge and lipophilic character but with different ex-

pected strength of π stacking interactions (propranolol:betaxo-

lol and flurbiprofen:ibuprofen) were investigated. The mole-

cules bearing a moiety that forms strong π stacking interactions, 

such as naphthalene52 (propranolol, TF = 7.84 ± 0.45) and bi-

phenyl53 (flurbiprofen, TF = 7.92 ± 0.29), showed highly dis-

torted peaks compared to those with a single phenyl group 

(betaxolol: TF = 2.68 ± 0.26 and ibuprofen: TF = 1.36 ± 0.04, 

respectively). The cyclopropyl group of betaxolol (TF = 2.68 ± 

0.26) also altered the peak shape (vs metoprolol, TF = 1.56 ± 

0.02) (See SI, Table S3). Cyclopropane possesses uncommon 

C−C single bonds that are closer to C═C double bonds in terms 

of properties. Therefore, this moiety can form CH−π interac-

tions.54 These differences in tailing factor were not observed on 

bare-fused silica capillaries (See SI, Table S3).  

For proteins, an adequate peak shape for all the tested pro-

teins was obtained with 300 mM NMM BGE using our best 

PDA-PIPAAm capillary (See Figure 4). 150 mM NMM BGE 

was also tested, showing satisfactory results for both slightly 

basic and acidic proteins. Strongly basic proteins and antibodies 

required 300 mM NMM BGE. Overall, the combination of 

NMM and the neutral coating allowed us to obtain better results 

compared to other studies.55–57 Indeed, previous analyzes of 

proteins on different neutral-coated capillary have reported 

drastic peak distortion at pH 7.55–57 Most papers58–61 performed 

protein analysis in strong acidic conditions (pH 2-3.5). 

Binding measurements using CE-MS 

To investigate the potential of our method to measure inter-

actions under near-physiological conditions, we monitored 

PABZM, a known β-FXIIa ligand. 150 mM NMM BGE was 

sufficient to provide an adequate peak shape for both PABZM 

and β-FXIIa, an acidic protein (pI = 4.7-4.962,63) of 30 kDa. The 

voltage was set at the maximal value (7 kV) that generated less 

than 50 µA (MS compatibility) and an adequate heat dissipation 

(See SI, Figure S13). Under these conditions, we did not ob-

serve any polymer leakage in the MS instrument. It should be 

noted that to reduce the MS background, contamination of 

NMM by n-methylmorpholin N-oxide should be limited by us-

ing highly pure NMM and storing it under inert atmosphere at 

4°C (See SI, Supplemental Data 3). 

Concerning the determination of the KD, we customized the ap-

proach of Nilsson et al.39 that determines the affinity directly 

from migration times. This only requires prior knowledge of the 

amount of protein loaded, the effective length of the capillary, 

and the internal radius of the capillary. Since the thickness of 

PDA films reaches a maximum 45 nm64, it was considered neg-

ligible. In CE-MS, it is common to observe variability in migra-

tion times due to the coupling interface. To alleviate this re-

striction, we introduced a non-interacting analyte (L- lysine) 

preferred over a flow marker because the EOF is very low. The 

corrected migration times (tM,corr) of PABZM in min were cal-

culated according to Eq. 1 (See SI, Supplemental Data 1). 

𝑡𝑀,𝑐𝑜𝑟𝑟 =  
1

(
1

𝑡𝑀,𝑜𝑏𝑠
−

1
𝑡𝑀,𝑜𝑏𝑠,𝑙𝑦𝑠

+
µ𝑒𝑓𝑓,𝑙𝑦𝑠

𝑎
)

          (𝐸𝑞. 1) 

where 
µ𝑒𝑓𝑓,𝑙𝑦𝑠

𝑎
 had a value of 0.024 min-1. 

The calculated KD of PABZM-FXIIa interaction by CE-MS 

was 153.9 [149.2-158.9] µM (See Figure 5 and SI, Figure S14). 

This value is similar to its inhibition constant (Ki) previously 

reported at 163.2 [162.2-164.2] µM.8,10 The potency ratio be-

tween these two values is 1.06, which is considered as not sig-

nificantly different in FXIIa medicinal chemistry program.10 

 

Figure 4. Electropherograms of the studied basic (A) and acidic 

(B) proteins on the best PDA-PIPAAm coated capillary. BSA: 

bovine serum albumin, PIPAAm: poly(N-isopropylacrylamide), PDA: 

polydopamine. 



   

 

 

 

Figure 5. Determination of the dissociation constant (KD) of 

PABZM by ACE-MS: plot of the difference in corrected migra-

tion times (Δt, in min) against the amount of injected β-FXIIa (n, in 

mol). FXIIa: coagulation factor XIIa, and PABZM: p-aminobenzami-

dine. 

CONCLUSION 

Protein adsorption in capillary electrophoresis is a common 

issue. The adhesion of protein on the silica surface is known to 

deteriorate the repeatability of EOF and migration times, peak 

shape, and resolution.65 Being able to desorb proteins from the 

capillary surface typically requires harsh treatments, such as 

flushing the capillary with 2M HCl or 85% m/m phosphoric 

acid.66 Several coatings, including PVA and PDA, are incom-

patible with these strong acidic conditions. NMM addresses this 

unmet need by desorbing proteins in a gentler way (pH 7.4, 

aqueous solution). Besides its desorption property, NMM is an 

interesting buffering component for capillary electrophoresis 

because of its low conductivity and MS compatibility. 

We showed that one-pot PDA deposition is an efficient strat-

egy to generate MS-compatible coating that is stable at physio-

logical pH. Stable coatings at neutral pH are sparse. The most 

common strategy to covalently attach the desired polymer on 

silica is through siloxane linkages. However, these bonds are 

already damaged at pH superior to 4.6.19 PVA is stable at 7.4; 

but it does not support modulations. On the contrary, PDA can 

immobilize polymers of diverse properties.56,59–61,67,68 However, 

the PDA layer is not an inert surface and interacts with small 

molecules through π interactions, which can be attenuated by 

endcapping PDA with Tris. 

We showed that the combination of NMM-based BGE and 

PDA-based coating enables the successful hyphenation of ACE 

with MS in physiological conditions. Ligand-protein interaction 

studies by ACE-MS require low amount of tested compound 

and protein per experiment. Compared to our ACE-UV ap-

proach, the ACE-MS can detect a low UV−vis absorbent com-

pounds (such as L-lysine, in the present application) and be per-

formed at lower concentration of analyte. However, a non-in-

teracting analyte is mandatory to monitor the liquid flow in each 

experiment and, in consequence, correct the migration times.  
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