
                          Wlodek, M., Slastanova, A., Fox, L. J., Taylor, N., Bikondoa, O.,
Szwarzynski, M., Kolasińska-Sojka, M., Warszyński, P., & Briscoe, W.
H. (2020). Structural evolution of supported lipid bilayers intercalated
with quantum dots. Journal of Colloid and Interface Science, 562, 409-
417. https://doi.org/10.1016/j.jcis.2019.11.102

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.jcis.2019.11.102

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at https://doi.org/10.1016/j.jcis.2019.11.102 . Please refer to any applicable terms of use of the
publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1016/j.jcis.2019.11.102
https://doi.org/10.1016/j.jcis.2019.11.102
https://research-information.bris.ac.uk/en/publications/179ceb4a-cb72-4ef5-b01a-54e1ab725333
https://research-information.bris.ac.uk/en/publications/179ceb4a-cb72-4ef5-b01a-54e1ab725333


Journal Pre-proofs

Structural evolution of supported lipid bilayers intercalated with quantum dots

Magdalena Wlodek, Anna Slastanova, Laura J. Fox, Nicholas Taylor, Oier
Bikondoa, Michal Szuwarzynski, Marta Kolasinska-Sojka, Piotr Warszynski,
Wuge H. Briscoe

PII: S0021-9797(19)31430-4
DOI: https://doi.org/10.1016/j.jcis.2019.11.102
Reference: YJCIS 25719

To appear in: Journal of Colloid and Interface Science

Received Date: 25 October 2019
Revised Date: 23 November 2019
Accepted Date: 25 November 2019

Please cite this article as: M. Wlodek, A. Slastanova, L.J. Fox, N. Taylor, O. Bikondoa, M. Szuwarzynski, M.
Kolasinska-Sojka, P. Warszynski, W.H. Briscoe, Structural evolution of supported lipid bilayers intercalated with
quantum dots, Journal of Colloid and Interface Science (2019), doi: https://doi.org/10.1016/j.jcis.2019.11.102

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Inc.

https://doi.org/10.1016/j.jcis.2019.11.102
https://doi.org/10.1016/j.jcis.2019.11.102


1

Structural evolution of supported lipid bilayers intercalated with quantum 

dots
Magdalena Wlodeka*, Anna Slastanovab, Laura J. Foxb, Nicholas Taylorb, Oier Bikondoac, 

Michal Szuwarzynskid, Marta Kolasinska-Sojkaa, Piotr Warszynskia and Wuge H. Briscoeb*

aJerzy Haber Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, 

Niezapominajek 8, PL-30239 Krakow, Poland
bSchool of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, United 

Kingdom
cXMaS, The UK-CRG Beamline, The European Synchrotron (ESRF), 71 Avenue des 

Martyrs, 38043 Grenoble, France. Department of Physics, University of Warwick, Gibbet Hill 

Road, Coventry CV4 7AL, United Kingdom
dAGH University of Science and Technology, Academic Centre for Materials and 

Nanotechnology, al. A. Mickiewicza 30, PL-30059 Krakow, Poland

*Corresponding authors. MW: e-mail: ncwlodek@cyf-kr.edu.pl; WHB: Tel. +44 117332856, 

email: wuge.briscoe@bristol.ac.uk

Abstract
Hypothesis: Supported lipid bilayers (SLBs) embedded with hydrophobic quantum dots (QDs) 

undergo temporal structural rearrangement.

Experiments: Synchrotron X-ray reflectivity (XRR) was applied to monitor the temporal 

structural changes over a period of 24 h of mixed SLBs of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) / 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-ethanolamine (POPE) 

intercalated with 4.9 nm hydrophobic cadmium sulphide quantum dots (CdS QDs). The QD-

embedded SLBs (QD-SLBs) were formed via rupture of the mixed liposomes on a positively 
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charged polyethylene imine (PEI) monolayer. Atomic force microscopy (AFM) imaging 

provided complementary characterization of the bilayer morphology.

Findings: Our results show time-dependent perturbations in the SLB structure due to the 

interaction upon QD incorporation. Compared to the SLB without QDs, at 3 h incubation time, 

there was a measurable decrease in the bilayer thickness and a concurrent increase in the 

scattering length density (SLD) of the QD-SLB. The QD-SLB then became progressively 

thicker with increasing incubation time, which – along with the fitted SLD profile – was 

attributed to the structural rearrangement due to the QDs being expelled from the inner leaflet 

to the outer leaflet of the bilayer. Our results give unprecedented mechanistic insights into the 

structural evolution of QD-SLBs on a polymer cushion, important to their potential biomedical 

and biosensing applications.

Keywords: Supported lipid bilayers; X-ray reflectivity (XRR); Nanoparticle-membrane 

interactions; Membranes intercalated with quantum dots; Bilayer structure

INTRODUCTION
Supported lipid bilayers (SLBs) are widely used as model cell membranes[1] and also 

have potential applications in diagnostic devices and biomimetics.[2,3] The SLB structure and 

functionality is underpinned by the fluidity and mobility of the lipid molecules and their 

interactions with the substrate.[4,5] Several methods have been developed for SLB formation 

including vesicle fusion,[6–8] evaporation induced assembly,[9] spin-coating,[10] co-

adsorption from mixed lipid-surfactant micellar solutions,[11] and Langmuir-

Blodgett/Schaefer deposition.[12–14] Of these, spontaneous fusion of small unilamellar lipid 

vesicles (SUVs) on hydrophilic solid supports, pioneered by McConnell et al.,[15] represents a 

facile route for formation of SLBs of different lipid compositions. Another advantage of this 

method is the capacity and ease to incorporate functionalized additives (e.g. amphiphilic 

proteins[16], metal nanoparticles[17] or quantum dots[18,19]) to the membrane.

The mechanism for SLB formation via adsorption and fusion of SUVs has been 

proposed to follow either a one-step or two-step process. In the one-step process, upon initial 

SUV attachment to the substrate surface, if the adhesion is strong enough or the vesicles are in 

a stressed state, they may deform and the consequent intra-bilayer stress may lead to vesicle 

rupture, resulting in the formation of small fragmented SLB patches on the surface.[20] A two-

step SLB formation process takes place in the case of weak vesicle adhesion, where vesicles 

would require additional stress from neighbouring vesicles to cause rupture, which is reached 

at a critical surface vesicle coverage, θc (or critical surface density). After initial vesicle rupture, 
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they can subsequently fuse through hydrophobic interactions between the unfavourable edges 

of the bilayer patches, as well through the highly curved regions of the stressed vesicles. This 

process continues until the bilayer is complete, and then excess lipids and water may be ejected 

back into solution. This two-step process is driven by the membrane tension of the adsorbed 

vesicles, vesicle-vesicle and vesicle-surface interactions.[20] The strength of these interactions 

can be tuned by experimental conditions, including vesicle size[21] and concentration,[22] 

temperature,[23] pH,[22] ionic strength[3] of the solution, addition of specific ions,[24] and 

substrate surface chemistry.[25–27] Generally, four different pathways for vesicle rupture and 

unfolding of the vesicle membrane on the surface have been suggested.[28] The vesicles can 

rupture either the outer (pathway 1) or the inner leaflet (pathway 2), or their membrane can 

undergo division into fragments (pathways 3 and 4).[28] In pathway 3, the upper membrane 

fragments slide down and adsorb on the surface next to the bottom bilayer fragments in the 

original contact; whereas in pathway 4, the upper membrane fragments desorb to the bulk 

solution.

Nanoparticles (NPs) can be incorporated into SLBs to form NP-SLB hybrids, which are 

promising candidates for bioanalytical applications, e.g. tracking of vesicle fusion on surfaces 

via fluorescence visualization of the NPs in the resulting lipid bilayers.[29,30] Moreover, QD-

SLBs hybrids represent a promising platform in biotechnology, for instance for novel devices 

with features of flexible structures such as single-electron transistors, plasmonic devices and 

biotransitors.[17,31] In addition, studying the structure of QD-SLBs hybrids is also relevant to 

understanding the interactions between functional NPs and model cell membranes. Considering 

its crucial importance to the design and use of nanomaterials in biomedical applications, there 

is an urgent need for a better fundamental understanding of NPs’ roles in the lipid 

reorganization and the membrane morphology of NP-SLBs.[32] Several studies have shown 

that NPs can strongly interact with cell membranes, either adsorbing onto the membrane surface 

or penetrating the membrane, resulting in structural disruptions.[33] It has been shown that 

cationic NPs interact more strongly with zwitterionic lipid bilayers compared with uncharged 

or anionic nanoparticles. Moreover, it has been observed that binding of quantum dots (QDs) 

on lipid bilayers depended on the molecular packing in the bilayers.[34] AFM imaging by 

Mensch et al. showed that the introduction of QDs functionalized with the cationic polymer 

poly(diallyldimethylammonium chloride) (PDDA) to phase-segregated bilayers led to 

shrinking and eventual diminishment of the liquid-ordered Lo phase regions.[35] Further, it has 

been also shown that both membrane bending modulus and the NP size affect the wrapping of 

hydrophilic NPs and, therefore, their ability to interact with the membrane.[36,37] Moreover, 
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Mendozza et al.[38] demonstrated that inorganic gold (Au) and Superparamagnetic Iron Oxide 

(SPIO) NPs modified the phase behaviour and viscoelastic properties of non-lamellar 

Phytantriol (Phyt) lipid mesophases. The NP surface chemistry and size modulated the local 

perturbations of the lipid assemblies and affected the phase behaviour, while the chemical 

nature of NPs affected the mesophase viscoelastic response to mechanical perturbation and 

subsequent relaxation.

Despite numerous studies, there is a gap in our knowledge regarding how NPs can affect the 

SLB formation process. Little is known of the NP localization and distribution within the lipid 

assemblies upon vesicle fusion and SLB formation; or how the NP presence would change the 

SLB structure and physicochemical properties. Such an understanding is important for 

optimisation of NPs-SLBs-hybrid structures for future applications.

NP-induced SLB structural rearrangement at the buried solid-liquid interface can be 

difficult to observe. In this context, X-ray reflectivity (XRR) can provide structural insights into 

NP-SLB formation, as the high flux of synchrotron X-rays can facilitate time-resolved 

measurements and shed light on the temporal structural evolution of NP-SLBs during their 

formation. For this reason, XRR is the main method employed in the current study. We should 

comment that, with the development of high flux modern neutron sources, neutron reflectivity 

(NR) will also be suitable for structural investigations of buried interfaces with good temporal 

resolution, which also offers the advantage of contrast variation via selective deuteration.

The main aim of this study was to investigate structural changes of negatively charged 

POPC/POPE supported lipid bilayers intercalated with quantum dots on a poly(ethyleneimine) 

(PEI) monolayer as a function of incubation time, using in situ synchrotron XRR, with the 

resulting morphology imaged by atomic force microscopy (AFM). POPC and POPE are 

common lipids found in bacterial and eukaryote membranes,[39] and their mixed bilayers have 

been widely studied as model membranes. Hydrogen bonding formation among PE lipids and 

between the PE headgroup and the solid support could also promote vesicle fusion and SLB 

formation.[40,41] Whilst symmetric bilayers consisting of zwitterionic phospholipids have 

been widely studied, relatively less attention has been paid to such negatively charged lipid 

bilayers. Their charges would lead to different interactions with NPs compared to the 

zwitterionic lipids. Moreover, this study is also motivated by our recent report on incorporation 

of hydrophobic cadmium sulphide quantum dots (CdS QDs) with size 2.7 – 5.4 nm into mixed 

POPC/POPE SLBs via liposome fusion.[18] The QDs were found embedded in the 

hydrophobic regions of the SLBs, retaining the QD fluorescence properties. Our findings 

opened up a new route for preparation of fluorescent QD-endowed SLBs via liposome fusion 
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for potential bioanalytic applications, for which it is critically important to understand the 

structure and formation kinetics of QD-endowed SLBs.[18] The quartz crystal microbalance 

with dissipation monitoring (QCM-D) data in the study also indicated that the QD-endowed 

liposomes ruptured at a lower critical surface coverage θc compared to the pure liposomes, 

suggesting that the presence of the QDs would have affected the SLB formation kinetics, an 

effect investigated in the present study.

Here, we have used 4.9 nm CdS QDs, for which a high effective loading efficiency into 

the alkyl tails region of POPC/POPE liposomes was achieved as estimated by fluorimetric 

experiments. The SLB was formed on a PEI film, which has been previously shown[27,42,43] 

as an effective anchor for adsorption of nanoobjects such as polyelectrolytes, nanoparticles, or 

liposomes. In our study, the PEI monolayer preparation used the same procedure as that in those 

previous studies, and the detailed characterization of such PEI monolayer has also been reported 

by Adamczyk et al.[44] Our XRR results reveal the temporal structural evolution of QD-

embedded SLBs on the PEI cushion during a period of 24 h upon initial surface-fusion, due to 

reorganization of lipid molecules and QD rearrangement. Our findings are relevant to the 

fundamental understanding of interactions between NPs and lipid membranes, particularly how 

NPs might affect the SLB formation process, and provide useful information on the structure 

of the nanoparticle-embedded SLBs, important to their applications and cytotoxicity.

MATERIALS AND METHODS

Materials

The branched poly(ethyleneimine) (PEI, Mw 750 kDa) was obtained from Sigma-Aldrich 

(Germany). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipids were purchased from Avanti Polar 

Lipids. Cadmium sulphide quantum dots (CdS QDs) surface-stabilized with oleic acid coating 

(5.0 mg/mL in toluene) were purchased from Sigma-Aldrich, which specified a typical 

nanocrystal size of 4.9 nm with the corresponding fluorescence emission maximum wavelength 

at 440 nm. NaCl (99.5 %) used for PEI solutions preparation was obtained from Fluka. H2SO4 

(96 %) and H2O2 (32 %) used for silicon wafers cleaning procedure from Sigma-Aldrich. 

Phosphate buffer (PBS) was made of NaCl, Na2HPO4 and NaH2PO4, and its pH was regulated 

to 9.5 by the addition of an appropriate amount of NaOH. Ultrapure, Milli-Q water (resistivity 

> 18 MΩ cm and total organic content < 5 ppb) was used for all solution preparation. For the 

substrate, silicon wafers (On semiconductor, Czech Republic) with orientation <100> were 

used. They were cleaned by submerging for 30 min in a piranha solution, which is a mixture of 
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equivalent volumes of concentrated sulfuric acid and perhydrol (Precaution! This solution is a 

very strong oxidizing agent and should be handled carefully). This was followed by rinsing 

with Milli-Q water and then submerging for 30 min in Milli-Q water at ~70o C. The silicon 

wafers were pre-coated with PEI by dipping them into the polymer solution for 15 min, rinsing 

three times for 1 min each in Milli-Q water and dried with nitrogen. To prepare SLBs without 

or with embedded CdS-QDs, the vesicle fusion method was used.[18]

Preparation of liposomes with embedded quantum dots: Liposomes with QDs (QD-Ls) were 

prepared using the thin film hydration method. Typically, 150 μL of a 4.9 nm CdS suspension 

in toluene (5.0 mg/mL) was mixed with 5.0 mg of POPC and 5.0 mg of POPE phospholipids 

in 850 μL of chloroform. Assuming a QD density of 4.8 g/cm3, this corresponded to a QD-lipid 

number ratio of ν = 3.1×10-4 or a volume ratio of  = 1.4×10-2. This yielded a lipid-QD mixture 𝜙

suspension with a QD concentration of 0.75 mg/mL. Then, the solvent was evaporated under 

vacuum (50 mbar) for 24 hours approximately. The dried QD-L film was hydrated in 2.0 mL 

phosphate buffer with an ionic strength 0.2 M at pH = 9.5. The obtained multilamellar vesicles 

(MLVs) were further ultrasonicated with a sonicator bath for 20 min at room temperature. The 

resulting suspension was extruded in two series, each of 15 times through polycarbonate 

membranes with nominally 200 nm (first series) and 100 nm (second series) pores using a mini-

extruder (Avanti Polar Lipids), and then diluted to the final concentration of 0.1 mg/mL SUV 

suspension.

Experimental Techniques

Synchrotron X-ray reflectivity (XRR) measurements

The XRR measurements were performed at beamline BM28 (XMaS) at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France. All the measurements were carried 

out within a closed liquid cell at room temperature which allowed in situ solution exchange.[45] 

The SLBs were formed by incubating PEI-coated silicon/silica substrates in SUV and QD-SUV 

dispersions, respectively. The measurements were carried out at 3 h, 14 h and 24 h incubation. 

The XRR measurements were performed on the same substrate (POPC/POPE SLBs with or 

without QDs on PEI monolayer coated silica) at different incubation times. The XRR curves 

collected from three different synchrotron experiments were reproducible. The BM28 

monochromator was tuned to select an X-ray beam energy of 14.0 keV with a corresponding 

wavelength  = 0.886 Å. The incident beam size, defined by slits, was 100 μm (vertical) and 

240 μm (horizontal) at its full width at half maximum (FWHM). In each measurement, a 

monochromatic X-ray beam was incident upon the sample surface at some known grazing angle 
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θi (varying from 0.06o to ~ 2.5o), corresponding to a range (0.014-0.6 Å-1) of the momentum 

transfer vector Q (= ) normal to the surface. The specularly reflected intensity was 4𝜋 sin (
2𝜃𝑖

2 )/𝜆

detected at each angle θr = θi using an avalanche photodiode detector (APD). The measured 

reflectivity curves were analysed using Motofit[46] in IGOR Pro (WaveMetrics, Portland, 

USA). The obtained reflectivity curves were optimised by the least χ2 method using the Abeles 

matrix formalism as implemented in Motofit, in which the SLBs were treated as slabs of 

different scattering densities. To fit the experimental data of the pure SLB, different models 

have been developed. In the models, the structure of the bilayer on the substrate has been 

divided to four-, six- or seven-slabs. A summary of the structural parameters obtained from the 

analysis of XRR data are included in the Supporting Material (SM). In our study, the fit shown 

below is based on a six-slab model, which best described the XRR data of both the SLBs and 

the QD-SLBs, with the slabs labelled n = 1 – 6 in Figure 1 consisting of: (1) the outer headgroup 

layer to the PBS buffer superphase (o-H), (2) the outer hydrocarbon tail layer (o-T), (3) the 

inner hydrocarbon tail layer (i-T), (4) the inner headgroup layer (i-H), (5) poly(ethyleneimine) 

layer (PEI), and (6) silicon oxide layer (SiO2). The obtained fitting parameters such as the 

thickness , scattering length density (SLD)  and interfacial roughness  facilitated 𝑡𝑛 𝜌𝑛 𝜎𝑛

comparisons of the structural changes of the lipid bilayers as a function of the incubation time.

Figure 1. Schematic representation of the six-slab model used for fitting experimental data.

Atomic force microscopy (AFM)

AFM images were obtained with a Dimension Icon atomic force microscope (Bruker, Santa 

Barbara, CA) working in the fluid in the Peak Force Tapping™ (PFT) mode. Standard silicon 

cantilevers for PFT in fluids (Bruker) with a nominal spring constant of 0.7 N m-1 and a tip 

radius <10 nm were used for these measurements. Collected data was processed using 

Nanoscope Analysis 1.9 (Bruker). The plane fit (order 1) and flatten (order 0) corrections were 

applied to level all the AFM images. Areas with lipid patches were excluded from the correction 
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process using threshold option. The SLBs and QD-SLBs used the same preparation procedure 

as those in the XRR measurements.

RESULTS AND DISCUSSION

Figure 2 (A)-(C) shows the XRR curves of POPC/POPE lipid bilayers in the absence (lower 

orange curves) and in the presence of (upper red curves; offset on the vertical scale for clarity) 

4.9 nm CdS QDs at 3 h, 14 h, and 24 h incubation time, respectively. The insets show the 

corresponding scattering length density (SLD) profiles obtained from data fitting, with the zero 

distance defined at the inner headgroup – PEI interface.
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Figure 2. X-ray reflectivity (XRR) curves from POPC/POPE SLB without (lower curve) and with (upper curve) QDs 
formed on PEI monolayer after 3 h (A), 14 h (B) and 24 h (C) incubation. The symbols are experimental data points 
and the solid lines the best fit to the respective data. The corresponding scattering length density (SLD) profiles 
extracted from the fits are shown in inset.

Overall, the XRR curves were qualitatively different for the SLBs with and without the QDs at 

all the incubation times, and how the XRR curve evolved with the incubation time was also 

different. In the absence of CdS QDs, the Kiessig fringes (i.e. intensity oscillations) in the XRR 

profile were already pronounced at 3 h incubation time (the lower orange curve in Figure 2 
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(A)) and were retained at longer incubation time (Figure 2 (B), (C)). Such POPC/POPE mixed 

bilayer formation has also been previously confirmed by QCM-D measurements.[18,27]

We first trialled fitting the SLB XRR curves with a four-slab model, with the fitting 

parameters listed in Table S2 in the SM, which describes an asymmetric bilayer with a total 

thickness t ~ 48.2 Å atop a PEI monolayer of 11.2 Å in thickness. To gain more structural 

insights, the XRR curves were then fitted with six- and seven-slab models. In these models, the 

bilayer structure has been divided to four layers of different SLDs: an inner headgroup layer (i-

H), an inner tail layer (i-T), an outer headgroup layer (o-H), an outer tail layer (o-T), so that the 

inner (proximal to the substrate) and the outer (distal to the substrate) leaflets could be 

considered separately. It has been previously reported that they exhibit different thermodynamic 

behaviours due to the lipid-substrate interaction.[47]

In the case of the seven-slab model, an additional layer of lipid patches on top of the 

asymmetric membrane has been included, with the results collated in SM. This is in agreement 

with the neutron reflectivity (NR) study by Lind et al.,[8] who found lipid patches on top of the 

adsorbed lipid bilayer, with a low coverage and thickness of ~14.0 Å. The overriding structural 

feature revealed by the six- and seven-layer models is an asymmetric mixed bilayer of 

POPC/POPE. It should be noted that in the case of the QD-SLBs, not all data could be fitted 

with the four- and seven-slab model. The fitting parameters of the QD-SLB XRR curves have 

been listed in SM. The  values for the fitting parameters from different models are listed in 𝛘𝟐

Table S6 in the SM, only indicative of the goodness of the fit. These values are similarly small. 

However, from Figure S2 in SM, it is clear that the fits using the four-slab and seven-slab 

models were not as good as using the six-slab model Figure 4.

The discussion below is based on a six-slab model which consistently describes the XRR 

data for both the SLBs and QD-SLBs, a model also used in our previous study,[18] allowing a 

direct comparison of the bilayer structures in the absence and presence of the QDs. The fitted 

structural parameters are listed in Table 1 and the fitted SLD profiles plotted in the insets to the 

Figure 2 (orange SLD profiles). The fitted total thickness of the POPC/POPE SLB was t = 

48.3 Å, 49.4 Å and 49.9 Å at 3 h, 14 h and 24 h incubation time, respectively, increasing slightly 

with the incubation time. The thickness is in agreement with the literature values from 

molecular dynamic simulations[48], XRR[49], and NR[50] measurements. As shown in the 

SLD profiles and illustrated in Figure 2 (A) and (B), the outer hydrocarbon tails thickness, to-T, 
increasing from 15.0 Å at 3 h to 16.9 Å at 24 h (i.e. an increment of ΔtT = 1.9 Å), while the 

inner hydrocarbon tail thickness remained largely constant at ti-T ~ 19.9 Å. Furthermore, the 

higher SLD of the outer hydrocarbon chains of POPC/POPE can be attributed to incomplete 
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coverage (i.e. patchy coverage, so that the SLD included the contribution from the higher SLD 

value of water), whilst the SLD of the inner hydrocarbon tails indicating densely-packed and 

fully-stretch lipid tails. This is consistent with an asymmetric bilayer. The structural differences 

between the two bilayer leaflets could arise from the asymmetrical distribution of POPC and 

POPE phospholipids in the two bilayer leaflets, and could also be related to the different 

molecular organization/packing in the two leaflets, which would lead to different chain 

mobility.

It is known, that the PE headgroup can form hydrogen bonds with water, affecting the 

structure of water hydrogen bonding network, and water molecules may also bridge 

neighbouring PE lipids.[51] Such intra-bilayer hydrogen bonds could direct the organization of 

lipid domains. As reported in [52], the presence of PE induced the formation of domains of 

either liquid-ordered or gel phases in mixed 1,2-dilauroyl-sn-glycero3-phosphoethanolamine 

(DLPE) / 1,2-dilauroyl-sn-glycero-3- phosphocholine (DLPC) membranes. Moreover, from 

atomic-scale molecular dynamic simulations of a supported asymmetric lipid membrane 

composed of a POPE inner leaflet and a POPC outer leaflet, it was found that the POPE lipids 

were more densely packed than the POPC lipids.[53] Furthermore, Ericher et al.[54] 

demonstrated that it was energetically more favourable for POPE to be located in the inner 

leaflet of asymmetric mixed POPC/POPE vesicles. The fitted inner headgroup thickness in 

Table 1, ti-H ~ 5.5 Å, was smaller as compared with the outer headgroup thickness, to-H = 7.9 Å, 

which suggests that the inner leaflet of POPC/POPE SLBs was possibly enriched with the PE 

lipids with a smaller headgroup, thus not inconsistent with the previous findings. The PE 

enrichment in the inner leaflet could also be encouraged by greater attraction between the 

negatively charged PE headgroups and the positively charged PEI cushion.

Table 1. Fitted bilayer structural parameters from the six-layer model for the POPC/POPE SLB without QDs on a PEI 
monolayer at 3 h, 14 h and 24 h incubation time. tn, n andn denote the thickness, scattering length density (SLD) and 
roughness of the nth slab respectively. Errors for the parameters determined using minimization of  are < 0.8% from 𝝌𝟐

the fitting.

3h incubation 14h incubation 24h incubation
nth 

slab slab tn 
(Å)

 n
(10-6 Å-2)

 n
(Å)

tn

(Å)
 n

(10-6 Å-2)
 n
(Å)

t n 
(Å)

 n
(10-6 Å-2)

 n 
(Å)

1 o-H 7.5 11.1 2.8 8.4 10.1 1.1 7.9 10.9 1.1

2 o-T 15.0 9.0 3.0 15.8 8.8 7.6 16.9 9.0 5.9

3 i-T 20.0 7.8 0.5 19.7 7.8 0.5 19.9 7.8 1.4

4 i-H 5.8 11.1 2.7 5.5 10.1 3.0 5.2 10.0 2.2

Total Bilayer 48.3 49.4 49.9
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5 PEI 7.0 9.6 3.2 7.6 9.6 2.8 8.0 9.7 3.1

6 SiO2 5.8 18.7 3.3 5.8 18.7 3.2 5.8 18.7 3.3

For the SLBs containing QDs (QD-SLBs), the XRR profiles appeared qualitatively 

different compared to the pure SLB XRR curves. The differences are also evident from the 

fitted SLD profiles in the insets in Figure 2 (red curves), and the incorporation of QDs in the 

bilayers is evident from the fitted SLD which is higher than that of the pure SLB, attributed to 

the higher SLD of CdS QDs ( = 36.1×10-6 Å-2). At 3 h incubation, the Kiessig fringes were 

very mild compared to the pure SLB, with a fitted bilayer thickness of t = 44.2 Å. With the 

increasing incubation time, the XRR profiles exhibited more pronounced Kiessig fringes, 

indicating a different structure of the QD-SLBs that evolved with time. The fitted bilayer 

thickness was t = 49.1 Å and 52.9 Å at 14 h and 24 h incubation time, respectively. The fitting 

parameters of QD-SLBs XRR curves are summarized in Table 2. It is worth noting that the 

fitted SLD and the thickness of the QD-SLB inner and outer leaflet also indicate an asymmetric 

bilayer structure, as with the case of the SLB without the QDs.

The total QD-SLB thickness was the smallest at 3 h incubation, which could be 

attributed to tilted or interdigitated lipid chains. The interactions upon QD incorporation into 

the hydrophobic region of the bilayer can have a direct effect on the chain configuration. It 

could, in turn, lead to strong perturbations in the self-assembled bilayer structure resulting in 

thinner lipid bilayers as the lipid tails tilt to preferentially interact with the hydrophobic QDs, 

forming a thinner bilayer. As schematically shown in Figure 3 (C), the incorporation of the 

QDs induced changes in the local curvature of the bilayer leaflets, which could lead to tilt 

deformations. May et al.[55] showed that the lipid tilt modulus consisted of two major 

contributions: elastic component resulting from the tilt-induced stretching of the hydrocarbon 

chains and an entropic contribution from the constraints imposed by chain tilting on the 

fluctuations of chain orientations. In our case, the entropic contribution due to QD-induced 

chain re-orientation and inhomogeneous lateral distributions of the lipids could contribute to 

the chain tilt modulus.

Consequently, the hydrophobic QDs would cause structural disorder evident from a 

pronounced interfacial roughness at the water-bilayer interface ( = 5.5 Å). This interpretation 

is consistent with the study by Bhattacharya et al.[56] who observed that the DPPC bilayer 

thickness decreased as a result of the addition of an ionic liquid. The QD diameter 49.0 Å is 

greater than the total bilayer thickness (t = 44.2 Å), suggesting that the QDs were partially 

embedded in the lipid bilayer or partially protruding from bilayer surface. This could also 
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contribute to the relatively high roughness value of   = 5.5 Å, 4.9 Å and 2.2 Å observed for 

the outer headgroup layer and both hydrocarbon chains at 3 h incubation, respectively.

Moreover, evident from the fitting parameters in Table 2, as schematically shown in 

Figure 3 (A) and (C), the outer and inner leaflets of the QD-SLBs exhibited noticeably different 

structures, which also changed with the incubation time. Their thickness t differed, with the 

total inner leaflet ti (3 h) = tih+tit = 19.8 Å, ti (14 h) = 25.1 Å, and ti (24 h) = 26.2 Å; for the outer 

leaflet, to (3 h) = 24.4 Å, to (14 h) = 24.0 Å, and to (24 h) = 26.7 Å. After 24 h incubation, the 

outer leaflet became thicker, as the headgroup expanded to to-H = 11.0 Å, larger than that at 3 h 

incubation. This could have two explanations. First, the QD rearrangement could lead to a slight 

tilt of the lipid headgroups; alternatively, the thicker outer layer could be due to an overall more 

fluid and mobile layer, leading to more water molecules associated with the lipid headgroups.

Table 2. Fitted bilayer structural parameters from the six-layer model of QD-SLB on a PEI monolayer at 3 h, 14 h and 
24 h incubation time. tn, n andn denote the thickness, scattering length density (SLD) and roughness of the nth slab 
respectively. Errors for the parameters determined using minimization of  are < 0.05% from the fitting.𝝌𝟐

3h incubation 14h incubation 24h incubation
nth

slab slab tn 
(Å)

 n
(10-6 Å-2)

 n
(Å)

tn

(Å)
 n

(10-6 Å-2)
 n
(Å)

t n 
(Å)

 n
(10-6 Å-2)

 n 
(Å)

1 o-H 8.4 10.1 5.5 8.6 10.1 4.8 11.0 10.0 2.9

2 o-T 16.0 9.7 4.9 15.4 10.4 2.8 15.7 10.6 2.3

3 i-T 11.4 9.9 2.2 16.0 9.5 2.4 17.3 8.7 2.9

4 i-H 8.4 10.0 4.9 9.1 10.0 3.3 8.9 10.1 2.9

Total Bilayer 44.2 49.1 52.9

5 PEI 12.5 9.7 2.8 15.9 9.7 2.9 15.2 9.5 1.3

6 SiO2 5.8 18.7 1.7 5.8 18.7 1.6 5.8 18.7 1.1
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Figure 3. The thicknesses t of the proximal (inner) and the distal (outer) leaflets in the QD-SLB and SLB are compared 
in (A). The schematic representation of the mixed POPC/POPE SLB (B) and QD-SLB (C) at different incubation times 
suggested by their fitted SLD profiles of the XRR data.

In addition to such a comparison between the bilayer structures in the absence and 

presence of the QDs, time-resolved XRR measurements also show that the QD-SLB structure 

evolved with the incubation time, evident from the changes in the XRR Kiessig fringes. The 

XRR curves in Figure 4 (A) are plotted as RQ4 vs. Q to more clearly show the reflectivity 

intensity oscillations at higher Q.[57] Qualitatively, the Kiessig fringes became more 

pronounced with the incubation time; and the minimum at Qz ≈ 0.15 Å-1 became deeper until it 

reached a minimum at 24 h incubation, consistent with bilayer thickening with time. The fitted 

bilayer thickness increased from t = 44.2 Å at 3 h to t = 52.9 Å at 24 h. It has been previously 

reported in several molecular dynamics simulation and experimental studies[58–60] that 

hydrophobic NPs, when adsorbing on the membrane, could cause lipid re-organization and 

bilayer thinning. This is consistent with our observations at 3 h incubation, where the bilayer 

thickness of the QD-SLB (t = 44.2 Å) was smaller than that of SLB without QDs (t = 48.3 Å), 

a thinning of t =4.1 Å. With the increasing incubation time to 14 h and 24 h, the QD-SLB 

thickness became comparable to that of SLD, and then slightly thicker, indicative the structural 

rearrangement in the bilayer.
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The marked change in the structure of the QD-SLBs bilayer is also consistent with the 

fitted SLD profiles of the QD-SLBs, which show a corresponding change with the incubation 

time. The SLD profiles gradually increased in the outer hydrocarbon tails (o-T), from  = 𝜌𝑜 ― 𝑇

9.7 × 10-6 Å-2 at 3 h to value of  = 10.6 × 10-6 Å-2 at 24 h, and concurrently decreased in 𝜌𝑜 ― 𝑇

the inner hydrocarbon tails (i-T) from  9.9 × 10-6 Å-2 to 8.7 × 10-6 Å-2 with the 𝜌𝑖 ― 𝑇 = 𝜌𝑖 ― 𝑇 =  

incubation time. It is worth noting that, at 24 h incubation, the  value was close to the 𝜌𝑖 ― 𝑇

theoretically calculated  of hydrocarbon chains of POPC/POPE ( 7.8 × 10-6 Å-2), 𝜌 𝜌 =  

indicating a fully formed mature bilayer. Moreover, the inner hydrocarbon tail thickness, ti-T, 

increased from 11.4 Å at 3 h to 17.3 Å at 24 h, while the outer leaflet hydrocarbon tail thickness 

was constant at to-T ~ 15.7 Å.

Based on these results, i.e. a significant increase in both ti-T and , as well as a 𝜌𝑜 ― 𝑇

decrease in , we propose that structural rearrangement occurred with the incubation time, 𝜌𝑖 ― 𝑇

with the QDs progressively expelled from the inner leaflet to the outer leaflet of the bilayer. 

The schematic of this proposed structural evolution and QD rearrangement is shown in Figure 

3 (C). Our previous QCM-D study showed that the incorporation of the hydrophobic QDs 

encouraged the vesicle to rupture, with fusion occurring at a lower critical surface liposomal 

coverage compared to liposomes without QDs.[18] QDs embedded in the hydrophobic region 

of the bilayer can have a direct effect on the conformation of the hydrocarbon chains, and thus 

the membrane elastic properties. These interactions can induce a substantial structural 

reorganization in the POPC/POPE bilayer adjacent to the QDs due to the reorientation of the 

lipid molecules. As a result, the QD-endowed liposomes undergo rupture to form lipid bilayers 

with conformationally disordered alkyl chains, which are likely tilted or coiled due to the 

presence of the hydrophobic QDs. Our XRR data suggests that this initial bilayer formation is 

followed by progressive QD rearrangement from the inner leaflet (i.e. proximal to the substrate) 

towards the outer leaflet (i.e. distal to the substrate), indicated by more ordered lipid chains in 

the inner leaflet of POPC/POPE bilayer due to enhanced lipid packing that further decreased 

the conformational entropy of the system. Meanwhile, the outer leaflet in contact with water is 

less constrained, and thus more readily deformed to accommodate the QDs. This mechanism 

for the temporal structural evolution of QD-SLBs via the liposome fusion route has not been 

previously reported.
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Figure 4. X-ray reflectivity curves of POPC/POPE lipid bilayers with 4.9 nm CdS QDs (QD-SLBs) at 3 h, 14 h, and 24 
h incubation time (A) and corresponding SLD profiles with different coloured regions highlighting different layers 
across the interface (B).

Complementary AFM imaging was also performed to observe the QD-SLB topography 

of the bilayers as a function of the incubation time (Figure 5), showing changes over the 

incubation time. The morphology of pure SLBs is included in the SM. In the case of the QD-

SLBs, at 3 h (Figure 5 (A)), the surface coverage of the bilayer (i.e. lighter coloured regions) 

was low, with some unruptured liposomes or their aggregates also observed atop the 

bilayer/substrate, as the corresponding line profiles suggest. The surface bilayer coverage 

increased over the incubation time, with more surface areas covered by SLBs at 14 h and 24 h 

incubation time. We note that the line profiles showed smaller bilayer thickness compared to 

the XRR data, which could be attributed to the soft and thus not-so-well defined PEI polymer 

cushion underlayer; it would make it difficult to ascertain the thickness of the bilayer atop. Such 

AFM imaging revealed the local topography over a relatively small area (4 µm×2 µm), whereas 

XRR measurement averaged over a much larger footprint (1 mm×100 µm) and thus is more 

representative of the average thickness over the whole sample area.
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Figure 5. AFM images and line profiles deposited POPC/POPE SUVs with QDs after incubation time of 3 h (A), 14 (B) 
and 24 h (C). All the height scale bars in the Figure represent 10 nm.

CONCLUSIONS

In this study, the temporal structural evolution of supported POPC/POPE lipid bilayers 

intercalated with hydrophobic QDs (QD-SLBs) on a PEI polymer cushion has been reported. 

The supported bilayers were formed via fusion of QD-embedded liposomes on the substrate. 

Synchrotron XRR has been applied to investigate structural characteristics of the lipid bilayers, 

including thickness, interfacial roughness, and surface coverage. The high flux of the 

synchrotron X-rays facilitated relatively high temporal resolution to track the bilayer structural 

evolution over a period of 24 h after initial SLB formation. The initial thickness of the QD-

SLBs was smaller (t = 44.2 Å) compared to the SLBs without QDs (t = 48.3 Å). The structure 

of the QD-SLBs evolved with the incubation time. Bilayers became thicker (t = 49.1 Å at 14 h 

incubation and t = 52.9 Å at 24 h incubation). This was attributed to the rearrangement of CdS 

QDs and lipids in the bilayer with the increasing incubation time. The fitted scattering length 

density (SLD) profiles suggest that the QDs were expelled from the inner leaflet to the outer 

leaflet of the bilayer. Such structural reorganisation was related to the insertion of hydrophobic 
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QDs in the hydrocarbon tails region of the SLBs, which enhanced disorder in the conformation 

of the lipid chains in the POPC/POPE bilayer. Initially (at 3 h incubation), this reduced 

membrane thickness was due to lipid tails tilting to accommodate the hydrophobic QDs. 

Subsequent QD expulsion from the inner membrane led to a more ordered packing of the lipid 

molecules in the inner leaflet, whilst the outer membrane leaflet in contact with water, less 

constrained and more flexible, more readily accommodated the QDs. This led to the observed 

changes in the thicknesses of the inner and outer membranes with the incubation time. These 

unprecedented results provide valuable structural information on the structure of QD-

containing fluorescent SLBs, giving mechanistic insights on the QD-SLB formation process, 

kinetics, and structural evolution, with implications for biosensing, drug delivery and 

nanoparticle cytotoxicity, in which the interactions between nanoparticles and membranes are 

an important consideration. It will be useful and interesting, using XRR and NR methods, to 

further examine in detail structural evolution of QD/nanoparticle containing SLBs, 

investigating the effects of the QD surface chemistry and size, temperature, SLB lipid 

composition, and different types of the polyelectrolyte cushion. In particular, the contrast match 

capacity of NR could offer information on the distributions of different constituents in the QD-

endowed SLBs. This remains a focus of our future studies.
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