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Abstract

Phospholipid bilayer nanodiscs composed of 1,2-dimyristoyl-srglycero-3-phosphocholine and
synthetic maleic acid-styrene copolymer belts have been introduced as a pseudostationary phase
(PSP) in electrokinetic chromatography and demonstrated good performance. The nanodiscs
provide a suitable migration range and high theoretical plate counts. Using this nanodisc PSP, the
affinity of the bilayer structure for probe solutes was determined and characterized. Good
correlation is observed between retention factors and octanol water partition coefficients for
particular categories of solutes, but the general correlation is weak primarily because the nanodiscs
show stronger affinity than octanol for hydrogen bond donors. This suggests that a more
appropriate application of this technology is to measure and characterize interactions between
solutes and lipid bilayers directly. Linear solvation energy relationship analysis of the nanodisc-
solute interactions in this study demonstrates that the nanodiscs provide a solvation environment
with low cohesivity and weak hydrogen bond donating ability, and provide relatively strong
hydrogen bond acceptor strength.
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1. Introduction

Electrokinetic Chromatography (EKC) is a variation of capillary electrophoresis developed
in 1984 by Terabe et al.[1] In this form of chromatography, analytes are separated via
selective interactions with a pseudostationary phase (PSP) dispersed within the CE
background electrolyte (BGE). The theory, applications and development of the technique
have been presented in textbooks and reviews.[2, 3] The first PSPs were surfactant micelles,
but since that time several different types of PSPs have been introduced in attempts to offer
different separation selectivity or to improve performance. Microemulsions[4, 5],
polymers[6-8] nanoparticles[9, 10], liposomes[11, 12] and vesicles[12, 13] are just a few of
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the forms that have been described in the literature. This technology allows for fast,
selective, and efficient separations that require only nanoliter sample volumes.

The utility of EKC to characterize PSPs and PSP-solute interactions has been recognized
since its introduction[1]. A major application of EKC has been to measure the affinity
between solutes and a PSP as a proxy for affinity for biological lipid bilayers or for octanol-
water partition coefficients (Pyyy). Measurement of lipophilicity, as described by Popy or D
(measured or calculated under specific conditions), is important in pharmaceutical
development because metabolic clearance rate[14] and biotransport properties can be
correlated to lipophilicity[15]. Posy OF D is also a useful measure of potential
bioaccumulation and ecotoxicity. The measurement of solute portioning is a primary
application of EKC with liposome PSPs[16-21], and this approach has also been used to
estimate skin permeability[22, 23], blood-brain barrier transport[24], ecotoxicity[25], and
drug-induced phospholipidosis risk[26]. Py has most often been correlated with retention
factors in microemulsion EKC[27-38], although vesicles have also been investigated for this
purpose[15]. Xia et al.[37, 38] reported methods to obtain improved correlation of
microemulsion EKC results with P, values, and microemulsion EKC has been investigated
for determination of brain tissue partitioning for central nervous system drugs[39].

Nanodiscs are nanometer scale disc-shaped phospholipid bilayer assemblies encircled by
two genetically engineered belt or scaffold proteins[40-43] (see Figure 1[43]). The belt
proteins interact with the hydrophobic edges of the nanodisc on the inner side and the
surrounding aqueous medium on the outer side, serving to stabilize the nanodiscs in agueous
dispersions. The belt proteins are based on human serum apolipoprotein, and can be
generated in different lengths to create nanodiscs of different diameters. The phospholipid
composition of the nanodiscs can also be varied to mimic specific biological systems. These
phospholipid bilayer structures thus have extraordinary and unique potential to simulate
biological membranes and could represent useful constructs with which to study membrane
affinities by EKC. Unfortunately, it is prohibitively difficult and expensive to generate
enough belt protein to produce nanodiscs in sufficient quantity to carry out EKC studies.

More recently, phospholipid bilayer nanodisc structures have been generated using synthetic
styrene-maleic acid copolymers to surround and stabilize the discs in place of belt
proteins[44]. The structure of this copolymer lipid nanodisc assembly was studied
extensively by Jamshad et al.[45]. The copolymer belt, which contains two styrene
monomers for every maleic acid, takes the form of a bracelet encircling the lipid membrane
with the styrene oriented parallel to the alkyl chains of the lipid[45]. Using this approach, it
is now possible to produce nanodiscs inexpensively in sufficient quantity for use in EKC
studies. Furthermore, the anionic maleic acid group serves the purpose of imparting negative
charge and electrophoretic mobility on the nanodiscs, making them suitable as a PSP.

In this study we evaluate these phospholipid nanodiscs as a representative model of a lipid
bilayer to determine bilayer affinities by EKC. Nanodiscs are generated from 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipids and the styrene-maleic acid
copolymer. DMPC lipids were chosen for this initial study to generate lipid-polymer discs
with uniform composition. DMPC is a net nonionic lipid with no carbon double bonds
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leading to a bilayer with minimal disorder. The utility of these nanodiscs as EKC PSPs is
demonstrated for the first time, and the retention factors of 38 compounds are correlated to
their experimental Pqy,. All of the compounds were analyzed phosphate BGE in the absence
of PSP in order to confirm zero electrophoretic mobility. This allowed for the comparison of
Log k” values to Log Py, values and confirmed that the compounds migrate with
electroosmotic flow when not associated with the nanodiscs. LSER analysis is conducted to
further understand the interactions between small molecules and the lipid bilayer. Analysis
of the results indicates that interactions with the phosphocholine head groups contribute
significantly to the affinities of solutes for the nanodiscs.

2. Materials and Methods

2.1 Chemicals

Sodium phosphate monobasic monohydrate, sodium phosphate dibasic heptahydrate,
potassium hydroxide, and hydrochloric acid were purchased from Sigma-Aldrich (Saint
Louis, MO). 1,2-dimyristoyl-sr-glycero-3-phosphocholine (DMPC) lipids were purchased
from Avanti Polar Lipids (Alabaster, AL). Copolymer, SMA 2000, was a gift from J.
Antoinette Killian of Utrecht University. All analytes used for analysis were obtained from
either Sigma-Aldrich (Saint Louis, MO) or ACROS Organics (Geel, Belgium).

2.2 Preparation of copolymer SMA 2000

The SMA 2000 copolymer preparation has been described several times in the literature [46,
47]. Briefly, a 5% (w/v) solution of SMA 2000 is suspended in a 1M KOH solution and
refluxed for 6 hours. FTIR analysis, monitoring the shift in the carbonyl signal from
1780cm~1 to 1560cm™1, confirmed reaction completion. The copolymer was precipitated
using 6M HCI to create a 1.1M HCI solution. The precipitate was washed five times with
0.1M HCI. The copolymer was freeze-dried and stored at room temperature.

2.3 Preparation of nanodiscs

Phospholipids dissolved in chloroform were dried in vacuo and rehydrated to 5mM lipid
concentration using a 25 mM phosphate pH 7.0 buffer. Ten freeze-thaw cycles were
performed on the lipid solution using a dry ice-ethanol bath and a sonicator with a water
temperature set 10°C above the DMPC lipid gel-to-liquid crystalline phase transition
temperature (Ty,), which is 24°C, to form multilamellar vesicles. Vesicles were extruded
through a 200-nm polycarbonate filter using an Avanti mini-extruder at least 13 times to
create large unilamellar vesicles[46]. Extrusion provides consistency between preparations
but is not required, and the nanodiscs will form from multilamellar vesicles as well. After
extrusion a 5% (w/v) solution of SMA 2000 polymer in 25 mM phosphate buffer at an
adjusted pH of 7.0 was added such that the solution contained a 1:0.85 (w:w) lipid to
copolymer ratio. This ratio was determined to provide stable nanodiscs of suitable diameter
for EKC studies in separate studies varying the ratio from 0.5:1 to 1:1. The solution was then
lightly vortexed for 5 minutes before being left to sit at room temperature for 2 hours to
equilibrate and complete nanodisc formation, and placed in the refrigerator for storage.
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2.4 Nanodisc characterization

The size and polydispersity of the nanodiscs were obtained by dynamic light scattering at
5mM phospholipid concentration in 25 mM phosphate buffer pH 7.0 with a Malvern
Zetasizer Nano ZS. Four syntheses were measured in three separate trials which consisted of
14-15 measurements per trial.

2.5 EKC Characterization

Phosphate buffers, prepared by dissolving sodium phosphate monobasic and sodium
phosphate dibasic in 18MQ nanopure water from an EMD Millipore system (Bedford, MA)
and diluting to 25mM concentration, were used as background electrolyte (BGE) for all
analytical separations. A 5 mM phospholipid concentration of nanodiscs in BGE was used
for all separations. Stock solutions (25mM) of each analyte were prepared in acetone.
Analytical samples were prepared from stock solutions by dilution to 250um in BGE so that
the injected samples contained only 1% acetone. EKC experiments were performed on an
Agilent3PCE instrument with on-column DAD controlled by Agilent Chemstation software
using 50pum id fused silica capillaries with 150um extended pathlength cell (Agilent
Technologies, Santa Clara, CA).

Capillaries with total length of 48.5cm and effective length of 40cm were flushed daily for
10 minutes with a 1.0M NaOH solution. Between injections the capillary was flushed with
acetone, nanopure water, and buffered nanodisc solution. Analytes were injected
individually by 35 mBar of pressure for five seconds and detected at 210, 225, 245, and 254
nm. All analyses were run at 15 kv applied voltage and 25°C using 5 mM phospholipid
concentration of nanodiscs in BGE.

The migration time and the effective electrophoretic mobility of the nanodiscs in the
buffered solution was estimated by using the method of Bushey and Jorgenson[48, 49] using
acetone as the EOF marker and the migration times of six alkyl-phenyl ketone homologs:
acetophenone, propiophenone, butyrophenone, valerophenone, hexanophenone, and
heptanophenone. The Excel application solver was used to determine the nanodisc migration
time that gave the maximum r2 for the plot of log retention factor vs homolog carbon
number.

The retention factors for all analytes were calculated using the following equation,

Heo — Hsol
k=
Msol — (,ueo+,upsp)

where peo is the electroosmotic flow during the analyte run determined by the migration
time of acetone, g is the total (observed) electrophoretic mobility of the solute including
the [eo, and ppsp is the electrophoretic mobility of the nanodiscs determined separately.

The logarithm of experimental Py, and that of computationally derived Dpy7, o were
graphed against log of the respective retention factors for 38 probe solutes to determine the
linear correlation. The log(DpH7.0) values were generated by ChemAxon software, which
bases its computational methods on work by Viswanadhan et al[50] who generated values
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through combination of atomic physiochemical properties. Linear Solvation Energy
Relationships (LSER) characterization was performed using 32 LSER probe solutes similar
to the list used in a recent study of a latex nanoparticle PSP[51]. After measurement of k
values, Excel was used for multivariate linear regression to determine LSER coefficients.

3. Results and Discussion

3.1 Nanodisc characterization

The first reported use of copolymer belted nanodiscs was for solubilization of membrane
bound proteins for spectroscopic studies[52]. Those nanodiscs were synthesized using a
higher ratio of 3:1 (w:w) of belt to lipid[46]. For the purposes of EKC large ratios of
copolymer belt to lipid were avoided in order to decrease the background UV absorbance. A
lipid to belt ratio of 0.85:1 was used and yielded nanodiscs that were on average less than
20nm by Z-average diameter and intensity measurements (Table 1). For three of four
syntheses, the measured diameters were not significantly different (a<0.05) and averaged
17.8 nm, while a fourth synthesis yielded nanodiscs about 20% larger. According to the
literature, decreasing the belt to lipid ratio may increase the size of the nanodisc[44]. The
belt to lipid ratio used here was selected to provide nanodiscs of sufficiently small diameter
to minimize light scattering while at the same time reducing background absorbance from
the SMA polymer that would be observed at higher polymer to lipid ratios.

Separations of representative small molecule probes using the 0.85:1 nanodiscs as a PSP are
presented in Figures 2 and 3. Figure 2 shows a separation of alkyl-substituted phenones with
good plate counts and selectivity. These data were used to calculate a nanodisc
electrophoretic mobility of —3.44x10~4(cm?/VV*s). The reported electrophoretic mobility of
SDS micelles is —4.05x104(cm?/V*s)[49, 53], meaning that the nanodiscs have lower
mobility and provide a narrower migration range than typical micellar PSPs. Still, the
nanodisc electrophoretic mobility is sufficient to provide a useful migration range and allow
measurable differences in migration time for solutes with differing affinity for the nanodiscs.
The nanodisc generated an average of 230,000 theoretical plates for the compounds in
Figure 2. The separation in Figure 3 also illustrates the good performance of the nanodisc
PSP, providing good resolution, sufficient differences in migration time and an average of
180,000 theoretical plates. Both figures also show reproducible negative system peaks
observed in this system. The belt polymers have significant absorbance at the wavelength of
detection, and small changes in the background concentration of nanodiscs or styrene-
containing impurities may be the cause of these system peaks.

3.2 Comparison of octanol-water partition coefficients to retention factors

Thirty-eight compounds with varying functional groups and size and with published values
for Py [15, 54-57] (Table 2) were used to determine the effectiveness of these nanodiscs
for indirect measurement of Py, and Dpp7.9. Retention factors (k) for these were measured
and are reported in Table 2. As detailed in the Supplemental Information, the volume ratio of
lipid to BGE is approximately 0.003, meaning that equilibrium binding constants are about
300 times the retention factors. We have chosen not to convert our results to equilibrium
constants prior to further analysis since the volume ratio is uncertain and the constant offset
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to logarithm terms would not affect the outcomes. Correlations between log(Ponw) Of
l0g(DpH7.0) and log(k) were determined through linear regression.

The data for log(P,) are plotted in Figure 4, and it is clear that there are at least two
different classes of solute probes with different relationships between log (Pop,) and log (k).
The primary difference between the two groups of solutes was found to be their hydrogen
bond donor strength. The upper group of 22 solutes, with an r2 value of 0.973 and a slope of
1.24+0.05, contains varying functionalities but none capable of donating a hydrogen bond.
The second set of 16 solutes are hydrogen bond donors, and gave an r? value of 0.847 and a
slope of 1.13+0.13. Regression of all 38 compounds gave an r2 value of 0.881 and a slope of
1.31+/-0.08. There is not a single strong correlation for all solute chemistries, but good
correlation and Py, determination could be achieved within particular solute categories,
especially depending on solute hydrogen bond donor strength. It is possible that solutes with
more acidic hydroxyl groups versus those with more basic amine groups may have slightly
different trends, but more solutes with amine functionalities would need to be analyzed to
determine if a significantly different trend is present.

A plot of computationally derived log(Dpn7.0) values vs log(k) is presented in Figure 5.
Unlike Figure 4, there are no separate trends based on hydrogen bond strength. The r2 value
was 0.810 and the slope was 1.09+0.09. In general our retention factor results correlate
better to experimental Py, values than to computational Dy o values.

3.3 LSER analysis

In order to gain a better understanding of why the affinities of different classes of
compounds correlate separately with Py, linear solvation energy relationship (LSER)
analysis was employed. LSER analysis is used to study the free energy for transfer of a
solute from the BGE to the nanodisc. The free energy of transfer is modeled by the
following equation,

log (k) =c+vV +eE+sS+aA+bB

where the energy is treated as the sum of terms that include the McGowan characteristic
volume (V), excess molar refraction (E), dipolarity/polarizability (S), hydrogen-bond acidity
(A), and hydrogen-bond basicity (B) of the solute. The constant ¢ accounts for the PSP to
BGE volume ratio (phase ratio) and other factors not explained by the other descriptors.
LSER uses experimental retention factors (k) and known solute descriptors (V,E,S,A,B)
from a set of compounds to find the relative contribution of each solute property
(coefficients v¢,s,a,0b) via linear regression analysis. The solutes used for this LSER analysis
and their descriptors are provided in Table 3. This model, proposed and developed by
Abraham et al.[58], allows for the nanodiscs’ solvation properties to be compared to other
PSPs for which LSER was conducted with similar BGEs, octanol, and biological systems.

The LSER coefficients for the phospholipid nanodiscs are presented in Table 4, along with
the LSER coefficients for synthetic vesicles[15], phospholipid vesicles[12], cationic
surfactants[59], the octanol-water system, skin permeation studies and transmission across
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the blood brain barrier. The skin permeation studies were completed using cadaver skin and
stirred side by side in diffusion cells[60]. The blood brain barrier is the interface between the
walls of the capillaries and the neural tissue[61]. Neither the skin permeation nor blood brain
barrier measurements represent similar processes to the aqueous-nanodisc partitioning
measurements reported here. They do provide an indication of how these values are affected
by solute chemistry for comparison with the model solvent systems, including nanodisc
EKC or octanol/water partitioning.

The vterm is a measure of the increase in affinity of the PSP for solutes as the size of the
solutes increases, and is a measure of the cohesiveness of the PSP relative to the BGE. The
aqueous BGE in EKC is a relatively cohesive solvent, like water in octanol-water systems,
and so the value for vin the EKC and octanol water systems is relatively large and positive.
The relative magnitude of the values suggests that octanol is the least cohesive of the
solvents or phases and that the nanodiscs are more cohesive and most similar to vesicles. No
significant differences are observed between the nanodiscs, synthetic vesicles and
phospholipid vesicles.

All of the PSPs and the octanol-water system have similar positive e terms, which represent
the PSPs ability to interact with nonbonding and r electrons. The positive value for all
systems indicates that they are more adept at interactions with nonbonding and r electrons
than their aqueous counterparts. There are no statistically significant differences observed in
the e values between different PSPs or octanol.

All of the systems shown have a negative sterm signifying that more polar solutes are
preferentially partitioned into the aqueous medium. The value for octanol is of significantly
greater magnitude than for the EKC systems including the nanodiscs. This suggests that
lipid bilayers and systems designed to model them are more polar than octanol, presumably
because of the polar and ionic head groups. In this case, the model systems are more similar
to the biological systems than is the octanol/water model.

The large negative 6 term for the nanodiscs, octanol and the other PSPs indicates that they
are less able to interact with hydrogen bond acceptors (are less acidic) than their aqueous
counterparts. The skin permeation & value is also negative and of similar magnitude, while
the blood/brain barrier 6term is a much smaller negative value indicating that it responds
very differently to more basic solutes.

The aterm is positive and of relatively large magnitude for the nanodiscs, and it is this term
that shows the greatest difference between the nanodiscs and other model systems. A
positive aterm means that a PSP has a greater ability to accept a hydrogen bond (is more
basic) than the BGE. This is consistent with the observation relative to P, above that
hydrogen bond donor solutes behave differently as a class, with greater affinity for the
nanodiscs than expected. The aterms for the octanol/water system and the phospholipid
vesicles are not significantly different from 0, meaning solute acidity plays no measurable
role in the solute partitioning in those systems. The nanodisc bilayer may be more able to
accept hydrogen bonds because of the multiple carbonyls or the quaternary ammonium
group located in the lipid head group, or the negative charge on the phosphate could allow

Electrophoresis. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Penny et al.

Page 8

for electrostatic interactions with an acidic hydrogen. Norman et al.[62] showed that indole
partitions favorably into the lipid bilayer near the hydrophobic core due to hydrogen bonding
between indole’s secondary amine and lipid carbonyl groups. The cationic surfactant
micelles also have positive values for a of about unit magnitude, which is reported for all
cationic micelles.[59] This suggests that the positive a value for these nanodiscs is related to
the presence of a quaternary amine in the head group. It should be noted that the a value for
the nanodiscs could result from interactions with carbonyl groups on the copolymer belt,
although a large positive aterm is not typically associated with acrylate-containing
polymeric PSPs[6, 63]. Our preliminary experiments indicate weak or no interaction
between probe solutes and the polymer alone as a PSP (data not shown). Future experiments
will probe this in greater detail as well as investigate and confirm the effect of lipid head
group chemistry on the solvation environment.

4. Conclusions

Phospholipid bilayer nanodiscs with synthetic polymer belts have been introduced as a PSP
in EKC and demonstrated good performance. The use of a synthetic polymer in place of belt
proteins allows the nanodiscs to be generated affordably and in sufficient quantity for use in
EKC. The nanodiscs have sufficient electrophoretic mobility to allow for a good migration
range and generate high theoretical plate counts. Together, this results in high peak capacity
and excellent ability to separate, resolve and distinguish analytes of similar chemistry and
structure.

More significantly, the nanodiscs offer a representative model of biological phospholipid
bilayers that can be dispersed in BGE and studied by EKC. By this approach, the affinity of
the bilayer structure for probe solutes can be determined and characterized.

One application of this method could be to calibrate retention vs Py, in order to estimate or
determine P, values quickly and inexpensively. Nanodisc retention factors for particular
classes of compounds have been shown to correlate well with Py, suggesting that this is a
viable approach. However, it is clear that, due to specific localized interactions with the
phospholipid used in this study, the method could not be applied generally and would
require calibration with standards of similar chemistry to the compound of interest.
Alternatively, other lipid structures incorporated into nanodiscs might provide better and
more general correlation of retention with Py,

A potentially significant application of this technology relative to other PSPs could be to
measure and characterize interactions between solutes and lipid bilayers directly. Nanodiscs
with lipid composition similar to specific biological membranes could be generated and
studied. LSER analysis of the nanodisc-solute interactions in this study demonstrates that the
nanodiscs provide a solvation environment with low cohesivity and weak hydrogen bond
donating ability, similar in many respects to micelles, vesicles and octanol. However, the
nanodiscs also provide relatively strong hydrogen bond acceptor strength, similar to cationic
micelles but significantly different from vesicles and octanol. This affinity for hydrogen
bond donors is likely due to interactions with the phosphocholine head group, demonstrating
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that the approach is sensitive to specific localized interactions with the phospholipids and

sh

ould be sensitive to changes in lipid composition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure of a nanodisc with protein belts. Reproduced from [43] with permission of the

authors.
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Fig. 2.

Separation of six alkyl-phenone solutes: (1) Acetophenone, (2) Propiophenone, (3)
Butyrophenone, (4) Valerophenone, (5) Hexanophenone, and (6) Heptanophenone.
Separation parameters: 5 mM phospholipid nanodisc with 1:0.85 (w:w) lipid to belt ratio, in
a 25 mM phosphate pH 7.0. Capillary dimensions: 48.5 cm x 50um I.D. with a 150um
extended cell pathlength. The injection was made with 35 mbar of pressure for 5 seconds.
The operating voltage was 15 kV with detection at 245 nm. The negative peaks shown in the

electropherogram are system peaks.
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Fig. 3.

Separation of solutes: (1) Benzonitrile, (2) Nitrobenzene, (3) Methyl Benzoate, (4) 4-
Nitroaniline, (5) Ethyl Benzoate, (6) Indole, and (7) 4-Chlorophenol. The analysis

conditions were the same as in Fig. 1, with detection at 245 nm.
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mNon Hydrogen Bond Donors A Hydrogen Bond Donors

Plot of log P,y Versus log k for nanodisc system.
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Plot of computationally derived log(DpH7.0) values vs log(k).
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Table 1

Characteristics of nanodiscs of different composition.

Samplel | Z-Average(d.nm) | Intensity (d.nm)
Trial 1 21.6+6.0 23.0+10.3
Trial 2 21.7+6.0 23.8+10.8
Trial 3 21.6+5.4 244114

Sample 2
Trial 1 17.9+6.3 17.2+7.0
Trial 2 17.9+55 17.6£7.0
Trial 3 17.8+5.8 18.2+8.0

Sample 3
Trial 1 18.0+5.9 16.8+6.2
Trial 2 17.7%5.3 18.7+8.6
Trial 3 17.7£5.0 18.6+8.2

Sample 4
Trial 1 17.6£5.7 16.7+6.3
Trial 2 17.7%5.3 17.6£7.0
Trial 3 17.9+5.4 19.3+9.5
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