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A B S T R A C T

Aminoquinolines (AQ) and substituted aminoquinolines (s-AQ) interact with electrochemically monitored sup-
ported dioleoyl phosphatidylcholine (DOPC) monolayers and immobilised artificial membranes (IAM) on HPLC 
column. The electrochemical sensor records adsorption/partition of the compound on and into the layer as well 
as specific interactions due to the location of the compound in the layer. HPLC-IAM technology measures the 
partition coefficient between the solution and phospholipid including partition due to interaction of the positive 
molecular charge with the phospholipid polar heads. The monolayer interaction results were combined and 
normalised for the neutral compounds’ lipophilicity as a log biomembrane affinity index (‘log BAI’) to exemplify 
charge and structural features in the interaction. A ChimeraX molecular modelling procedure was used to aid in 
the results interpretation. A compound ToxScore value was derived from 5 in vitro assays. The ‘log BAI’ exhibited 
a linear relationship with the AQ pKa values showing that the interaction was related to the molecular positive 
charge and to the electron donating properties of the –NH2 group. The correlation outliers showed a tendency/no 
tendency to H-bonding with the polar groups and a superficial/deeper location respectively in the phospholipid 
layer. The s-AQ ‘log BAI’ value displayed a power correlation with the compounds’ ToxScore values.

1. Introduction

Structure-activity relationships (SARs) identify those specific prop-
erties of a pharmaceutical which are responsible for a particular bio-
logical action through analysing the relationship between the 
compound’s structure and that of the target [1]. In this way medicinal 
chemists can optimise the structure of the drug to enhance its interaction 
with the target and to prevent adverse effects occurring within the body 

[2]. Techniques have thus been developed to predict the efficiency and 
toxicity of pharmaceuticals, relating their biological outcome to the 
properties of the compound [3]. An artificial (bio)membrane screening 
platform has been developed using rapid cyclic voltammetry (RCV), 
which measures the interaction of a biologically active compound at a 
given concentration with a phospholipid, dioleoyl phosphatidylcholine 
(DOPC) monolayer via an electrochemical output of monolayer capac-
itance change [4,5]. This screening [4] has been carried out together 
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with three other established technologies to broaden the investigation 
and to validate the electrochemical approach. These technologies 
included, immobilised artificial membrane chromatography (IAM), 
molecular modelling and in vitro screens. However although IAM mea-
sures the partition of the compounds into the phospholipid phase, the 
previous study (4) showed that the electrochemical membrane sensor’s 
output was related to additional characteristics of the compounds above 
that of molecular partition. The present study was carried out to further 
develop this integrated screening platform and to establish exactly 
which structural features of the molecule are responsible for their 
interaction with the phospholipid layers and the biological relevance 
thereof.

Quinolines were chosen as an effective set of demonstrator com-
pounds for the current work. These compounds provide the scaffold to a 
significant number of the necessary antimalarial medicines [6], such as 
primaquine [6], amodiaquine [7] and chloroquine [8] as indicated by 
the World Health Organisation [9]. Although these drugs have been at 
the forefront of treating malaria; in recent years, there has been a dra-
matic increase in the malaria parasite’s resistance to quinoline-based 
compounds due to mutations in the parasite’s structure [10,11]. This 
has led to the further development of quinolines for regions of the world 
that house such drug-resistant parasite strains associated with an 
increased understanding in the way these pharmaceuticals work. A 
possible simple structural modification of the compounds would be the 
adjustment of the amino group situated on the quinoline ring system. 
For example, most quinoline based malaria drugs [12] consist of the 
amino group being positioned at the 4th or 8th carbon on the quinoline 
ring (Fig. 1). No reason has been given for favouring the 4- and 8-amino-
quinoline over the other amino positions. Quinolines bypass multiple 
membranes to reach the parasitic target locations: either at the early 
stages of malaria, in the liver, or at the later stage, in the red blood cells 
[12]. Indeed the interaction of primaquine and sitamaquine with cell 
cultures has been studied and a biomembrane interaction mechanism 
with both of these compounds has been hypothesised [6,13]. By 
combining the mechanistic knowledge and the interest in the structural 
changes of quinolines and their (bio)membrane interaction, it was 
proposed that such compounds would interact with the phospholipid 
sensor layer of the screening platform. It was interesting also to discover 

why other amino positions on a quinoline skeleton were not used for 
treatments. This led to this study being initiated with the ultimate aim of 
determining a SAR between the quinolines and their derivatives, and 
their activity on the phospholipid layer.

The compounds selected for this project were a group of quinolines, 
including marketed pharmaceuticals, ranging in functional groups and 
their positioning. The study was carried out in a systematic manner 
looking at:- (a) quinoline (Q) as a control compound, (b) the amino-
quinolines (AQ) with the amino group at positions 2 to 8, (c) two 
substituted aminoquinolines (s-AQ) with the methyl and cyano groups 
as substituents respectively, 5-A-6-MeQ and 2-AQ-3-CN and, (d) two s- 
AQ with alkyl chains terminating in an ionisable amino group ie pri-
maquine (PQ) and sitamaquine (Sit) respectively (see Fig. 1). These 
compounds were chosen so that the effect of the (i) amino group position 
and (ii) the nature of the substituent, on the interaction of the Q and AQ 
respectively with a phospholipid layer could be ascertained. Intuitively 
the interaction of AQ and s-AQ with phospholipid layers and the relation 
of their structure thereto presents an insightful problem. Generally there 
are four properties of small organic molecules which determine their 
affinity towards phospholipid layers which include, lipophilicity [14], 
charge [15], H-bonding propensity [16] and polarisability [17]. Both 
the lipophilicity and the molecular charge are non-specific properties of 
the molecule characterised by their log P value and charge number 
respectively. The log P value can be corrected for charge to log D at a 
given solution pH for ionisable molecules assuming the ionised molecule 
is not lipophilic [18]. Both the H-bonding propensity and polarisability 
are molecular and electronic properties which influence the specific 
non-covalent binding of a molecule to the polar groups and the alkyl 
chains respectively of a phospholipid layer. The AQ and s-AQ represent 
an ideal “test-bed” for relating their respective structures and properties 
to their interactions with phospholipid layers. For the AQ, the com-
pound’s pKa is directly associated with the position of the amino group 
and the delocalisation of the amino group’s lone pair electrons with the 
Q ring structure. This electron donating property of the amino group 
derived from its Hammetts constant will determine the polarisability of 
the Q rings [19]. In addition the lipophilicity of a given aqueous con-
centration of given pH (log D) of AQ depends not only on its log P value 
but also on its pKa assuming only the neutrally charged molecule is 

Fig. 1. Structures of AQ and s-AQ molecules studied: (a-g) 2 to 8-AQ, (h) Q, (i) 5-A-6-MeQ, (j) 2-AQ-3-CN, (k) PQ and (l) Sit.
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lipophilic [20]. The individual AQ’s pKa value will also determine its 
charge at a given pH. All AQs will have a specific orientation in the 
phospholipid layer related to their amino group position and this 
orientation will determine the extent of H-bonding between the amino 
group and the phospholipid polar groups. The s-AQs represent a more 
complex case in that the lipophilicity and electron donating properties of 
the substituent will influence the s-AQs’ interaction with phospholipid 
as well as the effect of the substituent on the molecule’s pKa and overall 
lipophilicity. Table 1 lists values of log P, pKa and the derived log D 
values of AQs and s-AQs studied.

The study described in this paper is composed of a several pronged 
approach with the following objectives:- (1) to validate the electro-
chemical (bio)membrane sensor as an emerging technology within a 
composite screening platform on a set of well-chosen small organic 
molecule demonstrator molecules as described above, and (2) to use the 
results from the applied technologies to evaluate exactly how the 
structure of the molecules determines its interaction with phospholipid 
layers and how this is related to the molecules’ interaction with selected 
biological targets through in vitro assays. As detailed above the 
demonstrator compounds are the AQs and the s-AQs and the technolo-
gies used to study their interactions are; (a) Electrochemical (bio) 
membrane sensor, (b) HPLC with the immobilised artificial membrane 
(IAM) technology as the reverse phase [23], (c) Use of CHARMM [24], 
ChimeraX [25] and AUTODOCK 4.2 [26,27] software for estimating the 
position and H-bonding of AQs and s-AQs in DOPC phospholipid bi-
layers, and (d) Comprehensive high throughput in vitro screens [28]
specifically using BEAS-2B cells assayed in the presense and absence of 
10 % serum with five different endpoints.

The electrochemical sensor reported in this paper is proposed as an 
alternative procedure for screening pharmaceutical compounds for pu-
tative biomembrane activity and deducing structure–activity relation-
ships therefrom. This technology has previously been compared with in 
vitro assessments of the cytotoxicity of three bioactive compounds [29]. 
An identical in vitro toxicity ranking of the compounds to that of the 
electrochemical platform was obtained. However the electrochemical 
procedure took 5 min per compound to carry out whereas the in vitro 
toxicity procedures took more than 3 h to complete excluding the time 
taken for cell culture preparation. In addition the electrochemical pro-
cedure was more than ten times sensitive than the in vitro cytotoxicity 
tests. The most significant pharmaceutical/toxicant screening method 
which compares with the electrochemical (bio)membrane sensor is the 
HPLC-IAM technology [4,23]. For this reason we have compared and 
combined respectively the (bio)membrane sensor results with those 
from the IAM-HPLC platform. In principle the metrics from the IAM- 
HPLC procedure record a distribution coefficient (KIAM) between the 
mobile phase and the tethered phospholipid reverse phase which is 
related to the lipophilicity of the interacting compound [4,23] and its 
positive charge [15]. The procedure is also selective since each com-
pound passing through the HPLC column has a specific retention time. 

The electrochemical (bio)membrane sensor records a metric (− log LoD) 
which is characteristic of the affinity of the compound for the mobile 
phospholipid layer [4,5]. This metric is related to the lipophilicity and 
the positive charge of the interacting compound and also to specific 
molecular aspects of the interaction including H-bonding and non- 
covalent interactions. However the (bio)membrane sensor response is 
not selective to a particular compound within a mixture of compounds. 
Similar to the in vitro toxicity test, it records a global response repre-
sentative of the biomembrane activity of the compound(s) [4,5].

2. Materials and methods

2.1. Electrochemical (bio)membrane sensor

The twelve compounds of AQs and s-AQs (Fig. 1 and Table 1) were 
obtained from Sigma-Aldrich. The electrolyte used in the electro-
chemical experiments was 0.0138 mol/dm3 NaCl and 0.00027 mol/dm3 

KCl buffered at pH 7.4 with 0.00119 mol/dm3 phosphate in 18.2 M.Ω 
cm Milli-Q water (hereinafter in the text referred to as PBS). The PBS 
was of analytical grade and purchased from Sigma-Aldrich. The com-
pounds were dissolved in methanol to form multiple stock concentra-
tions and further diluted in PBS. Multiple working solutions, with 
methanol < 2 %, were prepared to ensure the compounds interacted 
with the (bio)membrane sensor element to give a calibration curve. The 
microfabricated platinum electrodes (Hg/Pt) used in the electro-
chemical assay [30,31] were supplied by the Tyndall National Institute, 
Ireland. The dioleoyl phosphatidylcholine (DOPC) was obtained from 
Avanti Polar Lipids Alabaster, AL, USA and was > 99 % pure. The DOPC 
dispersion for electrode coating was prepared by gently shaking DOPC 
with PBS to give a 0.25 μmole/cm3 dispersion. All other chemicals and 
reagents were of analytical grade and purchased from Sigma-Aldrich.

For the assay, the fabricated Hg/Pt electrode was contained in a 
high-throughput screening platform consisting of a microfluidic flow 
cell containing the DOPC monolayer supported on the Hg/Pt electrode, 
four automated bespoke syringe pumps enabling storage and trans-
portation of fluids (electrolyte, test sample, DOPC and water) into the 
flow cell, a field-programmable gate array (FPGA) data acquisition, and 
a control unit used to interface between software and hardware and an 
ACM Research Potentiostat for electrochemical measurements. A laptop 
was connected to control the screening platform, interfacing with sy-
ringe pumps and the FPGA control unit. The microfabricated electrode 
was prepared in advance by cleaning in a 1 mol/dm3 solution of NaOH 
in methanol, followed by HCl and Milli-Q water and then dried. Hg was 
manually deposited on the Pt disc of radius 0.480 mm to give a Hg/Pt 
electrode. The electrode was mounted as specified in Owen et al. [30]. 
Subsequently, all samples of AQ/s-AQ solution, DOPC, electrolyte were 
deoxygenated with argon gas (Air Products) for a minimum of 30 min. 
Once purged, three syringes were filled with AQ/s-AQ sample solution 
(5 mL), DOPC dispersion (60 mL) and PBS (60 mL), respectively, and 
connected to tubing. Before any analysis, all tubing was flushed with 
deoxygenated PBS, and any bubbles were removed from the cell. 
Turning the potentiostat to run, the system was set to:- (i) clean elec-
trode with the electrochemical rejection of the previous used monolayer, 
(ii) deposit DOPC from dispersion, (iii) test the monolayer integrity in 
PBS and (iv) screen the sample solution as described previously in refs 
[30,31] and in Table S1 in the SI. Upon single-sample completion, the 
sample tubing was flushed with PBS (5 mL). This was the analytical cycle 
for each sample. Samples were measured at increasing concentrations of 
one AQ/s-AQ sample, then switching to the next AQ/s-AQ sample. The 
sample syringe was replaced with every repeat of the same sample and 
between AQ/s-AQ sample solutions. All measurements were carried out 
in triplicate, and five or more AQ/s-AQ concentrations were screened for 
each specific compound All fits to the data were carried out using the 
program IGOR Pro 9.

Table 1 
AQs and s-AQs: solution properties where log D(pH=7.4) = log P − log[1 + 10 (pKa- 

7.4)] [18]. Superscript p denotes predicted average as opposed to experimental 
value.

Compound pKa log P log D(pH=7.4)

2-AQ 7.34 [21] 1.87 [22] 1.60
3-AQ 4.95 [21] 1.63 [22] 1.63
4-AQ 9.17 [21] 1.63 [22] − 0.15
5-AQ 5.46 [21] 1.16 [22] 1.16
6-AQ 5.63 [21] 1.28 [22] 1.27
7-AQ 6.65 [21] 1.32 [22] 1.25
8-AQ 3.99 [21] 1.79 [22] 1.79
Q 4.94 [21] 2.03 [22] 2.03
5-A-6-MeQ 7.19 [22p] 1.68 [22p] 1.47
2-AQ-3-CN 3.87 [22p] 1.89 [22p] 1.89
PQ 9.69 [22p] 2.79 [22p] 0.50
Sit 10.6 [22p] 5.18 [22p] 1.98
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2.2. HPLC-IAM

Materials used were AQ and s-AQ compounds, dimethylsulfoxide 
(DMSO), HPLC grade ammonium acetate, (NH4CH3CO2), NaOH and 
acetonitrile. AQ and s-AQ compounds were added to separate 10 mL 
vials and diluted with 10 mL DMSO to produce 10 mmol/dm3 stock 
solutions. Assays were carried out in triplicate. Serial dilutions of stock 
solutions in DMSO were prepared to give 1 and 0.1 mmol/dm3 samples 
in separate 2 mL HPLC vials. Samples were screened on an Agilent 1260 
Infinity II HPLC with Diode Array Detector, using a Regis Technologies 
IAM.PC.DD2, 4.6 mm x 100 mm, 10 μm, column. The mobile phase 
consisted of a gradient method starting at 100 % pH 7.4 aqueous phase 
of 0.05 mol/dm3 NH4CH3CO2, + NaOH to 10 % with 90 % acetonitrile at 
4.75 min; kept constant at 90 % acetonitrile to 5.25 min; then re- 
equilibrated to 100 % aqueous phase from 5.25 to 5.5 min. An injec-
tion volume of 5 µL was used with a flow rate of 1.5 mL/min, and a 
detection wavelength of 250 nm. The retention time of each compound 
was determined and converted to the chromatographic hydrophobicity 
index (CHIIAM) using the equation of the calibration plot of CHIIAM 
against retention times (see Fig. S1 in the SI.). Once the CHIIAM values 
are obtained, they were converted, using the following equations into 
log kIAM and log KIAM parameters (32). 

log kIAM = (0.046 × CHIIAM)+0.42 (1) 

log KIAM =
(
0.29 × elog kIAM)+0.7 (2) 

2.3. ToxScore in vitro assays

High throughput screens using BEAS-2B cells were assayed in the 
presence and absence of 10 % Foetal Bovine Serum with 0-, 6-, 24- and 
72-hour exposure timepoints. The AQs and s-AQs were first dispersed in 
either methanol or DMSO as appropriate. The compounds were further 
diluted and the assays carried out in LHC-9 cell culture medium from 
Gibco/Thermo-fisher [32–36]. The pH of this cell culture medium is 
reported to be 7.3. Five endpoints were employed: (a) CellTiter-Glo 
(CTG) cell viability assay, (b) DAPI where a nuclear and chromosome 
counterstain, DAPI (4′,6-diamidino-2-phenylindole) emits blue fluores-
cence upon binding to AT regions of DNA, (c) Caspase 3/7 which 
identifies apoptotic cells, (d) 8OHG which identifies nucleic acid 
oxidative stress damage and, (e) H2AX histone phosphorylation which 
represents an early event in the cellular response against DNA double- 
strand breaks (DSBs). Screens were carried out in four biological repli-
cates and eight concentrations for each compound were used. The 
calculation of ToxScore therefrom is described in detail in the SI. No 
error bars are displayed in the diagrams since the ToxScore is a global 
measurement combining data from five different endpoints and time-
points and the endpoints are not designed to be as much alike as possible 
but to represent different toxicity readouts. The most important outcome 
of the ToxScore measurement is the ToxScore number and the way in 

which this compares with the output of the electrochemical (bio)mem-
brane sensor and the IAM-HPLC.

2.4. Computational modelling of interaction of AQ and s-AQ molecules 
with the DOPC bilayer

The DOPC bilayer was generated using web software “CHARMM- 
GUI” [24] in the form of a PDB file. AQ and s-AQ structures were 
modelled and pre-prepared for docking using software “AVOGADRO” 
and PDB files were generated. Docking of DOPC bilayer and AQ and s- 
AQ was carried out using software “AUTODOCK 4.2” [26,27]. This was 
done by setting 100 output docked conformations for each compound 
with the DOPC bilayer. For each AQ and s-AQ, lowest energy (LE) 
docked conformation and conformation with lowest energy with highest 
number of conformers formed (MP) were selected from the cluster for 
visualisation of interaction of these compounds with the DOPC bilayer. 
“ChimeraX” [25] was used for the visualisation of interaction of LE and 
MP conformers with DOPC bilayer due to non-covalent interactions such 
as H-bond, halogen bond, aromatic hydrogen bond, salt bridges and π 
interactions such as π-π stacking and π-cation bonding.

3. Results and discussion

The system of a phospholipid monolayer adsorbed on a Hg electrode 
as a biomembrane model has

been developed over four decades [37–39]. It has had fundamental 
biophysical applications for example in analysing ion channel [40], co- 
enzyme activity [41] and phospholipid behaviour in electric field 
[42–44]; however, its predominant practical implementation has been 
used in modelling the biomembrane activities of molecular [4,5,45] and 
nanoparticle species [45,46]. Originally, a modified Langmuir–Blodgett 
technique was used for depositing the phospholipids on to a hanging 
mercury drop electrode [38,39]. Since these techniques were inappro-
priate for rapid and routine screening, the electrode was reconfigured as 
a microfabricated Hg on Pt film electrode [30,31,47], and the phos-
pholipid deposition was enabled from vesicles in a flow cell [30,31]. In 
this study, a DOPC monolayer is deposited on the Hg electrode on the 
prepared Pt support and scanned at 40 V/s from − 0.4 to − 1.2 V referred 
to throughout the text as rapid cyclic voltammetry (RCV) [30,31,47]
(see Table S1 in the SI for full details of screening program). An unsat-
urated lipid DOPC is chosen for these experiments since it is fluid at 
room temperature and mobile. For this reason it forms stable mono-
layers with no defects or boundary lines since it is entirely physically 
compatible with the supporting liquid mercury surface [39]. Accord-
ingly, the potential induced phase transitions are sharp and very 
reproducible and their alteration in shape and position is very sensitive 
to the layer structure and layer interaction with solution compound [4]. 
DPPC does not form such stable monolayers on mercury and although it 
exhibits analogous potential-induced phase transitions, these are not as 

Fig. 2. Representative RCVs of AQ solution concentrations of, (a) 2-AQ, red 1 and blue 10 μmole/cm3 (1 and 2 refer to capacitance current peaks 1 and 2); (b) 5-AQ, 
red 1 and blue 2 and (c) 7-AQ, red 0.01 and blue 0.1 μmole/cm3 interactions with DOPC monolayer. Vertical scale adjusted to control peak height.
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sharp as those from DOPC [38]. Qualitatively egg-PC which is a mixture 
of unsaturated and saturated lipids shows a similar interaction with 
polycyclic aromatic compounds as DOPC [observed but not published]. 
Finally DOPC mirrors the fluidity of cell membranes [48] and therefore 
is a more biologically relevant sensor layer to relate to the biomembrane 
activity of the interactive compounds.

The most effective and sensitive capacitance-based phospholipid 
layer sensor only functions with Hg as the conductive support. The 
infinitely smooth surface of liquid Hg is physically compatible with the 
fluid DOPC phospholipid layer. This enables a stable, mobile phospho-
lipid layer to remain on the Hg support. The DOPC layers on Hg undergo 
potential-induced phase transitions characterised by two sharp capaci-
tance current peaks (voltammetric), 1 and 2, respectively, as shown in 
Fig. 2 [30,31,47]. These two peaks correspond to the penetration of 
electrolyte into the layer and the reorganisation of the monolayer to 
form bilayer patches, respectively [42–44]. Only on Hg are the capaci-
tance current–potential curves obtained which are entirely reproducible 
over multiple scans and consist of sharp reproducible discontinuities 
coincident with potential-induced phase transitions. In contrast phos-
pholipid bilayers on solid electrodes do not exhibit these sharp capaci-
tance peaks coincident with potential-induced phase transitions [49]. In 
addition, solid supported bilayers are often tethered to the electrode 
[50,51] and this by definition renders at least one layer of the bilayer 
immobile in contrast to the free floating monolayers on Hg. The tech-
nology using fabricated Hg/Pt electrodes has been developed to render 
the platform more easy to handle and environmentally acceptable. The 
Hg (~1 mg) is deposited on Pt microelectrodes on fabricated wafer. The 
Hg bonds to the Pt and the wafer is sealed within a flow cell. This 
fabricated electrode can be used within the flow cell for up to several 
months through many screenings. Lipid deposition and electrode 
cleaning are carried out automatically throughout the whole screening 
cycle (5 min). The technical operator need never open the flow cell 
between screenings and thus never comes into contact with Hg.

Changes in the capacitance peaks represent changes in the structure 
of the monolayer [30,31,47]. The interaction of the test substance with 
the monolayer selectively and systematically influences the capacitance- 
current potential profile [4,5,45,46]. An interaction of the test substance 
with the polar groups of the DOPC is reflected in a depression of the two 
peaks [4,5,45,46] while an increase in the baseline of the capacitance 
current reflects the association of a polar compound with the apolar 
region of the DOPC layer and/or its disruption [4,5,45,46]. The reason 
for the latter effect is that the low value of baseline capacitance current 
is representative of the ordered DOPC layers on the electrode with the 
low dielectric apolar lipid tails adjacent to the electrode surface. When 
this low dielectric region is penetrated by a higher dielectric compound, 

the average dielectric constant of this region increases leading to an 
increase in the baseline capacitance current [4,5,45,46]. A potential 
shift in the capacitance current peaks indicates a change in the potential 
profile across the layer caused by the interaction of the compound with 
the layer [4,52]. A monolayer disordering is shown as a broadening of 
the peaks [4,45]. The screening results from this sensor platform have 
recently been shown to be related to biomembrane damage in in vitro 
cell cultures [29]. Other research groups have followed a similar 
approach, but not in rapid online screening format [53–55].

Fig. 2 and more comprehensively Fig. S2 in the SI display RCVs from 
the interactions of AQ and s-AQ compounds with the DOPC. The effect of 
the interaction on the RCV profile is to suppress the height of the ca-
pacity current peaks. Interestingly the influence of 2-,3- and 4-AQ 
interaction with the DOPC layer on the RCV is to shift capacitance 
current peak 1 to significantly more positive potentials with increase in 
solution AQ concentration. However, the effect of 5- and 6-AQ inter-
action with the DOPC layer on the RCV is to induce less of a positive 
potential shift to the capacitance peak 1 current and the effect of 7- and 
8-AQ interaction with the DOPC layer on the RCV is to induce no sig-
nificant potential shift to the capacitance peak current. The same lack of 
capacitance current peak shift is observed when Q and the s-AQs interact 
with the DOPC layer (Fig. S2 in the SI).

Generally when the suppression of the capacitance current peak 1 is 
plotted against the solution concentration (see Fig. 3 and Fig. S3 in the 
SI) a curvilinear response is observed which can be fitted to the Lang-
muir equation implying that the DOPC layer is becoming in part satu-
rated with the compound at higher solution concentrations expressed as 
[56]:- 

Y = a+ [bX/(100 + cX) ] (3) 

For a few interactions the extent of capacitance peak 1 depression with 
respect to solution concentration is linear. In this case the calibration 
curve is fitted to a linear equation [56]:- 

Y = a+ cX (4) 

Where Y is the % current peak depression, X is the solution concentra-
tion of AQ or s-AQ, ‘a’ is the intercept due to some depression of the 
control current peak during the assay. Since the most significant metric 
in this study is the compound interaction at low concentration as the 
molecular initiating event (MIE), the shape of the calibration curves and 
the reasons therefor will not be investigated further in this study. The 
LoD metric of the AQ and s-AQ affinity for the DOPC monolayer is the 
lowest significant solution concentration of compound which can 
structurally modify the DOPC layer and is estimated from three times the 

Fig. 3. Representative plots of RCV capacitance peak suppression vs AQ and (b) s-AQ concentration. Vertical line normal to horizontal axis denotes LoD thereon.
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standard deviation of the DOPC capacitance peak 1 current corre-
sponding to the AQ and s-AQ solution concentration on the appropriate 
calibration curve [4,5]. The LoD error is taken from the error of the slope 
coefficient for the linear plot and the mean of the errors associated with 
both coefficients for the Langmuir plots, respectively. The LoD metric 
was expressed as − log LoD. Both − log LoD and log KIAM include lipo-
philic and other monolayer affinity parameters due to the molecules’ H- 
bonding propensity, polarisability and charge. This study has therefore 
“normalised” both the − log LoD and log KIAM metrics by subtracting the 
log D value for the compound from each metric. This effectively ex-
presses the two metrics as representing the monolayer affinity of the 
compounds above that of the lipophilicity of the neutral molecule. The 
aim here was to extract mechanistic details of the AQ and s-AQ inter-
action with the lipid layers. Table S2 in the SI lists − log LoD and log KIAM 
values obtained in this study from compounds displayed in Fig. 1
together with derived values of − log LoD – log D and log KIAM– log D 
values.

Fig. 4(a) and 4(b) displays plots of − log LoD and log KIAM versus the 

amino position number of AQ and plots of − log LoD versus log KIAM for 
s-AQ interaction respectively with phospholipid layers. The difference 
between the values of − log LoD and log KIAM in these plots reflects that 
these techniques measure different modes of interaction. The − log LoD 
represents the interaction between the AQ in the aqueous phase and a 
highly mobile DOPC layer and the log KIAM represents the partition 
between the aqueous AQ and a phospholipid layer covalently bound to a 
silica bead phase respectively. Significantly (Fig. 4(a)) the AQ log KIAM 
displays a slight decrease then increase with amino position number 
whereas the − log LoD displays three maxima corresponding to 2-, 5- and 
7-AQ. Furthermore for the s-AQ/phospholipid interaction, the slope of 
− log LoD versus log KIAM is steep at low KIAM values but levels off at 
higher log KIAM values (see Fig. 4(b)). The curvilinear relationship be-
tween the two parameters is evident and also reflects the difference 
between the methodologies and the sensor layer configuration. Whereas 
the log KIAM reports on a phase distribution between aqueous solution 
and phospholipid layer of unlimited area within a chromatographic 
column, the − log LoD metric measures the same including specific 

Fig. 4. Plots of: (a) − log LoD (black circle) and log KIAM (blue triangle) versus the amino position number on AQ and (b) − log LoD versus the log KIAM for s-AQ/ 
phospholipid interaction.

Fig. 5. (a) − log LoD – log D (black circle), ‘log BAI’ (red square), log KL/W – log D (blue triangle) and (b) pKa of the AQs versus the amino substituent posi-
tion number.
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interactions with a fluid DOPC layer on a limited coated electrode sur-
face area.

Fig. 5(a) displays plots of − log LoD – log D and log KIAM– log D of the 
AQs versus the amino position number. On subtracting log D from log 
KIAM and –log LoD the vertical axis values peak when the amino group is 
at the 4- and, 2-, 4- and 7- positions respectively. If we assume that both 
values are representative of membrane affinity above that due to the 
lipophilicity of the neutral molecule with associated experimental bias 
as well as the effect of the silica column material in IAM [57], their mean 
value defined as (− log LoD + log KIAM– 2.log D)/2 will be a more ac-
curate indicator of the compound’s affinity above the lipophilicity for a 
biomembrane-like layer. We therefore term this value as the log bio-
membrane affinity index (‘log BAI’). The physical meaning of ‘log BAI’ 
or biomembrane affinity index is that it represents those molecular 
properties which enhance interaction of a molecule with the 
biomembrane-like sensor layer over the molecule’s general lipophilicity 
at a defined solution pH as quantified by log D. The ‘log BAI’ includes 
charge as a non-specific molecular property and it also includes the 
tendency to form specific interactions of H-bonding between the mole-
cule and the phospholipid polar groups and non-covalent associations 
between the molecule’s aromatic rings/unsaturated substituents and the 
alkyl chains of the phospholipid. The ‘log BAI’ approach has been newly 
developed in this study. In principle it could be used in any membrane 
sensor application where an interaction is observed between a com-
pound in the aqueous phase and the sensor phospholipid layer. The log 
of the distribution metric(s) obtained can be normalised by compound 
log D to give a ‘log BAI’ value. The ‘log BAI’ value is plotted against the 
amino group position in Fig. 5(a). A list of derived ‘log BAI’ values is 
displayed in Table S2 in the SI. In Fig. 5(b), pKa values of the AQs are 
plotted versus the amino position number and it is observed from Fig. 5
(a) and 5(b) that the ‘log BAI’ and pKa respectively vs amino position 
number almost directly superimpose on each other except for the ‘log 
BAI’ for 5-AQ/phospholipid interaction. The pKa is plotted for com-
parison as compound descriptor to the experimental values in Fig. 5(b) 
since the pKa magnitude relates both (i) to the stability of the protonated 
AQ due to delocalisation of electrons from the –NH2 group on to AQ 
rings and, (ii) to the extent of positive charge on the AQ at pH 7.4 [58].

Results in Fig. 5(a) and 5(b) can be summarised in Fig. 6(a) which 
show a correlation between the AQ ‘log BAI’ and the pKa which, as ex-
pected, is good except for outliers, 2- and 3- and 5-AQ.

As stated above, the ‘log BAI’ value is composed of the following 
factors:- (i) the charge on the compound, (ii) the tendency of the com-
pound to form non-covalent associations with the phospholipid layer 
due to its polarisability, and (iii) the effect of the amino group position 
on the orientation of AQ following its insertion into the phospholipid 
layers. For the AQs only 2-, 4-, 5- and 7-AQ can be depicted tauto-
metrically as imines which allow the electrons from the amino group to 
be delocalised on to the quinoline rings [58]. Fig. S4 in the SI shows that 
both 2- and 4-AQ have resonance structures in unprotonated and 

protonated forms respectively where the Kekule structure of one of the 
quinoline rings is preserved. This will lead to some delocalisation of the 
NH2– electron pair with the aromatic ring so increasing the electron 
density of the ring. The high pKa value of 4-AQ has already been 
attributed to the stability of the protonated compound [58]. The lower 
pKa value of 2-AQ can be related to the lower stability of the protonated 
imine which has a less stable orthoquinonoid structure [58]. For 5- and 
7-AQs the Kekule structure of both rings disappears in the AQ resonance 
structure and the corresponding protonated imine, and the compounds’ 
pKa values are respectively lower [58].

From the pKa values we can calculate the proportion of charged AQ 
present in aqueous buffer at pH 7.4 for 4-, 2-, 7- and 5-AQ as 98, 47, 5.4 
and 1 % respectively. Since both AQ positive charge and delocalised 
electrons on the quinoline ring in the neutral molecule promote AQ 
interaction with the phospholipid layer, we can say that the ‘log BAI’ 
peak for 4-AQ interaction is entirely due to the affinity of the protonated 
4-AQ for the layer since organic cations have an affinity for zwitterionic 
phospholipid bilayers and monolayers through interaction with the 
negatively charged phosphate moieties of the polar groups [6,59–61]. 
On the other hand for the 2-, 7- and 5-AQ interactions with the layer, the 
presence of delocalised electrons on the quinoline rings plays a role in 
the AQs’ increased affinity for the layer over its lipophilicity alone. The 
orientation and location of the AQ in the DOPC layer will also affect its 
affinity for the layer above the AQ’s lipophilicity. As can be seen in Fig. 2
and Fig. S2 in the SI, the RCVs of 2-, 3- and 4-AQ/DOPC interaction show 
a significant positive potential shift of the capacitance current peaks 
which is not so significant in the RCVs of 5-, 6-, 7- and 8-AQ/DOPC 
interaction. This could be identified with a factor which has a system-
atic influence on the respective AQ’s affinity for the DOPC layer.

The ‘log BAI’ value for 5-A-6-MeQ interaction with the phospholipid 
layer (− 0.27) is lower than that estimated for the 5-AQ interaction 
(− 0.13) which is due the increased molecular hydrophobicity from the 
CH3– group without a corresponding increase in specific binding within 
the phospholipid layer. This is in spite of the 5-A-6-MeQ being 38 % 
positively charged at pH 7.4. The RCV for 2-AQ-3-CN shows no shift in 
capacitance current peak potential in contrast to that which is observed 
for 2-AQ/DOPC interaction (see Fig. 2). In addition the –CN group is 
strongly electron withdrawing with positive Hammetts constants of 0.61 
and 0.66 [62] although the ‘log BAI’ values for this compound’s inter-
action with the phospholipid layer is higher (− 0.27) than that of 2-AQ/ 
phospholipid interaction (− 0.34). In this case it seems that the highly 
polarisable –CN group instigates the interaction with a different orien-
tation of this compound in the phospholipid layer compared to that of 2- 
AQ. Fig. 6(b) shows the relationship of ‘log BAI’ values of quinoline (Q), 
5-A-6-MeQ, 2-AQ-3-CN, primaquine (PQ) and sitamaquine (Sit) with 
their pKa values which weakly fits a power correlation. This weak cor-
relation partly reflects the separate mechanistic origin of their pKa 
values. Thus although protonation of 5-A-6-MeQ and 2-AQ-3-CN in-
volves the substituent NH2 group, protonation of Q is on the heterocyclic 

Fig. 6. Plots of ‘log BAI’ of (a) AQ and (b) s-AQs vs their pKa value.
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N. Both PQ and Sit are protonated on their side chain amine group which 
dissociates at the solution pH values corresponding to their respective 
pKa values. Their higher pKa values (Table 1) shows that the PQ and Sit 
are charged at ~ 100 % protonation in pH 7.4 solution and this will be 
one of the main factors promoting the PQ and Sit interaction with the 

phospholipid layers. The literature on Sit [59,60] and PQ [6] interaction 
with both model and in vitro cell phospholipid membranes is quite 
extensive. The general conclusion is that the positively charged quar-
ternary nitrogen on the side chain is responsible for the initial interac-
tion with the polar groups’ negatively charged phosphate. This is 
followed by the insertion of the Q rings within the apolar alkyl chain 
core of the lipid membrane [6,59,60]. From the evidence in this study, it 
also appears that the alkyl chain with positively charged quarternary 
nitrogen instigates the interaction followed by the insertion of the Q 
rings. The electron withdrawing feature of the alkyl chain attached to 
quarternary ammonium group with positive Hammetts constant [63]
will lower the electron density in the Q ring lessening its interaction with 
the phospholipid layer. However, a factor promoting the interaction of 
PQ and Sit with the phospholipid layer is the length of the alkyl chain 
containing the quaternary nitrogen group. The estimated value for log D 
assumes that in terms of thermodynamic partition into the phospholipid 
layer, only the neutral molecule partitions into the layer. However this is 
not the case since it is known that charged organic molecules can 
interact strongly with lipid layers as discussed above. In addition the 
apolarity of the alkyl chain can greatly assist the initial interaction. This 
is most certainly the case in this instance since the ‘log BAI’ value is 2.2 
for PQ and 1.15 for Sit/phospholipid interaction. On the other hand the 
‘log BAI’ value is < 1 for 4-AQ/phospholipid interaction and 4-AQ is 
similarly charged to PQ and Sit in aqueous solution at pH 7.4.

One interesting anomaly is that it has been observed that when 
positively charged inorganic [52] and organic [4] ions adsorb on the 
DOPC layer, the subsequent interaction causes both capacitance current 
peaks to shift to a more positive potential in accordance with the Esin- 

Table 2 
Number and length of H-bonds formed from and binding energies of, most 
probable (MP) and lowest energy (LE) conformer of AQ and s-AQ with polar 
groups of phospholipid bilayers.

Compound H-bonds /number, 
length/nm

Binding energy 
(MP)/ 
Kcal/mol

Binding energy 
(LE)/ 
Kcal/mol

Q 0 ¡6.18 ¡6.3
2-AQ 2 

0.25, 0.21
¡5.92 ¡6.07

3-AQ 1 
0.2

¡6.16 ¡6.16

4-AQ 1 
0.21

¡6.25 ¡6.25

5-AQ 1 
0.21

¡6.26 ¡6.26

6-AQ 2 
0.23,0.25

¡6.03 ¡6.07

7-AQ 0 ¡6.22 ¡6.22
8-AQ 1 

0.23
¡5.3 ¡6.06

5-A-6-MeQ 0 ¡5.9 ¡6.73
2-AQ-3-CN 0 ¡6.1 ¡6.18
PQ 0 ¡5.1 ¡6.13
Sit 0 ¡5.4 ¡7.17

Fig. 7. (a) (top) most probable (MP) position (white encircled) of representative AQ and s-AQs in apolar region (blue) of phospholipid bilayer and (bottom) relation 
to polar groups with lengths for AQ-DOPC H-bonds and, (b) binding energies (left MP and right LE) for AQs vs amino substituent position number from Table 2.
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Markov effect [52,64]. In the present studies, although it is known that 
4-AQ, PQ and Sit are present as protonated ions in pH 7.4 solution, only 
the 4-AQ/DOPC interaction gives rise to a significant positive potential 
shift of capacitance peak current peaks. Since this is also observed as a 
result of 2- and 3-AQ interaction which are protonated to lesser and 
negligible extent respectively, it cannot be conclusively deduced that 
this potential shift of capacitance peak current is caused by positive 
charged ions adsorbed within the phospholipid layer.

The modelling results of the AQ interaction with DOPC phospholipid 
bilayer showed the following features displayed in Table 2, Fig. 7(a) and 
7(b) and Fig. S5 in the SI.

2-,3-,4-,5-, 6- and 8-AQ exhibited H-bonding however 7-AQ showed 
no H-bond with the phospholipid polar groups and a deeper position in 
the bilayer. As a control Q showed no H-bonding with the polar groups 
and a deeper position compared to that of 7-AQ in the bilayer. 5-A-6- 
MeQ and 2-AQ-3-CN showed no H-bonding and similarly a deep posi-
tion in the bilayer (see Fig. 7(a) and Fig. S5 in the SI). It seems that the 
marked positive potential shifts of the capacity current peaks on the RCV 
resulting from 2-, 3- and 4-AQ/DOPC interaction (Fig. 2(a) and Fig. S2 in 
the SI) are related to the H-bonding of the AQ amino group with the 
polar groups as exhibited in the modelling results (Table 2, Fig. 7(a) and 
Fig. S5 in the SI) and the association of the cationic 4-AQ with the 
anionic phosphate grouping. In addition the 5-A-6-MeQ interaction with 
DOPC exhibits no capacitance peak shift on the RCV. This indicates that 
its most probable conformation is dominated by the modelling results 
showing a deeper position in the phospholipid layer and no H-bonding 
with the DOPC polar groups. The influence of organic compound charge 
on their depth in the phospholipid layer following interaction is of great 
interest and has been extensively modelled [65]. Using this argument, 
the relatively small capacity current peak shifts following interaction of 
PQ and Sit with the layer show that, even though these molecules are 
100 % positively charged, on interaction they are drawn deeper into the 
DOPC layer effected by their longer alkyl side chain. To summarise, 
these results show that the AQ and s-AQ location in the bilayer is 

determined by opposing directional forces of the propensity for the 
–NH2 group to H-bond with the bilayer surface polar groups and the 
non-covalent associations between the quinoline rings/polarisable sub-
stituents and the phospholipid alkyl chains.

An exception to the argument connecting capacitance current peak 
shift to occurrence of significant H-bonding of the AQ with the polar 
groups of the DOPC is 8-AQ/DOPC interaction and is explained in the 
following. Significantly with 8-AQ the H-bonding potential of the NH2 
group is weakened compared to that of 3-AQ due to intramolecular H- 
bonding with the nuclear N atom [66] leading to zero shifts in the RCV 
capacity current peak potential. This effect is currently being investi-
gated. Significantly, two outliers in the ‘log BAI’ versus pKa plot for the 
AQs can be related to the H-bonding potential of the AQs. Both 2- and 3- 
AQ fall below the linear plot and it can be assumed the H-bonding de-
creases the ability of the Q rings to interact with the lipid alkyl chains.

A plot of AQ binding energies versus –NH2 position (see Fig. 7(b)) 
exhibit the two peaked plot where the 5- and 7-AQ binding energies 
peak similarly to the − log LoD versus –NH2 position plot. The higher 
binding energy (Table 2) and deeper position (Fig. 8 and Fig. S5in the SI) 
of 5-AQ in the bilayer can explain its higher − LoD and ‘log BAI’ value 
which accounts for its being an outlier in the ‘log BAI’ versus pKa plot. It 
is noted that the 2- and 4-AQ binding energies are lower than expected. 
This could be because the AUTODOCK program does not account for 
cationic molecular interaction since 2- and 4-AQ molecules are ~ 50 % 
and ~ 100 % respectively charged at pH 7.4. Due to the fact that both PQ 
and Sit are charged molecules and that PQ has a 7-carbon side chain 
which can present problems with the AUTODOCK application [67], an 
analysis into the s-AQ binding energies with bilayers and their relation 
with the experimental data will be investigated in future studies.

Fig. 8 shows correlations between the ‘log BAI’ and the ToxScore for 
(a) the s-AQ compounds. The correlation between ‘log BAI’ and the 
ToxScore with and without serum is good and fits a power function. It 
can be surmised that the compound’s ‘log BAI’ value is related, in a very 
general way, to the interaction of the compound with biological 

Fig. 8. (a) s-AQ and (b) AQ ‘log BAI’ vs ToxScore and ToxScore (serum) plot.
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material. In this case the positive charge on the s-AQ is the most sig-
nificant descriptor above the lipophilicity enhancing interaction with 
phospholipid layers and the in vitro biological targets. The relationship 
between the AQ ‘log BAI’ and the AQ ToxScore (Fig. 8(b)) is not so 
straightforward and could be complicated by the extensive H-bonding of 
some AQs with the phospholipid polar groups shown in the modelling 
and, experimentally inferred from the RCV shape. A linear relationship 
is seen for 3-, 4-, 5- and 7-AQ but no relationship is observed for 2-,6- 
and 8-AQ which have a low ‘log BAI’ and a higher ToxScore value. A 
possible explanation is that these molecules exhibit a high degree of H- 
bonding with the phospholipid polar groups which accounts for a 
stronger interaction with biological material but weaker ‘log BAI’ index. 
The ToxScore of 3-AQ is low and is an exception to this concept. Clearly 
more experiments would need to be carried out to explore this.

4. Conclusion

AQ and s-AQ interact with phospholipid layers. The electrochemical 
(bio)membrane sensor records adsorption and partition of the com-
pound on and into the layer respectively as well as aspects of the specific 
interaction relating to H-bonding and non-covalent interactions. HPLC- 
IAM technology measures the partition coefficient between the solution 
and phospholipid layer including partition due to interaction of the 
positive molecular charge with the anionic phosphate of the phospho-
lipid polar heads. The affinity above the lipophilicity of AQ with the 
phospholipid layer shows a linear relationship with the compound’s pKa 
which is linked directly to the molecular charge and to the increased 
polarisability of the AQ’s aromatic rings. Outliers in this correlation can 
be due to the presence/absence of H-bonding between the AQ and the 
polar groups and a more superficial/deeper location in the layer. The 
association of the unsubstituted AQs with the phospholipid layer rep-
resents an interplay between the molecules’ propensity to bind to the 
phospholipid polar groups and the strength of the non-covalent inter-
action between the AQ’s Q rings and the apolar region of the layer. s-AQ 
interactions with the phospholipid layer exhibit an affinity above their 
lipophilicity which shows a power relationship with a ToxScore value of 
the compound derived from five different in vitro end points. In this case 
the s-AQ descriptor of positive molecular charge which enhances 
interaction with phospholipid layers presumably leads to the binding of 
these compounds to the in vitro biological targets.
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