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Comparison of bulk and microfluidic methods to monitor the
phase behaviour of nanoparticles during digestion of lipid-based
drug formulations using in situ X-ray scattering

Linda Hong,*® Muhsincan Sesen,®’ Adrian Hawley,® Adrian Neild,® Patrick T. Spicer® and Ben J.
Boyd*P*

The performance of orally administered lipid-based drug formulations is crucially dependent on digestion, and
understanding the colloidal structures formed during digestion is necessary for rational formulation design. Previous studies
using the established bulk pH-stat approach (Hong et al. 2015), coupled to synchrotron small X-ray scattering (SAXS), have
begun to shed light on this subject. Such studies of digestion using in situ SAXS measurements are complex and have
limitations regarding the resolution of intermediate structures. Using a microfluidic device, the digestion of lipid systems
may be monitored with far better control over the mixing of the components and the application of enzyme, thereby
elucidating a finer understanding of the structural progression of these lipid systems. This work compares a simple T-junction
microcapillary device and a custom-built microfluidic chip featuring hydrodynamic flow focusing, with an equivalent
experiment with the full scale pH-stat approach. Both microfluidic devices were found to be suitable for in situ SAXS
measurements in tracking the kinetics with improved time and signal sensitivity compared to other microfluidic devices
studying similar lipid-based systems, and producing more consistent and controllable structural transformations. Particle

sizing of the nanoparticles produced in the microfluidic devices were more consistent than the pH-stat approach.

Introduction

Amphiphilic molecules can self-assemble into a variety of differ-
ent liquid crystalline geometries, such as cubic or hexagonal
phases, when hydrated with solvent.! Dispersions of lipidic lig-
uid crystalline phases consist of sub-micron particles that pos-
sess the internal phase structure comprising ordered internal
hydrophilic and hydrophobic channels.2 When the bicontinuous
cubic (V2) and inverse hexagonal (H;) phases are dispersed in
excess solvent, the particles are known as cubosomes and hex-
osomes, respectively. Transitions between structures can be
triggered using various stimuli such as temperature,? en-
zymes,*® changes in pH,”8 addition of guest molecules (eg.
DNA, cyclodextrins)®-11 or a change in ionic strength.12-14 |n drug
delivery applications, different phases can exhibit different
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rates of drug release.!>16 Thus, there is an opportunity to take
advantage of these transformations to control the rate and lo-
cation of drug availability.

There is a growing recognition that lipid self-assembly dur-
ing digestion may be crucial to determining interactions with
drugs,1” drug absorption and overall effectiveness of lipid-based
drug formulations and that it could be used to deliberately tar-
get specific structural transformations in the gut. Fong et al. and
Hong et al. designed enzyme-responsive lipid-based systems to
trigger the structural evolution from a slow-releasing micellar
phase structure to a fast-releasing cubic structure.*> Synchro-
tron-based small angle X-ray scattering (SAXS) coupled to an in
vitro digestion model, known as the pH-stat approach, (Fig. 1A)
was employed to monitor the structural transformations in real
time.18

The initially unstructured emulsion (inverse micellar L,
phase in Fig. 1B) consisted of the lyotropic lipid phytantriol
mixed with a bulky triglyceride, such as tributyrin (Fig. 1C).
When together, the triglyceride disrupts the natural tendency
of the phytantriol to form the bicontinuous cubic phase. For an
emulsion consisting of phytantriol and tributyrin, the scattering
initially provided only a broad hump which shifted to the left of
the profile as the lipids were digested with the addition of en-
zyme at 200 secs (Fig. 1B). This implies that the lattice parame-
ter, which can infer the internal water channel dimension, had
increased. The hump gradually lessened in prominence during
digestion as peaks with a spacing ratio of V2, V3, V4, V6, V8, V9
emerged. This specific scattering profile is unique to the bicon-
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Fig. 1 A) The experimental configuration for the pH-stat approach integrated with the X-ray beam for SAXS measurements. There are multiple components to the configu-
ration to control parameters such as temperature and pH. B) A set of scattering profiles following the kinetics of the structural evolution during the digestion of a lipid

system, showing the transformation from inverse micelles to cubic phase particles after the addition of enzyme at 200 secs. The annotation of the peaks with their rela-

tive spacing ratios as 2, V3, V4 etc. indicates the presence of the highly ordered cubic phase, forming from the disordered L, phase indicated by the broad hump. Figure
adapted with permission from Hong et al.> Copyright 2015 American Chemical Society. C) A schematic of the enzyme-induced transformation from the inverse micelle

containing phytantriol (PHYT) and tributyrin (TB).

tinuous cubic Pn3m phase, which is the structure that phytan-
triol self-assembles into at these conditions.’® No apparent in-
termediate phases were observed.>

Although the pH-stat approach allows tracking of the phase
transitions over time, the experimental apparatus required is
cumbersome and difficult to incorporate with advanced analyt-
ical techniques. The pH-stat apparatus, schematically presented
in Fig. 1A, requires at least 20 mL volume to run in flow through
mode, which can be prohibitive for investigating special lipid
compositions, or where drugs are incorporated into the materi-
als. There is also a delay in formulation transiting from the di-
gestion vessel to the capillary, during which phase transitions
are possible. The mixing efficiency inside the vessel is also not
well understood. Lastly, the means of remote delivery of the en-
zyme to the vessel via a syringe driver, means that at early time
points there is a non-homogeneous distribution of lipase, pre-
senting uncertainty about non-equilibrium structures and non-
uniform compositions. Ideally, the sample should be examined
instantaneously once fully mixed. The advantages of microfluid-

ics over the bulk approach has been summarised in Table 1.
Table 1. Summary of the advantages and the limitations of the bulk pH-stat approach
versus the microfluidics approach.

To reduce the experimental space required by the appa-
ratus, greatly enhance mixing control, decrease sample con-
sumption, and enable in situ analysis of transformations, micro-
fluidics is proposed as an alternative format to alleviate the
shortcomings of the pH-stat approach.2? The ability to monitor
real-time transformations along the microchannel is a result of
the low Reynold’s number.21 This yields laminar flow and diffu-
sion-limited mixing, thus allowing the correlation between the

This journal is © The Royal Society of Chemistry 20xx

spatial position in the microchannel and the temporal position
in the reaction.22.23 Additionally, microfluidics can demonstrate
a higher sensitivity, improved reproducibility, and be used as a
high throughput method,2° all of which can be advantageous for
these studies.

Microfluidic approaches have been previously applied to as-
sist the analysis of lipid-based systems with conventional tech-
niques.2* The incorporation of DNA into multilamellar vesicles
by Otten et al. was determined by a change in the d-spacing
(spacing between two aligned lattice planes) of the DNA interax-
ial distance which could be detected with SAXS.25 The kinetics
of this change were monitored along the length of a microfluidic
channel where an intersection of three converging channels re-
sulted in the co-axial flow of a DNA solution between two
streams containing vesicles. The design of the channels is gen-
eralised in Fig. 2. More recently, Ghazal et al. monitored a lipidic
cubic phase system changing from the Im3m phase to the Pn3m
phase when mixed with calcium ions using a similar channel de-
sign.12 The point of complete diffusion of the ions into the for-
mulation could also be characterised with equations taking into
account flow rates and the diffusion coefficient of the sub-
strates among other variables. In both instances, the three co-
axial streams allowed diffusion of a stimuli-inducing substance
via two interfaces into the stream of the formulation to yield a
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structural change.

Ghazal et al. and Otten et al. performed their experiments
using custom microfluidic chips, however these facilities may
not be readily accessible to all researchers. While microfluidic
devices can be made incredibly complex, simpler “off-the-shelf”
devices have been used to achieve similar manipulations of lig-
uid crystal systems.26.27 A simple T-junction configuration com-
posed of liquid chromatography components was utilized by
Bottaro et al. to form and load liposomes.2¢ The results were
compared with equivalent experiments in a chip-based micro-
fluidic device and with the bulk approach.2¢ Size dispersity was
observed to be more consistent and lower for the “off-the-
shelf” device, which is particularly important for drug delivery
applications.

Consequently in this work, the practicalities of an “off-the-
shelf” and chip-based microfluidic device to study the digestion
of lipid-based formulations were investigated. The configura-

Fig. 2 Schematic of the channel design used to converge three incoming chan-

nels known as hydrodynamic flow focusing. The three flows enter the output

channel where the flow of the dispersed phase is sandwiched by the two flows

of the continuous phase. There are two interfaces through which substrates can

diffuse across for reactions to occur.
tion of the channels in either device can enable laminar flow for
the solutions of enzyme and formulations alongside each other.
The custom-fabricated microfluidic chip to study the digestion
of lipid-based formulations was fabricated taking into account
the elements identified in the devices from Ghazal et al. and Ot-
ten et al.122> Digestion would occur due to diffusion between
the enzyme and formulation streams, affording more control
over the transformation than former methods. However, the
suitability of either device is anticipated to depend on the chan-
nel design, flow rate limits, and the compatibility with SAXS.

In contrast to traditional pH stat studies where the sample
was analysed at a fixed position under a flow-through appa-
ratus, different positions along the channel in the microfluidic
devices were successfully aligned with the SAXS beam to allow
acquisition of the structural data correlating to different time
points in the reaction. The total flow rates (TFR) were manipu-
lated to alter the kinetics of the digestion and enable the obser-
vation of the full transition of the stimuli-responsive formula-
tion. Data were then compared to the phase behaviour ob-
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served with the pH-stat approach. Two enzyme-sensitive emul-
sions were examined: phytantriol with 20% w/w tributyrin
(PHYT20TB) and phytantriol with 15% w/w tricaprylin
(PHYT15TC), selected based on previous studies with these sys-
tems.> Specifically, the PHYT20TB emulsion was reported previ-
ously to transition from the L, phase to the cubic Pn3m phase
with no intermediate phases observed in the pH-stat approach.
The PHYT15TC system transitioned from the L, phase to the H,
phase to the bicontinuous cubic Pn3m phase. The PHYT20TB
system is a well-studied system and a good test case for micro-
fluidics interfacing with SAXS, while the digestion of PHYT15TC
is of interest for its transformation across three phases.

Materials and Methods

Phytantriol (3,7,11,15-tetramethylhexadecane-1,2,3-triol, PHYT)
was from DSM Nutritional Products Ltd, Singapore. Selachyl
alcohol (SA) was obtained from Hai Hang Industries, China.
Tributyrin (TB) and tricaprylin (TC) were obtained from TCI
Chemicals, Tokyo, Japan. Sodium chloride was from Chem-
Supply, SA, Australia. Trizma maleate, butyric acid (BA), caprylic
acid (CA) and 1-monocapryloyl-rac-glycerol (C8:0, MC) were
obtained from Sigma-Aldrich, MO, U.S.A. Calcium chloride
dihydrate and glycerol (GLY) were from Ajax Finechem, NSW,
Australia. Sodium azide was from Merck Schuchardt OHG,
Darmstadt, Germany. Sodium hydroxide pellets were from Ajax
Chemicals, NSW, Australia. Water was from a Milli-Q water
purification unit (Millipore, Australia). Synperonic F108
(Pluronic F108) was purchased from Fluka, France. Pancreatin
was obtained from Southern Biological, VIC, Australia. 4-
bromophenylboronic acid (4-BPBA) was acquired from Aldrich,
China. Methanol was obtained from Merck KGgA, Darmstadt,
Germany. All chemicals were used without further purification.
Sample preparation

Digestible lipid formulations. In a scintillation vial (20 mL),
phytantriol was combined with TB (20% w/w of lipid content) or
TC (15% w/w of lipid content). The lipid mixtures were heated
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until they flowed at 60°C and vortexed until homogeneous. Li-
pid (10% w/w) was then dispersed in a Tris buffer solution (con-
taining 1% w/w Pluronic F108) using a Misonix Ultrasonic liquid
processor S-4000 (USA) at 30% amplitude for 2.5 min, pulsing
on for 4 secs and off for 1 sec. Tris buffer at pH 6.5 was com-
prised of the following: 150 mM sodium chloride, 50 mM Trizma
maleate, 5 mM calcium chloride dihydrate, 6 mM sodium azide,
and 50 mM sodium hydroxide.

Static simulated ‘digested’ lipid formulations. Different
proportions of the phytantriol, triglyceride and digestion prod-
ucts (fatty acids and monoglyceride or glycerol) were dispersed
in Tris buffer containing 1% Pluronic F108 and processed as de-
scribed with the aforementioned formulations. Each formula-
tion contained the same amount of phytantriol with the remain-
der of the lipid component comprised of required amounts of
triglyceride and digestion products. As the amount of triglycer-
ide was decreased in the formulation, the equivalent mass was
replaced by the appropriate mol ratios of the fatty acid and
monoglyceride or glycerol. To determine the compositions of
the simulated ‘digested’ formulations, it was assumed that TB
was digested to yield a 1:3 glycerol:fatty acid mol ratio,?8 while
TC digested to a 1:2 monocaprylin:caprylic acid mol ratio.2° The
compositions of each formulation have been described in Sup-
plementary table 1 and Supplementary table 2 for PHYT20TB
and PHYT15TC, respectively.

Enzyme suspension. A lipase suspension was rehydrated
from a freeze-dried preparation of pancreatic lipase with Tris
buffer (containing 1% w/w Pluronic F108) prepared according
to the method described by Clulow et al.30 Activity was deter-
mined to be 500 TBU/mL of digest.

Equilibrium phase behaviour

The static simulated ‘digested’ lipid formulations were loaded
into quartz capillaries for SAXS measurements at the Australian
synchrotron. The formulations were analysed using an X-ray
wavelength A = 0.954 A (equivalent to energy = 13 keV) and a
sample to detector distance of 1531 mm (determined by cali-
bration with silver behenate) which provided a g range of
0.0111 - 0.659 A-1, where q is the scattering vector determined
by the equation: g = 41t/ sin(6/2), where 8 is the scattering an-
gle. Acquisition time at the detector was set to 5 secs. The two-
dimensional scattering patterns were acquired using a Pilatus
1M detector with an active area of 169 x 179 mm2 with 172 um
pixel size. The scattering patterns were then integrated into a
one-dimensional scattering function I(q) using the in-house
software, Scatterbrain (version 1.15).31

Identification of the nanostructures from the scattering
function was determined by correlating the relative spacing ra-
tios between the positions of the Bragg peaks to literature.32

Microfluidic setup

“Off-the-shelf” microfluidic device (OTS-MF). The capillary-
based microfluidic device was assembled using a T-junction
(IDEX P-728 PEEK Tee with a 1.3 mm thru-hole) and a borosili-
cate glass capillary (1.5 mm OD, 0.84 mm ID, length: 100 mm,
World Precision Instruments, U.S.A.) as shown in Fig. 3. The ca-
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beam at the SAXS beamline (Australian Synchrotron). Solutions were delivered to the T-
junction via a syringe driver before flowing into the capillary. The X-ray beam scanned
the length of the capillary to track the structural kinetics of the digestion.

pillary was fitted securely into the T-junction with approxi-
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Fig. 4 Schematic depicting the distance, x, the enzyme in the blue stream
needs to traverse across the flow of the emulsion (red) to be considered fully
mixed in the two microfluidic devices. A) The enzyme needed to travel 420
um, which was half the width of the capillary of the OTS-MF device (x,) to ac-
cess all droplets in the emulsion. However, given the X-ray beam was only 200
um in width and focused at the centre of the channel, calculations only
needed to take into account half this dimension (x,). B) As there were two
streams of enzyme on either side of the stream of emulsion, enzyme only
needed to travel to the centre of the enzyme flow (x3) to be considered fully
diffused.

mately 7 cm of the length accessible to the X-rays. The solutions
to be mixed were filled in separate Luer Lock syringes (3 mL) and
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channels on the left via syringe pump. When the solutions converged at the intersection, the enzyme solution pinched the lipid dispersion to form a co-flow of solutions

known as hydrodynamic flow focusing (inset). The X-ray beam was focused at various positions along the microchannel to track the kinetic nanostructures by mounting

the chip and syringe drivers on an XYZ translation stage with the chip perpendicular to the beam. B) Top view of the device. C) Side view of the device. There were three

ports in which the tubing can be inserted to deliver the solutions into the channels (left) or remove waste (right).

delivered to the T-junction via HPLC tubing. Fittings
(NanoTight™ PEEK Headless, Short, 10-32 Coned, for 1/16" OD)
from IDEX Health and Science (USA) were used to connect the
tubing to the T-junction, and the T-junction to the capillary.
Both syringes were controlled using the NE-4000 2 Channel Sy-
ringe Pump from New Era Pump System Inc. (U.S.A.).

Serpentine microfluidic device (S-MF). The custom micro-
fluidic device illustrated in Fig. 5 was fabricated at the South
Australian node of the Australian National Fabrication Facility.
The device featured microchannels etched into quartz to a
depth of approximately 60 pm. The channel design included two
inlet channels where one inlet port divided into two channels
and converged at the intersection with the other inlet channel.
Flow proceeded through a serpentine length of channel of
length ~350 mm before exiting from the outlet port. Two sy-
ringes (1 mL, from BD, U.S.A.) driven by a syringe driver as de-
scribed for OTS-MF delivered the solutions to the device via
PTFE tubing (0.012"ID x 0.030"0OD, Cole-Parmer, U.S.A.).

Monitoring the real-time evolution of structure during digestion

In the microfluidic devices. Structural kinetic studies were per-
formed on the SAXS/WAXS beamline at the Australian Synchro-
tron, VIC, Australia.33 The microfluidic devices were fixed to a

This journal is © The Royal Society of Chemistry 20xx

metal support, with the microchannels positioned in-line with
the X-ray beam. The enzyme suspension and lipid formulation
were flowed to the devices via the syringe driver at a flow rate
ratio of 1 and variable TFR. The system was stabilized for an ap-
propriate amount of time before structural data were acquired.
Data were acquired at consistent increments along the length
of the microchannels, noting the exact locations to determine
the corresponding reaction time points. Experiments were run
at hutch temperature (~27 °C).

The scattering experiments conducted with the OTS-MF de-
vice utilised the setting described previously in Equilibrium
phase behaviour. The S-MF device in other experiments re-
quired a wavelength of 0.620 A (20 keV) with sample to detector
distance of 1561 mm which provided a g range of 0.0193 - 0.611
A1 Acquisition time of the data was set to 30 secs. Once more,
the scattering patterns were then integrated into a one-dimen-
sional scattering function I(q) using the in-house software, Scat-
terbrain (version 1.15).31 |dentification of the nanostructures
from the scattering function was determined by correlating the
relative spacing ratios between the positions of the Bragg peaks
to literature.32

In the pH-stat apparatus. To compare with microfluidic ex-
periments, equivalent experiments were run with the pH-stat
apparatus. The pH-stat apparatus was set up to digest 1 mL of
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formulation with 1 mL of enzyme, and the mixture diluted to 17
mL with Tris buffer to facilitate a flow-through digestion as de-
scribed by Warren et al.18 The settings for SAXS were the same
as for the OTS-MF device. Digestions were run at 37 °C, while
the pH was maintained at 6.5 with automated titration (0.2 M
NaOH). Once digested to completion at 380 secs, 1 mL of the
digested PHYT20TB solution was added to 10 pL of 5 mg/mL 4-
BPBA in methanol for particle size testing.

Determination of the completion of diffusive mixing

The digestion of the lipid in the microfluidic devices was limited
by the diffusion of the enzyme at the lipid-enzyme solution in-
terface to the far edge or centre of the lipid stream for the OTS-
MF and S-MF devices, as represented by x, and x3 respectively
in Fig. 4. To determine the position of complete diffusion along
the microchannel, the time of complete mixing, t, was first cal-

culated using Equation 1.12,34
Equation 1. Equation to determine the time of complete mixing across a distance, x,
and taking into account the diffusion coefficient, D.

t =/

This equation takes into account the lateral distance the solute,
x, in this case is lipase, must travel across (which has been illus-
trated in Fig. 4), and its diffusion coefficient, D. For the OTS-MF
device, the distance that the enzyme needed to diffuse across
was 100 pm which is half the width of the X-ray beam and the
only relevant region for calculating the diffusion. The diffusion
coefficient of the pancreatic lipase was obtained from litera-
ture3> and adjusted for Taylor-Aris dispersion using Equation
2.36

Equation 2. Equation used to adjust the diffusion coefficient of molecules, taking into
account the Taylor-Aris dispersion, where K is the Taylor-Aris dispersivity, U is the aver-
age fluid velocity, and d is the distance between the parallel walls of the microfluidic
channels.

K 1 (Ud\?
5= 1*755(p)

The complete mixing time was then converted to a distance
along the length of the microchannel. The average velocity was
determined from the flow rates and the volume of the channels.
An example of these equations used for the total flow rate of
1200 pL/hr can be found in Supplementary table 3. The distance
at which complete diffusion is expected with adjusted diffusion
coefficients for the pancreatic lipase are shown in Supplemen-
tary table 4 and Supplementary table 5 for the OTS-MF and S-
MF device, respectively.

Comparing particle size between the pH-stat and microfluidic
techniques

Dynamic light scattering (Zetasizer Nano ZS, Malvern Instru-
ments, UK) was performed on samples obtained from the end
point of digestion of PHYT20TB in the microfluidic devices at dif-
ferent TFR. The digested sample was collected (2 uL), diluted in
995 ulL of Milli-Q-grade water and run immediately without in-
hibitor. Experiments were run in triplicate. Inhibited samples
collected from the pH-stat digestions were also assessed with
the same protocol.

This journal is © The Royal Society of Chemistry 20xx

Results and discussion

The use of microfluidics in conjunction with traditional analyti-
cal techniques to investigate the transformations of enzyme-re-
sponsive liquid crystalline systems can enable greater control
over experiments. Microfluidics can also be customized to
achieve any experimental manipulations through alterations in
channel designs, material or the device, or additional electronic
components. Due to the numerous available customizations
and their vast range in costs for fabrication, the results were
used to compare a relatively inexpensive OTS-MF device with
the S-MF device. Factors including mixing efficiency, signal res-
olution (SAXS) and particle sizing were evaluated between the
devices.

Influence of the microfluidic design for mixing

Channel design determines the flow of solutions and mixing ef-
ficiency in microfluidic devices. The OTS-MF device featured a
T-junction allowing the convergence of the lipid formulation
and enzyme suspension. The two solutions flowed as two
streams along the length of the capillary. As such, enzyme could
only diffuse through one interface of the lipid stream to induce
digestion. The S-MF device featured three converging channels
that resulted in hydrodynamic flow focusing and the co-axial
flow of three streams (lipid emulsion sheathed by two enzyme
streams).12.22 This provided relatively more interfacial area
through which the enzyme can diffuse.

The position of complete mixing relative to the full length of
the respective microchannels was calculated to occur earlier
along the channel for experiments in the S-MF device than in
the OTS-MF device, and slower TFR were calculated to delay the
diffusion process (refer to Supplementary Table 4 & 5). At the
slowest TFR (10 pL/hr) used in the S-MF device, complete diffu-
sion was calculated to occur by 8% of the entire length of the
channel (28 mm from the point of initial contact) while com-
plete mixing was anticipated to occur by 2% of the channel
length at 40 pL/hr (7 mm from the point of initial contact). A
similar trend was calculated for the OTS-MF device where
shorter distances of complete diffusion were calculated for
faster TFR (0.14% of the channel when set to 12000 uL/hr), and
vice versa longer distances were calculated for slower TFR
(14.4% of the channel when set to 120 uL/hr). The greater flow
rates enhanced the Taylor-Aris dispersion effect and conse-
quently the diffusion coefficient of the lipase (refer to Equation
2). As such, the position of complete diffusion into the lipid
stream was calculated to occur earlier along the channel. Alt-
hough the distance to complete mixing in the OTS-MF device
was at most 14.4 mm from the point of convergence, this dis-
tance was within the section of capillary hidden in the T-junc-
tion and inaccessible to X-rays (or other analytical techniques),
therefore data obtained at all positions along the remaining
length of the capillary reflected completely mixed systems, and
any non-equilibrium structures would not be due to incomplete
mixing. As for the S-MF device, the position of complete mixing
occurred within the first 8% of the channel, leaving more than
32 cm of the channel available for tracking phase transitions.
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triglyceride (OTC-15DP). The data is also plotted as a lattice parameter vs. the amount of digestion product in the system in C) for the TB system and in D) for the TC system.

Phase diagram of samples representing equilibrium compositions
expected during ‘digestions’

The structure of samples at specific compositions represent-
ing different stages of digestion were measured using SAXS to
compare to the structures formed during the dynamic digestion
experiments (Fig. 6). The relative spacing between the peaks
was used to determine the different phases and the lattice pa-
rameters of the different structures were also calculated over
the apparent extent of ‘digestion’.

Each formulation comprised of the same amount of struc-
ture forming lipid, PHYT, and varying amounts of triglyceride
and/or the digestion products (DP). The DP were comprised of
the fatty acids and monoglycerides or glycerol in their appropri-
ate mol ratios. The ratio of triglyceride to DP was varied to rep-

This journal is © The Royal Society of Chemistry 20xx

resent different extents of digestion and was described in Sup-
plementary table 1 and Supplementary table 2.

Without any digestion products being present, i.e. the start-
ing formulation at time = 0, the PHYT20TB emulsion was in the
L, phase as demonstrated by the broad hump (20TB-0DP) in Fig.
6A. In the case of the PHYT20TB system, the DP consisted of 3
mol of butyric acid and 1 mol glycerol. At 18% w/w TB and 2%
w/w DP (18TB-2DP), peaks with a spacing ratio of V2, V3, V4, V6,
V8, V9 in coexistence with the emulsion were apparent, signify-
ing the presence of the ordered cubic Pn3m phase. As the pro-
portion of triglyceride was replaced by fatty acids and glyc-
erol/monoglycerides, the characteristic hump became more
level with the background scattering while the peaks for cubic
phase became more pronounced, signifying a clear range of
concentrations over which the system transitioned from L,
phase to the bicontinuous cubic phase structure.
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As was the case for PHYT20TB, without addition of digestion
products the PHYT15TC was an emulsion (L, phase) as denoted
by the hump as shown in Fig. 6B. The H; phase, indicated by the
peaks with a spacing ratio of 1, V3 and V4, formed at 9% w/w TC
and 6% w/w DP (where in this case DP was 2 mol caprylic acid
and 1 mol of monocaprylin) (9TC-6DP). At 3% w/w TC and 12%
w/w DP (3TC-12DP), the H, phase persisted and the L, phase
was no longer evident; instead, peaks with relatively low inten-
sity were apparent that indicated the presence of cubic Pn3m
phase, demonstrated by the minor peaks labelled V2 and V3.
Only the cubic Pn3m phase remained when all of the TC was
replaced with digestion products in the formulation (0TC-15DP).
With increasing amount of DP in these static systems, the peak
positions were shifting towards lower g which correlated with
the increase in lattice parameter illustrated in Fig. 6D as the na-
noparticles swelled with aqueous phase.

Device sensitivity

To track the structural changes during the digestion of lipid-
based formulations, the devices needed to be compatible with
SAXS. Ideally, a device composed of X-ray transparent material
with thin walls or windows would permit sample detection, and
a larger transmission distance/pathlength through the sample
would enable greater signal as the X-rays see more scattering
material from the sample (but not so thick that multiple scatter-
ing effects occur). To determine the relative sensitivity across
the three configurations, the signals from the devices are com-
pared in Fig. 7.

The OTS-MF device exhibited high sensitivity for the liquid
crystal structures. An X-ray energy setting of 13 keV was suffi-
cient to yield signals from sample within the borosilicate glass
capillary. This was expected because the device was con-
structed from a capillary similar in material and diameter, to the
capillaries typically used in experiments for static samples. In
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fact, it appeared that the OTS-MF capillary yielded at least a
three times greater signal than the capillary used in the pH-stat
apparatus (Fig. 7B) which could be a result of the microcapillary
having a larger capillary diameter and so a greater sample dis-
tance.

Comparatively, the S-MF device exhibited a lower sensitivity
with SAXS. This is due to the ratio of path length through the
sample compared to that through the quartz (or thickness of the
sample holder), is much lower than that observed in the OTS-
MF device. This required the energy of the X-ray beam to be in-
creased to 20 keV and an additional increase from the usual ac-
quisition time of 5s to 30 s to counteract the loss of signal. Even
after this optimisation, the resultant signal was observed to be
about 10 times lower than the standard capillary signals at 13
keV. However, the background signal was also lower, meaning
that the diffraction peaks from the sample could still be readily
identified.

Kinetic structural evolution during digestion

Kinetics of the phase transitions of PHYT20TB and PHYT15TC
were monitored in all three experimental configurations inte-
grated with synchrotron-based SAXS. Fig. 8 displays the scatter-
ing profiles obtained from the systems during digestion in the
pH-stat approach, OTS-MF device, and S-MF device, while Fig. 9
presents changes in the lattice parameters of the mesophases
in the nanoparticles during digestion.

PHYT20TB is a well-studied system that transitions from L,
phase to the parent cubic Pn3m phase during digestion in the
pH-stat approach.4> At the start of digestion in the pH-stat ap-
proach (Fig. 8A), the g-position of the broad hump (indicative of
L, phase) shifted to the left which suggested the lipid droplets
were swelling with water.37 The shift to lower g was also noted
between 20TB-0DP and 18TB-2DP for the L, phase in Fig. 6A. At
approximately 20 secs, two peaks with a spacing ratio of v2 and
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formulation underwent digestion, the hump flattened out while other peaks emerged, suggesting a restructuring of the lipid molecules into ordered phases. At the con-
clusion of all the digestions, at least two peaks were visible in the spacing ratio V2, V3, V4, V6, V8, V9 which is representative of the cubic Pn3m phase. For the digestions
performed in the OTS-MF device (C, D), experiments performed at the same TFR are grouped with the same colour to differentiate from those done at different TFR.

V3 became visible, sufficient to be identified as cubic Pn3m
phase.32 There was a minor amount of cubic phase forming at
this stage hence a low intensity signal that was insufficient for
the latter peaks (V4, V6, V8, V9 etc.) to be noticeable. Thereafter,
the scattering for the cubic Pn3m phase remained constant in

terms of g-position, number of peaks and intensity for the re-
mainder of the digestion where the lattice parameter of the
cubosomes in the dynamic digestion was 64.4 A (Fig. 9A) which
was similar to that of 14TB-6DP in Fig. 6A (64.4 A) indicating that
the formulation contained at least 6% w/w digestion products
(consisting of glycerol and BA) at that point, which was the

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins



Please do it

Journal Name

w1t margins

ARTICLE

A PHYT20TB D PHYT15TC
- 70
3 - 65 EEEEEEESEEEEEEEER 280
g ‘geo Em r
0 ©s55 T
© E )
- Ss50@ &
T O o
“E; 8 451 ® 50 s LALLM
I £40 £
e 3, 540 pemenee
30 T 30 ; . }
B E
EEEEEE # = = 80
8265f =" . I . " " "t EpEEa
= 60 =
S -2- 8 70
[}] © 55 [7]
T E Ego -
L S50 & A
= & &
(;) g 45 8 50
= E£40 ° £
o 5, LU 4
30 - T 30 T |
c % F
P — 280 1
S Lo =70
S 8§ 5
© E E g0
T  £s5p g
L g &
= g® g %0 M
0 £ 40 °® g
3 35 Sen VA= 540 e
30 T 30 T T : : 1
0 100 200 300 400 0 200 400 600 800 1000 1200 1400
Time (secs) Time (secs)
oL, AH, EPn3m
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(A), OTS-MF device (B) and S-MF device (C), and PHYT15TC in the pH-stat approach (D), OTS-MF device (E) and S-MF device (F). Lattice parameters were calculated from the peak

maxima, and peak broadening was not accounted for.

equivalent of at least 40% digestion. In addition to the cubic
phase in the scattering profile at 20 secs, there was an addi-
tional peak between the peaks at V2 and v3 at g = 0.155 AL, This
peak would suggest the coexistence of another structure. No
phases aside from L, and cubic phases existed in the static sam-
ples that represented the various stages of digestion (Fig. 6A).
So, it is possible that the peak could be a second Pn3m phase
with a smaller lattice parameter or an H; phase. The exact struc-
ture, however, cannot be confirmed given the presence of only
one peak. The presence of the unidentified phase in the pH-stat
approach may suggest that there was an uneven distribution of
the enzyme solution during mixing and the initial transport. A
greater proportion of enzyme may have impacted on the pack-
ing of the lipids to induce the formation of the intermediate
phase. This difference in phase behaviour, although subtle, was

This journal is © The Royal Society of Chemistry 20xx

also not evident in the data from the literature pH-stat ap-
proach,® serving to highlight the possible inconsistencies in mix-
ing or lack of resolution associated with studying such transi-
tions when using the pH-stat approach.

Digestion in the OTS-MF device, shown in Fig. 8B, exhibited
arelatively smooth transition within each set of TFR (as denoted
by the separate colours) however, the sets of kinetic data be-
tween the different TFR were noticeably different. The ex-
pected phase transition was observed from L, to cubic Pn3m
phase with increasing intensities. However, scattering profiles
of adjacent time points from the different sets of TFR were
vastly different in regards to the peak heights and peak posi-
tions. Between the yellow (6000 uL/hr) and green (2400 uL/hr)
sets of data, the first peak for the Pn3m phase abruptly in-
creased almost 50% in intensity and the second peak suddenly
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became prominent also. The jump in intensity between adja-
cent time points of different TFR was significantly more pro-
nounced, and it could be due to the large difference in TFR used
to compile the kinetic data. The greater difference in TFR would
have applied a greater shear stress of the self-assembly of the
molecules38 that appeared to push more structures towards the
equilibrium phase earlier in time (or earlier positions in the
channel). In Fig. 9B, the digestion yielded cubosomes with a lat-
tice parameter measuring 66.9 A, which did not correlate ex-
actly with the lattice parameters of the cubic phases in Fig. 6C
where the maximum lattice parameter measured was 65.9 A,
which would suggest that the particles formed in this microflu-
idic device were hydrated to a greater extent as a result of the
configuration. The lipase, which was absent in the equilibrium
formulations, could have influenced the hydration of the parti-
cles.

A smoother transition was observed from L, to cubic phase
when digested in the S-MF device (Fig. 8C), showing no interme-
diate phases. The gradual transition as opposed to an almost
instantaneous change observed in the pH-stat approach could
suggest that the transformation was more controlled with the
configuration of the S-MF device. Similar to the pH-stat ap-
proach, the lattice parameter of the cubosomes at the last time
point reached only 64.6 A, implying that digestion was at least
40% complete.

Between the digestions of PHYT20TB in the three experi-
mental configurations, the onset of the cubic Pn3m phase in the
pH-stat approach was the fastest, followed by the OTS-MF de-
vice, then the S-MF device. The cubic phase, which is the equi-
librium phase after the complete digestion of PHYT20TB, was
apparent in the first 20 secs of digestion in the pH-stat ap-
proach, and within 12 secs for the OTS-MF device. The lattice
parameter for the cubic phase formed in the pH-stat approach
(Fig. 9A) remained stable for the remainder of digestion after 40
secs despite at least 40% digestion of the tributyrin which may
imply that digestion was complete. The lattice parameter for
the cubic phase gradually increased over time during digestion
in the OTS-MF device. Interestingly, despite the cubic phase
forming quite rapidly in the OTS-MF device, the initial L, phase
persisted for another 200 secs thereafter. Additionally, the
characteristic distance was also trending towards higher values
(Fig. 9B) which could suggest that the undigested micelles out-
side of the sampling range of the X-ray beam may have diffused
into this space. The increase in characteristic distance appears
logical given that there was a lower concentration of micelles in
the sampling range owing to their conversion into cubosomes.
This was contrary to the kinetics observed in the S-MF device
required only one TFR for the data set where the cubic phase
appeared after 120 secs and the lattice parameter of the cubic
phases fluctuated slightly (Fig. 9E).

It was previously shown that the PHYT15TC system under-
goes a change from L, phase to the coexistence of Pn3m phase
with H; phase before completely transforming into the equilib-
rium Pn3m phase of the hydrated lyotropic lipid mixture.> When
the PHYT15TC emulsion was digested in the pH-stat apparatus
(Fig. 8B), a transition from the starting L, phase to a broad peak
(marked ‘1’) likely to be the first peak indicating the H, phase
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occurred. The broad peak then decayed concurrent with the ap-
pearance of peaks at g = 0.137 and 0.168 A1 (which index at v2
and V3) indicating the formation of cubic Pn3m phase particles.
The scattering profiles for the cubic phase shifted to lower g in-
dicating the system was taking up water until the first peak for
the cubic phase stabilised at g = 0.124 A1, The attribution of the
peak marked ‘1’ to the first H, phase peak was inferred from the
static samples where the first peak of the H, phase was in the
same g range (Fig. 6B) and yielding comparable lattice parame-
ters (Fig. 6B and Fig. 9B). The broadening of the peak was likely
due to heterogeneous transformations, resulting in the for-
mation of H, phase with a range of lattice parameters. This
would suggest that the configuration of the pH-stat approach
prevented uniform mixing of the enzyme which yielded hetero-
geneous nanostructures as a consequence. Should an interme-
diate phase persist for a longer duration as a result of the con-
figurations and not the inherent transformation itself, it would
then delay the onset of the subsequent structures also. This
would impact on the ability to correlate structures with release
behaviour when assessing these systems as potential drug de-
livery systems. Complete digestion of the TB molecules was also
not confirmed in situ as the lattice parameter of the cubosomes
at the final time point (72.0 A) did not reach that of the equilib-
rium systems in Fig. 6D (76.6 A).

Digestions performed in the OTS-MF device did not exhibit
reliable transformations as shown in Fig. 8E. Within the first set
of kinetic profiles for a TFR of 200 uL/hr (orange), a peak at g =
0.125 A1 emerged and grew. Although lower than the g range
expected for the first H, phase peak, it was still suspected that
it was H, phase but with a larger lattice parameter. In the sub-
sequent TFR (yellow), there was a noticeable decrease in inten-
sity and shift in the g-position of the H, phase peak, followed by
a sharp transition into cubic Pn3m phase in the next TFR (green).
The shift in g was evident by the corresponding decrease in lat-
tice parameter of the H, phase (Fig. 9E). These unusual varia-
tions in peak intensities and lattice parameters between each
TFR made it difficult to characterise the kinetics of this system
using the OTS-MF device. As with PHYT20TB in the OTS-MF de-
vice, this could be attributed to variations in shear stress with
different TFR that alter the structural behaviour. Furthermore,
the kinetics of this system appeared to exhibit a nonsense order
of phase transformations where the H, phase disappeared be-
fore the disappearance of the L, phase, inconsistent with the
digestion in literature> which could also be attributed to diffu-
sion of the L, phase from the bulk flow of the formulation into
the collection volume of the X-ray beam.

In contrast to use of the OTS-MF device, the equivalent di-
gestion in the S-MF device exhibited a clear transition from L,
phase to H, phase to cubic phase (Fig. 8F). The improvement in
resolution may imply the diffusion-limited digestion of the co-
axial flow facilitated a uniform application of the enzyme for
more consistent transformations across all particles and drop-
lets in the system, supported by the gradual increase in lattice
parameters of the different mesophases present during diges-
tion (Fig. 9F). As particles were able to transform homogene-
ously, the lattice parameters of the resulting particles were sim-
ilar which yielded more pronounced Braggs peaks as opposed
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zyme than the experiment in Fig. 8C. The emergence of the peaks indicative of the
cubic Pn3m phase occurred at approximately 90 secs. The intensity of the peaks

stabilised at a relatively constant height by 150 secs.

to broader peaks. This may indicate that the kinetics observed
in the pH-stat approach are in part dictated by the apparatus
which is more susceptible to variation in the uniformity of the
application of lipase, and therefore, not representative of the
system. Digestion of PHYT15TC in the S-MF device produced
cubosomes with a lattice parameter (79.0 A, Fig. 9F) which was
approximately 3% greater than the expected dimension from
the equilibrium formulations, showing that all TC had digested.
However, the mismatch of these corresponding dynamic and
equilibrium structure may be attributed to the additional lipase
in the dynamic studies.

As the design of the S-MF device facilitated the uniform ap-
plication of enzyme to the formulation, the activity of the lipase
was increased to confirm that enhanced activity would lead to
faster rate of reaction on the chip, and therefore faster struc-
tural transitions (Fig. 10). When the activity of the lipase was
doubled to 1000 TBU/mL of digest, digestion of the PHYT20TB
occurred more rapidly. The onset of the peaks indicative of the
Pn3m phase appeared at approximately the same position on
the chip, indicating the same time (~90 secs) as that observed
at half the enzyme strength (Fig. 8C). However, the intensity of
the peaks stabilised within 150 secs compared to 300 secs for
the half-strength digestion. By controlling and limiting the ac-
cess of lipase to the formulation the kinetics of digestion can be
modulated.

Particle size uniformity

When comparing the resulting particle size of the digested lig-
uid crystal nanostructures between the two microfluidic de-
vices, there was no significant difference in the particle size dis-
tributions compared to the emulsion prior to digestion (Fig. 11).
There was also no difference when compared to the mean par-
ticle size of the nanoparticles formed in the equivalent experi-
ments performed in the pH-stat approach, implying that the
structured nanoparticles produced after digestion in any of
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these devices were the same size but the transformation path-
way to get there may be different. There was a noticeable in-
crease in variability with results for the pH-stat approach, which
could be attributed to some background light scattering by the
lipase. The entire system is closed and completely protected

400 0.8
350 0.7
300 08
E2s0 05
@
N =)
o 200 049
o
£ 150 03
o
100 0.2
50 0.1
0 0.0
P20B OTS-MF OTS-MF S-MF S-MF pH-stat
Original 1200 pl/hr - 12000 pL/hr 10 pLihr 40 pL/hr method

= Average particle size ©Average PDI

Fig. 11 Particle size of the undigested PHYT20TB emulsion compared to the cubic
phase nanoparticles produced during the digestion of PHYT20TB in the S-MF, OTS-
MF and pH-stat devices at the specified flow rates. The TFR of the experiments are
listed below.

from contamination by dust in the case of microfluidic systems,
while the pH-stat approach is open, and opportunistic dust can
give rise to larger polydispersity index in dynamic light scatter-
ing measurements.

Overall comparison

Microfluidics showed clear improvements to digestion studies
in flow when compared to the traditional approach. Integration
of the mixing and analysis components overcame problems as-
sociated with the separation and transit of materials. In both
microfluidic devices, the point of complete mixing occurred suf-
ficiently early in the channels that it did not impede phase tran-
sitions. Additionally, factors such as temperature and pH, which
were previously controlled in the pH-stat approach and absent
in either microfluidic configuration, were found not to exert a
significant influence on digestion kinetics which was also a fac-
tor concluded by Phan et al.3°

The OTS-MF device could identify phase transitions, how-
ever there were inconsistencies in the transition behaviour be-
tween different TFR. The transitions were not consistent when
changing the flow rate to account for the limited capillary
length. This could be due to the different shear stresses applied
to the transformation with increasing flow rates as Ghazal et al.
noted more anisotropy in their liposomes formed above flow
rates of 15 uL/min (or 900 uL/hr) in the microchannels.4° Sec-
tions of the capillary were also hidden due to the configuration
of the T-junction, therefore a faster flow rate would be required
to observe these earlier time points but at the expense of
greater sample consumption. The advantage of the device was
its simplicity, cost, and its high sensitivity to qualitatively discern
the structures. It may also be possible to use a longer length of
capillary so that more time points could be collected for any one
TFR, however this is dependent on the space limitations with
the experimental stage at the synchrotron and availability of
commercial capillaries that are sufficiently long and uniform in
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diameter.

Although the S-MF device exhibited low sensitivity due to
greater absorption of the beam by the quartz housing, it ena-
bled the monitoring of an entire digestion experiment at a fixed
flow rate. The thickness of the quartz housing could be further
decreased by optimising microfabrication conditions which
would increase the sensitivity of the S-MF device. Up to four
peaks could be identified for the cubic Pn3m phase as opposed
to only two observable for the device used in the work by Ghazal
et al.12 Additionally, for the S-MF device the >300 mm of chan-
nel length allowed the full transformation (of up to 25 mins) to
be mapped from the instant the lipase made contact with the
formulation through to the endpoint, including the point of
complete mixing. Phase transitions in the S-MF device were also
slower compared to the digestions performed in the pH-stat ap-
proach. The kinetics may be attributed to the lipid stream-en-
zyme stream interface restricting digestion to a fixed volume of
enzyme per volume of lipid. This was not the case with the pH-
stat approach where the excess enzyme had access to all the
lipid all at once in the mixing vessel so that the mixing efficiency
would be unpredictable as solution was continually being drawn
up by the peristaltic pump. Mixing was diffusion-limited in the
S-MF device and thus more controlled.

Conclusions

By down-scaling the process of the traditional pH-stat ap-
proach, the microfluidic process could demonstrate equivalent
structural transformations with its simpler and compact design.
Between both microfluidic devices, it was clear that the S-MF
device produced clearer phase transitions and the whole pro-
cess could be observed using one TFR, whereas the OTS-MF de-
vice necessitated manipulations of the TFR to achieve transfor-
mations between phases. Altering flow rates to observe the full
phase transformation would introduce variations of shear stress
applied to the formation of nanoparticles, which would render
inconsistencies within the transformation. In summary, micro-
fluidics using a customized quartz device presents a promising
tool that researchers can use for the analysis of their own mix-
ing and kinetic experiments to discriminate phase transitions
using in situ SAXS and avoid issues with common materials used
in microfluidics such as PDMS. The design also makes the chip
suitable to other advanced analytical and spectroscopic tech-
niques.
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