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Membrane materials formed at the interface between two liquids have found applicationsin a

large variety of technologies, from sensors to drug-delivery and catalysis. However, studying the
formation of these membranes in real-time presents considerable challenges, owing to the difficulty
of prescribing the location and instant of formation of the membrane, the difficulty of observing time-
dependent membrane shape and thickness, and the poor reproducibility of results obtained using
conventional mixing procedures. Here we report a fluidic device that facilitates characterisation of the
time-dependent thickness, morphology and mass transport properties of materials self-assembled at
fluid-fluid interfaces. In the proposed device the membrane forms from the controlled coalescence of
two liquid menisciin a linear open channel. The linear geometry and controlled mixing of the solutions
facilitate real-time visualisation, manipulation and improve reproducibility. Because of its small
dimensions, the device can be used in conjunction with standard microscopy methods and reduces the
required volumes of potentially expensive reagents. As an example application to tissue engineering,
we use the device to characterise interfacial membranes formed by supra-molecular self-assembly of
peptide-amphiphiles with either an elastin-like-protein or hyaluronic acid. The device can be adapted to
study self-assembling membranes for applications that extend beyond bioengineering.

Interfaces are ubiquitous in Nature and technology, where interfacial properties often mediate the formation
and function of bulk materials and organisms. In biology, soft permeable interfaces are critical for the function-
ing of biological systems as simple as individual entities like viral coats’, all the way to complex multi-cellular
structures such as the blood-brain barrier®. The central role of interfaces in biological systems has motivated
substantial work in the development of synthetic analogues for applications such as tissue engineering, drug
screening, and drug delivery. One promising approach to create such soft permeable interfaces is to rely on the
interfacial self-assembly process that occurs when liquid solutions of two different bio-inspired molecules (e.g. a
peptide-amphiphile and a charged protein) are brought in contact®. The interaction between different molecules
at the interface can lead to spontaneous formation of hydrogels or membranes, whose microstructure, permeabil-
ity and functional properties can be finely tuned by choosing the appropriate molecular building blocks*. While
in our group we are mostly interested in self-assembling membranes for tissue engineering®~’, self-assembling
membranes are of interest for a variety of other applications, including energy storage®, optoelectrical devices*!,
sensors!!, polymeric actuators'!, catalysis'?, and drug delivery'*',

Investigating and characterising materials formed at liquid-liquid interfaces presents several practical chal-
lenges. If the interacting solutions are brought in contact in an uncontrolled manner, for instance by adding a
drop of one solution into the other, the thickness, permeability and degree of heterogeneity of the membrane
depend sensitively on the experimental protocol. This effect occurs because the convective and diffusive transport
of reacting macromolecules to the interface is strongly affected by experimental parameters such as the speed
with which the drop impacts the second liquid. The result of the ensuing “turbulent” convection is that different
parts of the interface experience different transport histories, thus grow at different rates. Observing the kinetics
of formation of the membrane is also a major challenge, as membranes formed by adding one reacting liquid to
another can display complex morphologies which are not in general aligned with the line of view of the observer
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(see e.g.1>1%). The experimental setups reported in the literature for forming and imaging interfacial self-assembly
processes®!>20 present limitations in terms of sample uniformity, hindrances to integration in standard micro-
scopes, and limited to no access to the interacting solutions for direct manipulation. Furthermore, most of these
systems require large volumes, which is detrimental for the already cost-intensive development of interfacial
self-assembling materials.

Here we propose a simple fluidic device that permits the observation of formation and growth of
self-assembling membranes made at the liquid-liquid interface as well as the characterisation of their transport
properties. In our device, the membrane forms from the controlled coalescence of two air-liquid interfaces in a
straight millifluidics open channel. This configuration limits convection currents and leads to the formation of
a vertical membrane, whose initial instant of formation can be controlled by acting on the flow rates of the two
solutions. Furthermore, the geometry of the device facilitates manipulation and observation of the membrane.
We demonstrate the capabilities of the device by controllably assembling and observing the formation kinetics of
two membranes: one formed by the interaction of an elastin-like-polypeptide (ELP) with a peptide amphiphile
(PA)S, and the other by the interaction of hyaluronic acid (HA) with a PA'. Additionally, we show the device may
be used to characterise the transport properties of an interfacial membrane by observing the change in concen-
tration of a fluorescent molecule on the two sides of the membrane.

Experimental Section

Materials. SYLGARD® 184 Silicone Elastomer poly(dimethylsiloxane) (PDMS) was purchased from Dow
Corning Corporation. Marenfield Type B 2mm outer diameter capillary tubes were purchased from VWR
International. Fluorescein isothiocyanate-labelled dextran of 20 kDa molecular weight, 37.0% (w/v) aqueous
hydrochloric acid, 28.0-30.0% (w/v) aqueous ammonium hydroxide solution, 1.2 MDa hyaluronic acid, W3500
BioReagent water and Grade I 25% (w/v) glutaraldehyde solution were obtained from Sigma-Aldrich. Petri
dishes and thickness no. 0 VWR Micro Cover Glasses were purchased from VWR International. Penta-block
ELP was obtained from TP Nanobiotechnology (Valladolid, Spain). Peptide amphiphile molecules (C16V3A3K3
and the fluorescently-labelled peptide amphiphile) were synthesised using standard Fmoc protection chemistry
and characterized for quality control as previously described®. All used PDMS was prepared in the 10:1 mono-
mer-to-crosslinker ratio established in the literature?!.

The solutions used for the formation of membranes were prepared by dissolving the reacting reagents in
W3500 BioReagent (ultrapure) water. These were the penta-block ELP, the peptide amphiphile C16V3A3K3 (PA),
and 1.2 MDa hyaluronic acid (HA). The ELP solutions used were prepared at 1% (w/v) concentration, the PA
solutions used were prepared at 1% (w/v) concentration, and the HA solutions used were prepared at 1% (w/v)
concentration. All solutions were vortexed to facilitate dissolution. The ELP solid was solubilized by cooling
below its transition temperature (of 21 °C) to 5°C prior to vortexing. After solubilizing, the ELP remains in solu-
tion even if taken above its transition temperature. The pH of the PA solution used to form PA-ELP membranes
was adjusted to 5.5 by addition of 0.5 ul increments of hydrochloric acid or ammonium hydroxide. The pH of the
20 kDa FITC-dextran solution used to test the transport properties of PA-ELP membranes was adjusted to 7 by
addition of 0.5 ul increments of hydrochloric acid or ammonium hydroxide.

Fabrication of the device. The fabrication of the device is presented in Fig. 1, where we illustrate the fab-
rication of a “thick-floored” PDMS channel. A “thick-floored” channel is robust to manipulation during use. A
channel with a thinner base layer (“thin-floored” channel) can also be fabricated. Such a thinner base layer is nec-
essary for optical imaging at high magnifications, where small focal lengths are to be used. A “thin-floored” chan-
nel is fabricated similarly to a “thick-floored” channel, except that the second layer is cast directly atop thickness
no. 0 VWR micro cover glasses. PDMS was chosen because it is an inert material frequently used in biomedical
applications, and its wettability can be easily modified®!. The device is produced by pouring a first base layer of
PDMS (thickness 1 mm) in a Petri dish. After curing at 60 °C for 60 minutes, a glass capillary tube of 2 mm outer
diameter is placed on the first layer. A second layer of PDMS is then poured and cured in the dish. The level of
PDMS in the second layer must be adjusted to be of the same height as the capillary tube. The Petri dish is then
placed in an oven at 60 °C for 24 hours to thoroughly cure both PDMS layers. Removal of the tube with forceps
leaves a cylindrical cavity with a rectangular opening at the top. To facilitate the removal of the capillary tube, a
scalpel can be used to score the PDMS along the boundary between the capillary and the PDMS. This scoring
facilitates the separation of the capillary from the PDMS. Individual channels can be subsequently cut to the
desired length.

To facilitate the flow of aqueous solutions along the PDMS channels, the PDMS channels were surface-treated
for 60 minutes via UV-Ozone treatment as described by Berdichevsky?, using a UVOCS® T10X10/OES (UVOCS
Inc.) cleaning system with a mercury lamp emitting light in the 185-254 nm range, and subsequently stored in
ultrapure water?!. All channels were dried with pressurized nitrogen prior to use. This treatment increases the
hydrophilicity of the PDMS surface, thereby improving its wettability to aqueous solutions. The curing time of
24 hours used in the preparation of the channels was chosen in order to prevent significant hydrophobic recovery
of the PDMS channels following surface treatment®.

Formation of Membranes. Membranes were formed via a two-step process (Fig. 1B): first a drop of the
less viscous solution is pipetted into the channel, then a drop of the second solution is pipetted from the opposite
end of the channel. The volume of the injected drop depends on the size of the channel. For channels of 2mm
internal diameter, we use drops of 10 ul. The membranes imaged by confocal microscopy (Sec. 3.3) were formed
in “thin-floored” channels, while the others were formed in “thick-floored” channels (Sec. 2.2). After initial for-
mation, the membranes used in SEM imaging (Sec. 3.2) and in imaging of FITC-dextran diffusion (Sec. 3.4) were
placed in an incubator with controlled 50% humidity at 25 °C, where they were allowed to grow for 24 hours.
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Figure 1. (A) Schematic diagrams of fabrication, and (B) usage of the device. Channels are fabricated by
depositing a base PDMS layer (A1). After solidification, a capillary tube is placed on top of the base layer (A2).
A second PDMS layer is then deposited (A3). The capillary tube is removed (A4), leaving an open channel.
The device is operated by introducing a liquid solution to fill one half of the channel (BI). A second solution is
introduced from the opposite end (B2). Upon coalescence of the two menisci, the solutions react at the liquid
interface, forming a membrane via self-assembly of the suspended molecules (B3).

This procedure increases the mechanical robustness of the membranes. In order to prevent evaporation of the
solutions during membrane growth, the membranes were kept inside a Petri dish surrounded by water and sealed
with Parafilm M® (Bemis Company, Inc.). All membranes were formed in an incubator with a controlled tem-
perature of 25°C.

Bright field Imaging of Membrane Development. Bright field images of the formation of mem-
branes in our device (Sec. 3.2) were obtained using an SP27V-3M Biological Compound Microscope (Brunel
Microscopes Ltd) with the recording software Scopephoto (Hangzhou Scopetek Opto-Electric Co. Ltd).

Confocal Imaging. The 532 laser line of the spinning disk confocal microscope of the PerkinElmer
UltraView imaging system (PerkinElmer Inc.) was used to image the cross-section of 5 PA-ELP membranes
formed in thin-floored PDMS channels. These membranes were formed using 1% (w/v) PA solution in which
fluorescently-labelled peptide amphiphile was also included, at a concentration of 0.01% (w/v). Confocal images
of membrane growth were captured 30 seconds, 10 minutes, 1 hour, and 6 hours after coalescence. The thicknesses
shown in the captured images were then measured using the image analysis software Image].

Epifluorescence Imaging of Diffusion Phenomena. Epifluorescence images of the diffusion of FITC-
labelled 20kDa dextran across a PA-ELP membrane were captured using a Leica DMI4000B Epifluorescence
Microscope with a LEICA DFC300 FX CCD camera using the FITC filter of the microscope. (PerkinElmer Inc.).
After being incubated for 24 hours as described in Sec. 2.3, the membrane was washed four times with ultrapure
water to remove unreacted ELP and PA molecules in the solutions surrounding it. The volume of liquid was
then adjusted on both sides of the membrane until the distance from the membrane to each of the menisci
of the liquid was 10 mm. Subsequently, 10 pl of 1% (w/v) aqueous solution of 20 kDa FITC-labelled dextran
was introduced into the channel and made to coalesce with the water on the concave side of the membrane.
Epifluorescence images were captured upon coalescence of the dextran solution with the water on the concave
side of the membrane, as well as 18 hours, 42 hours, 72 hours, 100 hours, 120 hours, and 144 hours after coales-
cence. A time-intensity profile was produced by using the image analysis software Image] to measure the intensity
on the convex side of the membrane in the epifluorescence images.
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Scanning Electron Microscopy. Samples for scanning electron microscopy were prepared by forming
membranes using the procedure described in Sec. 2.3. The membranes were fixed in their channels by having
their surrounding solutions replaced three times with water via manual pipetting, then two times with 2.5%
(w/v) aqueous glutaraldehyde in ultrapure water. The membranes were maintained in the glutaraldehyde solu-
tion for 24 hours at room temperature. Following this, the fixed membranes were washed again three times with
water, before being dehydrated by having their surrounding water replaced with aqueous ethanol of increasing
concentration (50%, 70%, 80%, 90%, 97% and 100%). Following dehydration, the membranes, without removal
from our device, underwent critical point drying (K850, Quorum Technologies, UK) and were mounted on SEM
stubs using carbon tape, where they were sputter coated with gold (15 nm thickness) after being manually torn
to expose their cross-sections. Secondary electron SEM imaging was carried out with an Inspect F50 (FEI Comp,
The Netherlands) using an objective aperture of 30 um, working distance of 5 mm, accelerating voltage of 5kV,
and a spot size of 2.5 nm.

Results and Discussion

Device design and usage. The device was fabricated by casting PDMS in a petri dish around a cylindrical
glass capillary (Fig. 1). PDMS casting was chosen because it permits fast manufacture while requiring minimal
equipment, and because it permits the ability to produce a smooth surface finish on the channel that contains the
interacting solutions, as required for optical imaging, where other manufacture methods such as direct machin-
ing or 3D printing would not be appropriate. Moreover, the PDMS casting process permits one facile control
over the diameter of the channel fabricated, by choosing the size of the capillary tube to be used during casting.
Removal of the glass capillary upon solidification of the PDMS layer leaves an open channel that can be accessed
from the top. In addition, we found that treating the internal surfaces of the channel to render them more wettable
to aqueous solutions (see Sec. 2.2) facilitates the flow of the two liquids along the device. If the channel surfaces
are left untreated, the solutions have a tendency to overflow the channel at fast flow rates.

The device is operated by injecting two reacting solutions that form a membrane upon contact from the two ends
of the channel (Fig. 1B1 and B2). When the two liquid-air menisci coalesce (Fig. 1B3), the molecules dissolved in
the two solutions co-assemble and a membrane forms. The solutions can be injected manually by pipetting, or by
the use of a syringe pump connected to capillary tubes that are connected to the ends of the channel. The use of an
open channel enables air to escape from the two menisci, preventing the formation of bubbles - a problem otherwise
encountered if the solutions are made to flow inside closed tubing. The co-assembly between the two component
molecules dissolved in solution starts as soon as the menisci coalesce, leading to the formation of a relatively thick,
soft nanostructured membrane (Sec. 3.2). The coalescence is a rather gentle process. While small convective mixing
occurs in the neighbourhood of the interface when the two menisci coalesce owing to the release of surface tension
energy, the effect can be reduced by increasing the viscosity of the two solutions.

The cylindrical geometry of the channel reduces spurious corner effects (e.g. the accumulation of reactant
molecules along the corners of channels of square cross section). Using capillaries of different diameters, channels
and hence membranes of different sizes can be obtained. Using channels with small diameters could be useful to
reduce the amount of interacting solutions. The straight channel shape enables visual and physical access to both
sides of the interface, facilitating real-time imaging, analysis, and manipulation.

Compared to previously reported experimental setups®!>-'#2° for the formation and imaging of interfacial
self-assembling membranes, our device enables the production of membranes exhibiting a controllable, repro-
ducible geometry. The lateral size of the membranes that can be fabricated is set by the channel diameter D. The
membrane thickness depends on the mass flow rates of reactants towards the interface and how the molecular
interactions change as the thickness grows. Therefore, the kinetics of growth depends on the specific reactants
used. The diameter D should be small so that the menisci do not collapse under their own weight (a condition of
sufficiently small Bond number) but, in principle, there are no lower bounds for D. Provided well-resolved mem-
brane images can be taken, it may be possible to work with microscopic fluidic systems as well.

The volumes of the interacting solutions can be controlled, and the contents of the solutions modified (poten-
tially in real-time, thanks to the open channel geometry). In contrast to a device reported by Abhyankar et al.?,
which required the tested self-assembling membrane to be formed in a separate setup, then be placed manually
between fluidic channels and then sealed, in our device the membrane is formed in situ. In addition to the advan-
tages described above, this feature allows the user to examine small membranes whose manual handling would be
challenging. Furthermore, a significant benefit of our setup is that it enables real time observation of the dynamic
formation of the membrane.

To demonstrate potential uses of the device to characterise self-assembling membranes, we used two types of
interfacial co-assembly systems: a peptide amphiphile/elastin-like-polypeptide (PA-ELP) system® and a peptide
amphiphile/hyaluronic acid (PA-HA) system'. Both of these systems form soft membranes by self-assembly when
aqueous solutions of the two molecules (e.g. ELP and PA) come in contact with each other. We have visualized
the formation of the membranes by combining the device with three different imaging configurations: standard
bright-field optical microscopy, fluorescence confocal microscopy and epifluorescence microscopy. Standard
bright-field optical microscopy and fluorescence confocal microscopy were used to investigate the formation and
growth of the test membranes, providing information for qualitative (optical) and quantitative (confocal) analy-
sis. It is important to mention that the device allows for variations in the solutions such as types of molecules and
their concentration. In order to demonstrate the reliability and reproducibility of the device, we have used two
self-assembling systems that were previously reported. For both PA-ELP® and PA-HA'>! systems, we used 1% (w/v)
of the molecules as this concentration has previously been reported to generate optimum membranes. In this way,
our study not only validates that the device can be used with different interfacial systems in a reliable manner but also
illustrates how it may be used to conduct morphological and kinetic comparisons between the interfacial systems.
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Figure 2. Bright field optical microscopy of (A-C) an PA-ELP membrane and (F-H) of a PA-HA membrane,
illustrating the membrane growth process. Time t =0 corresponds to the onset of membrane formation.
Scanning electron microscopy of cross section and detail of nanofibrous structure of PA-ELP (D,E) and PA-HA
(H,J) membrane, showing multi-layer parallel nanofibrous microstructure and three-layer perpendicular
nanofibrous microstructure, respectively. (I) Bright field images of first 5 minutes of PA-HA membrane
formation, showing a progressive change in colour.

Observation of membrane formation. The device enables the real-time monitoring of the formation of
interfacial membranes. This feature is illustrated in Fig. 2, where we characterise the time-dependent growth for
both PA-ELP and PA-HA membranes. From representative bright field optical microscopy images, it is evident
that the PA-ELP system generates a membrane with a curve opposite to the membrane generated by the PA-HA
system. In the case of the PA-ELP system, the membrane was observed to always be generated with its concave
side facing the PA solution, regardless of the order in which the two solutions were introduced into the device.
We believe this is an effect caused by the difference in surface tensions between the two solutions®. However, in
the case of the PA-HA system, the membrane is generated with its convex side facing the PA solution, which we
believe is caused by the large viscosity of the HA solution dominating surface-tension effects.

Both co-assembly systems were observed to grow in our device forming nanofibrillar hierarchical structures
(Fig. 2D,E L)) similar to those reported in the literature®'. In particular, SEM images (Fig. 2D,E,L,]) indicate a dis-
tinctive multi-layered architecture of parallel fibres for the PA-ELP membrane (Fig. 2D,E) as well as a three-region
architecture of amorphous HA, fibres parallel to the interface, and fibres perpendicular to the interface for the
PA-HA membrane (Fig. 2L]).

By positioning the meniscus of the first solution in the field of view of the microscope, we were able to accu-
rately control the position at which the interface was formed. This feature allowed us to image the first few sec-
onds of the formation process. The formed membrane adhered tightly to the walls. Attachment of self-assembling
membranes to solid boundaries has been previously observed®!>!”2, Interestingly, the membrane is adhesive only
during the initial stage of formation. Once the membrane is fully formed, it ceases to be adhesive and can be easily
detached and readily manipulated.

The PA-ELP membrane was observed to become increasingly opaque and change colour over time, from blue to
brown (Fig. 2A,B,C). In contrast, the PA-HA membrane remained translucent and changed colour only at its edge
(Fig. 2K), from blue to black. Interestingly, the membrane changed colour over time from blue to green, yellow,
orange, and red, before turning brown and finally black (Fig. 2I). We hypothesize that this variation in colour is
caused by optical interference®. The light reflected by a thin membrane at small angles to the observer is of a discrete
wavelength and colour, determined by the thickness of the membrane. The slower growth rate of the PA-HA mem-
brane hence explains the longer period of time taken by the PA-HA membrane to display a change in colour from
blue to brown (5 min) compared to the PA-ELP membrane (1s). It may hence be possible that imaging during the
first second of formation of a PA-ELP membrane would produce the same spectrum of colours as that produced by
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Figure 3. (A-D)Fluorescence confocal microscopy images of cross section of PA-ELP membrane visualized by
the addition of fluorescently-labelled PA molecules to the PA solution. (E) Membrane thickness vs. time. The
symbols indicate experimental data. The continuous line is equation (1).

the PA-HA membrane. Such an experiment would serve to probe whether it is the direction of fibre alignment, other
nanostructural features, or solely the membrane thickness, that brings about a progressive change in colour. Imaging
in this time scale (less than one second) would require the usage of a high-speed camera.

Quantification of membrane formation kinetics. The possibility of tracking the growth of the mem-
brane in real time, without the need to remove the membrane to place it e.g. in an SEM chamber, represents a
significant advantage of the current device (particularly when handling soft, fragile, or growing, fast-forming
membranes). Figure 3 shows the time evolution of a PA-ELP membrane thickness, as measured by confocal
microscopy. The horizontal cross-section was imaged at the apex of the membranes’ curvature in order to reduce
inaccuracy in the apparent thickness. The thickness grows smoothly, apparently reaching a plateau for long times.
An exponential fit to a function

(e )
ht) hm(l e 0
gives a kinetic time scale of formation 7, 2 30 min s and a saturation membrane thickness of b, = 13.3 pm. In
the conceptual model proposed by Inostroza et al®. and Zha et al.”, the rate of growth of the PA-ELP membrane
was related to the time taken for PA molecules to diffuse across the interface, reaching the reactive region where
the molecules self-assemble. As the membrane thickness increases, the flux of PA molecules to the reactive region
decreases, leading to a finite saturation thickness.

Inostroza et al. reported a saturation thickness of about 30 pm, as measured by SEM after 48 hours, by adding
a 10 ul drop of 1% (w/v) PA into a 90 ul drop of 1% (w/v) ELP. The difference in thickness with our result (13.3
pm' measured at 6 hours) is likely due to the time-dependent growth of the membranes, or may result from
the different ratios of reactant volumes used in the experiments. Nonetheless, the distinctive hierarchical mul-
tilayered structure is similar between the two studies, and the order of magnitude of the obtained thickness is
comparable. This suggests that the use of the device does not significantly alter the membrane formation process.

We have developed a simple membrane growth model based on first-order kinetics for the case in which the
concentration of the reactants across the membrane is constant (see Supporting Information). This model gives
an exponential approach, as in equation(1), provided that the rate constant decreases linearly with the thickness
h. According to the model the kinetic scale 7 is a function of the mass density of the membrane, the surface con-
centration of reactants and a coefficient  measuring the decrease in the efficiency of the interfacial reaction as the
membrane grows. Similar or more complex models can be applied to extract kinetic parameters of membrane
formation by fitting to data such as the one presented in Fig. 3E.
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Figure 4. (A) Diagram of diffusion experiment using epifluorescence and (B) experimental images. The
membrane here is PA-ELP. Description: (i) ELP and PA solutions are replaced with ultrapure water and
membrane is set up for imaging; (ii) FITC-labelled Dextran is added to the water on the concave side;
(#ii-iv) Dextran molecules diffuse across the membrane, increasing the concentration on the convex side; (v)
approximate equilibrium is reached. (C) Average fluorescence light intensity on convex side vs. time.

Quantification of diffusion across the membrane. The linear geometry of the device facilitates the
characterisation of the transport properties of the membrane, such as effective membrane diffusion or permea-
bility coefficients. Such measurements are more complex to model when using closed membranes such as micro-
capsule, owing to the finite amount of diffusant present within the membrane and to the complex geometry of
the boundary?.

To illustrate the use of our device to characterise the diffusivity of a membrane, we measure the diffusion
of FITC-labelled dextran molecules across a PA-ELP membrane (Fig. 4A,B). After replacing the ELP and PA
solutions with ultrapure water, the dextran molecules were added to the water on the concave side of the mem-
brane. The dextran molecules rapidly became uniformly distributed within the concave region (Fig. 4B.ii,A.ii)
and subsequently diffused across the membrane, increasing the concentration on the convex side. Approximate
equilibrium between the concentrations on the two sides was reached in about 100 hours.

We assume that the dextran molecules are much smaller than the membrane pores (average diameter of a
dextran molecule ~13 nm, as provided by the supplier; average pore within the PA-ELP membrane ~200 pm,
as determined from SEM images), so direct sieving by the membrane is not expected. Is important to keep in
mind that the measurement of the pore size of the membrane is approximate as hydrated samples are expected
to change their structure when prepared for SEM imaging. Nonetheless, we assume that the relatively smaller
dextran molecules do not get trapped within the hydrated membrane pores nor disrupt the membrane integrity
as a result of charge screening since the pH of the dextran solution was adjusted to 7, which is near its isoelec-
tric point. In addition, we assume that the charges in the interacting molecules had previously been screened
for the formation of nanofibres to take place, hence stabilizing them against further electrostatic interactions.
Furthermore, no evident leakage regions were observed (Fig. 4B), suggesting tight adherence of the membrane
to the channel walls. The time evolution of the fluorescence intensity on the convex side of the membrane is
shown in Fig. 4C. In this experiment, the intensity profile was obtained by capturing images at selected times
via time-lapse fluorescence microscopy (Fig. 4B) and measuring the average intensity on the convex side of the
membrane using the software Image]. In agreement with Fig. 4B, the intensity is seen to reach a plateau in about
100 hours.
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Assuming that the light intensity is proportional to the dextran concentration, the data in Fig. 4C can be used
to extract an effective diffusion coefficient D associated to transport within the membrane. Mass balance for the
concentration of dextran molecules on the convex side requires

dVCy) _ FA

dt 2)
where F is the mass flux (per unit area) of dextran molecules across the membrane, A is the area of the membrane,
V is the volume of the channel on the convex side and C,,, is the corresponding mass concentration of dextran.
Assuming one dimensional diffusion, Fick’s law requires F = — D‘?—i, where the derivative is evaluated at the
surface of the membrane on the convex side. The concentration gradient is due to a concentration difference
C..c — C., occurring within a thin region of thickness h. Therefore, assuming quasi-steady transport within the
membrane, F =~ D(C,,. — C,,)/h*. Hereh is the membrane thickness and C,, is the concentration on the con-
cave side. Taking into account that Cax o _ “Coc phecause the convex and concave side of the channel have prac-
tically equal volume, equation(1) yielitds

dcC

VX

dt T (3)

where C__ is the equilibrium concentration and 7, = hV/(2DA). The solution of® gives an exponential approach

to C,, on a time scale 7;,. In our case 7, is roughly 100h, V=31.4 mm® and A=3.14 mm? andh=133um. As a

consequence, the diffusion coefficient for dextran across the specific membrane considered in Fig. 4 can be esti-
hv

matedtobe D = S =018 wm?/s. Indeed, more sophisticated models can be applied. However, the main point
T

here is that the diffusion process in our device is essentially one dimensional, therefore one can apply the rich set
of models developed for one-dimensional diffusion processes to characterise the membrane. For example, models
for multi-layers are available®® that could be adapted to accurately characterise multi-layer membranes.

The solutions surrounding the membrane were replaced with ultrapure water after the membrane was com-
pletely formed without causing the membrane to detach. The possibility of replacing the solution adjacent to
the interface and manipulating the membranes after its formation (for example with small forceps) is a prac-
tically important advantage of our device that could be exploited to characterise a variety of other interfacial
self-assembly systems®!41517-20:31,

Conclusion

We have developed a simple device that facilitates the formation, imaging, and manipulation of soft
self-assembling membranes. The device is fabricated by casting of PDMS to form a cylindrical open channel,
followed by surface treatment. Experiments with two macromolecular self-assembly systems of interest to bio-
engineering applications were carried out to demonstrate the capabilities of the device. The device enables the
formation of membranes that have microstructures similar to those reported in the literature, suggesting that the
device does not introduce essential artefacts. To illustrate the capabilities of the device, we characterise the forma-
tion kinetics and transport properties of a PA-ELP membrane by combining the device with a standard optical,
epifluorescence, and confocal microscopy methods.

The device enables one to control the instant of formation of the membrane, produces membranes that are roughly
aligned with the line of view of the observer, and requires very small amounts of reactants. Because in the device the
membrane forms upon coalescence of two slowly moving liquid streams, convective effects which can affect the quality
of the membrane are limited. The device has other practical advantages, which are discussed in Sec. 3.1.

The device we propose is expected to have general applicability. It could be used to investigate in real time the for-
mation and properties of a variety of interfacial materials, from nanoparticle monolayers>'®* to lipid bilayers®, poly-
electrolyte multilayer films", and polymeric films®"!, for applications in optoelectrical devices, drug delivery, catalysis,
sensors, separation membranes, polymeric actuators, and energy storage and production®. Finally, the device could be
used to study a variety of molecular co-assembling systems beyond PA-ELP and PA-HA. In addition, it may be possible
to introduce a third macromolecule’®, use a different self-assembling peptide'®, or use a different macromolecule in
place of ELP or HA%. A prerequisite is that the reaction occurs at or near the liquid-liquid interface.

Data Availability.  All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).

References
1. Lyons, R., Kutluk Yilmaz, N. D., Powers, S., Hammond-Kosack, K. E. & Kanyuka, K. Characterization of two unusual features of
resistance to soilborne cereal mosaic virus in hexaploid wheat: leakiness and gradual elimination of viral coat protein from infected
root tissues. Molecular Plant-Microbe Interactions. 22, 560-574 (2009).
2. Hawkins, B. T. & Davis, T. P. The blood-brain barrier/neurovascular unit in health and disease. Pharmacological Reviews. 57,
173-185 (2005).
3. Stephanopoulos, N., Ortony, J. H. & Stupp, S. L. Self-assembly for the synthesis of functional biomaterials. Acta Materialia. 61,
912-930 (2013).
4. Cui, H., Webber, M. J. & Stupp, S. I. Self-assembly of peptide amphiphiles: from molecules to nanostructures to biomaterials.
Biopolymers. 94, 1-18 (2010).
. Mendes, A. C. et al. Co-assembled and microfabricated bioactive membranes. Adv. Funct. Mater. 23, 430-438 (2013).
6. Inostroza-Brito, K. E. et al. Co-assembly, spatiotemporal control and morphogenesis of a hybrid protein-peptide system. Nature
Chemistry. 7, 897-904 (2015).

w

SCIENTIFICREPORTS | (2018) 8:2900 | DOI:10.1038/s41598-018-20998-7 8



www.nature.com/scientificreports/

7. Inostroza-Brito, K. E. et al. Cross-linking of a biopolymer-peptide co-assembling system. Acta Biomaterialia. 58, 80-89 (2017).
8. Guan, H,, Fan, L. Z,, Zhang, H. & Qu, X. Polyaniline nanofibers obtained by interfacial polymerization for high-rate supercapacitors.
Electrochimica Acta. 56, 964-968 (2010).
9. Reincke, E, Hickey, S. G., Kegel, W. K. & Vanmaekelbergh, D. Spontaneous assembly of a monolayer of charged gold nanocrystals at
the water/oil interface. Angew. Chem. Int. Ed. 43, 458-462 (2004).
10. Duan, H., Wang, D., Kurth, D. G. & Mohwald, H. Directing self-assembly of nanoparticles at water/oil Interfaces. Angew. Chem. Int.
Ed. 43, 5639-5642 (2004).
11. Toth, P. S., Rabiu, A. K. & Dryfe, R. A. W. Controlled preparation of carbon nanotube-conducting polymer composites at the
polarisable organic/water interface. Electrochemistry Communications. 50, 153-157 (2015).
12. Brambhaiah, K. & John, N. S. Hybrid films of reduced graphene oxide with noble metal nanoparticles generated at a liquid/liquid
interface for applications in catalysis. RSC ADVANCES. 3, 7765-7773 (2013).
13. De Cock, L. et al. Polymeric multilayer capsules in drug delivery. Angew. Chem. Int. Ed. 49, 6954-6973 (2010).
14. Rozkiewicz, D. I, Myers, B. D. & Stupp, S. 1. Interfacial self-assembly of cell-like filamentous microcapsules. Angew. Chem. Int. Ed
50, 6324-6327 (2011).
15. Carvajal, D., Bitton, R., Mantei, . R., Velichko, Y. S. & Stupp, S. L. Physical properties of hierarchically ordered self-assembled planar
and spherical membranes. Soft Matter. 6, 1816-1823 (2010).
16. Zhang, S. et al. A self-assembly pathway to aligned monodomain gels. Nature Materials. 9, 594-601 (2010).
17. Carew, D. B,, Channon, K. J., Manners, I. & Woolfson, D. N. Polyelectrolyte-surfactant nanocomposite membranes formed at a
liquid-liquid interface. Soft Matter. 7, 3475-3481 (2011).
18. Wang, Y., Qi, W,, Huang, R, Su, R. & He, Z. Jet flow directed supramolecular self-assembly at aqueous liquid-liquid interface. RSC
Advances. 4,15340-15347 (2014).
19. Capito, R. M., Azevedo, H. S., Velichko, Y. S., Mata, A. & Stupp, S. L. Self-assembly of large and small molecules into hierarchically
ordered sacs and membranes. Science. 319, 1812-1816 (2008).
20. Wang, Y., Qi, W,, Huang, R., Rongxin, S. & He, Z. Counterion-directed, structurally tunable assembly of hydrogels, membranes, and
sacs at aqueous liquid-liquid interfaces. Advanced Materials Interfaces. 3, 1500327 (2016).
21. Mata, A., Fleischman, A. & Roy, S. Characterization of polydimethylsiloxane (PDMS) properties for biomedical micro/nanosystems.
Biomedical Microdevices. 7,281-293 (2005).
22. Berdichevsky, Y., Khandurina, J., Guttman, A. & Lo, Y. H. UV/ozone modification of poly(dimethylsiloxane) microfluidic channels.
Sensors and Actuators B: Chemical. 97, 402-408 (2004).
23. Eddington, D., Puccinelli, ]. & Beebe, D. Thermal aging and reduced hydrophobic recovery of polydimethylsiloxane. Sensors and
Actuators B: Chemical. 114, 170-172 (2006).
24. Abhyankar, V. V., Wu, M., Koh, C., Hatch, A. V. A Reversibly sealed, easy access, modular (SEAM) microfluidic architecture to
establish in vitro tissue interfaces. PLoS ONE. 11 https://doi.org/10.1371/journal.pone.0156341 (2016).
25. Rodriguez-Valverde, M. A., Cabrerizo-Vilchez, M. A. & Hidalgo-Alvarez, R. The Young-Laplace equation links capillarity with
geometrical optics. European Journal of Physics. 24, 159-168 (2003).
26. Kinoshita, S. & Yoshioka, S. Structural Colors in Nature: The role of regularity and irregularity in the structure. Chemphyschem. 8,
1442-1459 (2005).
27. Zha, H. R., Velichko, Y. S., Bitton, R. & Stupp, S. I. Molecular design for growth of supramolecular membranes with hierarchical
structure. Soft Matter. 12, 1401-1410 (2016).
28. Arifin, D. Y, Lai, Y. L. & Chi-Hwa, W. Mathematical modeling and simulation of drug release from microspheres: Implications to
drug delivery systems. Advanced drug delivery reviews. 58, 1274-1325 (2006).
29. Cussler, E. L. Diffusion mass transfer in fluid systems, (Cambridge University Press, 2013)
30. Crank, J. The mathematics of diffusion, (Oxford University Press, 1979)
31. Chow, L. W. et al. A bioactive self-assembled membrane to promote angiogenesis. Biomaterials. 32, 1574-1582 (2011).
32. Lin, Y,, Skaff, H., Emrick, T., Dinsmore, A. D. & Russell, T. P. Nanoparticle assembly and transport at liquid-liquid interfaces. Science.
229, 226-229 (2003).
33. Zagnoni, M. Miniaturised technologies for the development of artificial lipid bilayer systems. Lab on a Chip. 12, 1026-1039 (2012).
34. Hatay, I. et al. Hydrogen evolution at liquid-liquid interfaces. Angewandte Chemie. 121, 5241-5244 (2009).

Acknowledgements

The work was supported by the European Research Council Starting Grant (STROFUNSCAFF) and the
Marie Curie Career Integration Grant (BIOMORPH). L.B. acknowledges financial support from the European
Community through grant no. 618335 ‘FlowMat: Flow and Capillarity in Materials Science’ and ERC Starting
Grant FLEXNANOFLOW no. 715475. The authors thank Karla E. Inostroza-Brito for the constructive support
in this work.

Author Contributions
Conceived and designed the study: A.M., A.M.-M. and L.B. Performed the experiments: A.M.-M. Analysed the
data: A.M., A M.-M. and L.B. Development of models: L.B. Wrote the manuscript: A.M., A.M.-M. and L.B.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20998-7.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2900 | DOI:10.1038/s41598-018-20998-7 9


http://dx.doi.org/10.1371/journal.pone.0156341
http://dx.doi.org/10.1038/s41598-018-20998-7
http://creativecommons.org/licenses/by/4.0/

	A fluidic device for the controlled formation and real-time monitoring of soft membranes self-assembled at liquid interface ...
	Experimental Section

	Materials. 
	Fabrication of the device. 
	Formation of Membranes. 
	Bright field Imaging of Membrane Development. 
	Confocal Imaging. 
	Epifluorescence Imaging of Diffusion Phenomena. 
	Scanning Electron Microscopy. 

	Results and Discussion

	Device design and usage. 
	Observation of membrane formation. 
	Quantification of membrane formation kinetics. 
	Quantification of diffusion across the membrane. 

	Conclusion

	Data Availability. 

	Acknowledgements

	Figure 1 (A) Schematic diagrams of fabrication, and (B) usage of the device.
	Figure 2 Bright field optical microscopy of (A–C) an PA-ELP membrane and (F–H) of a PA-HA membrane, illustrating the membrane growth process.
	Figure 3 (A–D)Fluorescence confocal microscopy images of cross section of PA-ELP membrane visualized by the addition of fluorescently-labelled PA molecules to the PA solution.
	Figure 4 (A) Diagram of diffusion experiment using epifluorescence and (B) experimental images.




