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This article introduces a simple microfluidic device that can be combined with

synchrotron small-angle X-ray scattering (SAXS) for monitoring dynamic

structural transitions. The microfluidic device is a thiol–ene-based system

equipped with 125 mm-thick polystyrene windows, which are suitable for X-ray

experiments. The device was prepared by soft lithography using elastomeric

molds followed by a simple UV-initiated curing step to polymerize the chip

material and simultaneously seal the device with the polystyrene windows. The

microfluidic device was successfully used to explore the dynamics of the

structural transitions of phytantriol/dioleoylphosphatidylglycerol-based cubo-

somes on exposure to a buffer containing calcium ions. The resulting SAXS data

were resolved in the time frame between 0.5 and 5.5 s, and a calcium-triggered

structural transition from an internal inverted-type cubic phase of symmetry

Im3m to an internal inverted-type cubic phase of symmetry Pn3m was detected.

The combination of microfluidics with X-ray techniques opens the door to the

investigation of early dynamic structural transitions, which is not possible with

conventional techniques such as glass flow cells. The combination of

microfluidics with X-ray techniques can be used for investigating protein

unfolding, for monitoring the formation of nanoparticles in real time, and for

other biomedical and pharmaceutical investigations.

1. Introduction

Advancements in micro- and nano-fabrication methods have

made microfluidics an attractive platform for basic and

applied research studies and various biomedical and phar-

maceutical applications. These applications include protein

crystallization (Hansen et al., 2002), high-throughput

screening in drug development (Whitesides, 2006; Dittrich &

Manz, 2006), bioanalysis of drugs and bioactive materials (Sia

& Whitesides, 2003), manipulation of single cells and single

molecules (Wheeler et al., 2003; Werdich et al., 2004; Dittrich

& Manz, 2005; Stavis et al., 2005), formation of monodispersed

bubbles (Gañán-Calvo & Gordillo, 2001), and nano-objects

(Nie et al., 2008; Thorsen et al., 2001; Link et al., 2004; Anna et

al., 2003). In these applications, the main advantages are often

related to the development of efficient miniaturized devices

with a minimal sample consumption, which is of special

interest when studying expensive materials. Such devices open

up the possibility of maintaining a more precise control over

the mixing environment compared to conventional methods of

mixing, such as bulk mixing, and the possibility of performing

a complete chemical analysis (Price & Culbertson, 2007). An

important aspect of miniaturized systems for chemical and

biochemical applications is the possibility of monitoring

ISSN 1600-5767

# 2016 International Union of Crystallography

electronic reprint



reactions and assays for detecting the formation or the

degradation of chemical substances in situ. A number of

detection techniques have been associated with microfluidics;

many of them are optical in nature, including fluorescence

(Llobera et al., 2007; Edel et al., 2004), absorbance (Steigert et

al., 2006), chemiluminescence (Marchand et al., 2008) and

Raman spectroscopy (Liu et al., 2011). In addition, there is a

growing interest in exploiting the benefits of combining

microfluidics and X-ray techniques for different studies,

including the dynamic mechanism of protein folding (Pollack

et al., 1999), crystallization (Guha et al., 2012; Pawate et al.,

2015), and nucleation and growth of nanoparticles (Polte et al.,

2010).

X-ray techniques are powerful techniques for studying self-

assembled nanostructures of various materials consisting of

amphiphilic surfactant-like lipids or polymers (Azmi, Wu et

al., 2015; Wibroe et al., 2015; Nilsson et al., 2013; Yaghmur &

Rappolt, 2012; Yaghmur, Larsen et al., 2011; Yaghmur &

Glatter, 2009; Dehsorkhi et al., 2014; Shrestha et al., 2015;

Narayanan, 2009; Yaghmur et al., 2010; Azmi et al., 2016).

Conventionally, small-angle X-ray (SAXS) and neutron scat-

tering methods are the most widely employed powerful tools

for investigating self-assembled systems under equilibrium

conditions. There is a growing interest in studying dynamic

structural transitions under non-equilibrium conditions,

mainly by combining SAXS with a stopped flow apparatus or a

light source to gain insight on the structural mechanism and

the possible formation of intermediate phases (Pawate et al.,

2015; Angelov et al., 2015; Narayanan, 2009; Yaghmur,

Laggner, Sartori & Rappolt, 2008). However, stopped flow

apparatuses are rather complex, and excessive amounts of

sample are typically wasted (Bleul et al., 2011). In this context,

combining microfluidics with X-ray techniques allows the

characterization of self-assembled structures after a very

specific reaction time down to a few microseconds, only

limited by the resolution of the X-ray beam. Thus, a shorter

detection time can be obtained by using smaller X-ray beam

diameters. Microfluidics provides a better control over the

experimental parameters and therefore allows maintaining

reproducible experimental conditions between samples,

avoiding many of the typical sources of variation in experi-

mental data. Furthermore, sample conditions such as

concentrations and mixing times can easily be changed ‘on the

fly’ when using microfluidic devices as opposed to pre-loaded

titer plates. Finally, better time management of experiments at

a synchrotron beamline can be achieved, which is an impor-

tant issue owing to the high operating costs of these facilities

and the limited available time. In a pioneering study

combining microfluidics with X-ray techniques using hydro-

dynamic focusing, Pollack et al. (1999) demonstrated the

compactness of cytochrome c. Other groups have since

worked on similar setups for investigating protein folding

(Brennich et al., 2011; Saldanha et al., 2016; Lafleur et al., 2011;

Graceffa et al., 2013; Akiyama et al., 2002; Uzawa et al., 2004;

Panine et al., 2006).

In a recent report by Weinhausen & Köster (2013), a new

type of X-ray-compatible microfluidic device, based on a UV-

curable adhesive and thin Kapton films and featuring silicon

nitride membrane windows for X-ray measurements on whole

biological cells, was presented. The fabrication method used to

prepare the microfluidic system requires the use of photo-

lithography (masks), which can be more expensive and

cumbersome compared to fabrication using in-house precision

micromilling. A microfluidic chip made from a micromilled

1.7 mm-thick polystyrene substrate featuring thermally

bonded 125 mm-thick polystyrene X-ray-compatible windows

has been reported (Lafleur et al., 2011). However, micro-

milling of individual chips followed by thermal bonding is both

time consuming and labor intensive compared to molding

techniques. In another approach (Otten et al., 2005; Dootz et

al., 2006; Pfohl et al., 2007), stainless steel and Kapton were

used as the main materials to prepare microfluidic systems.

Similar challenges were presented in other studies (Akiyama

et al., 2002; Uzawa et al., 2004).

Recently, photocurable adhesives based on thiol–ene (TE)

and off-stoichiometry thiol–ene (OSTE) chemistry have

attracted much attention as an alternative material for chip

production (Carlborg et al., 2011; Ashley et al., 2011; Baylor et

al., 2011; Lafleur et al., 2013, 2015). TE/OSTE-based polymers

allow for the easy bench top fabrication of microfluidic chips

featuring SAXS-compatible polystyrene (PS) windows. PS has

previously been demonstrated to be a suitable material with

regards to transparency and scattering background in SAXS

analyses (Toft et al., 2008). In this work, we present a study on

the use of OSTE for the fabrication of microfluidic chips

optimal for X-ray studies. As proof of concept, the thiol–ene

chips were used and combined with synchrotron SAXS for

investigating real-time calcium-triggered dynamic structural

alterations in the self-assembled interiors of cubosome nano-

particles based on binary phytantriol/dioleoylphosphatidyl-

glycerol (PHYT/DOPG) mixtures. Calcium ions play an

important role in different biological processes, including

protein regulation and transport of molecules across biological

membranes, owing to the strong interactions of calcium ions

with anionic phospholipids embedded in biological

membranes (Yaghmur, Laggner, Sartori & Rappolt, 2008;

Faraudo & Travesset, 2007; Hong et al., 1982; Papahadjopoulos

& Poste, 1975). However, evaluation of the effect of Ca2+ ions

on real biological membranes and multicomponent lipid

systems is difficult because of their complexity. In this context,

there is a growing interest in understanding the effect of Ca2+

ions and other divalent ions on negatively charged liposomes

as model simple membranes and also on other related

nanostructured aqueous dispersions including cubosomes and

hexosomes (Lee et al., 2013; Muir et al., 2012; Yaghmur, Sartori

& Rappolt, 2011; Yaghmur, Laggner, Sartori & Rappolt,

2008). Using the OSTE-based microfluidic device, Ca2+ ions

were mixed with negatively charged PHYT/DOPG-based

cubosome nanoparticles enveloping a well ordered inverse

bicontinuous cubic Im3m phase. The bonded polystyrene

windows allowed the collection of SAXS data in a time frame

between 0.5 and 5.5 s from the initial mixing time, where

PIPES buffer containing Ca2+ ions was mixed with the PHYT/

DOPG solution at the channel junction.
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2. Experimental section

2.1. Materials for preparing cubosomes

Phytantriol (PHYT: 3,7,11,15,-tetramethyl-1,2,3-hexa-

decanetriol) with a purity of >96.4% (from product specifi-

cations) was purchased from DSM Nutritional Products Ltd

(Basel, Switzerland). DOPG (1,2-dioleoyl-sn-glycero-3-

phospho-rac-glycerol; purity 99.2%) was purchased from

LIPOID GmbH (Ludwigshafen, Germany). Pluronic F127

was a gift from BASF SE (Ludwigshafen, Germany). PIPES

buffer of 10 mM was made using piperazine-1,4-bis(2-ethane-

sulfonic acid) purchased from Merck KGaA (Darmstadt,

Germany), which was titrated with NaOH to reach a pH of

7.00. PIPES buffer containing 272 mM Ca2+ was made by

dissolving an appropriate amount of CaCl2 salt in the 10 mM

PIPES buffer. Ethanol of 98% purity from Kemetyl A/S

(Køge, Denmark) was used for cleaning purposes. The mol-

ecular structures of lipids used in the present work are shown

in Fig. 1.

2.2. Materials for producing the microfluidic chip and chip
holder

Pentaerythritoltetrakis (3-mercaptopropionate, ‘tetrathiol’)

and triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (‘triallyl’)

were obtained from Sigma Aldrich (Brøndby, DK). A Sylgard

184 poly(dimethylsiloxane) (PDMS) elastomer kit was

obtained from Dow Corning (Midland, MI, USA). Poly-

carbonate and poly(methyl methacrylate) (PMMA) sheets of

5 mm in thickness (10 � 10 cm in width and length) were

purchased from Nordisk Plast A/S (Randers, DK). A Lee

Minstac 062 connectors fitting assembly and tool kit were

obtained from Lee Company Scandinavia AB (Vällingby,

Sweden). Polystyrene films of 125 mm thickness were

purchased from Goodfellow Cambridge Ltd (Huntingdon,

UK).

2.3. Microfluidic device fabrication

The chips were designed using computer-aided-design

software (Autodesk Inventor Professional 2014, San Rafael,

CA, USA). The microfluidic system as presented in Fig. 2 was

prepared by sandwiching a mixture of tetrathiol and triallyl

monomers prepared at different weight ratios between two

thin polystyrene films. Tetrathiol and triallyl were mixed at a

ratio of 60:40, respectively. To produce the thiol–ene chips, a

master mold was fabricated by micromilling of PMMA

substrates. The PMMA master mold is used to fabricate new

PDMS molds by replica molding. The PDMS acts as a mold for

the photocuring of the OSTE chips and its flexibility allowed

for easy demolding of the cured OSTE and reuse. The PMMA

mold was manufactured by high-precision micromilling

(Minitech 3, Minitech Machinery Corporation, Norcross, GA,

USA), allowing the creation of features down to 100 mm. The

PDMS mixture was prepared by mixing the PDMS elastomer

with curing agent at a ratio of 1:10, then stirred for a few

minutes to ensure complete mixing. The PDMS mold was

made by pouring the PDMS mixture into the PMMA mold

and curing at 333 K for 2 h. Prior to filling of the PDMS mold,

the OSTE monomers were mixed and 1% photo-initiator

(Lucirin TPO-L, BASF, Switzerland) was added. When the

PDMS mold was filled with OSTE, the pattern in the mold

produced a 225 mm-thick OSTE layer with a network of

320 mm-wide channels. These channels of 320 mm width

correspond to the area through which the X-ray beam travels,

and owing to limitations on the dimensions of the X-ray beam

(200 � 250 mm) the channels of the chip must remain wider

than the beam dimensions. After filling the OSTE mixture into

the PDMS mold, a polystyrene sheet was placed on top of the

monomer mixture before the first curing step took place. The

chip was semi-cured under UV flood illumination for 10 s on

one side (Dymax 5000-EC Series UV curing flood lamp,

Dymax Corporation, Torrington, CT, USA, 160 mW cm�2 at

365 nm). Then, the semi-cured thiol–ene chip was peeled off

the PDMS mold. A polystyrene film was placed on the other

side of the chip, and the chip was then fully cured for another

10 s before it was ready for use (Fig. 2). The thiol–ene chip was

placed in a sample holder made of 5 mm-thick PMMA with

Lee Minstac 062 connectors fitted on the inlets and outlet. O-

rings were also placed between the thiol–ene chip and the chip

holder to ensure sealing.

When designing thiol–ene microfluidic chips for SAXS, it is

crucial that nothing adheres to the walls of the channels (or

any window that the X-ray radiation has to travel through)

since any adhesion to the channel walls significantly affects the

detected signal; therefore, a protective coating was applied. In

order to coat the walls of the thiol–ene channels, two

copolymers based on 3-trimethylsilanylprop-2-yn methacryl-

ate (PMA) and N,N-dimethylacrylamide (DMA) were used.

These copolymers were synthesized and provided by the

group of Marcella Chiari at ICRM (Milano, Italy). PMA

covalently binds to the thiol groups present on the channel

surface and thus provides a strong anchoring of the copoly-

mer. DMA is well known to reduce analyte adsorption by

hydrophilizing the hydrophobic silica surfaces (Zilio et al.,

2015; Cretich et al., 2005; Chiari et al., 2000). The entire

process is fast and easy to implement, with UV illumination

done within a few minutes. The thiol–ene channels were filled

with the copolymer solution using a syringe pump by carefully
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Figure 1
Molecular structures of lipids used in the study.
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placing the transfer tube from the syringe on the inlets of the

chip. After the channels had been filled with the coating

polymer, the chips were exposed to UV light and then flushed

with milli-Q water.

Both coated and uncoated chips were tested at the

synchrotron SAXS beamline to gain further insight on

possible adherence of lipids on the surface of the chips. The

lipids remained adhered to the walls after injection of lipid

nanoparticles using the uncoated chip (Fig. 3b), whereas there

was no indication of the presence of an adhered lipidic layer

when performing SAXS experiments using the coated chips

(Fig. 3c). It was therefore important to perform the presented

experiments with coated chips to guarantee a successful SAXS

data analysis.

2.4. Preparation of DOPG/PHYT dispersions

DOPG and the polymeric stabilizer Pluronic F127 were

dissolved in 10 mM PIPES buffer with vortex mixing and

heating to 323 K. Phytantriol was weighed out into the bottom

of a vial and the pre-mixed solution of DOPG with F127 was

gently pipetted on top. The concentration of F127 was kept at

1%(w/w) for two dispersions prepared with PHYT:DOPG at

weight ratios of 7:1 and 10:1 and a total lipid content of 6%(w/

w). An ultrasonic processor (Sonics Vibra Cell VCX 130,

power 130 W, frequency 20 kHz) was used for 10 min in pulse

mode (1 s pulse interrupted by 2 s break) at 20% of maximum

amplitude until well dispersed milky solutions were obtained.

2.5. Synchrotron SAXS setup

SAXS measurements were performed at the beamline I911-

SAXS at the MAX-lab synchrotron facility (MAX II storage

ring, Lund University, Sweden) at an operating electron

energy of 1.5 GeVand a wavelength of 0.91 Å (Labrador et al.,

2013). The dimensions of the X-ray beam were set to a width

of 250 mm and a height of 200 mm. Attempts were made to

focus the X-ray beam to smaller dimensions; however, the
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Figure 2
(a) Fabrication method for preparing thiol–ene chips. (b) Exploded view of the microfluidic setup.
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intensity of the X-ray beam decreased significantly and

therefore accurate SAXS data analysis was not permitted. The

chip was aligned in the X-ray beam in a way that the width of

the X-ray beam is perpendicular to the direction of the flow.

The measurements were performed under vacuum to mini-

mize background scattering. The detector covered a q range

(q = 4�sin� /�) of 0.01–0.40 Å�1, where q is the momentum

transfer, � is the wavelength and 2� is the scattering angle.

Silver behenate [CH3–(CH2)20–COOAg] with a d spacing

value of 58.4 Å was used as a standard to calibrate the scat-

tering momentum. The scattering patterns were recorded with

a two-dimensional photon counting pixel detector (Pilatus 1M,

Dectris Ltd, Baden, Switzerland) using collection times of 60 s.

All measurements were carried out at room temperature.

Different total volumetric flow rates ranging from 4 to

16 ml min�1 were used. The X-ray beam was scanned along the

microfluidic channel at seven different positions down the

centre channel with a spacing of 1 mm between each position

(Fig. 4). SAXS measurement was performed before mixing

with calcium ions at an appropriate position above the channel

intersection (position 1) in order to characterize the structure

of the dispersion before mixing with Ca2+ ions. This can be

clearly seen in Fig. 5(a) (first SAXS pattern from top).

2.6. Dynamic SAXS study of Ca2+ ion-induced structural
transitions in PHYT/DOPG dispersions

Pre-prepared dispersions of binary PHYT/DOPG mixture

in 10 mM PIPES buffer (pH 7.00) were loaded into a 1 ml B.

Braun Inject-F Solo syringe. PIPES buffer (pH 7.00) with

272 mM Ca2+ ion concentration was loaded into two BD 3 ml

syringes. These syringes were connected to the microfluidic

device by tubes, and hydrodynamic focusing was achieved by

pumping the lipid-containing dispersion through the middle

channel and Ca2+ ion-containing PIPES buffer through the

two side channels. The flow rate ratio of PHYT/DOPG

dispersion and buffer was 1:1 so that the final concentration of

Ca2+ was 136 mM after mixing. The flow rates were in the

range of 4–16 ml min�1, which corresponds to linear velocities

of between 0.92 and 3.7 mm s�1, respectively. The exposure

time permitting accurate data analysis with a good signal-to-

noise ratio was 60 s for each position. The width of the focused

centre stream is directly related to the flow rate ratio (FRR)

between the lipid stream (centre) and the side buffer stream

(sheath). The width was calculated using the following equa-

tion:

w ¼ width of channel

1 þ FRR
; ð1Þ

where w is the width of the focused centre stream, FRR is the

flow rate ratio between the centre stream and the side buffer

stream (sheath), and the width of the channel is 320 mm. This

means that the width of the focused stream in our investiga-

tions was 160 mm at an FRR of 1:1 (centre to sheath). To

estimate the time and position for achieving a complete

mixing, the following equation was used:
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Figure 4
Micrograph of the microfluidic chip, showing hydrodynamic focusing of
the PIPES buffer containing Ca2+ ions as sheath fluid (side channels) and
PHYT/DOPG-based dispersion in the centre stream.

Figure 3
SAXS measurements performed on a microfluidic chip to test the adherence of lipid residue onto the channel walls of the chip. Measurements were
performed starting from the intersection area between the side channels and the centre channel and moving downward towards the exit of the main
channel. The figure shows the SAXS signal from (a) an uncoated thiol–ene chip with only buffer flowing through the channels (before injecting lipidic
formulations), (b) the uncoated thiol–ene chip after injection of a lipidic formulation for testing and flushing of the microfluidic chip with buffer, and (c)
a coated chip after injection of lipidic formulations and flushing with buffer. It is evident that after injection of the lipidic formulations in the uncoated
chip (b), and after SAXS measurements had been performed, the lipids remained adhered on the walls of the chip, unlike in (c), where no lipids
remained adhered to the walls.
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t ¼ x2=2D; ð2Þ

where t is the time in s, x is the travelled distance measured in

cm and D is the diffusion coefficient measured in cm2 s�1. The

diffusion coefficient of calcium ions was found to be about

0.79 � 10�5 cm2 s�1 in a previous report (Samson & Mar-

chand, 2003). Therefore, it takes an estimated time of 4 s to

travel a distance of 80 mm (from the edge of the centre stream

to the middle of it).

With the linear velocity of 0.92 mm s�1 used in this work,

complete mixing could be achieved at

approximately 3.68 mm down the

channel, whereas an increase in the

linear velocity to 3.7 mm s�1 (achieved

by varying the volumetric flow rate

from 4 to 16 ml min�1) would result in

complete mixing at approximately

14.8 mm down the channel.

It is crucial to find a balance between

maintaining a certain concentration of

lipid (or lipid mixture) in the centre

stream, which permits an accurate and

successful SAXS data analysis with

good signal-to-noise ratio, and keeping

FFR at a reasonable value for

achieving a fast complete mixing.

3. Results

3.1. Thiol–ene chip and microfluidic
setup

The total volumetric flow rates used

were in the range between 4 and

16 ml min�1 which, given the dimen-

sions of the channel, corresponds to a

linear velocity of 0.92 and 3.70 mm s�1,

respectively. The chip fabrication

method we developed allowed the

rapid prototyping of SAXS-compatible

chips within less then 5 min. The chip

proved to be very compatible with

X-rays as the polystyrene windows

exhibited negligible scattering signal

(Fig. 3). A camera was mounted on the

side of the X-ray beam (parallel to the

X-ray beam) and was used to make

sure that a steady hydrodynamic

focusing was achieved before SAXS

measurements were performed. A total

of 30–50 ml of lipid solution was suffi-

cient for the entire experiment.

3.2. Structural characterization of
PHYT/DOPG dispersions

PHYT/DOPG dispersions in 10 mM

PIPES buffer (pH 7.00) with a total

lipid content of 6 wt% prepared with a

PHYT/DOPG weight ratio of 10:1 and

7:1 and stabilized with 1 wt% F127

were investigated. Initially, before

mixing with Ca2+ ions, the SAXS
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Figure 5
Time-resolved SAXS experiments displaying the dynamic structural transitions in the interiors of
PHYT/DOPG nanoparticles as they were stimulated by an influx of PIPES buffer containing Ca2+

ions. An illustration (a) shows the hydrodynamic focusing chip, with green circles indicating the
positions at which SAXS was measured. Position 1 corresponds to the PHYT/DOPG dispersion
before mixing, then position 2 is where the PHYT/DOPG dispersion starts mixing with Ca2+ ions,
and position 7 is the closest to the outlet of the channel. Each signal on the left corresponds to the
relevant position on the microfluidic chip. The weight ratio of PHYT to DOPG was varied from 10:1
to 7:1 and the total lipid content was kept constant at 6 wt%. The PHYT/DOPG dispersions were
stabilized by 1 wt% F127. (a) PHYT/DOPG-based dispersion prepared at a PHYT/DOPG weight
ratio of 10:1 at a total flow rate of 16 ml min�1 which corresponds to a linear velocity of 3.7 mm s�1.
Inset: schematic illustrations of the internal bicontinuous cubic Pn3m and Im3m phases are adapted
from Yaghmur, Sartori & Rappolt (2006). (b) PHYT/DOPG-based dispersion prepared at a PHYT/
DOPG weight ratio of 7:1 at a total flow rate of 4 ml min�1, which corresponds to a linear velocity of
0.92 mm s�1. The travel time of the fluid from the intersection to the point of SAXS measurement is
indicated with corresponding colours. All measurements were performed at room temperature.
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pattern of the PHYT/DOPG-based dispersion prepared at a

PHYT/DOPG weight ratio of 10:1 displayed three peaks with

q values of 0.817, 1.150 and 1.405 nm�1 [marked with three

black arrows in Fig. 5(a)]. These peaks were identified as the

first three reflections of an internal inverse bicontinuous cubic

phase of symmetry Im3m with a consistent lattice parameter,

a, of 10.92 nm (cubosomes).

It should be noted that PHYT, when dispersed in excess

water in the presence of the polymeric stabilizer F127, forms

cubosome nanoparticles with an internal inverse bicontinuous

cubic Pn3m phase with a lattice parameter of 6.79 nm. Thus,

the obtained result indicates a structural transition from an

inverted-type cubic Pn3m phase to inverted-type cubic Im3m

upon the partial replacement of PHYT by a binary lipid

mixture of PHYT/DOPG, which is in good agreement with

previous studies on the effect of lipid composition on the

internal nanostructures of cubosomes and hexosomes based

on monoglycerides or PHYT (Azmi, Moghimi & Yaghmur,

2015; Yaghmur, Sartori & Rappolt, 2011; Yaghmur, Laggner,

Sartori & Rappolt, 2008; Wadsten-Hindrichsen et al., 2007;

Engblom et al., 2001; Engström & Engström, 1992; Norling et

al., 1992).

For the dispersion containing a higher DOPG concentration

(PHYT/DOPG weight ratio of 7:1), a cubic Im3m phase with a

lattice parameter of 12.43 nm was detected. Thus, an increase

in the lattice parameter of approximately 14% was achieved

on increasing the PHYT/DOPG weight ratio from 10:1 to 7:1

(Table 1). The incorporation of DOPG into the PHYT–water

interface has a drastic impact on the self-assembled nano-

structure and induces in a concentration-dependent manner

an enlargement of the internal hydrophilic nanochannels of

the inverted-type cubic Pn3m phase. As a consequence,

structural transitions to an inverted-type cubic Im3m phase

and even to flattened bilayers [formation of a lamellar (L�)

phase] can be achieved with a further increase in DOPG

content. It was reported that increasing the DOPG concen-

tration induces a transition from a cubic Pn3m phase via a

cubic Im3m phase to a fluid lamellar (L�) phase in aqueous

dispersions based on unsaturated monoglyceride monoolein

(MO)/DOPG mixtures (Yaghmur, Larsen et al., 2011;

Yaghmur, Sartori & Rappolt, 2011).

The critical packing parameter (CPP) is a useful parameter

for understanding the role of DOPG in modulating the

internal self-assembled nanostructure by taking into consid-

eration the molecular structures of PHYT and DOPG. The

CPP is defined as vs/a0I, where vs is the hydrophobic chain

volume, a0 is the headgroup area and I is the hydrophobic

chain length (Israelachvili et al., 1976). The electrostatic

repulsion forces between the negatively charged DOPG

molecules incorporated into the electrically neutral PHYT–

water interface increase the hydrophilic headgroup area and

increase the amount of solubilized water. This exerts stress on

the curved bilayers (the cubic Pn3m phase), favouring a

transition to flattened bilayers at a high DOPG concentration.

A significant reduction in CPP due to an increase in the

hydrophilic headgroup area explains, therefore, the transition

to an L� phase with increasing DOPG content (Yaghmur,

Sartori & Rappolt, 2011). Briefly, DOPG tends to form the

fluid lamellar (L�) phase in excess water at ambient

temperatures, whereas PHYT tends to form nonlamellar

phases. Therefore, the self-assembled nanostructure in these

dispersions depends on the PHYT/DOPG molar ratio. In

other words, the internal nanostructure is sensitive to altera-

tions in the lipid composition.

3.3. Ca2+ ion-induced dynamic structural transitions in
PHYT/DOPG-based cubosomes

Two experiments were performed with dispersions

prepared with binary PHYT/DOPG mixtures prepared at

PHYT/DOPG weight ratios of 10:1 and 7:1 to explore the

effect of mixing the negatively charged cubosomes with PIPES

buffer containing calcium ions. As presented in Fig. 5, it was

possible to monitor alterations in the internal nanostructures

of cubosomes within a few seconds as they approached the

channel intersection and started mixing with the Ca2+ ion-

containing PIPES buffer (pH 7.0). Note that the positions

where the X-ray beam hit the chip were the same; however,

the reaction time that corresponds to each position differs,

depending on a corresponding change in the applied flow rate

(Fig. 5). This means that the same chip was used for both

dispersions (PHYT/DOPG 10:1 and 7:1) and the SAXS

patterns were recorded at identical positions, but with

different flow rates and hence different reaction times.
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Table 1
Structural lattice parameters of two bicontinuous cubic phases of
symmetries Im3m and Pn3m that were detected in PHYT/DOPG
dispersions before and/or after exposure to a buffer containing 272 mM
Ca2+ ions.

The total lipid content was kept constant at 6 wt%. The used buffer is 10 mM
PIPES. All dispersions were stabilized by F127 at a concentration of 1 wt%.

PHYT:DOPG ratio of 10:1 (total flow rate of 16 ml min�1).

Position Mixing time (s) aIm3m (Å) aPn3m (Å) Bonnet ratio†

1 Before intersection 109.2 – –
2 At intersection 109.1 – –
3 0.27 107.9 77.2 1.39
4 0.54 105.9 76.4 1.38
5 0.81 105.8 76.0 1.39
6 1.08 105.0 75.8 1.38
7 1.35 106.7 75.4 1.41

PHYT:DOPG ratio of 7:1 (total flow rate of 4 ml min�1).

Position Mixing time (s) aIm3m (Å) aPn3m (Å) Bonnet ratio†

1 Before intersection 124.3 – –
2 At intersection Unidentified

structure‡
– –

3 1.08 Unidentified
structure‡

– –

4 2.16 Unidentified
structure‡

81.2 –

5 3.24 111.7 82.0 1.36
6 4.32 108.8 79.9 1.36
7 5.4 109.8 79.4 1.38

† The Bonnet ratio of the two phases is shown where applicable. ‡ The signal-to-noise
ratio was very low and not sufficient to ensure successful SAXS analysis.
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For the PHYT/DOPG weight ratio of 10:1, as shown in

Fig. 5(a), the exposure of the negatively charged PHYT/

DOPG cubosome nanoparticles with internal inverse bicon-

tinuous cubic Im3m phase to Ca2+ ions induced a significant

effect on the structure. There is an indication of the occur-

rence of a new phase shortly after exposure of these nano-

particles to Ca2+ ions. The first reflection of this new coexisting

phase started to appear at a reaction time of 0.27 s with a q

value of about 1.15 nm�1 [marked with a blue arrow in

Fig. 5(a)] and overlapped with the second reflection of the

bicontinuous cubic Im3m phase. The assignment of this phase

is based on the following: (1) an increase in the intensity of the

second reflection of the cubic Im3m phase as compared with

its first strongest reflection appearing at a q value of about

0.82 nm�1, indicating the occurrence of a new phase; (2) the

development of this coexisting new phase as moving down the

intersection (reaction times longer than 0.27 s; Fig. 5a); (3)

previous studies on the effect of Ca2+ ions on MO/DOPG

dispersions by combining SAXS with a stopped flow apparatus

(Yaghmur, Sartori & Rappolt, 2011). This newly formed

coexisting phase was identified as an inverse cubic phase of

symmetry Pn3m and its first two reflections were best distin-

guished at 1.35 s after mixing [marked with red arrows in

Fig. 5(a)]. They were detected at q values of 1.185 and

1.435 nm�1. A slight decrease in the calculated lattice para-

meter was found as this phase develops over time when

moving down the intersection (Table 1). As the newly formed

cubic Pn3m phase started to appear, the intensity of the first

and strongest reflection of the cubic Im3m phase was signifi-

cantly reduced with increasing mixing time. Traces of this

phase coexisting with a more developed cubic Pn3m phase

were still recognizable on the SAXS spectra after 1.35 s of

mixing with Ca2+ ions.

Another experiment was performed on the effect of Ca2+

ions on a dispersion containing a higher DOPG concentration

(PHYT/DOPG weight ratio of 7:1). It was evident that Ca2+

ions induce a structural transformation from an internal

inverse cubic Im3m phase with a lattice parameter of 12.43 nm

to a biphasic nanostructure consisting of a cubic Im3m phase

with a lattice parameter of 10.98 nm and a cubic Pn3m phase

with a lattice parameter of 7.94 nm (Fig. 5b). It took a much

longer time for the cubic Pn3m phase to develop in this

formulation. A sharp peak signifying the cubic Pn3m phase

only became apparent [marked with a blue arrow in Fig. 5(b)]

after 2.2 s of mixing. This phase became distinguishable and its

lattice parameter started to slightly decrease from 8.12 to

7.94 nm (a decrease of 2%) after 3.16 s. The cubic Im3m phase,

however, started to vanish much faster and only traces of this

phase were found with increasing mixing time. This phase also

suffered a large decrease in its lattice parameter from 12.43 to

10.98 nm after 5.4 s of hydrodynamic mixing. The coexistence

of the bicontinuous cubic Pn3m and Im3m phases is governed

by an interesting relationship described by the Gauss–Bonnet

theorem (Hyde, 1996). When a phase transition occurs in

excess water, the ratio of the parent and product lattice

parameters follows the so-called Bonnet ratio (Hyde, 1996).

The reported theoretical Bonnet ratio for a biphasic Im3m/

Pn3m structure is 1.27 (Hyde, 1996; Larsson & Tiberg, 2005).

In the present work, the Bonnet ratio for these two detected

phases ranged between 1.36 and 1.41 (Table 1). Note that

previous studies on the structural characteristics of different

lipid dispersions reported Bonnet ratios for coexisting Im3m/

Pn3m phases in the range of 1.31–1.36 (Larsson & Tiberg,

2005; Yaghmur, Laggner, Almgren & Rappolt, 2008; Guillot et

al., 2010; Nilsson et al., 2014). Thus, the obtained values are in

reasonable agreement with the previous reports. The struc-

tural changes on exposure of Ca2+ ions to cubosomes are

attributed to electrostatic interactions between the calcium

ions and the negatively charged headgroups of the DOPG

molecules. It was reported that different negatively charged

phospholipids form strong complexes with Ca2+ ions by

lessening electrostatic repulsion forces at the lipid–water

interface, which results in a release of water molecules

(dehydration of the hydrophilic headgroups) (Yaghmur,

Sartori & Rappolt, 2011) and a tighter packing of the fatty

chains (the condensing effect) (Pedersen et al., 2006). It has

been further reported that the concentration dependence of

the condensing effect for Ca2+ induces a decrease in the water

permeability of DOPG and its lateral diffusion constant (DL)

(Filippov et al., 2009). In addition to electrostatic interactions,

the entropy gain due to the release of water molecules from

the hydration shells of the hydrophilic headgroups of nega-

tively charged phospholipids (the dehydration effect) has been

found to play an important role in modulating the self-

assembled nanostructures (Garidel & Blume, 1999; Garidel et

al., 2000).

It was suggested by Lehrmann & Seelig (1994) that the

mechanism behind the strong binding of Ca2+ ions to nega-

tively charged phospholipids consists of two major steps:

(1) Increasing the local Ca2+ concentration: the divalent

ions are attached to the anionic groups of the lipid molecules,

resulting in an increase in the local Ca2+ concentration at the

lipid–water interface.

(2) Interactions of Ca2+ ions with the phosphate group:

coordination complexes form as a result of the direct inter-

actions of Ca2+ ions with the phosphate group of one or more

lipid molecules (Lehrmann & Seelig, 1994; Yaghmur, Laggner,

Sartori & Rappolt, 2008).

4. Conclusion

A simple microfabrication technique for producing micro-

fluidic chips compatible with synchrotron X-ray techniques is

presented in this work. The designed microfluidic system is

based on UV-curable thiol–ene-chemistry-based polymers,

with X-ray-compatible polystyrene windows. It is simple, low

cost, easy and rapid to produce, disposable, and reduces

sample consumption to few tens of microlitres. Moreover, the

microfluidic system allows the rapid changing of samples and

could be useful for a variety of investigations such as protein

folding. As proof of concept, to demonstrate the functionality

and suitability of the microfluidic device for X-ray experi-

ments, the effect of calcium ions on negatively charged

cubosomes was investigated.
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A successful combination of synchrotron SAXS with the

microfluidic device was used to monitor in real time calcium-

triggered structural changes on direct exposure of negatively

charged cubosomes to buffer containing Ca2+ ions. It was

possible to follow the internal structural transitions of PHYT/

DOPG-based cubosomes from cubic Im3m to Pn3m phases in

a time range of 0.5–5.5 s. These results demonstrate the effi-

ciency of the microfluidic system and its usefulness for

obtaining information on dynamic structural transitions in

cubosomes and other related nanostructured aqueous

dispersions used as nanocarriers for delivery of drugs and

imaging probes.
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