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ABSTRACT Theondemandielivery of drugoleculeffom nanescale carriewgith spatidemporal control is a key challenge in modern
medicineHere we show tHgtid bilayewesicles (liposomeasn be triggered to releasncapsulated molecular cargo in response to an
external control signal by emplogirgytificiatransmembrane signal transduction mecharmsignmhéeticsignal transducer embedded in
the lipid bilayer membreaawts as a switchable catabstlyzing thformation afurfactantoleculetside thevesiclén response to a
change iexternal pH. The surfactant permeabilises the lipid bilayer mefawititeget releaseanencapsulatduydrophilic cargtn

the absence of the pH control siheahtalyst is inactiardthecargo remains encapsubaiddn the vesicle

INTRODUCTION In recent years, significant research effort has been aeplied to
Transmembrane signal transductionsigmélamplification are  veloping responsive lipoeswherethe releasef apayloads
important featuseof numerous biological processes, facilitatingiggeredn response tmexternal or environntal stimulus (e.g.

the communicatiorof chemicainformation across lipid bilayer pH, enzymes ameimperature’. Here we show than artificial
membrang In Natue, signallingis achieved by me signal transduction mechanism can be usedtrnl the for-
brané spanning proteins, such gsraieincoupled receptors, mationof surfactantsidide lipid bilayer vesicleiggeing the

that generse an intr@ellular signal (second messenga®-in release @h internatargdn response to a change in external pH
sponseto binding of arextracellularsignallingmolecule(first

messengerSecond messengéigger signalling cascatteat APPROACH

lead to the cellular response. Typically, such aisoaateplify  The addition of amphiphilic surfactants to ligigebilesicles
the sjnal bynitiatingenzyme catalysgebcesseblany synthetic ~ leads to lysis by solubilisation of the *ffffidsowever at sub
supramolecular systems capable of physically transporting chesadabilising concentratipesrfactants also have profound sffect
signals, such as ions, across lipid bilayer mehdveabesn on the properties lgdid bilayes, leading to curvature straky] al
reported®However, mimicking signal transduction and emplifi chain disorderintateral expansiamdincreased permeability to
tion processes that occur without physical transfer of matterhyglrophilic solutes without destion of the vesiél@.o exploit
proveda considerable challefayesynthetic systeits’ Recet- this éfect,we employed an artificial transmembrane sigsal tran
ly, we have shown thatew abiotic mechanismembrane tran ducer to initiate the production of low concensratisarfactant
locationPcan be usddr signal transduction across lipid bilayer#side lipid bilayer vesigleig. 1b). The controllegeneratioof

in artificial systenfSigure 1a) The reversible movementof surfactanprovides a mechanism foe release of encapsulated
synthetic transducer molecule across a dzlaysr controlled by cargo by permeabilising lihigl bilayer(Fig. 1c). Whilst the sy

chemicaihputsignadon the outside tifevesicleThe positionf thesis of surfactant molecules in bilayer systema baploes

the trasduceis coupled to catalyst activasiorthaain amplified in the context of sedplicating fatty acid vesicles, in which the
output signaggeneratedn heinside of theesiclé®*’ (auto)catalytic formation of fatty acids from precursors leads to
One outcome of biological transmemisignal transducti@an selfreproduction of the vesiéfethe controlled production of
bethe activation of channistcontrol the influx or effluidans surfactants to releasargo from lipid bilayer vesicles has not been
such as calciuim,response to extlular signaig We hypoth- explored

esized thaatransmembrane sifimg process could be used in aThe triggered release process is shbematically in FigureAl.

similar way to trigger releasmerhbranémpermeablsolutes  high concentrabn of the watesoluble cargo (pinkgnd alow

from insideesicles. Lipid bilayer vesirkmstractive candidates concentration dhe hydrophlic surfactant precursor (grey) are

for the delivery of a range of therap€dtimsd there are a@sta  encapsulated in vesicles that have a synthetic signal transduce
lishedclinical applications in the delivery of anticance”&gentsembedded in the membrane.
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transduction generation Q Q

A Dupe. gy

A 1es I Translocation

X 114/ef.’ﬂ‘”"""“"""’/"-"’./, N ® @
J O O" YY) Qutside

,[,1 @)
) 00\5
k Or’lstateﬂ' /1‘/”'"\ O
o

') Conrtor

binding Second ;
OFF:state g O messenger Inside
0 ° o (surfactant)

Amplification

1+H* 1+Zn?*

Figure 1. Triggerectargo release fraesiclesising an artificialgnal transductionechanisn(a) Transmembrane signal transduction. The
input signal switches the external head group oftia signihétransducer embedddteimiembrane from pdlalue)to aplar (purple), alle-

ing it to translocate through the memtBarding of ahargedtofactor to thennerhead group (red) activates the catalyst (gfleeDtalytic
surfactant generatidthe catalystydrolygsa substrate (greggnerating surfactanyéllow. (¢) Cargo releas€he surfactant enhances the
permeability of the membrane to polar solutes, faciligtimglease (pinkd) Molecular structures of protonated signal trankddt¢OFF
state)andthe activated catalysZn?* (ON state)

The first stage of the process is transductiercloémical signal identified zhaphthoic acid as a potesgabnd messengernteo
across the lipid bilayer membrane by the synthetic trgRflucerpound?2, Fig 2). This compounds a known hydrotréghand

1.a)!*""Thetransduceis shorter than thedth ofthebilayeyso membrane permeall@ he surfatart properties were assessed
when heexternal recognitidread groujs in acharged stati using calcein releasexperimentsCalcein is a membrane
preferentially sits in the aqueous @raithe transducés locs impermeable fluorophdfég. 2) that selfjuenches at highneo
edin the outer leafléthe inputsignal(the first messenger- centrations. Yéncalcein ifbaded inside vesicks concenta-

ang¢ switcheshe externdlead groufm an apolar statslowing tion of 70 mMselfquenching occurs. Agslcein efflux from the
the transducer to translocate through the memWrhaa. the vesicles results in fluorophore dilution and reductierexietht
internalhead groupindsa charged dactor it preferentially sits of seHguenching, which is detected by an increase in the calcein
in the aqueous phasdngthe transducer in the inner ledflet. emission. Calcein fluorescence can thérefosed as an irsdic

the second step (Fig. Ibgactivated catalyst hydrolysesrthe e tor for lipid vesicle leak#dehe extent of calcein release can be
capsulated substréggey)to generate the intersatond ne guantified byysis of the vesiclegh detergent (Triton -£00)
sengerasurfactanfyellow) In the final stage, the hydrophobic allowingthe change in fluorescence emission interiséyca
surfactanémbeds in tHid bilayemembraneendeingit per- bratedelative to release of the eotinéents of theesicle

meable to the camgolecules which diffuse out of the vesicle (Fiyesiclexontainig aselfquenchedalcein solutiowere assg

1c).In this work, we usttik pH-controlled signal transdut¥r bled by hydrating a dried mixture oflidl@oylsrglyceres-

to initiate intravesicle surfactaggneratiofFig. 1d) Transducer  phosphocholine  (DOPC) and -di@eoyisnglycere3-

1 features morpholine head group, which is protonated at neutpdlosphoethanolamine (DOPE) lipids in an aqueous sohuion co
pH (1¥H*) and can be deprotonated by raising the pH on th&ning70 mM calcein HEPES buffeat pH7. The suspension
outside of the vesidte initiate translocatiomhe precatalyst was extrudéthrough a polycarbonate membrane to afferd ves
head group &sneutral pyridine oxime, whidtomsa catalyst  cles of an average diameter of around 2URenwesiclesere

for estehydrolysighen it binds zint{Zn*). separated from the external solution using size exulosion c
tography and then suspended in dufienedsodium chloride
RESULTS AND DISCUSSION solution (pH Y. An aliquot of solutionof 2 in methanolas
The triggered release mechasiwwn in Figureidvolve the added to the vesislaspensigrand apid release of calcein from
cooperatiorof multiple functional component§a) transma- the vesicles was observextkbata, Fig.l. In the absence2f

brane signal transduction, (b) catalytic surfactant generation @hadedata) or upon addition of methanmdy(glath the calcein
(c) cargo releasko address this complexityjrvestigated the  remairdencapsulatednd the vesiclegrestableuntil the dete
behaviour afachcomponenindividually prior to assembling the gent waadded?® These experiments demonstrate? thas sut-
complete functional system. ble surfactant properties to act as the second messeatgt illustr
in Figure 1.
Cargo Release Experiments. Identification of a suitable-su
factant that could be generated using the sigdalctiamss- Catalytic Surfactant Generation. Having identified nlap
tem was addressed fitst.the ON state of the transducer thoic acid2 as a suitable second messenger for triggeymg
(1.Zn"), thezincoximecomplexcatalyses the hydrolysis of esterrelease, we turnear attention to generating shiactanin-situ
substratg sothe catalystouldbe used to generatbydrophobic ~ from an ester precursor encapsulated irsades\fég. 3. The
carboxylic acids the second messesgéiactanproduct We ester substrate for the hydrolysis re&;timas preparéad one



stepfrom 4 and 2-naphthoyl! chloridésee ESI) Substrat8 is
water soluble, highly charged, membrane impefneabtzn
fluorescent. Cleavage of the ester reveals flupyeanerd (8-
hydroxypyren#,3,6trisulforate, whichenabésconvenient mmo
itoring of the reacti@mdquantification dhe productiorof su-
factan®.

Signatransducet wassynthesised as previously desétibed.
functional vesicles wassemblely hydrating a dried mixture of
lipids and transdudein an aqueous solution contaisirgtrate

3, zinc chloride and HEPES buffer af.gHe suspensiowas
extrudedthe vesicles were sepanasaty size exclusion chaem
tographyandthensuspended sodium chloride solutitmafford
finalbulk concentrations of 2 mM lipids addvBBansducer. A

" control system was prepared in the same way, but in the absence «
transducet. Incorporation of the transducer during vesicée prep
g sst/o& ration results in a statistical distribution of trankdudee inner
and outer leaflets of the membitdo@ever, only theoleculem
the outer leaflare in the correct orientation to interact with the
external signal andcatalyse reactions inside the vesiclee-The r
ps maining 50% of the transducersatkaih an inverted orientation
are not sensitite changes in external pH eawhot catalyse
reactbns inside the vesicle, so they are silent in the experiments.
Figure hows signal transduction experiment with sul3strate
Sodium hydroxide was added to the external vesicle solution to
initiate traslocation of across the membrane, tefluores-
cence emissidoe tdormation o# was measured
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Figure 2. Calcein release adggyCompoune (yellow was added 3
externallyo 200 nm DOPC/DOPE vesideadednternallywith 70 Iy
mM calcein (pink)The vesicledipid concentration 0.5 mMn- -
taired250 mM HEPES at f#nd wersuspended in 400 mM NacCl. S
(b) Calcein release measured by fluorescence enfigdiomate 6= <
citing at 470 nmBluedata: background leakage of calcein. Grey data: l
background leakage of calcein in the preseptaratdanalBlack
data: releas# caleintriggered by addition ofin 4L methanol o T y y
(final concentration 5M). Calceireleasavascalibratd to 100% ! s ‘2245 &t !

releasby lysisvith Triton X10Q

o J L o
0,8 SO,

Figure 3. Molecular structures esftersubstrate3 and hydrolysis
productssurfactarg andfluorophoret.

Figure 4. (a) Surfactant generatianside vesicles controlled by
transmembranegnral transductionActivation otransduced by
extravesicle hydroxideads to catalysegiolysiof3 (grey)inside
the vesicle® generatsurfactant (yellow) whichis quantifiecby
measuring the fluorescence emission arisirigrfnationof fluoo-
phore4. (b) Time dependence of the ndizad fluorescence smi
sion intensity at 510 nm (exciting at 415 nm) ¢dsiedice prs-
ence ed datpand absencéléck dajeof transducek, andfollow-

ing NaOH addition(greendatg to initiate signal transductiéfi
experiments were conduate?D0 nm DOPC/DOPE vesiclesn(?
final lipidconcentration) containir2p0! M ester3, 250! M ZnCk
and 250 mMIEPES buffer at pHahd suspended in 250 mM NacCl.
The loading of transdutevas 2.5 mol%.



In the OFF state at pH 7, conversign@ft wes minimal (red  observedFig. 6), demonstrating that formation of surfagtant
data, <4% after 800 mins), and comparable to the backgroundesals to leakagi4 from the veside

volysis rate in the absence of trandd{bkxckdata). At pH 7, &
the external hegdoup of the transducer is protonated, trapping 1238567.0/
in the outer leafletuch that th®yridnhe oximéeadgroup is re- 6% -
bedded inside the membraman inactive stat&ddition of a .
aliquot obase to the sugg®ninstantaneoustpise the exte Yors
nal pH to 9determinedisinga pHelectrodepndled to a sharp =
increase in fluorescence intedsigyto formation df At pH 9, "4 o
the morpholine head graspeprotonated, so transddcean
translocatacross the bilaygeneratigthe ON state in which the | . . i i
zinepyridine oxime complex catalyses the hydr@yssdd the ¢ n y# Lo n s )(
vesicleggreen data, Fig..Dhese experiments demonstrate that s

esteB is a suitable substrate for the signal transductiomsgistemg;, e 6. Fluorescence excitation spectrum (emission at 510 nm) of
that surfactarit can be generated in response to an external Qbiicles at the end of a signal transduction experiment (ON state aftel
signal. 1000 minexperimental conditions as in Figpéctra were recorded

The experiments also provide some insight intorfaatars2 before(black datapnd afte(blue dataSECpurificaion to remove
generated by the-situhydrolysis reaction affects the integrity okxtravesicle materiahd normalized to account for dilution during

the vesicle membrarnBse otherproduct of the hydrolysis cea  purification.

tion 4 acsas dluorescergensofor local pH: In the experiments Transmembrane Signal Transduction Triggered Re-

desc_rlbed above, VES'CI?S Were preperen unternal pH Of. ! lease Experiments. Having established that the individual co
and in the OFF state, this pH was maintained. Howevemlin the 9] . . .
ponents of the system function separatesin@&lease initiated

state the apparent value of the inteptdlincreasg with time o ’ ) .
reaching a valueacbundoH 8 after 60 minutesi 5) = by /p-S/tugeneratlon @ by transmembrangignal transduction
wasdnvestigated.
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Figure S. Effect of transmembregignal transduction on Hyppa- e 5*789 «,,;g:“
entlocal pH determined spectroscopically by ratiometric analysis %! 566*7:19 B _;.:-‘,;n}";?"\‘?,’
thefluorescenoemis_sion from (experimental conditions as in Fig. . o 5719 ) 'vﬁg,;.:\'?'?-?- i
4). Grey data: vesicles incubated &f (FF state) Black data: gl ol
vesicles inculeat at pH7, then pH 9 (arrowdicates addition of ; “:«}"7"“:'
hydroxide to form ti@N staty 3w N._;;z.:i""
v e
This observation can be rationalised in two waggplanation ; 6< 5
is that zhaphthoic aci2l generated by the catalysed hydrolysis ¢ "l l_*’
3 enhanceshe permeability of the miwane with respect to éﬁw@w )-t};,.x,5l::;‘;ﬂ.%,s%,{wﬁxmq&7ﬁ“}‘{‘ﬁ
H*/OH . Since the external pH is 9 and the internal pH is-7, eq! PR -
! #11 %!! ! d

bration of the proton gradient across the membrane would lea
an increase of pH on the inside of the vesicles, wheretédidis ref
by encapsulatdd The alteraté explanation is tl2atauses the

membrane to become permeable wbich diffuses out of the

vesicles. Inl thlz f[:ase_, tt:jebaﬁﬁarem$fz§%ulat§megg_2tedf cargaoy permeabilization of the membréyeTime dependence of
average value determined by the am cand outsioe o calceinfrom 200nm DOPC/DOPE vesicles (lipid conegian 0.5

the vesicles. To distinguisse two scenarios, the integrity of than) containing 70 mMlcein250! M ZnCh and 250 mM HEPES at
vesicles after the transmembrane signalling reaction was amimsﬁguspended in 400 mM NaCl, in the pres@cn(iabsence
by re-purifyingthe vesicleuspensioasingsize exclusion chram (! 3) of encapsulatedubstrate3 (25 pM). The transducer was
tographyThis process removes any small molecules that are {)i-hed from the OFE to the ON staaeldifion of NaO¥arrow).

encapsulated ingidesicles. After purificationgrfEant reds Calcein emission at 540 nm (exciting at 470 nrodlibeed to
tion in thentensity of thifuorescence emission arising4reas 100%eleasby lysisvith Triton X100Q

1 3*4/0

Figure 7. (a) Catalysedurfactant generatiorsidevesiclesitiated
bytransmembrane signal transduction leads to releaseswhtattap



Vesicles containing membiaméedded transdudeaindencp-

sulating 70 mM calcefh uM 3 and 25QuM ZnCL were pe-
pared. The results of the triggered release experisieotmare

Figure 7Addition of hydroxide switch the transducer to the ON herchelsmith.orgchem@ch.cam.ac.uk; n.h.williams@sheffield.ac.uk

stdeledto rapid release of calcein from the vesicles orlyewhen
ester sudirate waalsopreseninside the vesicl@geen data in

7?2'@9A",>B9ACT!;9>
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Figure B). This shows thé#te three stages of the process (sign@RCID

transduction, catalytic generation of surfactardargodrelease)

Matthew J. Langtd®006000315553479

cancooperaté thefully functionatontrolledelease mechanism, Christopher A. Hunte€¥900000251821859

facilitating cargo release from inside vesicles in tesporse
travesicle signdlfter 800 minutes, the amount of calcein released

is 15 times greater than the anaiuntdroxide added to initiate Notes
signalling. The observed signal amplification iscdtedysis of
production of the second messenger, which is itself a catalyst for
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transport of the output signal across the lipid membrhne. STO>9EF<=GC<>! "
catalytic cascade proessge one of the hallmarks of signal amp{ye thank the University of CambrioiganOppenheimeResearch

fication in biological systems.
To determine whether cargo release occurs by dysiplef¢he
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vesicles or by permeabilisation of intact vesicles, size exclysiBxA<>:<8"'

chromatographyas used to-islate the vekds at the end of the
experiment. Analysis of the purified vesicles by dynamit light sca
tering (DLS) showed that the size distribution of thesvésicl )
tained after calcein release (ON stat®)dentical to that of the
precursors in the OFF staeeESI)."H NMR experiments show  (3)
that the total concentration of phospholipid presentlés wessc
unchanged in theisplated vesicles after calcein rél€asiied
vesicles from the ON and OFF experimweneseparatelgis-
solved ira mixture of &roform and methanol contairangn-
ternal standai@-(trimethylsilyl)propioni2,2,3,3l: acid sodim
salt) Integration of theignal due to therminaimethyl group of
the phospholipid was used to detethtipid concentration by
reference to é¢hintegral of the signal dog¢he internal standard
(see ESI). The results were identical for the vesicles obtained fr6h
the ON and the OFF experiments. These experiments tshow tha
the vesicles were still intact after cargo reléaseggars the

release of calcein by destabilisation of the membrane at SLﬂ?O)
solubilising concentrations.

4
®)

(6)
)

11)
CONCLUSIONS

Thecontrolled generation of surfactant molecules from a precursor

encapsulatddside a lipid bilayer vesigle been used to trigger (12)
the release of hgghilic molecules-emcapsulated the interior

An extravesiclénput signal(pH changelas used tactivate a (13)
membrandoundartificial signal transduaehjch catalydehe (14)
intravesiclegeneration & surfactan{2-naphthoic acjd Perre-

abilisabn of the membrane at-salubilizing surfactant camce (15)
trationled tocargo efflux, as demonstrated calcein release
assayThese results suggdsit combining artificial signaldran (16)
ducers that can be activated by a range of input signats, with
trolled surfactant syntheéside vesiclesiay provide generic (17)
platform with which to develop triggered release app#getions
asfordrug delivery. (18)
7889:;7I<="9>1<>! 0
Supporting Information (21)
The Supporting Information is available free gé adrathe ACS 22)
Publications websiteDédl: 10.1039/x0xx00000x. (23)
Synthetic procedures, characterizationadatitibnal experimental

detail{ PDF) (24)

Krauss, GBiochemistry of Signal Transduction and Regulation

3rd ed.; Wiley: New York, 2006.

Simon, M. |.; Strathmann, M. P.; GautaSgidhca991, 252
802808.

Bennett, I. M.; Farfano, H. M. V.; Bogani, F.; PXimiakidell,
P. A.; Otero, L.; Sereno, L.; Silber, J. J.; Mdorévidore, T.
A.; Gust, DVature 002, 420 398401.

Fyles, T. MChem. Soc. Ren07, 36 33E847.

Davis, J. T.; OkunglO.; Quesada,Ghem. Soc. Rewv10, 39
38438862.

Matile, S.; Jentzsch, A. V.; Montenegro, J.GfiafA.Soc. Rev
2011, 4Q 2458r474.

Vargas Jentzsch, A.; Hennig, A.; Mareda, J.; MatileC8em.
Res2013, 46 27982800

Stanzl, E. G.; Trantow, B. M.; Vargas, J. R.; Wendef¢cd. A.
Chem. Re%013, 46 294£&P954.

Gale, P. A.; Davis, J. T.; Quesad#&eR. Soc. Raw17, 46,
24972519

Barton, P.; Hunter, C. A.; Potter, T. J.; WebkVifiais, N. H.
AngewChem. Int. EX002, 41 38788881.

Dijkstra, H. P.; Hutchinson, J. J.; Hunter, CnAHK.QTomas,
S.; Webb, S. J.; Williams, NChém.PEur. 2007, 13 721D
7222.

Bernitzki, K.; Schrader, Angew. Chem. Int. Ex009, 48
800B8B005

Bernitzki, K.; Maue, M.; SchradeGiem.DEur. 2012, 18
1341313417.

De Poli, M.; Zawodny, W.; Quinonero, O.; LorcWeldh, S. J.;
Clayden, Ecience016, 352 57%680.

Lister, F. G. A.; Le Bailly, B. A. F.; Webb, 8ydenClivat.
Chem2017, 9 42@425.

Langton, M. J.; Keymeulen, F.; Ciaccia, M.; WiliarHs,
Hunter, C. AVat. Chen2017, 9, 428430.

Langton, M. J.; Williams, N. H.; Hunter, £Am Chem Soc
2017,139,646 6466

StriggowF.; Ehrlich, B. Eurr. Opin. Cell Bial996, 8§ 49®
495,

Torchilin, V. AVat. Rev. Drug Discp00S5, 4 145160.

Allen, T. M.; Cullis, P.&R1v. Drug Deliv. Reg13, 65 3648.
Mantripragada, Brog. Lipid Re002, 41 392406.
Barenholz, Y. (Chezy). Controlled Releas¥2, 160, 11D
134.

Pattni, B. S.; Chupin, V. V.; Torchilin, €hém. Rer015,
115 1093810966.

Ruiz, J.; Go—i, F. M.; AlonsoBiachim. Biophys. Acta BBA
Biomembn 988,937, 122134.



(25)
(26)
(27)

(28)
(29)

(30)
(31)

(32)

(33)

Lasch, Biochim. Biophys. Acta BBRev. Biomembr99s5, (34) Clement, N. R.; Gould, J. Blochemistry (Mosc1p81, 2Q

1241 268R92. 15341538.

Lichtenberg, D.; Ahyayauch, H.; Go—i, Bidghys..2013, (35) Control experiments with vesicles cont&iaingH 7 and at pH
105 28#099. 8 show that this change in pH has no sigmffeaitn the
Ahyayauch, H.; Bennouna, M.; Alonso, A.; Go—i, d&nhgihuir background solvolysis raee(ES$I Forsignal tnasduction sy
2010, 26 BOE7313. temsusingan acetyderivative @ as the substrdtef. 16), the
Stano, P.; Luisi, PGhem. Commup010, 46 36388653. intravesicle pH remained stahleng signal transduction expe
Atwood, D. Surfactant Systems: Their chemistry,oyhanda iments which implies that the change irepbirted heris due
biology; Springer, 2012. to formation d.

Xiang, FX.; Anderson, B. D. Membr. Bicl994, 140 11D (36) Hein, R.; BJzundal, C.; Hennig, @rg. Biomol. Chem016,
122. 14, 218£P185.

Matile, S.Sakai, NI/n Analytical Methods in Supramolecular
ChemistrySchalley, C. A., Ed.; Wiley, 2012; pp42.1
MacDonald, R. C.; MacDonald, R. I.; Menco, B. Bhifhake;
Subbarao, N. K.; Hu, L.Bfachim. Biophys. Aag91, 1061
297803.

Compouna? is not very soluble in water, asdigitation was
observed upon additiorthef methanol solution2ito the aqa-

ous vesicle suspens@uantitativeeleasef calceinvasthere-
forenotachieved by a single addition
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