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Abstract
Electrochemical impedance techniques and fluorescence spectroscopic methods have been applied
to the studyof the interaction of ortho (0)-, meta (m)- and para@p)-o-, m- and p-HO-, p-
H3CO, p-HsC-, pNC- and p-@S- substituted biphenyls (BPs) witHg supported dioleoyl
phosphatidylcholine (DOPC) monolayersand DOPC vesicles. Non-planar o-substituted BPs
exhibit the weakest interactions whereas planar p-substituted BPs itdrecgreatest extent with
the DOPC layers. The substituted BP/DOPC monolayer and bilayer interaction depends on the
effect of the substituent on the aromatic electron density, wikBigelatedto the substituents'
mesomeric Hamnits constants. Substituted BPsvith increased ring electron density do not
increase the DOPC monolayer thicknesdHgnand penetrate the DOPC vesicle membratwethe
greatest extent. Substituted BRsith lower ring electron densitycan causean increae in the
monolayets thickness orHg depending on their location and thegmainin the interfacial and
superficial layer of the free standing DOPC membranes. Quantum mechanical calculations
correlate the binding energy between the substitBEdngs and methyl acetatasa model for
the—CH,-(CO)O-CH,- fragment of aDOPC molecule, with the location of BPs within the DOPC

monolayer.

Keywords:  Electrochemical impedance, Fluorescence quenching, Phospholipid

monolayer /bilayers, Monosubstituted biphenyls, Hammetts constants.



1. Introduction

Biphenyl (BP) andts derivatives are well known for their thermal stability, electrical insulation and
resistanceo redox processes and have been widely uséde pasin transformers and capacitors
asdielectric fluids [1,2]. Moreover, these substance have also been empiayedpreparation of
pesticides, optical brighteners [3], aadfungicidesin waxing many fruits. However substituted
BPs are established environmental toxins [4]. Chlorobiphenyls (CI-BPs) have been a significant
issue for their toxicity, bioaccumulation and environmental persistence because of their stability [5].
BPs andCI-BPs are metabolisetd hydroxy biphenyls (HO-BPs) via formation of the arene oxide
intermediate [6] with pa (p)-hydroxybiphenyl (HO-BP) asa major product [5,7,8]n addition

to the monohydroxy metabolites, dihydroxy products can also be prodased result of
hydroxylation of BP. The hydroxy metabolites ©FBPs have been shown be retainedn the

blood of many animals and humaj®12]. The structures of these metabolites resemble thyroid
hormonesn possessing two aromatic rings and are repassehdocrine disrupters because they

compete with thyroxin foits active site [13,14].

In ortho (o-) substituted BPs, the two phenyl rings have been repaxedxhibit a twisted
conformation withan increasein the torsional angle[[) between the phenyl rings fros2.5° to
63.2° depending on the size of the substituent (Br>CI>FJhis can be explainedby the
destabilization effect based on the hydrogen substituent repuisiba o- position. Changés the
molecular structure causday substitutionat the p- position does not affect the structureBef
derivatives comparetb the unsubstitutedP in both ground and excited states [15]. The value of
I1 for m- and p- substituted BPis around 4245° but for o-substituted BP4,] is around63°. m-
substituted BPshave a higher barrier height for rotation betwe@®r90° than p- substituted BPs

whichis responsible for slightly higher values[df[16]. Hence coplanaritgf the two phenyl rings
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decreasem the following order depending on the position of substitutBi= p-substitutedBP >
m-substitutedBP > o-substituted BP. There have been many stumh the potential toxicity of
substituted BP& vivo [2,17,18] but venyittle work has been carried out on the evaluation of the
molecular characteristics responsible for their toxicity and the mechanism of their intesa@ion
cellular and plasmanembrane level. Accordingo some studies, non-planar o-substituted BPs
increased the cell membrane leakiness and decreased the membrane integrity ctomihered
planar BPs [17-19]. While other studies have shown the non-planar o-substituted matebeles
less active compared the planar p-substituted molecules becaidte steric hindrancef the o-
substituted species which influences their penetration into the phospholipid membrane [20-22].
Indeed reference [22] used electrochemical methodspreliminary studyof the relation between
the biphenyl's structure and their interaction wilipid layers however no understanding was

developed concerning a systematic structure-activity relationship.

The present studis anattemptto widen and deepen the work beganeference [22by extending

the electrochemical methods and supporting them with additioeghniques.An important
objective of this workwasto obtainan understandingf the fundamental molecular propertiefs
aromatic and associatednolecular species which enhance their interaction with phospholipid
membranessa model for biological membrane3f interestin particular washow the substituted
biphenyl affected the membrane structure, function and biomolecular organization and how this
relatedto membrane surface interactions with the biphenyl. The final location of the substituted
biphenylin the membrane following interaction was also sought.understanding of the factors
promoting aromatic group interaction with phospholipid membranesxtremely relevanto
biological membrane structure and function. A significant reason forstkiit the conformation

of membrane proteins and peptidestrongly affectedy their aromatic residue interaction with

the phospholipid skeleton [23-25].



Hg supported phospholipid monolayers and free standing bilayer vesicles have beew used
investigate: (1) structure-activity relationships and (2) mechanism of interacti@Paferivatives,

with phospholipid layers, using electrochemical and fluorescence spectroscopic techniques. The
rationale for employing these techniques w@®btain a generic and consistent understanding of
the interaction mechanism. DOPGswsedas the test phospholipith these studies. The model
system of DOPC monolayer dthg is a well establishedmembrane modelwhich has been well
characterized internationally [26-35].Moreoverit has been showto be particularly stable and
reproduciblein structure. Although Hg supports monolayersf palmitoyloleyl PC (POPC) and
POPC/POPE mixtures, was felt appropriatéeo carry out this studywith DOPC onHg in the first
instance. The particular defect-free natuaned fluidity of DOPC monolayers/bilayers enabled very
precise experiment® be carried ouso that the factors promoting the interaction oaromatic
compounds with phospholipid membrames be better understoodLater studies would use more

complex and more relevant model membrane systems.

Monolayers of phospholipids on tli#g surfaceactasa sensor element for aromateompounds

and many other speciescluding biomembrane-active peptides\d nanopatrticle dispersions [22,
26-35. At potentials around -0.4 V whidhk closeto the position of zero charge (PZC) of Hg, the
Hg supported DOPC monolayes completely intact and impermealike inorganic ionsAt more
negative potentials, capacitance peaks appeartauwaderlying field induced phase transitions
occurringin the monolayer [36-39 Alterationsin the nature of these capacitance peaks are very
sensitiveto any changes the monolayer structure. The capacitance peak occuatergund -0.94

V (capacitance peak-13 associated with electrolyte penetration of the monolayer. The capacitance
peakat around -1.0 V (capacitance pe2krepresents a phase transition involving a nucleation and
growth process that resulits the formation of a bilayein equilibrium with electrolyte on thelg
surface. The described  profile specific to the capacitance-potential curvefor DOPC

monolayers. Different capacitance-potential profiles are obtained with different phospholipid



molecules [4D The capacitance-potential profikitself a fingerprint for a specifiedohospholipid
monolayer. Interaction of organic compounds with the monolayer significantly influences the
capacitance-potential profile of the layer a selective and systematic mannelt has been
establishedy direct imaging that bindingf SiO, nanoparticles [34]to the DOPC polar groups
elicits significant depression of the capacitance current peakeportionto the extent of binding.

In additionit is clearly statedn other work [28-30] that the decreasethe DOPC capacitance
peak-1 may be dué an interaction of the peptide with the DOP®olar heads ando an
intercalation of the peptide between the hydrocarbon tails arpossible combination of the two

effects.

Phospholipid vesicles have been used extensassybiological membranaimic [41] to study the
interactions of membrane active compounds [42,43] with membranes. The BPs have fluorescent
properties which allow the use of fluorescence spectrosimesgtimate their fractions which have

not penetrated into biomimetic assemblies sagphospholipid vesicles and are thus available for
guenchingby a quencher (e.g:)1[44-47). Thisis definedasthe accessible fractiom this study.

These experiments were carried asiéa corollaryto the electrochemical experimemtssubstantiate

the nature of th&P-DOPC interactions. Table 1 summarizes Biederivatives useth this study

and their physical properties including log P values [48] and Hammets constgnts [49

2. Experimental

2.1. Materials

o-chlorobiphenyl (c2I-BP), m-chlorobiphenyl (n&I-BP), p-chlorobiphenyl (&I-BP), o-
hydroxybiphenyl (oHO -BP), m-hydroxybiphenyl (ni#O-BP), p-hydroxybiphenyl (tH4O-BP), p-
methoxybiphenyl (p-6CO-BP), p-methylbiphenyp-HsC-BP), p-cyanobiphenyl (DC-BP) and p-
sulphonic acid biphenyl (ptOsS-BP) were purchased from Sigma Aldrich and their stock solutions

(1000 [mol dm® were preparedn acetone and ethanol for electrochemical and fluorescence



studies respectively. BO3;S-BP existsin ionised format the solution pH of 7.4 becausis pK,
value is nearto that of toluene suphonic acid[50] (~2.8) andis representedas p-Os;-S-BP
throughout the text. The electrolyte, 0.1 moldKCl was prepared from KCI (Fisher Chemicals
Ltd.) calcinedat 600 °Cin a muffle furnace and dissolved 18.2 Ma MilliQ water containing
0.001 mol drit phosphate buffeat pH 7.4. A 2.54 mmol dif DOPC (Avantilipids) solution in
pentane (HPLC grade, Fisher Scientific Chemicals Ltd.) was prepared for electmahemi
experiments and a 12.7 mmol dretock DOPC dispersionin 0.1 moldm? KCI containing 0.001
mol dm® phosphate buffer was used for preparation of vesiclé® fluorescence studiesin 8.0

mol dm? stock solution oKl (Fisher Scientific Ltd.) was prepared with 0.2 mmol‘dsodium

thiosulphate (N£5,03) in 18.2 Ma MilliQ water for usein quenching experiments.

2.2. Electrochemical methods

2.2.1. Apparatus and procedure

The experiments were performeda standard three electrode electrochemical cell containing; a
Ag/AgCl, 3.5 mol dn KCI asreference electrode with porous sintered ceramic frit separating the
3.5 mol dn?® KClI solution from the electrolyte solution, a platinum as counter electrode and a
DOPC coated MFEas working electrode. The electrochemical apparatus was contained
Faraday cage. ThiEg film electrode (MFE) was prepared using a micro-fabricéedlectrode
(Tyndall National Institute, Ireland) having amim Pt disc area and a contact pad [24,3].,32
Fabricated electrodes were rinseidh with acetone anthen MilliQ water,placedn in hot Piranha
solution for 10-15 minutes, subsequently rinsed wiili @ water andand dried under Ngas.Hg

was deposited usingn Eppendorf pipette on thét disc electrodé¢o cover thePt completely and

the fabricated electrode inserted into electrochemical cell. A potential excursion fram -2V

at 40V s' was usedto remove organic material from the surfacehe area (~0.00&nn?) of the

Hg was determined from the capacitance-potential plot of the clddag surfaceas described

previously. This electrods stable and operational for tgp three months [51].



The electrochemical cell, electrodes and all other glass apparatus were waishdtranha
solution to remove organic contamination. Subsequently, the apparatus and the electrodes were
rinsed with MilliQ waterto remove traces of Piranha residu® PGSTAT 30 Autolab potentiostat
(Ecochemie, Utrecht, Netherlands) interfatedPowerLab 4/25 signal generator (AD Instruments
Ltd.) controlledby Scope software was uséalrecord rapid cyclic voltammetry (rcv) scans. The
Autolab systems GPES (general purpose electrochemical studies) and FRA (frequency response
analyser) with PGSTAT 30 and controlled with Autolab software were used for the alternating
current voltammetry (acv) and impedance measurements respectively. The elestioifytan was

purged with argon gas for about 15-20 minutes followea redirection of argon gasa blanket

on top of electrolyte during the experiment. DOPC monolayers were prdpasgileading about

15 pucm® of 2.54 mmol drif DOPC in pentaneat the argon-electrolyte interfacen the
electrochemical cell. A period of 5-10 minutes was required for the petat@avaporate. The MFE
electrode was vertically lowered into the solution slowly through the interdaakbow the DOPC
monolayerto self-assemble on thelg surface. Current-potential and impedance scans were
recorded using electrochemical techniques. The MFE was clégnapobplying a cycling potential

from -0.2to -3.0 V to remove the DOPC monolayer and a new monolayer was depositedoprior
eachseriesof experiments. For electrochemical studies of substitBfednteractions, calculated
amounts of their respective stock solution were injected below the DOPC monolayer into the
electrolyte followedby gentle stirring of the solution for 5 minutes. Subsequent electrochemical

analysis was then performed on the modified lipid coated electrode.

2.2.2. Rapid cyclic voltammetry (rcv)
rcv was usedo acquire rapid scans and examine the properties of the monatayscan rate! |

of 40 Vs with a potential excursion between -0.2 and -1.2 V on the DOPC cHatetectrode.



The specific capacitance definadthe capacitance per unit aisaelatedto the current (I) from
rcv scandy the following equation:

Cep=13A (1)

Suppression of the capacitance current péakbe pure electrolyte solution may indicate either
imperfectionsin the monolayer or the presence of contaminaiiothe electrolyte solution. The

electrode ared, was estimated from the capacitance of the uncd#ggdO].

2.2.3. Electrochemical impedance

Alternate current voltammograms (acv) were recordgdneasuring the out-of-phase curremt
responséo application ofanac sine wave of 0.005 V amplitude andHbfrequency (f) addetb a
negatively increasing (ramp rate 5 my$©C potential (E) from -0.20 -1.2V. Csp Was calculated
using the current from the acv scdrysthe following equation:

Csp= IATRV )

where | =2f is the angular frequency amd/ is the amplitude of the sine wawt least three G-

E curves were recorded following fresh DOPC depositions on the MFIEafdr experiment.
Measurement®f the real and imaginary impedanoé the electrode system using frequencies
logarithmically distributed between 650600.1 Hz, with ac amplitude of 0.005 V aatpotential
-0.4 V (~PZC ofHg [52]) were carried out botlin the absence and presence of BfPghe
electrolyte solution. The real and imaginary impedance was normalizegpective frequencies
and transformedbo the complex capacitance plaag “Cole-Cole” plots using Microsoft EXCEL
spreadsheet. Complex plane axes were express€dnA vs. Y’ /oA whereY’ /oA andY”’ /oA
represent real and imaginary normalised admittances respectlixétied by electrodearea(A) as
defined previously [5 Incidentally, the series combination of a capacitance, C, and a resistance,
R, which is simulated by the Hg-supported DOPC monolayers such thatY"/wA equals
C/(0’R?C*+1)A, while Y/oA equalsoRC(Y"/®)/A; moreover, thé'/oA vs. Y"/oA plot yields a

semicircle of diameter C/A and centre of coordinate@C/2A). This value C/Ais frequency
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independent ands valueis extracted from measurements carried out over the whole frequency
range from 19 to 0.1 Hz. This frequency independent capacitance (C/&)proximatedo the
monolayer capacitance dividday electrode areawhich is directly relatedto the monolayer
dielectric permittivity and inversely relatéd the monolayer thicknes# this study the C/A was
graphically determined from the complex capacitance plots and exp@sseécific frequency
independent capacitan@@Csy). In the case of the phospholipid coatéglelectrode, any additional
circuit element (second semicircle anthil") at lower frequencies outside &C is reflective of

ionic penetration [54] and physical modifications of the phospholipid monolayer respectively [53

2.3. Fluorescence Spectroscopy

2.3.1. Principle

The basic principlén fluorescence spectroscopy involves the emission ofdigatresult of singlet-
singlet electronic relaxation subsequémiabsorbing light energy. The fluorescerhas a typical

life time of nanosecondsn fluorescence spectrosco@mn incident light beam (usually UV) excites
the electronsn the fluorophore molecul® the excited electronic states. These excited molecules
then lose vibrational energy returnto the lowest vibrational state of the excited electronic state.
As a result, the emission spectrusmrecorded keeping the excitation wavelength constant and
measuring the fluorescent ligat different wavelengthdn this study, the substituté8lP actedas

an effective fluorophore [55 The penetration of thBP into the vesicle bilayer was followdwy
recording the extent of quenching of the BP's fluorescbyd€ (i.e. I asactive quencher) which
itself at lower solutionKl concentrations did not penetrate the phospholipid bilag#s which
remainedin the polar region of the bilayer were accesstolequenchingby KI. BPs which
penetrated the bilayer have their fluorescence quentthedrying degrees depending on their

extent of penetration.

2.3.2. Preparation of liposomes



A DOPC stock dispersion of 12.7 mmol dwas preparedy directly dispersing DOP@ 0.1 mol
dm?® KCI with added 0.001 mol drhphosphate buffer. Unilamelar vesicles containing 3.9%
ethanol and 0.249 mmol dMDOPC were prepareldy a modification of the solvent exchange
procedure [5p This involved adding Zm® of the DOPC stock dispersidn 4 cn?® ethanolin a
measuring flask followebly the addition 0f96 cm® of 0.1 mol dri? KCI with added 0.001 malm

% phosphate buffer gently along the wall of flask with constant swirling. The resulting vesicles
formed a unidisperse dispersion of ~220 nm diameter unilamellar vesglesaracterisedy
dynamic light scattering (DLS) and confocal microscopy (not shown) and were toledstable

for up to 24 hours (Figure 1(a)).No attempt was mad& remove the 3.9% ethanol from the
dispersion since the ethanol facilitated the stabibtythe added biphenyih solution for the
subsequent fluorescence measuremdntsas been shown that 4% ethanol does not significantly
influence dimyristoyl PC (DMPC) conformationin vesicle dispersions [57] and shows no

significant interaction with DOPC monolayers supportetigridata not shown).

2.3.3. Instrumentation and procedure

A FluoroMax-3 Fluorimeter from Horiba Scientific with xenon lamp was usgdobtain
fluorescence spectr&luorescence spectoh DOPC vesiclesit the excitation wavelengths specific
to different BPs were recordeak controls. Substitute®P solutions were addetb the DOPC
vesicle dispersionto a concentration ofl [mol dmi® with an incubation period of 15 minutes
before measurementl was usedas a quencher. Secondary stock solutions of different
concentrations oKl (1.0-7.0 mol dr) were prepared from the primary stock solution of 8.0 mol
dm? KI and 0.2 mmobm® NaS,03 in 18.2 Ma MilliQ water. NaxS,0O3 was usedas a reducing
agentto prevent the oxidation of iodid® iodine. 0.15cm® portions of theKl secondary stock
solutions were addew the 3cm® of vesicle dispersion containing substituted BPthe cuvetteto
give 0.047to 0.333 mole dni KI concentrations and fluorescence spectra were recordéd

appropriate excitation and emission wavelengths. The cuvette was dried from inside using
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compressed air before taking all the measurementdiminate the error from small dilutions.
Maximum fluorescence intensities were measured from the fluorescence spectra. All fluorescence
spectra were corrected fothe fluorescence of a vesicle dispersion with no biphenyl and no
guencher.An example of a corrected fluorescence specisushownin Figure 1(b). Fluorescence
data were plotted versus the inverse of tkk concentration accordingp the modified Stern-
Volmer equation [4}

FoI®F=(1/fKcy) + 1/f, (3)

Where E is the intensity of emitted lighh the absece of quencher andF is the differencen the
intensities of emitted lighin the absence and preserafequencher respectively, I§ the Stern-
Volmer quenching constantgcis the KI concentration and,fis the accessible fraction. The
accessible fractiors definedasthe fraction (expressdd text as%) of the fluorophore preseint

the polar region of the DOPC bilayer and hence available for quenching. The acdessiige
therefore reports on the location of tBE fluorophorein the membranelThe accessible fractions
(fy) for the quenching of thBP derivative fluorescence were calculated from the intercept values
(intercept = 1) with an intercept value of 1.0 indicating 100% accessibile fractmithe BP
derivativesto quenchingby I'. The slope of these plots gives the effective quenching constant (K)
for accessible fluorophores whidh similar to the binding constant for the quencher-acceptor
systems [58] and represents the quenching efficiency oBthalerivativesby I'. It is not a
significant parameten terms of their interaction with the membrane. 0.04 mmof dinmas been
shown to interact with the polar but not penetrate the apolar regiohlg supported DOPC
monolayers [54] andis knownto associate with the choline groupf DOPC [59. Indeedit was
shown from 1 quenching of Laurdaii6-dodecanoyl-2-dimethylaminonaphthalene)the DOPC
phospholipid bilayer that,| from solution concentrations above 0.15 mol¥mpenetratesdownto

the glycerol levebf the phospholipid bilayer [39
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In this study all experiments were carried out under the same conditiousit is unlikely that the
I'’DOPC interaction will affect the relatii®P penetration into the membrane. This asssumpsion
supportedby the characteristiStern-Volmer plot (Figure 1(c)) where the slope of the @dihear
indicating that the increas |I” concentrations not affecting thd8P accessible fractiorand hence
BP penetration. Howeveast higher solution concentrations of & discrete increin the slopeof
the modified Stern-Volmer plots was observerhis increasen slopeis dueto the [ penetrating
the apolar region of the monolayer and quenching penetrated BP. This tteteefore excluded
from the plot usedo estimate the intercept. All thBP derivatives were fountb be stableon
exposurdo light (constant intensity ake-emitted light on repetitive exposur@ light) except ocl-
BP and were studied using the method described above. EbBP; the spectra were recorded
kinetic acquisition mode witaninterval of 0.1 s and 6 s total timegt,an excitation wavelength of
260 nm andan emission wavelength of 316 nta eliminate the effects from photo-degradation.
The intercept from the linear regression of these intensitgsagrsus time yielded the intensity of
re-emitted lightat zero time (where thereis no photo degradation) and was ugedplot the

modified Stern-Volmer plot for guenchingf o-CI-BP.

3. Results and discussion

The effect of the interaction of the substituted mét®@-BPs with the DOPC monolayer on the
capacitance-potential plag shownin Figure 2(a). Suppression of the peak-1 capacitanceanith
increasen solution concentration of 0-, m- andH®- BPsis clear and the extent of suppression
follows the order of o-<m-<p-HO-BP/DOPC interaction (Figure 2(b)). This suppression of the
capacitance peals directly relatedto the extent of interactions of these BPs with the DOPC
monolayer [22,27] indicating that theH©®-BP showed the strongest interactions with the DOPC
monolayer comparedo that of m- and d4O-BP. Notably the potentials ) characterising
capacitance peaks-1 and -2 do not markedly change on penetration BOtB® into the

monolayer. The accessiblO-BP fraction for I quenchingin the presence of vesicles prepared

12



from a 0.249 mmol dit DOPC dispersion indicates that this fractiedowest for pHO-BP and
increasesn the following order: gAO-BP (17.21%) < m-HO-BP (29.03%) < 0-HO-BP (90.63%)

which indicates the penetration extentH®-BP into the apolar corés in the order: pg-O-BP
(82.79%) > mHO-BP (70.97%) > oHO-BP (9.37%). This order arises from: (i) the symmetrically
linear and planar structure of the p-isomer enabtsmigeady penetration into the apolar membrane
core; (ii) the lackof two-fold symmetry of the m-isomer renderirigless ableto penetrate the
phospholipid membrane; and, (iii) the twisted geometry of the o-isomer arising from the increased

torsion angle between the two phenyl rings further impeitisnaenetration.

The capacitance peak-1 height correlates with the accessible fractlé®-BPs for quenching
(Figure 2(c)) indicating that the fluorescence results are commensurate with and support the
electrochemical results and together relate qualitatitcelype interaction of thélO-BP with the
DOPC layer. This suggests that tH®-BPs behaven a comparable mannet the Hg supported
monolayer/electrolyte interface arat the vesicle/electrolytenterface. Figure 2(d) shows the
impedance data representesla complex capacitance plot of a DOPC coaigoelectroden the
presence of o-, m- and HO-BPs. In this plot the interaction of these species with tB®PC
monolayeris representetly the presencef a low frequency "tail'at the right hand sidef the plot.
The frequencies defining this tail are lower than ~22 radidnarsl are usually representativef
imperfectionsin the layer and species adsorbed within the DOPQ. [H3is interesting that the
monolayer capacitancedoes not decrease following the interaction of DOPC withHeBP
isomers and the interaction ofHO-BP with DOPC andts penetration introducean additional
very small irregular semicircular element defirtegfrequencies 190t 13 radians’S between the
RC element and the "tail". The instet Figure 2(d) shows this intermediate circuit element more
clearly. Current work investigating the interaction of small molecular weight orgampounds
with DOPC layers show that phenolic compounds temdhave a disruptive effect on DOPC

monolayers comparei non-polar aromatics. This intermediate circuit element could reddtes
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disruptive effect of the ptO-BP leadingto ionic penetrationwithin the polar head regior54].

Further more focused work would neede carried outo establish this.

Interaction ofCIl-BPs with DOPC monolayers dig had a significant effect on the capacitance-
potential plot (see Figure 3 (a))Suppression of the peak-1 capacitance aitincreasen solution
concentration of o-, m- and @+BPsis clear (Figure 3(b)) andollowing interaction of theCl-BPs
with the DOPC monolayer, the capacitance peak suppression was more pronounced ctmpared
that followingHO-BP/DOPC interactions (Figure 3(a) and (b) compaoedrigures 2(a) and (b)).
This observation indicates th&i-BP interacts more strongly thadO-BP with the DOPC polar
heads. This shows a deeper penetratiotl©fBP than CI-BP in the DOPC layerIn addition,
capacitance peak-1 and more extensively peak-2 (Figures 3 (a)) were &hiftete negative
potentialsin the presence of m- and@-BPs. The accessib@l-BP fraction for [ quenchingn the
presence of vesicles prepafedm a 0.249 mmol difiDOPC dispersion showed that this fraction
increasedn the following order: p=I-BP (76.47%) < m-CI-BP (93.14%) < o-CI-BP (96.08 %).
This indicates that the extent of penetratiol€6BP into the monolayer apolar coiein the orde:
p-CI-BP (23.53%) > m-CI-BP (6.86 %) > 0-CI-BP (3.92%). The isomers dEl-BPs exhibited a
similar order of incorporation/penetration into the bilagethat of HO-BPs but the extent of the
penetrationis decreased whicis commensurate withthe capacitance peak suppression results
above.CI-BPs have a comparable 3D structtwetheir HO- analogues but therie an essential
differencein distribution of electron density among the ring atamshese substituted BPH.is
well established that thdO- group actsasan electron donor but th€l- group actasan electron
acceptor when attacheéd aromatic ring. Thisis describecby Hammetts substitution constarlt)
[49] (see Table 1) of the functional group attacteedn aromatic ring where negativand positive
values indicates the substituestelectron donatingand withdrawing respectively relatite H-.
Accordingly HO-BP hasan increased ring electron density th@hBP and penetrates the DOPC

bilayer to a greater extent tha@l-BP. In Figure 3(c)it can be seen that the capacitance peak-1
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height from the capacitance-potential plot of a DOPC monolayétgotorrelates with th€l-BP
accessible fraction for quenchingDOPC vesicle dispersions. Thiadicates that the fluorescence
results are commensurate with and support the electrochemical results togethentoaladimxtent

of interaction of theCl-BP with the DOPC layer.

Figure 4(a) displays the impedance plots of the DOPC cdtdeslectrodein the presence dfl-
BPsin the electrolyte solutiorit is clear from the presence of the low frequency "tail" on the right
hand side of the plot, that tli&-BPs interact with the DOPC monolayer. Figure 4(b) displays the
FICsp versusCI-BP concentration plots ariticanbe seen that the monolayer capacitance decreases
in the presencef CI-BPsin solution.In fact the following order of FI§; decrease subsequeat
interaction of the followingCI-BP s with the DOPC monolayés: p-CI-BP > m-CI-BP > o-CI-BP
commensurate with the degree of interaction of these componds with the DOPC molfoiaiger.
assumed that the relative permittivity ©FBPs (~5-6 [60,6]) is about two times higher than that

of the hydrocarbon layer of the monolayer, a decr@aseonolayer capacitance clearly indicates
the formation of a thicker monolayer. Indeed, the increaseonolayer thickness must be the over-
riding factor leadingo a decreasm FICs, Furthermore, the negative shift of the capacitance peaks
associated wittCI-BP/DOPC interactiorcan be relatedto the increasing thickness of the low
dielectric region. This increases the applied potential required for the instigation of the phase
transition underlying the capacitance peak (Figu(@)3enabling the phase transitibmtake place

at the critical field value [6R A further explanation for the peak shidtthat the polarizability of

the aromatic rings (assumedly locatedthe polar group region) lessens the steepness of the
potential drop across the layer [6Zhis leadgo a greater applied potential be usedo initiate the

phase transitions.

Figure 5(a) plots th&P substituent(; values against the substitutB& accessible fractiom the

membrane for all substituted BP/DOPC membrane interactioisssignificant that p-HC-BP and
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p-O3'S-BP are significant outliers on this plofThe (; values employed have been calculated for
substituted benzenes and include both long range mesomgyiar(d short range inductive € ()
effects of substitution [§3The benzene molecuig small and the inductive effeid significantin
changingits properties buin the case oBP and other larger molecules, the inductive effect does
not extendo the unsubstituted ring comparedthe mesomeric effect [§4In orderto estimate
the precise and realistic electron density on the unsubstigedng, mesomeric Hammetts
constants [, [49] were used. Figure 5(b) shows the correlation between the substBted
accessible fraction anfi, of the substituent. The substituent value/gfgenerally showed a good
correlation with the accessible fraction of BPs subjedt quenching. p-O;'S-BPis a marginal
outlierto this trend butt is a negatively charged molecule with a large polasOgroup which will
additionally favourits preference forthe polar region. Figure 6 shows a plot of thesFExtracted
from the complex capacitance plots BP penetrated DOPC dfg versus the accessible fraction of
substituted BPs subjetr I quenchingn the presence of DOPC vesicles. The V shaped plot shows
a minimum FIG, representing a maximum thickness of the DOPC corresponidinthe
intermediate value of the accessible fractidan.outlier to the trends the point representing the o-
HO-BP/DOPC interaction which could be due a variety of factors and requires further
investigation. The accessible fractiasin inverse proportiorto the penetration depth of the
substitutedBP in the bilayer membrane and, assuming that the penetration oh Bfismonolayer
and bilayer are the same or similar, thel-location of theCI-BP in the monolayers relatedto a
maximum thickness of the monolay@y the same token, when the substituid is located
outside this region either nearerthe surfaceof the monolayer or deeper the apolar core, the

increasean thicknesss notso pronounced.

4. Model
The experimental observatiorssipport a model wherebMC-BP is located within the DOPC polar
head regionCI-BP is locatedat the DOPC polar-apolar interface ad@®-BP is located towards the
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DOPC apolar core. The model is commensurate with the existenad CH-[| associationsn
which a significant contribution comes from dispersion interactions [65] favéwyréee increased
electron density or polarizability of the aromatic ring [6%,66his is facilitated by electron
donating substitutuents (eg #dO-, (i (m = -0.37 and [\, = -0.735) on the biphenyl aromatic rings
which will enable deeper insertion of the biphenyl rings into the apolar €Theemodelis also
substantiatethy the existencef H-bonding between the substituted BPs and the DOPC molecules.
In the case of aromatic rings actiagelectron donors, thignteraction favour<CH-[1 association
where the acyl chain-CH- groupis the electron acceptor [67 }68 On the other hand the aromatic
ring canactasacceptor in the presence of electravithdrawing substituents [§9 A particular
example of thigs pentafluorobenzene which forms H-bonds tluthe electron withdrawing effect

of the F- substituents [TOThese effects would favour interactions between electron withdrawing
(eg forNC-, (i (m=0.66 and(, = 0.15 [49) substituted biphenyl aromatic rings and the DOPC

polar group region.

The CI- substituent of fEI-BP has a strong inductive electron accepting efféet((, = 0.42 [49)
and a weak mesomeric electron donating effégt$ -0.19) which renders the substitu# ring
relatively more electron deficient than the unsubstituted ring. iSHgcause the inductive effect
only operates on the substituted ring][6Bhis differencdn electron density of the substituted and
unsubstituted rings respectively leadsa directional location of ©&-BP in the DOPC layer. The
unsubstituted ring remains the apolar region througBH-[ interactions whereas the substituted
ring tends towards the apolar/polar interface. Such a struzanrge stabilizedy a halogen bond
betweenCl- of p-CI-BP andthe phosphate group oxygen [71,72] of PC. The head gafup®PC

in the liquid phase of the monolayer are oriented parti¢he layer plane [73,74] whereas the
apolar tails of DOPC molecule airea plane normaio the monolayerAs a result, the positioning

of the rigid p€I-BP in the right-angled interfacial region will increase the angle between the polar
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groups and the alkyl chains and cause a thickening of the daydrserved fronthe capacitance

decreasen Figure 4(b).

The propensity for the substituted Bfesform H-bonds with the polar DOPC moieties has been
explored. Thisis a semi-quantitative exercise which has been carriedtostbstantiate the
conclusions from the preceding experimetitss acknowledged that a more complete treatment,
outside the scopef this paper, would take account of the water molecular environment. H-bonding
energies of substituted BPs with the glycerol-dicarboxylic ester moiety of DOPC bieave
estimated. Methyl acetate (GHICO)O-CHz) was choseras a moleculeto model the glycerol-
dicarboxylic ester groupingf DOPC andits binding with the substituted BPs. The choice of
methyl acetates justified sinceits structureis analagougo eachof the two parts of the glycerol-
dicarboxylic ester of DOPC namely R-(CO)O-CH< and R-(C@J@- where R-is the oleoyl
chain. It is to be noted that the binding energy between BX{where Xis the substituentjo
methyl acetates half that of the binding engy of two p-X-BP molecules with each of the two
ester groups of one DOPC molecule. The critical H-bonding moietiesth the methyl acetate
molecule and the glycerol-dicarboxylic ester fragment are C-O-C and >C=0. Bindingesneege

also estimated between the >C=0 (methyl acetate H&hd(p-HO-BP) groups and between the

PO,- (DOPC) andCl- (p-CI-BP) groupsto substantiate the conclusions. All energies were
calculated using the program package Jaguar from Schrodinger, Inc. (Maesian\i®.2.011,
MMshare Version 3.0.011, Release 2015-2, Platform Windows-x64) and are displaysales 2

and 3. The binding energy between two water molecules was calculated with the same program

orderto compardt with the other estimated binding energies.

Table 2 shows complexes of unsubstituted and substituted BPEMACO)O-CHz. Complex A
exhibits two hydrogen bonds between the m- and p- hydrogens of the unsubBftuiregl and the

C-O-C and >C=0 oxygens respectivety CHsz-(CO)O-CHz. Complex B exhibits: (a) two
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hydrogen bonds between the o- hydrogens of the substituted and unsubB#tutedys and the
>C=0 oxygen of CHs;-(CO)O-CH3z and, (b) a hydrogen bond between the m-hydragfethe
substitutedBP and the C-O-C oxygen ofCHz-(CO)O-. Table 2 lists the binding energies
calculated for complexes between the BPs &id-(CO)O-CH;. Complexes A and B with
unsubstitutedBP show similar binding energies. The Complex B o€lpBP shows a higher
binding energy of 2.27 comparéd 1.8 kcal mof for ComplexA. The preferable formationf
Complex B would resuin the positioning of the unsubstituted phenyl ring inside the apolar region
of DOPC layer and the substituted phenyl iimghe interfacial layer of DOPC. The bondingGif

with the DOPC PO;'- grouping withan energyof 2.08 kcal mot (see Table 3) woulde-enforce

this structure. Binding energies oHB-BP with CHs-(CO)O-CH; are 1.31 and 1.03 kcal niofor
Complexes A and B respectively. Thgsmore than offseby the relatively high binding energyf

HO- with the methyl acetate, >C=0 groug, 7.43 kcal mol-1 (see Table 3) which has a higher
energy than the HOH-HOH bond energy (5.05 kcal mol-1). This favours the positairbog p-
HO-BP rings within the apolar core of DOPC. The binding dil@-BP rings with CHz-(CO)O-
CHs favours Complex A (2.86 kcal mil The relatively high binding energy this caseis
enabledoy the electron withdrawindlC- group. The bonding of the unsubstituted ring and the high
polarity of theNC- group [75] wll promote the positioning of theNE-BP substituted ring within

the polar head region of the DOPC layer.

5. Conclusions

The interaction of monosubstituted BPs with DOPC bilayers and monolaysrengly dependent

on the structural and electronic configuration of the molecules and specifically:-.

1. p-substituted BPs comparto- and m-substituted BPs exhibit stronger interactions with DOPC
bilayers and monolayers because of retaicegdlanarity of the two aromatic rings irrespective of

the natwe of substituent.
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2. BPs with electron donor substituents penetrate the apolar core of the bilayer whereath BP
electron acceptor substituents are incorporatdtie polar group regioaf the DOPC bilayer. BPs
located at the interface between the polar and apolar region increase the DOPC monolayer
thickness.

3. Experimental results and binding energy calculations indicate that the three structural and
electronic features influencing the location of substitutediBB$OPC bilayers and monolayers are
respectively: (i) The position of the substituent, (ii) the electron density or polarizalbitite BP

rings and, (iii) the hydrogen bonding capabibifythe aromatic rings.

4. Both electrochemical and fluorescence studies exhibit a consistent pattern of interactions between
substituted BPs and DOPC bilayers and monolayers respectively suggesting thgtetbetrode
support hasn insignificant influence on the interactions tfie substituted biphenyl compounds

with DOPC.

These findings are directly relevatd the initial objective of the workn that they relate the
molecular properties of substituent position and ring polarizaliiityhe extent of interaction of the
substituted biphenyl withphospholipid monolayers/bilayees a model for biological membranes.

This has important relevand® biological membrane function not only with respeact the
interaction of aromatic pharmaceuticals with biomembranes buiratetationto the conformation

of proteins containing aromatic rings within biomembrands. both cases the biomembrane
structure, function and biomolecular organizat®strongly affectedy the nature of thearomatic

ring/biomembrane associations.
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Captions

Figure 1.

(a) DLS measurement of prepared vesicle dispersion. (b) Fluorescenpenof dm>; o-HO-BP at
excitation = 295 nm (blue), HHO-BP at excitation= 290 nm (black) andH®-BP at excitation =
288 nm (red), in the presence of 0.249 DOPC mmof dand 0.12 mol dm of KI. All
fluorescence values corrected for fluorescence in absence of BP and KI. (c) ModifieddBteen
plots for I quenching of Jumol dm?® p- (filled circle), m- (triangle) and o- (square) HO-BP in the
presence of 0.249 mmol dmMDOPC vesicles in 0.1 mol diKCI with 0.001 mol drii of

phosphate.

Figure 2.

(a) Specific capacitance {g-potential (-E) plot of DOPC coated Hg electrode in 0.1 mof &l
containing 0.001 mol dihiphosphate buffer as control (black) in the presence ofriid) dm® o-
(blue), m- (green) and p- (red) HO-BP; (b) Peak-1 specific capacitance (fromefa))s BP
concentration (g) plots of o- (filled triangle), m- (filled inverted triangle) and p-(open square)
HO-BP; (c) % peak-1 capacitance (relative to control from (a)) against accessdbienfiaom
fluorescence measurements in 0.249 mmof OPC vesicle dispersion with 1[@nol dm?® of
HO-BP; (d) Complex capacitance plane plots of DOPC coated Hg electrode in 0.1 mM&Gm
containing 0.001 mol dfiphosphate buffer (black) in the presence of(t®l dni® o- (blue), and

p- (red)HO-BP.

Figure 3.

(a) Specific capacitance {{-potential (-E) plot of DOPC coated Hg electrode in 0.1 mof dm
KCI containing 0.001 mol difiphosphate buffer as control (black) in the presence ofrid dm

o- (blue), m- (green) and p- (red) CI-BP; (b) Peak-1 specific capacitance (&Qnversus

concentration ((gp) plots of o- (filled triangle), m- (open triangle) and p-(filled square) CI-BP; (c)
29



% peak-1 capacitance (relative to control from (a)) against accessible fraction from #noeesc

measurements of DOPC vesicle dispersion with/ o6l dmi® CI-BP.

Figure4.

(a) Complex capacitance plane plot of representative impedance data of DOPC coated Hg chi
electrode in 0.1 mol dfhKCl with 0.001 mol dri? phosphate buffer (black) containing Jutol

dm* of o- (blue) and p- (red) CI-BP acquired using EIS at -0.4 V applied potential; (pffd@

(a), versus BP concentrationggr plot of o- (filled triangle), m- (open triangle) and p- (filled

square) CI-BP. Error bars are within the symbol size.

Figure5.
Plot of BP substituent's Hammetts constants:s(@and, (b)or, [35] against BPs accessible fraction
to I quenching on the DOPC bilayer withuinol dm® BP in solution. Error bars within symbol

size.

Figure6.
Plot of FIG; (closed triangle) of DOPC coated Hg against accessible fractiongteemching of
substituted BP on the DOPC bilayer withutol dni® BP in solution. Horizontal red dashed line

corresponds to Flgof pure DOPC. Error bars are within the symbol size.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Table 1.

Log P [48], Hammetts constanky(@and (') [49] and torsional angle [16][) values.

Position o] m p

Substitution Cl- HO- | Cl- HO- | OsS- |NC- | CI- HO- | H:CO- | HiC-
Log P 4.54 3.1 4.6 3.2 |nla 3.7 461 |32 4.0 4.6
ot 0.35 |0.66 [0.23 |-0.37 |-0.27 -0.17
Om 0.06 |0.15 |-0.19 |-0.7 |-0.56 |-0.18
® 45°<p>60 ° P~45° p<45°
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Table 2.

Binding energies of BRCI-BP, HO-BP andNC-BP molecules withCH3-(CO)O-CH;s (calculated

with Schrodinger Jaguar software).

Complex A: structure Binding Complex B: structure Binding
energy, kcal energy, kcal
mol™ mol*

No--rH O 1.55 1.5

—4

O-----H
cl
No--H O I 1.8 2.27
—4
O-----H
OH
No--H O I 1.31 1.03
—4
O-----H
CN
\ g
2.86 2.17
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Table 3.

Binding energies aflO- (p-HO-BP) with CH3-(CO)O-CHs, CI- (CI-BP) with—-PO2- of DOPC
molecule and HOH witkiOH; normalised per single bond (calculated with Schrodinger Jaguar

software).
Structure Binding Structure Binding
energy, kcal ener gy, kcal
mol* mol*

el
_0 7.43 \ O 2.18

o 5.05
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Highlights

Substituents modulate biphenyl penetration into lipid membranes

¢ Substituted biphenyls (BP) interact with DOPC membramése order p- > m- > o-
¢ Substituents modulate the penetration of BPs into DOPC membranes
¢ BP substituent position and ring polarizability influence  BP/membrane interaction

¢ Monolayer/bilayer experiments give consistent results for BP/membrane interaction
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