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www.rsc.org/ Despite of great advances of phospholipids andsiypees in clinical therapy, very limite~
success has been achieved in the preparation oft gghaspholipids and controlled-release
liposomes forin vivo drug delivery and clinical trials. Here we repaxtsupramolecul--
approach to synthesize novel supramolecularly ergged phospholipids based =
complementary hydrogen bonding of nucleosides, twigceatly reduces the need of tedicus
chemical synthesis including reducing the stricjuieements for multistep chemical reactions
and the purification of the intermediates and tmeoant of waste generated relative more
traditional approaches. These upgraded phosphalipédf-assemble into liposome-like bilay.>r
structures in aqueous solution, exhibiting fasmsti-responsive ability due to the hydroge:
bonding connectionln vitro and in vivo evaluations show the resulted supramolecu...
liposomes from nucleoside phospholipids could dffedy transport drug into tumor tissu ,
rapidly enter tumor cells, and controllably releakeir payload in response to an intracellular
acidic environment, thus resulting in a much higlartitumor activity than conventione'
liposomes. The present supramolecularly enginegredspholipids represent an importa-
evolution in comparison to conventional covalentibed phospholipid systems.

Introduction pH trigger is the most extensively studied one heeathe
mildly acidic environments are encountered in tursibes, as
Since their discovery several decades ago, phogpi®land well as in intracellular compartments such as eodes and
liposomes have become one of the increasingly faignit lysosomes of cell&?® A variety of pH-sensitive phospholipic.s
topics in chemistry and biology because of theipamance in have been developed as smart carriers containffeyetfit pH-
biological systems® Conventional glycerol-basedsensitive linkers, such as acetal, ketal, vinylegttand orthc
phospholipids such as phosphatidylcholine (PC) aegter’’ ! However, the chemical bonds in the aforementioned
phosphatidylethanolamine (PE) can self-assemble fhiee- covalent phospholipids usually cannot promptly cespto the
dimensional hollow spheres with self-closed streetuin water mildly acidic pH condition, which limits the fastlease of the
known as liposome%® Owing to their intrinsic biocompatibility loaded cargos from liposomes for therapeutic pug s
and unique self-assembly behavior, phospholipidsd aNoreover, these pH-sensitive and covalently bc er
liposomes have been widely applied in the fields ¢hospholipids are not easy to be prepared and ginerced
biotechnology, drug carriers, gene delivery, casttiagents, as tedious synthesis work, which prevents them froracpice'
well as the surface modification of biomateriald. So far, pharmaceutical development. To date, very limitezfpess has
several liposome-based drug delivery systems hagen bbeen achieved on the responsive phospholipids ianddmes
approved by the Food and Drug Administration (FDax)d with high sensitivity and ease of chemical synthéderin vivo
numerous liposome-encapsulated agents have beah insedrug delivery and clinical triaf$:*"
clinical trials*'” However, the encapsulated drugs in Compared to conventional phospholipids containirayatent
conventional liposomes could not be released efiiity at the bond between the phospholipid head group and hatein we
target sites in a controlled fashion, which limiteir clinical proposed and constructed a new type of phospholipidg non-
application greatly®!® To address this challenge, variousovalent molecular recognition to link the head ugroand tail
stimuli-responsive liposomes including temperatur@H-, together. Inspired by biological systems in whichltiple hydrogen
redox-, and enzyme-responsive ones have been gevklm bonding interactions occur in the adenine-uracitU)A adenine-
improve the drug bioavailabilit}’>* Among these stimuli, the thymine (A-T), and guanine-cytosine (G-C) basegaDNA and
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Fig. 1 Synthetic route, chemical structures of nucleogilespholipids and schematic representation forfdh@ation of supramolecu’ .
phospholipids. Conditions: (a) chlorooxodioxaphasphe, TEA, THF, 0 °C, 15 h; (b) trimethylaminegtmnitrile, THF, 60 °C, 24 h. (c,
ammonia, acetonitrile, THF, 65 °C, 48 h. UPE andCUfPe uridine-functionalized PE and PC as hydrapphospholipid head, respective!,
DMA and DOA are adenosine-functionalized myristiidaand oleic acid as hydrophobic tails, respebtivdhrough the moleculai
recognition between adenosine and uridine, thesectwmponents form four different types of supramolar nucleoside phospholip:: -
(DMA:UPE, DOA:UPE, DMA:UPC and DOA:UPC) by mixinguidine-terminated head and an adenosine-terndnate

RNA3%34in our new strategy, hydrophilic head and hydrdptio phosphatidylcholine, UPC) and two adenosine-fumetized
tails of phospholipids are engineered and linkegetioer through hydrophobic tails (3’,5’-dimyristoyladenosine, DMA3’,5'-
strong multiple hydrogen bonding interactions otleobases. As a dioleoyladenosine, DOA), the structures of whicé gslnown in
proof-of-concept, we synthesized supramolecular lemside Fig. 1. The synthesis of these nucleoside-functipea

phospholipids using uridine-functionalized PC or &#Ehydrophilic
head and adenosine-functionalized myristic acidoleic acid as
hydrophobic tails. Through the molecular recogmitibetween
adenosine (A) and uridine (U), these componentsnddr four
different kinds of supramolecular nucleoside phaotipids via a
simple mixing procedure. The obtained supramolecolecleoside
phospholipids could further self-assemble into dipme-like bilayer
nano-vesicles in aqueous solution because of theiphiphilic

components is shown in Fig. 1 and Fig. S1 of .°_
Supplementary Information. Briefly, in the presencd
triethylamine (TEA), the uridine acetonide reactedth
excessive chlorooxodioxaphospholane in tetrahydaofTHF)

at 0 °C to yield uridine-oxo-dioxaphospholane php. This
phosphate was transferred to a pressure tube atddhtor 24

h with TEA in acetonitrile to give UPC. UPE was #ysized

using two different procedures. In the first proseq uridine-

property®>3® It is well known that complementary multipleoxo-dioxaphospholane phosphate was performed based

hydrogen bonding interactions are moderately strohgghly

similar method that was described for the synthesi$PC (Fig.

directional and sensitive to acidic (% thus the liposomes 1). In the second procedure, the uridine acetoditévative 1

prepared from these new supramolecular phosphslipihibited

was reacted with phosphorus oxychloride in THF he

high sensitivity to acidic stimuli. With these ha#irk properties, we presence of TEA at room temperature to obtain thesphaie

demonstrated that the  doxorubicin-loaded
supramolecular liposomes exhibited higher anticaeéficacy over
conventional liposome counterparts constructed Bydioleoyl-sn-
glycero-3-phosphocholine (DOPC) in bathvitro andin vivo.

Results and discussion

Synthesis and characterization
nucleoside based phospholipids

of  supramolecular

Phospholipids are the major lipid component in oedimbranes.
Among them, PC and PE are the most common phoggdieli Chromatography

these conveatio . :
d components were confirmed by nuclear magnetic ST

in biological membranes. Generally,
phospholipid molecules consist of a hydrophilic gsohea

group and a pair of nonpolar fatty acid tails, certed via a (NMR) and high

(DOX-ldddenucleoside derivative 2. Compound 2 was treatedh 'vit

ethanolamine and TEA in THF to give 3. Then the UR&s
yielded by hydrolysis of 3 using acetic acid (F&1). In th2
next step, the two fatty chains (myristic acid wioacid) were
coupled to two hydroxyl groups of 2’-deoxyadenosibe
esterification reaction in the presence of 1-eBwB-
dimethyllaminopropyl)carbodiimide hydrochloride and}-
dimethylamino-pyridine to synthesize DMA and DOA As
shown in Fig. 1. The products were purified by stzelusion
(dichloromethane/methanol:  20/1). € ™"
the resulting nucleoside-functioredi-

structures  of

resolution mass spectroscopy (HRN T}

glycerol linkage. In our work, we designed and bestzed two (SUPPlementary Information Fig. S2-S13).

uridine-functionalized hydrophilic phospholipid sa(uridine
acetonide phosphatidylethanolamine, UPE; uridinetadde

This journal is © The Royal Society of Chemistry 2015
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a systematically from 11.2 to 10.6 ppm when the terajpee
increases from 25 to 80 °C. The gradual decreasbanNH
?(?tA’Z?fCC‘""'e" from resonance with the increase of temperature cantiileused to
o i\ J the dissociation of the complementary hydrogen bdéhd
DOA:UPC A However, as soon as the sample is cooled from &5 ttC, the
80°C M J JL NH resonance returns to its original position aRlgpm. Fig.
DOA:UPC P ﬁ“ 2b shows that the peak shapes of adenine CH frorA:DRC
60 °C ] b change apparently compared with that from DOA, &nel
DOA:UPC l’ chemical shifts of CH move with the increase of penaturc.
40°C I ) These data indicate the formation of supramoleculateoside
poa:upc ! phospholipids based on the complementary hydrogamis
BT N A between DOA and UPC. Similarly, the hydrogen boga...
DOA interactions of DMA:UPE, DOA:UPE and DMA:UPC a ¢
250 L confirmed by variable-temperaturél NMR (Supplementary
Information Fig. S14-S16).
1 10 9 8 7 6 5
b Chemical shift (ppm) Supramolecular assemblies of nucleoside phospholipids
DOA:UPC cooled from Owing to the presence of the hydrophobic and hyhiiicp
80t025°C A AR domains, the supramolecular nucleoside phosphslifdlf-
DOA.TUPC , \ assembled into nano-scale particles in agueousi@ol(Fig. R
0T 0N N and Supplementary Information Fig. S17). Fig. 3avsh the
1 4 amphipathic structure of DOA:UPC and their selfeasbl
?ﬁéiwc 1 ! behavior. The morphology of the DOA:UPC particleasw
/\“ ,"J\ observed by transmission electron microscopy (TEAML:
DOA:UPC 1 1 scanning electron microscopy (SEM). Before beinglyaed by
0°C f\“ ,'f’\ TEM, the particles were disposed by the negatia@stg
DOA:UPC \ 1 technique (2% potassium phosphotungstate at pH7 @)3°
25°C ! P\ The resulting micrographs are displayed in Fig. 3Jine
DOA particles show a clear contrast between the parsikin and the
25°C JL A inner pool, suggesting a vesicular structtir&. The vesicle
wall thickness is almost uniform, about 6.5 nm tlglo the
8.5 8.4 83 8.2 8.1 8.0 7.9 statistical analysis of 30 vesicles from the TEMages.

Chemical shift (ppm)

Considering that the extended length of DOA:UPC waled
with Chem3D is around 3.5 nm (Fig. 3f), the vesclaay

Fig. 2 Variablti temperaturéH NMR spectra of DOA and possess a bilayer structure with two hydrophilic $P@ll layers
DOAlﬂUPC- (a)™H NMR spectrum of DOA at 25 °C (bottom)and two hydrophobic alkyl chain core layers (Figa).3
and"H NMR spectra of DOA:UPC at 25 °C, 40 °C, 60 °C, 8@herefore, we rationalize that supramolecular =it

°C and cooled from 80 °C to 25 °C in the 4.5-11pBnpregion.
The arrow represents the changing trend of uraildNemical
shift. (b)*H NMR spectrum of DOA at 25 °C (bottom) aftd
NMR spectra of DOA:UPC at 25 °C, 40 °C, 60 °C, &dand
cooled from 80 °C to 25 °C in the 7.9-8.5 ppm regidhe
arrows represent the changing trend of adenine Béieal
shifts. The mixing ratio (DOA:UPC) was 1:1. Samplas
allowed to equilibrate for 5 min at each temperat(k,1,2,2-
tetrachloroethand,/dimethylsulfoxideds = 4/1).

Due to the molecular recognition between the adarcsnd
uridine, the supramolecular nucleoside phosphdipigdere
formed by mixing a uridine-functionalized hydropbilhead
and an adenosine-functionalized hydrophobic tailg. F1
depicts the formation of four

hydrogen bonds between the supramolecular phogithdiead
and the tail was analyzed by variable-temperafiliteNMR
spectroscopy after blending two compounds with guivalent
mole of adenine to uracil units in 1,1,2,2-tetrachéthaned,

and dimethylsulfoxideds (4:1). TheH NMR patterns of the

supramolecular phospholipids were compared with

precursor of adenosine-functionalized fatty acidstaFig. 2a
gives the temperature dependence of the NH probtemical
shift in the DOA and UPC complexes. It is found tthiae
chemical shift of the NH

This journal is © The Royal Society of Chemistry 2015

types of supramolecu
nucleoside phospholipids (DMA:UPE, DOA:UPE, DMA:UP
and DOA:UPC). The formation of complementary mudip

phospholipids have successfully self-assembled aptoerical
self-closed liposome-like structures with diameteesging
from 50 to 60 nm. The SEM images of the supramdssc i
aggregates show uniform spherical particles, amdabverage
diameter around 56 nm is similar to that obserwed®BM (Fig.
3c). The size distribution of the DOA:UPC vesicleas also
determined by dynamic light scattering (DLS), anid. F3d
gives a monomodal size distribution with the Z-ager
diameter of 58 nm with a polydispersity index (PDf)0.12,
which is in accordance with the results from TEMJ &EN
measurements. As a control, the assemblies frompuhe DOA
were also prepared and observed by TEM under thee<-
condition as DOA:UPC. It is found that the pure DQAIf

Iassembles into aggregates with diameters about 4> r
dSuppIementary Information Fig. S17).

In order to investigate the self-assembly abilityp®@A:UPC
in water, the critical aggregation concentration AG}
measurements were performed by using 1,6-diphe@ybl
hexatriene (DPH) as a hydrophobic probe. As showkig. 3e,
this supramolecular phospholipid has a relatively ICAC (9
pg/mL), indicating the high stability of DOA:UPC tigomes.

tlj[ge self-assembly behaviors of supramolecular msolie
p

ospholipids DMA:UPE, DOA:UPE and DMA:UPC we e
also studied by TEM and DLS measurements. SimilargM
images of negatively stained nanoparticles dematesthat

resonance moves up-field

J. Name., 2015, 00, 1-3 | 3
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Fig. 3 Characterization of molecular self-assembly of raomlecular nucleoside phospholipids DOA:UPC. (a&heBnatic
representation of a supramolecular liposome salfabled from the DOA:UPC nucleoside phospholipiapramolecular
nucleoside phospholipids self-assemble into lipasdiike bilayer structures in aqueous solution. Representative TEM imagyes
of negatively stained supramolecular DOA:UPC liposs. The liposome wall thickness is about 6.5 mnRepresentative SEI
image of supramolecular DOA:UPC liposomes (Scales laae 500 nm). (d) DLS profile for the supramolaculiposomes. (e}
Relationship of the absorbance and the concentraidOA:UPC in aqueous solutions. € 313 nm, 25 °C). (f) Estimation o:
the length of an extended DOA:UPC molecule accgrtiinthe Chem3D results.

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 4
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Fig. 4 Acid-triggered destabilization of supramolecula@@®UPC liposomes. (a) Representative TEM imageegfatively stained
supramolecular DOA:UPC liposomes at pH 7.4 (Scales lare 50 nm). (bJH NMR spectra of supramolecular DOA:UF ™
liposome suspensions before and after incubatigpgHab.0 in BO/HCI (25 °C) for different period of time. From them to top:
supramolecular liposome suspensions were incubattguH 7.4 in DO and at pH 5.0 in BD/HCI for 0.5 h, 1 h and 4 I
respectively. The spectrum of the suspension a¥ gHis characterized by broad and featureless péakontrast, the spec* -
after exposure to acidic stimuli are characteribgadhe sharpening and shifting of the peaks. (@QrBsentative TEM image or
supramolecular DOA:UPC liposomes after incubatiopth5.0 buffer for about 4 h (Scale bars are 50.nm

they self-assemble into liposome-like bilayer stuoes with acidic stimuli (pH 5.0) at different time intervals characterize

diameters
Information Fig. S18). The DLS data show that trearteters of
these supramolecular liposomes increase while aisang the
hydrophobicity of the lipid tails (Table 1).

Table 1. Properties of liposomes formed from supramolecular
nucleoside phospholipids.

Chemical structure Diamefgnm) DLC (%) DLE (%)

DMA:UPE 42.4+24 3.8 19
DMA:UPC 452 +1.9 4.2 21
DOA:UPE 543 +1.7 5.2 26
DOA:UPC 58.0+25 6.4 32

@ Diameter of supramolecular liposomes was detemininyedynamic
light scattering.

Abbreviations: DLC, drug loading content; DLE, driegding
efficiency.

All the measurements were performed in triplicate.

The disruption of hydrogen bonding interactionswasn the
hydrophilic phospholipid head and hydrophobic taisde
nucleoside liposomes unstable at an acidic congigadowing
them with pH-responsive capability. To evaluates thinerging
property, we treated the supramolecular DOA:UP@dgmes
with acetate buffer (pH = 5.0) for 4 h and observbe
morphology of supramolecular liposomes by TEM. Aswn
in Fig. 4c, exposure to acidic condition (pH 5.@)duces
significant ripping or crumpling of the structurems well as
particle shrinkage. However, almost all nanopaticlare
spherical and intact under neutral (pH 7.4) conditfFig. 4a).

ranging from 30 to 50 nm (Supplementatiye nature of the observed morphological changeghat

molecular level. The spectra in neutral aqueoufebabndition
(pH 7.4, Fig. 4b, bottom) and after exposure taiacmedium
(pH 5.0, Fig. 4b, top) demonstrate changes comgisigth
alteration in the environment of the nucleosides o
supramolecular phospholipids, garnering insightrfthe width

of the 'H NMR nucleoside peaks. The broad and feature €s.:
bands corresponding to the methine protons (7.8 ppth5.9
ppm) of nucleobases become sharp rapidly on exposu
acidic condition (Fig. 4b, bottom versus Fig. 4bp)t When
present in liposomal aggregates, the nucleobasiss iexan
almost water-free environment, so that the trarsa/eelaxation
time of the nucleobase protons is very short antsequent. -
the resonances become very broad (Fig. 4b, bottdrhg
protonation of the nucleobase nitrogen atoms matkes
liposomes disaggregate gradually, so that more miateow
present in this domain, consequently increasingtthesverse
relaxation time and thus sharpening the signalg. (#b, top).
Both TEM and NMR results suggest that the supracubée
liposomes self-assembled from the DOA:UPC nucleo:
phospholipids possess a rapid pH-sensitive digsolytroperty
which may be exploited to engineer drug deliveriiigles that
can release their payloads under mild acidic cdwiin <
controlled manner.

To evaluate the potential use of supramolecularstines basea
on nucleobase recognition as carriers to deliveragheutic ager s
doxorubicin (DOX) was selected as a model anticamteg tu
determine their drug loading and release properti@g®X was
loaded into the cavity of the supramolecular lipuss, similar w
load drug into conventional liposom&sWhen the theoretical dru
loading content (DLC) was set at 20 widsthe drug loading
contents of DMA:UPE, DMA:UPC, DOA:UPE and DOA:UPGre
3.8%, 4.2%, 5.2% and 6.4%, respectively, corresppgntb drun
loading efficiencies (DLE) of 19%, 21%, 26% and 32Vable 1).
Among them, the supramolecular DOA:UPC liposomesspss the
highest drug load ability and efficiency becausé&wofargest vesicle
size.

The size of the particles is an important paramttat prevents

Then we usedH NMR spectroscopy of the supramoleculafenal clearance (typically <20 nm), avoids uptakette liver and

DOA:UPC liposome suspensions before and after expo®

This journal is © The Royal Society of Chemistry 2015

spleen (particles >150 nm), and enhances accumalatithe tumo.

J. Name., 2015, 00, 1-3 | 5
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Fig. 5 Characterization of DOX-loaded supramolecular dipoes self-assembled from nucleoside phospholp@a:UPC. (a)

Representative TEM image of supramolecular liposomgéth DOX (Inset:

Schematic representation of aXdPl@aded

supramolecular liposome). (b) DLS curve of DOX-leddsupramolecular liposomes with the concentratifod.5 mg/mL. (c)in
vitro drug release kinetics from DOX-loaded conventidipgisomes (ii) and supramolecular liposomes &tififferent pH values
(7.4 and 5.0) at 37 °C. (d, e) Cellular uptake wramolecular liposomes from DOA:UPC and intradatidug release. (d,
Representative CLSM images of MCF-7 cells incubatéd DOX-loaded supramolecular liposomes, DOX-ledd:onventiona’
liposomes and free DOX for 30 min and 1 h, respebti Scale bar: 1am. (e) Schematic representation for proposed méstmar,
of cellular uptake of supramolecular liposomes immtichcellular drug release.

(particles between 50-150 nff)>* Considering the high drug gnnanced in vitro drug release from supramolecular liposomes

encapsulation and appropriate size, the supramae@0OA:UPC
liposomes were more suitable for intracellular drdglivery

at acidic pH

compared with the other three liposome types and the following The in vitro release behaviors of DOX-loaded supramolectlar

study only focused on the DOA:UPC liposomes. Hetge
conventional liposomes with a comparable size (ak®& nm)

liposomes and conventional liposomes were investidyander
a simulated physiological condition (PBS, pH 7.4dan an

formed from DOPC were used as a control (Suppleangntacidic environment (acetate buffer, pH 5.0) at E7t6 assess

Information Fig. S19). As depicted in Fig. 5a, D@®&ded

DOA:UPC vesicles are approximately 55 nm and hader& core.

Thus, loading of DOX into the particles further fiomed their
vesicular structure. The DLS measurements demdeasitiDX-
loaded DOA:UPC vesicles have a monomodal sizeilsligton with
the Z-average diameter of 60 nm and a PDI of OFig 6b).

This journal is © The Royal Society of Chemistry 2015

the feasibility of using supramolecular liposomes an
anticancer drug delivery carrier. The drug relepsdfiles of
DOX are shown in Fig. 5c. It is found that DOX-lead
supramolecular liposomes present a relatively raglkbase
compared to DOX-loaded conventional liposomes. ..
conventional liposomes, the release rate of DOpHa6.0 is

J. Name., 2015, 00, 1-3 | 6
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Fig. 6 In vitro cytotoxicity and proliferation inhibition of suprelecular liposomes from DOA:UPC. (a) Cell vialyilaf NIH/3T3
cells against supramolecular DOA:UPC phospholigifisr cultured for 48 h with different concentrai$o (b) Hemolysis assay ¢.
supramolecular DOA:UPC phospholipids compared Wi, PBS, and dextran with different concentratiphsgton X-100 was
used as a 100% hemolysis value). Data are presestéde average + standard deviation (n = 3). @) @ability of MCF-7
against (i) free DOX, (ii) DOX-loaded supramoleguliposomes and (iii) DOX-loaded conventional lipases after incubation
for 48 h with different DOX concentration. (d) Thepression levels of caspase-7 and PARP in MCHIg ioeluced by free DC X
DOX-loaded conventional liposomes and DOX-loadegramolecular liposomes at the same concentratiqng(dL) for 24 h,
analyzed by Western blotting. Cells untreated ateas a control, an@tactin is the loading control. (€) Flow cytometnyadysis
for apoptosis of MCF-7 cells induced by free DOXQOK-loaded conventional liposomes and DOX-loadedramplecular
liposomes at the same DOX concentration of 5 pdfonl24 h. Lower left: living cells; Lower right: g apoptotic cells; Uppe
right: late apoptotic cells; Upper left: necrotiells. Inserted numbers in the profiles indicate pgkecentage of the cells present in

this area.

comparable to that at pH 7.4. However, the releateeof DOX the DOX release is apparently accelerated to appeaiely
from the supramolecular liposomes at pH 5.0 is miagter

than that at pH 7.4, which indicates that pH of thedium has DOX-loaded

a strong effect on the DOX release from the suptecutar

This journal is © The Royal Society of Chemistry 2015

75% of the released drug within 5 h. The fast deaf the

supramolecular liposomes in

an

aC, RN

environment is likely due to the protonation of #raino group
structure. At pH 7.4, beyond the initial burst ede, the releaseof nucleobase and disaggregation of supramoledipldsomes
rate of DOX from the supramolecular liposomes istireely at an acidic condition.
low with less than 50% of the released DOX in 12hpH 5.0,

J. Name., 2015, 00, 1-3 | 7
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Tracking of DOX-loaded supramolecular liposomes in MCF-7
cdls

The cellular uptake and intracellular drug releabe drug carrier
play important roles in successful drug delivenytiliting flow

cytometry-based analysis, the cellular adhesiorsugframolecular
liposomes was estimated by measuring the intrdeelfluorescence
intensity. Fig. S20 shows the histograms of cedbatated DOX
fluorescence intensity for MCF-7 cells (a human abste
adenocarcinoma cell line) incubated with
supramolecular liposomes at the predetermined ititeevals. Here,
MCF-7 cells without any treatment were set as atrobnThe
histogram of cells shifts to the direction of hidluorescence
intensity with increasing time. The fast enhanceneéfluorescence
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Higher anticancer cytotoxicity of DOX-loaded supramolecular
liposomes vs. conventional DOX-loaded liposomesin vitro

The ability of drug-loaded carriers to inhibit tipeoliferation of
tumor cells is an important consideration for cartberapy. Thus,
the in vitro cytotoxicity of DOX-loaded supramolecular liposcr »
was evaluated and compared with free DOX using Mi§3ays in
MCF-7 cells. The conventional liposomes loaded vib@®X were
also evaluated under identical conditions as therob As depicted

DOX-loadenh Fig. 6¢, DOX-loaded supramolecular liposomeswshalightly

lower cytotoxicity to MCF-7 cancer cells when comgzhwith free
DOX; while DOX-loaded supramolecular liposomes éithmuch
higher cytotoxicity than DOX-loaded conventiongddsomes in all
the doses tested in MCF-7 cells. In agreement thighabove results

signals indicates high cellular adhesion of DOXdea
supramolecular liposomes by MCF-7 cells, which lfiztes the
occurrence of cellular uptake. response to the endo/lysosomal pH and thus exlgibitanced

The ability of DOX-loaded supramolecular lipos@ne enter inhibition of the proliferation of human cancerlsel

cancer cells was observed by confocal laser scgnninltis well known that the anticancer drug DOX-inddcdumor cell
microscopy (CLSM). As shown in Fig. 5d, DOX-loadedleath is mainly apoptotic (programmed cell dedthjere, the
supramolecular liposomes are quickly internalized anostly FITC-Annexin V/propidium iodide (Pl) method was dsdc
localized in the lysosomes (yellow spots in 30 minjletermine whether the death of cancer cells indudpatith DOX
Remarkably, strong DOX fluorescence is observethénnuclei loaded supramolecular liposomes was induced bytapisp MCF-7
(pink spots in 1 h) after 1 h of incubation, whichn be cells were treated with DOX-loaded supramoleculgodomes
ascribed to the released DOX from internalized DIoxded DOX-loaded conventional liposomes and free DOX guialent
supramolecular liposomes. The possible mechanisoelbdilar dose of DOX (5ug/mL) for 24 h and then subjected to FITC
uptake of supramolecular liposomes and intracellidaug Annexin V/PI staining. The untreated MCF-7 cellsrevaised as
release is shown in Fig. 5e. In contrast, DOX fasmence is control. As shown in Fig. 6e, treatment of the cellith DOX-
located at perinuclear region instead of the niclgben MCF- loaded supramolecular liposomes results in 41.9%etif in the
7 cells are incubated with DOX-loaded conventidimdsomes apoptosis phase; more precisely, ~35.1% of celle we the early
for 30 min and 1 h. As it is well-known that fre€OX easily apoptosis phase and ~6.8% cells in the late apspgtbase, whereas
enters the MCF-7 cancer cells, accumulates atrdatment with DOX-loaded conventional liposomesutes in only
homogeneously distributes in the nuclei. Thus, tlest 22.7% of cells in the apoptosis phase. In additibe, free DOX
accumulation of DOX in nuclei of MCF-7 cells witthe induces more apoptotic cells than the DOX-loadearauolecular
incubation of DOX-loaded supramolecular liposomeggests liposomes, which is in accordance with MTT analysis
that DOX is quickly released due to the destructioh comparison with conventional liposomes, the suptaousar
supramolecular liposomes in acidic cellular comparits. liposomes promote a much higher apoptotic rate &FN cells
Based on these results, we conclude that supramatecwith the same dose. The enhanced apoptosis indbgeBOX-
liposomes exhibit fast responsive ability compared loaded supramolecular liposomes is likely due ®rtipid release of
conventional covalent-bonded liposomes. DOX from supramolecular liposomes under mildly &cir

intracellular environment.

To further confirm this result, we analyzed poly(Rbibose)
The in vitro cytotoxicity of supramolecular liposomes withpolymerase (PARP) and caspase-7 activation, a Kegter of cell
molecular recognition of nucleobases was evalubied standard apoptosis® MCF-7 cells were treated with the above three o-ua
MTT  (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl  tezolium formulations at equivalent dose of DOX (§/mL) for 24 h, and the
bromide) assay against NIH/3T3 cells (a mouse eamicyfibroblast expression levels of caspase-7 and cleaved PARP aeected by
cell line). As shown in Fig. 6a, the cell viabiligfter 48 h of Western blot analysis. The expression level of asefy s
incubation with supramolecular liposomes up to ¥migremains significantly up-regulated and PARP is cleaved ésponse to the
nearly 100% compared with the untreated cellscattitig that these formulations compared to the control (Fig. 6d), gegling that the
supramolecular liposomes have low cytotoxicity ¢omal cells. The antiproliferative and cytotoxic effects of DOX cdube attributed *5
in vitro hemolysis assay of supramolecular liposomes wae athe activity of these apoptosis mediators. Morepwetls treate -
estimated under physiological conditions via tegtine amount of with DOX-loaded supramolecular liposomes exhibit ghair
the hemoglobin released from red blood cell (RB@) the expression levels of caspase-7 and PARP compardtietaceli-
supernatant. Dextran and polyethylenimine (PEIl)ewessed as treated with the DOX-loaded conventional liposomiesicating a
reference controls, and Triton X-100 (1% v/v) waedias a 100% better apoptosis-inducing effect of DOX-loaded smpolecular
hemolysis value. After 1 h incubation, supramolaculposomes liposomes over the conventional liposomes. Howewaspase-7
show comparable hemoglobin release to dextran, hwhie activity and PARP cleavage were still more appavétit free DOX,
significantly lower than the value of PEI evente toncentration of which may be explained by the relatively long-lagtielease of the
1 mg/mL (Fig. 6b), whereas PEI causes approximate&s higher parent drug from supramolecular liposomes, as shioviyg. 5c.
RBC hemolysis than the supramolecular liposomese §tudy ) o )
exhibits negligible hemolytic activity of supramolgar liposomes. !N Vvivo  stability —and  accumulation DOX-loaded
Based on the above results, supramolecular liposcxkibit good SUPramolecular liposomesin tumors

biocompatibility. A pharmacokinetic study was undertaken by intrausrinjection of
the free DOX, DOX-loaded conventional liposomes BxaX-

we can deduce that supramolecular liposomes witHecutar
recognition of nucleobases can release DOX in #is capidly in

I'n vitro cytotoxicity of supramolecular liposomes

of

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 8
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Fig. 7 Antitumor efficacy of DOX-loaded supramoleculggdsomes from nucleoside phospholipids DOA:UPC inRVICtumor-
bearing Balb-c/nude mice. (a) Representative plasomzentration-time profiles of (i) free DOX, (IDOX-loaded conventiona’
liposomes (DOPC) and (iii) DOX-loaded supramolecuiposomes after intravenous administration insyd?OX equivalent
doses are 10 mg/kg. Data are presented as thegaverstandard deviation (n = 4). () vivo non-invasive NIR images of fiec
Cy5.5, Cy5.5-loaded conventional liposomes and &y&aded supramolecular liposomes. Solid arrowscatd the tumors. (c
Biodistribution of free DOX and DOX-loaded supraeailar liposomes administrated intravenous injectm mice. Data ar«
presented as average + standard error (n = 4)thendtatistical significance level is *P < 0.05) {fdumor volume changes witi:
increasing time and (e) body weight changes in Ballnde mice after intravenous administration dffige DOX, (ii) DOX-
loaded conventional liposomes, (iii) DOX-loaded upolecular liposomes, (iv) supramolecular liposemé&hout drug load ana
(v) blank control. (n = 6) *P < 0.05. At day 20eaftinoculating MCF-7 cells, each sample was ingaece every 4 days for 23
days at the same doses of DOX (10 mg/kg). (f) Ragical section of H&E staining of mammary cance€EM7 implant tumor.
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loaded supramolecular liposomes to Sprague-Dawd) (rats

(~200 g). The time course profiles in plasma of Dar¥ depicted in
Fig. 7a. It can be found that DOX-loaded convergidiposomes
and DOX-loaded supramolecular liposomes are redaiime the

bloodstream for more than 12 h, suggesting the Isigibility of

supramolecular liposomes in plasma. On the othed Haece DOX is
quickly removed from the blood circulation systefteaintravenous
injection. The longer circulation time of supranwlir liposomes
facilitates the accumulation of anticancer drugshat tumor tissue
through the enhanced permeability and retentiorRjEffect. This
finding is in agreement with the resultsinfvivo imaging in breast

because of the rapid increase of the tumor volurise treated
with free DOX at a concentration of 10 mg/kg exhidbout 20%
decrease of body weight within 28 days, and apfeebe weak after
treatment. However, treatment with DOX-loaded sopmigcular
liposomes and DOX-loaded conventional liposomesiltgsin a

minimal weight loss (approximately 5%), suggestingt these drug
carriers can remarkably reduce DOX toxicity to naktissues. The
high antitumor efficacy suggests that DOX-loadgubdiomes coula
target tumor tissues via EPR effect due to theiinmd nanoparticie
size and the efficient release of DOX at the tunamidic

environments. These encouraging data merit fudieéiledin vivo

cancer xenografts in micén vivo retention assay in breast tumorstudies

was performed using free Cy5.5, Cyb5.5-loaded coteal

To further confirm the therapeutic effect of DOXatted

Page 10 of 13

liposomes and supramolecular liposomes (Fig. 7hjorBscence gypramolecular liposomes, we performed hematoyadisin (H&E)
images of Cy5.5 clearly show the fast quenchingméesingle dose staining of pathological sections of MCF-7 tumorsr fall
of free Cy5.5 is given, while th_e ﬂuor_escence does significantly experimental groups (Fig. 7f). The negative congraup (no drug
decrease when the conventional liposomes and sofgamiar yeatment) shows histologic characteristics of grant tumors,
liposomes with equivalent Cy5.5 dose are given. séheesults jnciuding hyperchromatic nuclei, scant cytoplasmoren nuclear
indicate that free drug is metabolized quickly, tthe drug-loaded pleomorphism, and more mitoses (control and emyyssnolecular
supramolecular liposomes have the ability of snsidrug release liposomes). Among the positive group (free DOX) atith

and thus long-term action on the tumor cells. Tharmacokinetic eyperimental groups (DOX-loaded conventional lippes and
study andin vivo imaging results demonstrate that the drug-loadegh

supramolecular liposomes prolong the blood ciroutabf the drugs
and accumulate at a higher accumulation in the tsmo

To determine tissue tropism of supramolecular ljposs,in
vivo biodistribution of DOX-loaded supramolecular liposes
was evaluated in MCF-7 tumor-bearing mice afteravgénous
injection with different time intervals. The tumbearing mice
treated with free DOX were used as a control.
biodistribution profiles show that DOX-loaded supidecular
liposomes are predominately localized in liver,egpl, kidney
and tumor in the first 2 h. After 6 h post-injectiche content
of DOX-loaded supramolecular liposomes obviouslgrdases
in liver, kidney and spleen, whereas the upwarddre tumor
is apparent (Fig. 7c). After a tail-vein injectioh DOX-loaded
conventional liposomes, the distribution trend ohet
conventional liposomes is similar to that of supoéenular

X-loaded supramolecular liposomes) in which fBg@X, DOX

loaded conventional liposomes and DOX-loaded suplecular
liposomes are given respectively, the tumor celliylas decreascy
in comparison to the negative control. The apoptptienomenon
including shrinkage of tumor cells and cell separatfrom

surrounding cells (named apoptotic body) can beeviesl. Large
homogeneous red staining of necrotic tissue is fdsad in bot

Thexperimental and positive groups. These resulta/ghat the DOX-

loaded supramolecular liposome drug delivery systpassess
efficient antitumor ability.

In this study, we demonstrate that chemotherapelitigs DOX
can be encapsulated into the supramolecular lipesoamd ther.
released in response to the mildly acidic conditidrtumor sites
while their biological effectén vivo are not altered. This is a cruci.*
aspect for improving the delivery of chemotherajpeudrugs.
Chemotherapy drugs suffer from numerous problemisiding poo:

liposomes (Supplementary Information Fig. S21). @ared to pioavailability, rapid in vivo metabolism and/or excretion and

that of DOX-loaded supramolecular
concentration of free DOX is remarkably lower ire ttumor.
Free DOX mainly accumulates in the liver, followayg spleen,
kidney, lung, and heart. These data suggest thaX-@aded
supramolecular liposomes can be accumulated in rsirbyg
passive targeting through the EPR effect.

In vivo anticancer activities

To evaluate whether efficient accumulation and epd
biodistribution lead to the enhancement of thertipeafficacy,
MCF-7 tumor-bearing mice were intravenously injecteith free
DOX, DOX-loaded supramolecular liposomes,
conventional liposomes, empty supramolecular liptesy and PBS
as control via the tail vein. Fig. 7d shows the mges in tumor
volumes in the mice after intravenous administrati®@OX-free
groups (blank control and empty supramolecularsigmoes) do not
show any noticeable inhibition of tumor growth. Aidistration of
free DOX is effective in tumor regression to soméent, but the
free DOX does not demonstrate comparable efficacthé DOX-
loaded conventional liposomes or to the
supramolecular liposomes. Specially, DOX-loadedraunplecular
liposomes are more efficacious at tumor reductiommared with
DOX-loaded conventional liposomes.

Body weight loss is one of important indicatoret@luate DOX-
induced toxicity. As shown in Fig. 7e, the grougsbtank control
and empty supramolecular liposomes show that tiee gain weight

This journal is © The Royal Society of Chemistry 2015

liposomes, thg,

nspecific uptake by healthy cells and tissde®ften a large
percentage of a cytotoxic drug administered to #eptdoes not
reach the tumor but is distributed throughout tbeyh causing the
serious toxic effects associated with chemothethpyg reducing its
therapeutic usefulness. Conventional liposomes hen rtanoscal¢
have shown excellent pharmacokinetic profiles fog telivery of
chemotherapeutic agents such as DOX and are aliardet the
tumor site through EPR effet!” which is also confirmed in this
study by the conventional liposome control. Howewane major
drawback of conventional liposome-based drug aarigethe lack of
tunable triggers for drug relea¥e® In contrast, our supramolecular

DOX-lahdeliposomes derived from supramolecularly enginegriedspholipic 5

that are composed of biocompatible materials coebihe
advantages of conventional nanoscale liposomes @mhmic
supramolecular properties together. Our bioevalnatiata including
the cellular and animal levels indicate that the X5l@aded
supramolecular liposomes can efficiently accumulatéhe tumor
tissues and subsequently internalize into tumofscalimilar to
conventional covalent-bonded liposomes. Howevere da th»

DOX-loadeskistence of pH-sensitive multiple hydrogen bondremxtion of

supramolecular nucleolipids, efficient release @>Dat the acidic
intracellular environments has been realized, ecihgntumor-
directed therapeutic efficacy greatly. Therefortee DOX-loaded
supramolecular liposomes exhibit a bettar vitro and in vivo
anticancer efficiency over conventional liposomes.

J. Name., 2015, 00, 1-3 | 10
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A simple and straightforward preparation procesgeduired for

practical large-scale generation of nanopartidhedg tan be loaded

with multiple drugs?®
advantage over the multiple-step and cumbersoménitgaes
required for covalent synthesis of conventional atent-based
phospholipids. Importantly, the linkage of complenaey hydrogen
bonding endows the phospholipids with strong stimegponsive
functions, which dramatically improves the sengyiof the resulted
liposomes. The supramolecular nucleoside phosgHolifprary
could be expanded to various new lipids by varyitige
combinations of chain length and species, type oleoside
linkages, and head groups. Supramolecular nuclegdidspholipids
provide a rich supplement to the existing lipid lsorThey may
contribute new properties to expand the possiblgliegiions of
lipids in biology and commerce.

The size of a nanoparticle is a critical factorttmdluences the
cellular internalization process, as wellinsivo performancé® An
additional advantage of the supramolecular liposome developed
is that the size can be easily manipulated by ofénthe
hydrophobic tails of supramolecularly engineerecgpholipids.
This allows the carrier size to be tailored for gfie therapeutic
treatments.

Conclusions

In summary, we put forward and construct an upgtagkmeration
of phospholipids via the molecular recognition @mplementary
nucleobase pairs. Different kinds of supramoledyl@ngineered
phospholipids are easily obtained through non-amtatoupling of
the uridine-functionalized heads and the adendsinetionalized
tails. Compared to the conventional phospholipictesy, the
supramolecular phospholipids have the advantage gobd
responsive ability and facile preparation. The aimiplic
supramolecular phospholipids self-assemble intoostyme-like
bilayer structures with high pH-sensitive abiliQur demonstration
of successfully inhibiting tumor growth in a murieancer model
using the supramolecular liposomes suggests tlegt lave great
potential for use as delivery vehicles for treattmeivarious types
of diseases. As an extension of conventional cotdlended
phospholipids, the supramolecularly engineered pinaigids with
stimuli-responsive ability and ease of preparatitay open up new
perspectives in the academic research and cliqulicagpions.
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