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ABSTRACT: Complexation between oppositely charged nano-
particles (NPs) and polyelectrolytes (PEs) is a scalable approach  \$™
to assemble functional, stimuli-responsive membranes. Complex- PE 2
ation at interfaces of aqueous two-phase systems (ATPSs) has
emerged as a powerful method to assemble these functional 7 N
structures. Membranes formed at these interfaces can grow \/
continuously to thicknesses approaching several millimeters and

display a high degree of tunability via modification of solution
properties such as ijonic strength. To identify the membrane PE 1
assembly mechanism, we study interfacial assembly in a prototypical
dextran/PEG ATPS, in which silica (SiO,) NPs suspended in the

PEG phase undergo interfacial complexation with poly-
(diallyldimethylammonium chloride) (PDADMAC) supplied in the dextran phase. Using a microfluidic device that facilitates
sequential insertion of fluorescent and nonfluorescent PDADMAC, we observe a transition in the membrane growth
mechanism with ionic strength. In the absence of added salt ([NaCl] = 0 mM) PDADMAC chains permeate through the
existing membrane to complex with NPs on the PEG side of the membrane, leading to the formation of well-stratified
structures. At elevated ionic strength ([NaCl] = 500 mM), this permeation mechanism is lost. Rather, the complexing species
incorporate uniformly across the membrane. We attribute this transition to a rapid exchange of PE-counterion, NP-
counterion, and PE/NP binding sites facilitated by an increase in extrinsically compensated charged groups on the NPs and
PEs at high salinity. These PDADMAC/SiO, NP membranes have tremendous potential for the formation of functional
membranes, offering control over the internal structure and serving as an ideal system for the generation of targeted release
systems.
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INTRODUCTION to prime growth, and is limited to relatively thin films and
membranes.”

Complexation of charged species, including polymers, colloids,
Interfaces between aqueous and oil phases are widely

and surfactants at liquid—liquid interfaces, is a versatile
technique to generate membranes with diverse functionalities.
By exploiting the interaction between complementary species
at an interface, microcapsules can be created for a variety of
applications, including the targeted delivery of drugs,' the
multiplexed sensing of species in solution,” and the fabrication
of self-healing materials.” Furthermore, membrane formation Received: September 6, 2022
by interfacial complexation is a highly scalable process.” Accepted: November 17, 2022

exploited for membrane assembly. The differing polarity of
these fluids allows selective solvation of membrane-forming
components, and the elevated tension of their interfaces

promotes adsorption and trapping of complexed species.*™

Interfacial assembly schemes provide a complementary
approach to the well-established membrane production
method known as layer-by-layer (LbL) assembly, which is
relatively time-consuming, typically requires a solid substrate
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Figure 1. (a) Schematic of the interfacial complexation in an aqueous two phase system (ATPS) composed of dextran (450 000—600 000 g/
mol) and poly(ethylene glycol) (20 000 g/mol). The complexing materials are the cationic polyelectrolyte poly (diallyldimethylammonium
chloride) (PDADMAC) and the anionic SiO, nanoparticle (NP). (b) Growth of a 1.5 wt % PDADMAC/8 vol % SiO, NP interfacial
membrane over 6 days with a final membrane thickness of 6 mm. (b i-iii) Time-lapse of membrane growth. (b-iv) Thickness evolution as a
function of time, with a power-law growth rate with slope of 0.5. (c) Membrane formation on the interface of a pendant drop; a 1 L, droplet
phase composed of 15 wt % dextran/1 wt % PDADMAC at 100 mM NacCl is inserted at 1 uL/s into a continuous phase of 10 wt % PEG/4 vol
% of SiO, NP at 100 mM NaCl. Needle OD is 0.9 mm. (d) Temperature ramp for thermogravimetric analysis (TGA) of a 15 wt % dex/5 wt
% PDADMAC and 10 wt % PEG/4 vol % NP complexes. The solid line indicates weight percentage, and the dashed line indicates the
process temperature. (e) Plot showing the thermal decomposition of PE/NP complexes. Solid line shows the mass evolution, and the dashed
line shows the derivative of the weight with respect to temperature. The thermogravimetric analysis is performed under an inert nitrogen
atmosphere.
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However, such interfaces may not be ideal for delicate
materials such as living cells, proteins, and other biological
entities, and the distinct polarity of each phase can constrain
the palette of the membrane components. To overcome these
challenges, we and others have exploited the interface formed
in aqueous two-phase systems (ATPSs).””'" For example,
complexation between oppositely charged species has been
shown to arrest phase separation dynamics and lead to the
formation of complexed membranes.”””"* The ability to
solvate complexing species in either phase can be exploited
to influence the assembly process, for example, to favor
interfacial complexation to generate microcapsules or to favor
bulk complexation to generate microgels.'®"’

While interfacial complexation of two oppositely charged
polyelectrolytes (PE) in ATPS was first studied to prepare
microcapsules," "' this approach has since been exploited to
generate tubular and multicompartmental structures attractive
for multicompartment reactions and transport of species."**%*!
In principle, interfacial complexation in ATPS requires only
that the components be charged and water-soluble, allowing
tremendous flexibility in the selection of complexing materials
and additional degrees of freedom in design of membrane
functionality. For example, by simply swapping a PE for a
nanoparticle (NP), complexed membranes can be formed with
very different properties.”> Membranes formed by PE/NP
complexation differ in permeability from their PE/PE counter-
parts,” and NP can be selected to impart additional
functionalities. For example, PE/NP membranes can exhibit
high rigidity and permeability, can exchange materials across
the membrane via osmotic fluxes, and can incorporate cargo by
exploiting interactions with the charged species.”” ** Fur-
thermore, diverse multicompartmentalized structures can be
formed, allowing selective segregation of cargo within the
domains.”*

While these studies demonstrate the tremendous promise of
PE/NP membranes formed by interfacial complexation, the
membrane growth mechanism in this process remains
unknown. Most studies to date in ATPS have focused on the
bulk dynamics that occur during the interfacial complexation
process and have not delved deeply into the assembly
mechanisms that determine membrane growth.'®**** Mech-
anistic insights that relate interfacial complexation dynamics,
membrane structure, and their dependence on solution
properties would provide invaluable guidance in membrane
design.

Although mechanistic studies for interfacial complexation in
ATPS are lacking, film growth mechanisms have been
elucidated in LbL systems, which rely on sequential adsorption
of oppositely charged species on a solid support. Key concepts
established in the LbL literature provide important guidance.
LbL studies distinguish between two distinct types of binding
whose probability of formation and rearrangement rate depend
strongly on the ionic strength of the two solutions, PE
molecular weight, and adsorption times.”>*® Complexation can
occur with binding of intrinsic sites, in which oppositely
charged sites of complexing species meet, or by binding of
extrinsic sites, in which charged sites on the complexing species
interact with counterions in the film. High ionic strengths favor
the formation of rapidly exchanged extrinsic binding sites that
facilitate PE incorporation into LbL films and favor the so-
called exponential growth or superlinear growth regime.”’

To improve our understanding of the interfacial complex-
ation process, we study the growth of interfacial membranes

prepared via the complexation of cationic poly-
(diallyldimethylammonium chloride) (PDADMAC) and neg-
atively charged SiO, NPs at the interface of the dextran and
PEG phases. By employing a microfluidic device that allows
sequential introduction of unlabeled and fluorescently labeled
PDADMAC, the membrane assembly process is directly
monitored. In the absence of added salt, the membrane
growth is dominated by PE permeation across the membrane
to meet uncomplexed NP on the far side of the membrane.
This mechanism results in stratification within the membrane
structure, with fresh membrane forming at the PEG/
membrane interface. This stratified structure is eliminated as
the salt concentration increases, promoting rapid exchange of
both intrinsic and extrinsic bonds within the membrane. This
rapid exchange of bonds ultimately leads to a homogeneous
distribution of incorporated PDAMAC throughout the
membrane. These salt mediated mechanisms give control
over the spatial arrangement of PE within the membrane,
providing an axis for the design of functional membranes with
stratified or homogeneously loaded cargo via interfacial
complexation. This finding suggests that charged functional
species can be specifically positioned throughout the cross-
section of the membrane, for example, to define films with
multiple reaction zones or with selected regions that can be
triggered by external stimuli.

RESULTS AND DISCUSSION

Growth and Thickening of PDADMAC and SiO, NP
Interfacial Membrane in ATPS. We study the formation of
PDADMAC/SiO, NP complex membranes (Figure 1a) as a
model system to understand interfacial complexation at the
ATPS interface. This system allows us to form stable capsules
when a PDADMAC-containing dextran solution is electro-
sprayed into a bath of PEG with SiO, nanoparticles. Upon
introduction of a droplet of one phase in a bath of the other
phase, a rigid PDADMAC/NP membrane is formed at the
interface of the ATPS, stabilizing a water—water emulsion.”
We perform all studies of these assemblies with a low
molecular weight (<100 000 g/mol) PDADMAC, assuring
rapid stabilization and growth under approximately isotonic
conditions (Figure S1).

To directly observe membrane growth, we induce complex-
ation of PDADMAC and SiO, NP at a macroscopic, planar
interface (Figure 1b). The interface is formed by mixing a
dextran (15 wt %; 100 mM NaCl) solution, PEG (10 wt %;
100 mM NaCl) solution, and 22 nm SiO, (8% volume) NPs
suspension in a 50 mL conical centrifuge tube and
subsequently allowing this three component mixture to phase
separate.zg’29 The phase separation generates a water—water
interface which serves as the membrane assembly scaffold.
During the phase separation process, SiO, NPs partition to the
PEG phase (Figure S2). PEG is known to interact with the
silanol groups via hydrogen bonding in a highly pH’**" and
salt dependent manner.”””* Thus, this partitioning is driven by
two complementary phenomena: favorable PEG/SiO, inter-
action and low affinity between dextran and SiO,.°**
Membrane growth is initiated by introducing a PDADMAC-
containing dextran solution while simultaneously withdrawing
the dextran phase such that the interface is maintained at the
same position. Once the PDADMAC is introduced, the dex/
PEG interface is rapidly covered by a membrane that forms via
the interfacial complexation of the PDADMAC in the dextran
phase and the SiO, NPs in the PEG phase (Figure 1b,c). This

https://doi.org/10.1021/acsnano.2c08916
ACS Nano XXXX, XXX, XXX—XXX


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c08916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

membrane shows rapid and continuous growth over a six-day
timespan, reaching a thickness of up to 6 mm.

The macroscopic membrane thickness h(t) evolves as
h(t) ~ tl/Z(Figure 1b(iv)). This scaling highlights the
importance of diffusion in the membrane growth process;
similar trends have been reported for interfacially grown
membranes at oil—water interfaces.’®*” The apparent diffusion
coefficient estimated from this data is roughly 1072 m?/s.
While this coefficient does not reflect the self-diffusivity of the
complexing species in the membrane, it does reflect a growth
process that relies on the incorporation of the two species.
Notably, its value is comparable to the bulk diftusivities of NPs
and PEs in the dextran and PEG solutions, assuming Stoke-
Einstein and a gyration radius of 21 nm for PDADMAC (taken
by interpolation from Dautzenberg et al.*®). This indicates that
components are incorporated rapidly, inducing the observed
rapid membrane growth. Apparent diffusion coefhicients of this
magnitude have been reported previously for highly hydrated
LbL PE/PE films;>” which is likely the case for ATPS
interfacial membranes.

Membrane growth at early times (<1 h) can be monitored in
situ on the interface of a pendant drop (Figure 1c, Movie S1).
At 100 mM NaCl, upon introducing a 1 wt % PDADMAC
droplet phase into a continuous PEG/NP (4% per volume),
the formation of a membrane at the dex/PEG interface is
rapidly achieved. This is in marked contrast to previous reports
of relatively slow membrane growth absent salt, as is shown in
Figure $3.”% In the presence of 100 mM NaCl, the membrane
grows continuously, with a developing membrane front that
moves in the direction of the PEG/NP bulk phase. (We
consistently observe that, as the membrane thickens, it
becomes attached to the outer needle wall; this is attributed
to favorable wetting of the complexes at the solid surface.)

The growth of membrane fronts into one phase is
commonly observed in ATPS-based interfacial membranes
and has been attributed to the affinity of one or both
complexing agents for a particular phase.'””' PDADMAC has
been reported to have a slight preference for the PEG phase.'”
Moreover, strong partitioning of SiO, NP indicates that they
also have a high affinity for the PEG phase (Figure S2). To
understand the role of selective partitioning on membrane
growth, we study membrane growth on pendant drops by
swapping the locations of PDADMAC and SiO, NP. In these
experiments, SiO, NPs are suspended in the internal dextran
phase, and PDADMAC is present in the external PEG solution.
Figure S4a,c and Movie S2 shows that, in this configuration,
the membrane front grows inward toward the dex/NP phase,
leading to the eventual formation of a drop-shaped microgel
made of complexed PDADMAC and SiO, NPs. This result
indicates that the membrane grows into the NP containing
phase, regardless of the placement of the two species. This fast
and directional growth of the membrane suggests that rapid
PDADMAC diffusion within the membrane must play an
important role in the membrane growth process. Additionally,
we have observed that the membrane growth has some
dependence on PDADMAC and NP concentration. Increasing
PDADMAC concentration leads to increases in the membrane
growth rate, whereas increasing the NP concentration has the
opposite effect. These trends may be attributed to the
important role played by PDADMAC diffusion within the
membrane. Higher PE concentration increases the PE flux,
whereas greater NP density impedes PE diffusion.

This fast growth suggests that the membrane is highly
porous and swollen with water rather than being densely
packed with solid nanoparticles which would significantly
impede the difftusion of PDADMAC. The membrane
composition is characterized using a thermogravimetric
analysis (TGA) (see SI for a detailed description of the
membrane growth for TGA; Figure SS). In TGA, the
temperature (T) is ramped at a rate of 5 °C/min from 21 to
120 °C; T is then held constant at 120 °C for 30 min.
Thereafter, T is ramped once again to 800 °C at 5 °C/min, and
then held fixed at 800 °C for 30 min. From the thermogram
and its derivative in Figure le, two main mass change events
are observed. The first peak in the derivative of the weight loss
takes place around 288 °C. This indicates the removal of
PDADMAC species from the membrane, which is close to the
first decomposition peak of pure PDADMAC (314 °C) as
shown in the Figure S6a. The second large mass removal event
takes place around ~396 °C, which correlates with both the
PEG decomposition (396 °C) (Figure S6b) as well as the
second peak (~441 °C) for PDADMAC decomposition
(Figure S6a). As reported in our prior work and as shown in
Figure S7d, PEG has a tendency to cross the membrane,
explaining its presence in the membrane and its impact on the
TGA analysis. Additionally, PEG interacts with the NPs,
through hydrogen bonding interaction; thus, some of the PEG
TGA signatures in the membrane are likely from PEG adhered
to SiO, NPs. Based on the TGA result, 67% of the total mass is
attributed to the polymeric species, including PEG, PDAD-
MAC, and dextran (Figure 1d,e). This implies that the solid
NPs constitute the minor phase of the membrane and that
these structures likely have ample spacing between NPs that
are filled by the polymeric species and water.

Role of Salt and the Tunability of the Membrane
Complexes. The importance of ionic strength on the
complexation of various PE/PE or PE/NP pairs is well-
documented; ions can modulate electrostatic interactions
between species, the transport of ?olyelectrolytes, and the
molecular structure of complexes.”’”*’ To understand the effect
of NaCl on the interfacial complexation of PDADMAC/SiO,
NP, a pendant drop experiment is executed in which the
concentration of NaCl is increased isotonically in the two
phases (Figure 2 and Movies S1 and S4). These isotonic
conditions are defined to minimize the osmotic fluxes that
would confound our results. At 0 mM NaCl, no additional
counterions are added to the system, and intrinsic
compensation between the PE and NP results in a thin

o °-9

Figure 2. Effect of NaCl on the interfacial complexation. (a)
Pendant drop assembly at 100 mM NaCl of a droplet phase
composed of dex (15 wt %)/PDADMAC (1 wt %) on a continuous
of PEG (10 wt %)/NP (4% vol.). (b) Pendant drop assembly of
same conditions as (a) but at a 500 mM NaCl concentration.
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Figure 3. Proposed mechanisms for the interfacial growth of polyelectrolytes (PEs) and nanoparticles (NPs) in an aqueous two-phase system
(ATPS). Scheme 1 (membrane permeation) is a scheme in which uncomplexed PEs permeate through the membrane thickness and undergo
complexation with NPs at the membrane/PEG interface. In Scheme 2 (complex partner swapping), labile binding between the PE and NPs
lead to a high degree of association and dissociation events throughout the membrane.

membrane at the interface (Figure S3). This process resembles
our prior work,” in which a rigid membrane developed at the
interface, and significant PEG exchange occurred between the
two bulk phases. By adding an excess of counterions (Figure
2), a pronounced “thickening” of the membrane occurs, with
an apparent faster growth rate for the higher salt concen-
trations (Figure 2b). Similar salt-mediated increases in
membrane growth rates have been previously reported for
PE/PE systems assembled in ATPS. "

Growth Mechanism for Interfacial Assembly of
PDADMAC/SiO, NP. The growth of a PDADMAC/SiIO,
NP membrane at the interface of the ATPS strongly depends
on the capacity of PEs to move within the membrane.
Consider a cross-section of the membrane, a complex
environment composed of multiple binding sites. Incoming
PEs diffuse toward the PEG phase that contains SiO, NPs
while interacting with unbound charged groups of SiO, NP
within the membrane. Simultaneously, complexed PEs
exchange their partners by dynamically unbinding and binding
with multiple SiO, NPs within the membrane. This interplay
between diffusion of the PE and the complexation reaction are
the two primary factors that determine the membrane growth
mechanism.

Motivated by the findings in the growth of LbL films, we
propose two distinct growth schemes, based on the extent of
complexation experienced by an incoming, initially uncom-
plexed PE. Complexation between a PE/PE and a PE/NP is a
highly entropic process, mediated by the entropy gain from the
counterion and water molecules upon complexation process.**
This charge driven interaction is highly dependent on the
molecular structure of the PEs with increasing blockiness
(periodicity of monomer units) leading to a larger entropic
drive for coacervation.”’ When the charged groups are
intrinsically compensated (i.e., anionic groups of SiO, are
compensated by the cationic groups of PDADMAC), the PE/
NP interaction is “tight”, with many repeat units wrapping
around NPs. For the membrane to grow under these
conditions, uncomplexed PDADMAC likely has to traverse
the membrane to complex with free SiO, NPs on the far side of
the membrane. This growth mechanism implies that the time
scale for the dissociation between the cationic groups of

PDADMAC and the anionic group of the NP is large, thus
limiting the capacity of PDADMAC to diffuse after complex-
ation. In this limit, therefore, there are two populations of PE;
a population of nearly immobilized PE complexed to NP and a
population of highly mobile uncomplexed PE that diffuses
through the membrane. It is this latter population that, upon
crossing the entire membrane, complexes with NP on the far
side. We call this the membrane permeation scheme
(illustrated in Figure 3), and it describes membrane growth
at the limit of high intrinsic binding and low on—off binding
ratio between the PE/NP complexes.

In the opposite limit, the on—off rate between the PE/NP is
high, and the interactions between the two species are labile.
These labile interactions allow PDADMAC chains that are
bound to SiO, NPs to dissociate and to bind to other NPs
within the membrane, effectively swapping NP binding
partners (complex partner swapping scheme). This exchange
allows PE that are entering the membrane to bind locally to
unoccupied sites on NP made available by the rapid on—off
kinetics. Thus, rather than two populations of PEs with highly
differing mobility, the fast on—off kinetics allow PEs to migrate
rapidly throughout the membrane. This mechanism is related
to the self-exchange and site-diffusion mechanism found in
PE/PE LbL films, where the addition of intrinsic charges (i.e.,
PEs) are accommodated by “defect” rearrangements through
the film’s cross section. In a typical LbL assembly, intrinsic
charges are added at the growing interface of the film, whereas
in PE/NP interfacial complexation, the PE enters the
membrane at the opposite interface. For growth to occur in
this arrangement, PEs within the membrane must rearrange to
free up charged sites on NPs to interact with incoming PEs.
Thus, for PE/NP interfacial complexation, PE diffusion plays
an essential role in the growth of interfacial assemblies.

These mechanisms represent two limits of membrane
assembly, in which the dynamics of association and
disassociation between PE and NP determine how PEs
transport within the membrane. One key parameter that has
been omitted in this discussion is the role of extrinsic charges,
i.e., added salts, and how these ions modulate the transition
between these two growth limits. We hypothesize that the
ionic strength of the solution serves as the key parameter that
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Figure 4. (a) Schematic of the microfluidic platform designed to probe the membrane assembly mechanism. The device contains four inlets
and one outlet. The inlets allow continuous flow of PEG/NP and sequential insertion of dex/PDADMAC from fluorescently labeled or
unlabeled streams. (b) Schematic of the inlet portion of the Y junction. The PEG/NP phase is introduced in the upper channel; the dex/
PDADMAC is introduced in the bottom channel, both under continuous flow. (c) Interfacial membrane grown using dex/PDADMAC (2 wt
%) and PEG/NP (4% vol.) after ~6 h. (i-iii) Time-lapse of membrane growth. (d) Interfacial membrane at dex/PDADMAC (2 wt %) and
PEG/NP (4% vol.) after ~6.6 h. (i-iii) Time-lapse of membrane growth. (e) Plot showing thickness change as a function of time for ¢ and d.

determines the mode of membrane grow‘ch.44 Salt, through
direct disruption of the pair interactions between the
PDADMAC repeat unit and the SiO, NP, can control the
association/dissociation dynamics of the two species.

The observed dependence of membrane growth rate on the
ionic strength shown in Figure 2 does not discriminate
between the two mechanisms. Either mechanism could be
consistent with the observed increase in growth rate either via
a direct increase in the diffusional transport due to the salt or
via an increase in the dissociation rate as the ionic strength is
increased. Thus, far, the methods we have used to study the
membrane growth, including macroscopic growth and pendant
drop studies, do not provide the necessary resolution to
discern the growth mechanism.

Interfacial Assembly under Flow: Microfluidic Plat-
form. To directly monitor membrane growth under well
controlled conditions and steady concentrations of PDAD-
MAC and SiO, NP, we devise a microfluidic platform as
illustrated in Figure 4a and b. This platform has three
important features. First, the microfluidics device allows
continuous and sequential introduction of complexing species
in two flowing streams, one of dextran/PE and the other of
PEG/NP, and the formation of an interface between these
streams. This obviates depletion effects and allows us to
observe the membrane assembly over extended time periods.
Second, the device allows in situ, real time observation of the
membrane as it evolves at the interface. Third, the micro-
fluidics study allows us to probe the spatial arrangement of
these species as they complex at the aqueous—aqueous
interface via fluorescence microscopy. These observations
provide insight into the assembly mechanism and its
dependence on ionic strength.

In this device, streams of PEG/NP and dex/PDADMAC
meet at a Y-junction, and flow parallel to each other through a

20-mm-long channel, forming an interface between them. The
convective flow continuously supplies PDADMAC and SiO,
NPs, allowing us to monitor growth over extended timespans.
These two species are able to diffuse orthogonally to the flow
direction and undergo complexation at the interface between
the two streams. We find that stable membrane growth can be
induced by setting the width and height of the channel at 1
mm and ~32 pm, respectively.“s’46

The experiment to form an interfacial membrane is
implemented in two steps. The first step involves the formation
of a steady interface by exposing a nanoparticle-free PEG
solution to a dex/PDADMAC solution. These two phases are
immiscible and thus generate a clean interface along the length
of the Y-junction channel, whose position can be adjusted by
varying the flow rates of the two streams. Thereafter, in step
two, the PEG solution is replaced with a PEG/NP solution. By
matching the shear stress at the interface via careful tuning of
the flow rates, a steady membrane can be grown at the
interface (Figure $8).*° The flow rates used for these
experiments are summarized in Table SI.

Immediately after introduction of the NP suspension, we
observe the formation of a membrane at the interface (Figure
4c and d, Movie SS and S6). We call this initial membrane “the
primer membrane” which provides a robust layer onto which
the subsequent membrane growth can take place. However,
this layer also presents a physical barrier between the two
species. In order for PDADMAC and NP to undergo
complexation, PDADMAC has to enter the membrane and
interact with the NPs. The growth rate of the membrane in the
microfluidic setup, directly characterized through the trans-
mission channel of a confocal microscope, is reported for NaCl
concentrations of 100 mM and 500 mM in Figure 4c-e. The
membrane growth rate for both conditions declines as a
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Figure 5. Summary of fluorescence evolution for two insertion events at [NaCl] = 0 mM, 100 mM, and 500 mM. (a i-iii) Fluorescence profile
of the fluorescent channel for a double insertion event at 0 mM NaCl. A continuous stream of fluor-PDADMAC is exposed to a PEG/NP
stream. Flow rates: 2 #L/min dex/PDADMAC and 19 yL/min PEG/NP. Fluorescent growth is for 45 min, after which point the fluorescent
dex/PDADMAC stream is swapped for a nonfluorescent dex/PDADMAC stream. This nonfluorescent flow is sustained for 196 min. The
dashed and solid line represent the dex/membrane and PEG/membrane fronts, respectively, which are determined from the transmission
channel. The green area in the fluorescent profile represents the region at which the fluorescent band is present, measured directly from the
fluorescent channel image. (b i-iii) Fluorescence profile for a double insertion event at 100 mM NaCl. Flow rates: 3.5 gL/min dex/
PDADMAC and 19 pL/min PEG/NP. Fluorescent growth is for 48 min, after which point the fluorescent dex/PDADMAC stream is
swapped for a nonfluorescent dex/PDADMAC stream. This nonfluorescent flow is sustained for 294 min. (¢ i-iii) Fluorescence profile for a
double insertion event at 500 mM NaCl. Flow rates: 3.5 yL/min dex/PDADMAC and 19 pL/min PEG/NP. Fluorescent growth is for 48
min, after which point the fluorescent dex/PDADMAC stream is swapped for a nonfluorescent dex/PDADMAC stream. This nonfluorescent
flow is sustained for 336 min.

function of time due to the innate hindering of the diffusion of Stable interfacial membrane growth proceeds via complex-
PDADMAC as the membrane grows. ation between PDADMAC and SiO, NPs which are

The interfacial assembly observed in the microfluidic device continuously supplied in the flowing streams. This config-
reveals some interesting features. For example, curved uration circumvents one of the primary limitations imposed by
striations are observed in the membrane, and these curves other growth techniques such as electrospray and tubular
become more tightly packed the farther away they get from the formation in which the concentrations of the two species are
PEG/NP interface. We attribute these striations to pinning/ changing during membrane assembly. In these methods,
depinning of the growing membrane on the top and bottom depletion of either or both complexing species leads to an

eventual halt in the membrane growth.

The ionic strength of the solution also has an important
effect on the growth rate. Thicker complexes develop at the
interface of the pendant drop when increasing the solution
NaCl concentration as shown in Figure 2. The microfluidic
platform enables investigation of the effect of salt on the
growth of these membranes in a more controlled setting. We

surfaces. We also observe that small features around 30 um,
presumably coacervate aggregates of PDADMAC and SiO,
nanoparticles, detach from the growing membrane and flow
away; however, these events do not seem to significantly
impact the growth of the interfacial membrane and mostly take
place at initial times, when the membrane is starting to form.

Additionally, the membranes grown on the microfluidic device can track membrane growth from its inception, track for longer

times (>100 min), and prevent any instabilities of the NP
suspension or reactant depletion. Additionally, these mem-
branes are grown using dialyzed PDADMAC, which imposes a

are always curved close to the entrance, where the pinning
point is located. This curve stems from the complexes’
favorable wetting of the PDMS surface, causing them to hug

and thicken close to the wall. This is inevitable, since once the tighter MW distribution on the PDADMAC, limiting the
membrane grows away from the water—water interface it WIH effects of the inherently Polydisperse stock solutions' The
interact with the wall and grow. Similar surface interactions are PDADMAC solution is dialyzed for 3 days, lyophilized, and
seen in the pendant drop as described previously (Figure lc then resuspended into a 15 wt % stock solution. Gel
and Figure 2). permeation chromatography data (Figure S9 and Table S2)
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show that the dialyzed PDADMAC has an average molecular
weight of 29 377 g/mol, with a polydispersity index (PDI) of
1.59. The solution employed for these membranes includes a
small portion of the PDADMAC that is labeled with
Rhodamine (MW = 33 123 g/mol). Figure 4c and d show
the growth for two interfacial membranes at different NaCl
concentrations, grown for S h. During these 5 h, the growth is
continuous and the membrane assembled at S00 mM has a
faster growth rate than the one assembled at 100 mM as shown
in Figure 4e.

Sequential Insertion: Capturing the Growth Mecha-
nism. The microfluidics device facilitates the sequential
introduction of different species and the in situ observation
of their incorporation in the interfacial membrane. By
alternating between two PDADMAC solutions, one of which
is fluorescently labeled, the spatial location of the fluorescent
PDADMAC (fluo-PDADMAC) can be visualized, providing
important insights into the membrane growth mechanism. We
perform such an experiment. Specifically, the dex/PDADMAC
stream contains 15 wt % dex/2.00 wt % nonfluorescent
PDADMAC. The dex/fluo-PDADMAC stream has similar
composition, with 25% vol. of the nonfluorescent PDADMAC
replaced with fluo-PDADMAC. The two PDADMAC
populations share a similar lower bound MW, ~15 000 g/
mol, imposed to minimize any PE diffusion effects due to the
presence of small molecular weight species. Even though the
two polymer samples have a broad range of molecular weights,
their distributions are relatively similar, likely minimizing any
impact the molecular weight may have on the growth of the
membrane.

Membrane growth is initiated by flowing a PEG/NP stream
in one channel and a dex/fluo-PDADMAC stream in the other.
A membrane immediately forms at the interface and exhibits a
high fluorescence intensity due to the incorporation of
fluorescent PDADMAC. This membrane is allowed to grow
for 40 to 45 min, after which, a nonfluorescent PDADMAC
stream is introduced. The location of the nonfluorescent
PDADMAC, as it is incorporated into the membrane, is
monitored using the fluorescent and transmission channels
simultaneously at different salt concentrations (Figure S).

Absent added salt (0 mM NaCl), the original fluorescent
band remains intact and maintains its initial position, with
growth of nonfluorescent membrane occurring exclusively at
the membrane/PEG interface (Figure Sa, Movie S7). This
growth behavior is also evident in the fluorescence intensity
profile across the membrane as a function of time, as reported
in Figure Sa (i-iii). The intensity profile is measured for the
initial membrane in the region spanned by the red arrow in
Figure Sa immediately upon switching from the dex/fluo-
PDADMAC to the dex/PDADMAC stream. In Figure Sa (i),
the intensity profile shows low intensity outside of the
membrane in the dex/PDADMAC phase, a peak of roughly
uniform fluorescence of width ~72 ym, and a steep decrease in
fluorescence intensity in the PEG/NP phase. Approximately
2.1 h later (Figure Sa (ii)), the membrane thickness has
increased significantly to ~174 um; however the location and
shape of the fluorescence peak remain fixed. Even after 2.4 h
have elapsed (Figure Sa (iii)), the initial fluorescence band
remains intact, although a small broadening in the peak width
has occurred (92 um). These observations indicate that the
membrane grows in a highly stratified manner and assembly
occurs by the membrane permeation mechanism (Scheme 1 in

Figure 3).

We perform a similar experiment with a salt concentration of
100 mM NaCl added equally to both phases. As in the
previous case, we form an initial membrane that incorporates
fluo-PDADMAC. The initial membrane is highly fluorescent
(Figure Sb, Movie S8) with a steep fluorescence profile (Figure
Sb (i)) and a total thickness of ~S0 um. 2.3 hours after
introduction of the nonfluorescent PDADMAC stream, the
membrane thickness has increased to ~129 pum. However, the
fluorescence peak is now bimodal, with a visible bright band
(40 um) closer to the dex/membrane interface and a band of
reduced fluorescence closer to the PEG/membrane interface.
This configuration shows a weakening of membrane
stratification in comparison to the 0 mM case.

At high salinity (500 mM NaCl), the distribution of the
fluorescence signal in the film is dramatically altered, as shown
in Figure Sc and Movie S9. We again form an initial membrane
that incorporates the fluo-PDADMAC and switch to the
nonfluorescent PDADMAC stream. Over time, the membrane
thickens with a uniform fluorescence intensity profile; the
stratified growth apparent at lower ionic strength is lost. After
4.5 h of continuous nonfluorescent PDADMAC insertion the
membrane still maintains a homogeneous fluorescent distri-
bution. This marks a clear change in the membrane assembly
mechanism, indicating facile exchange of binding sites and high
PDADMAC mobility within the membrane, as in the complex
partner swapping scheme (Scheme 2).

In summary, as the ionic strength increases, the membrane
growth mechanism and membrane structure change substan-
tially. When the binding between the PE and NP is tight due to
extensive intrinsic compensation between the two species at
low ionic strength (<100 mM), the membrane grows by newly
added PDADMAC traversing the existing membrane to
complex with free SiO, NPs at the opposite membrane/PEG
phase interface, as shown in the permeation scheme (Scheme 1
of Figure 3), leading to a stratified structure. As more salt is
added to the system, rapid exchange of PE/NP binding sites
allows PDADMAC to move freely within the membrane, thus
generating a homogeneous membrane, as shown in the
complex partner swapping scheme (Scheme 2 of Figure 3).

Building Stratified Membranes. Stratified membranes
which have multiple layers of different composition and
properties have a myriad of applications in reactive separation,
actuation, sensing, and targeted delivery of materials among
others. We demonstrate that interfacial complexation in ATPS
can be used to build such membranes. We generate a
membrane with four clearly distinct regions of alternating
fluorescence intensity by flowing fluo-PDADMAC, PDAD-
MAC, fluo-PDADMAC, and PDADMAC sequentially. Due to
very tight binding between the NP and PE at low ionic
strength, the membranes prepared under this condition have
well-defined regions, with minimal intermixing between the
four strata (Figure 6a, Movie S7). When the PDADMAC is
switched four times at 100 mM NaCl (Figure 6b, Movie S8),
we observe only weak stratification; the boundary between the
three apparent regions is not very sharp and there is a
weakened gradient in the fluorescence intensity. This is a
potentially powerful method of controlling the internal
structure of interfacial membranes. Depending on the intended
application, it may be necessary to control the sharpness of the
boundary between different strata, which can be easily tuned
by ionic growth conditions.
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Figure 6. Fabrication of stratified membrane. (a) Four insertions at
0 mM NaCl. First fluorescent insertion was for 45 min, followed by
nonfluorescent growth for 144 min. This is followed by a
fluorescent and nonfluorescent insertion for 30 and 60 min,
respectively. The plot shows the fluorescence profile through the
cross-section of the membrane. (b) Four insertions at 100 mM
NaCl. First a fluorescent insertion is performed for 48 min,
followed by a nonfluorescent growth for 249 min. This is repeated
once again for 30 and 51 min, respectively. Plot represents the
intensity profile across the membrane. In both plots the dashed
line represents the dex/membrane interface while the solid line
represents the PEG/membrane interface. The green shaded
portions represent the regions with fluorescent growth, measured
from the images.

CONCLUSION

We have shown, through sequential insertion of PE species in a
microfluidics platform, that the growth of membranes formed
via interfacial complexation between PDADMAC and SiO,
NPs at a water—water interface depends strongly on the ionic
strength of the solution. At a low ionic strength, the membrane
grows by the permeation of PDADMAC from the dex/
PDADMAC phase through the existing PDADMAC/SiO, NP
membrane to complex with NP at the interface of the PEG/
SiO, NP phase. The permeation-based growth affords spatial
control over the internal structure of the membrane, enabling
incorporation of various composition and functionality into
different strata. We have shown that distinct domains can be
produced, and that the sharpness of the boundary can also be
varied by increasing the ionic strength of the solutions.
Stratified domains become more diffuse as ionic strength of the
solutions is increased and are completely eliminated by PE
intermixing at high ionic strengths. This understanding of the
salt-dependent growth mechanism provides valuable control
over the internal structure of the membrane.

The transitions in membrane assembly mechanisms
discussed in this paper should spur additional fundamental
studies to improve our understanding of interfacial complex-
ation process. For example, knowledge of the association/
dissociation rates of complexing species as a function of ionic
strength from single molecule methods or simulations would
provide valuable fundamental insight. In addition, quantitative
measures of the diffusion coeflicient within the complexed
structure using techniques such as fluorescence recovery after
photobleaching (FRAP) would provide important insights into
the dynamics of structural rearrangements. On-going studies
are focused on understanding the effect of growth conditions
(ionic strength) and internal structuring (stratified vs

homogeneous) on the macroscopic properties of the
membranes such as permeability and mechanical robustness.

EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-Aldrich
unless otherwise noted. The biphasic ATPS system is based on
poly(ethylene glycol) (PEG, MW = 20 000 g/mol) and dextran (dex,
MW = 450 000—600 000 g/mol). Polycations used include
poly(diallyldimethylammonium chloride) (PDADMAC, 35 wt %
MW < 100 000 g/mol) and rhodamine tagged PDADMAC (1 mg/
mL MW > 15 000 g/ mol) from Surflay; average MW is obtained from
the suppliers. In addition, PDADMAC solutions with MW ranging
from 14 000 g/mol to 100 000 g/mol were prepared by dialysis
through a cellulose bag with a cutoff of 14 000 g/mol. The dialyzed
polymer was freeze-dried and redissolved in DI water to generate a 15
wt % stock solution. SiO, nanoparticles are LUDOX TM-50 colloidal
silica (diameter 22 nm, 50 wt % suspension in water). Sodium
chloride (NaCl) was purchased from Fisher Scientific and Sigma-
Aldrich.

Solution Preparation. Stock solutions of 20 wt % dextran and 15
wt % PEG were prepared by stirring overnight with DI water.
Solutions of PDADMAC and SiO, NPs suspensions were prepared by
dilution of their respective stock solutions. The PDADMAC
concentrations were adjusted to achieve isotonic conditions, with
respect to the PEG/NP phase with 4 vol % of NP and 10 wt % PEG
(Figure S1). Osmolality of solutions was measured by an Advanced
Instruments Micro Osmometer Model 3300. The dex/PDADMAC
stream contains 15 wt % dex/2 wt % nonfluorescent PDADMAC. The
dex/fluo-PDADMAC stream has similar composition, with 25% vol.
of the nonfluorescent PDADMAC replaced with fluo-PDADMAC.
When adding salt to the complexing solutions, variations on the pH
were observed. For the PEG/NP solution, increasing the NaCl
concentration from 0 mM to 500 mM changed the pH of the
solutions from ~10 to 8.6. The dex/PDADMAC solution changed
from 6.5 to 7.2 for the same NaCl concentration change.

Batch Membrane Growth. To study the growth of the
membrane, large volumes (~20 mL) of dextran/PDADMAC solution
(1.5 wt % PDADMAC) and PEG/NP suspension (8% vol.) solutions
were brought into a contact with each other. The membrane
formation was achieved in two steps. First, a mixture of 10 wt % PEG,
8 vol % NP, 100 mM NaCl, and 15 wt % dextran was vortexed for 2
min and left to undergo phase separation in a 50 mL conical tube for
24 h. The PEG/NP phase segregated to the top and the dextran phase
to the bottom (Figure S2). To initiate membrane growth, the lower
phase was exchanged with a dex (15 wt %)/ PDADMAC (1.5 wt %)
solution at 100 mM NaCl. This exchange was achieved by carefully
inserting and withdrawing dextran phases at equal rates until the total
lower phase volume was exchanged. After successful volume exchange,
the interfacial growth was tracked at different intervals for 6 days.

Pendant Drop-Based Growth of Interfacial Membrane. Five
milliliters of the continuous PEG/NP phase was placed in a 10 mL
glass cuvette. To form the droplets, 1 uL of the dispersed (dex/
PDADMAC (1.07 wt %)) was inserted into a continuous phase of
PEG/NP at a flow rate of 1 uL/s. The syringe OD diameter was 0.90
mm (straight needle). Videos were recorded at 0.02 fps for 33 min.

Microfluidic Device Fabrication. A Y-junction microfluidic
device was fabricated using traditional soft-lithography fabrication
techniques. The device has 4 inlet ports which are connected to a
rectangular channel with a width of 1 mm; two channels containing
two phases meet at the Y-junction region which has the total width of
2 mm. The coflow region is 20 mm in length. The height of the device
is 32 ym (Figure 4). To position the interface at the middle of the
coflow region, the flow rates of two phases are tuned to match their
shear stresses at the interface.*” The flow rates were 3.5 #L/min for
dex/PDADMAC at 100 mM NaCl and 19 yL/min for PEG/NP at
100 mM NaCl. More details are provided in the Supporting
Information, Figure S8 and Table S1.

Thermogravimetric Analysis. An interfacial membrane for TGA
was prepared by immersing a high concentration PDADMAC dextran
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stream (20 uL) into a bath of PEG/NP (3 to 4 mL). The dextran
streak was placed on a SiO, wafer and left to undergo complexation
for 1 day. The membrane was recovered in powder form (more details
in Supporting Information) and used for the TGA analysis. The
membrane was heated from room temperature (21 °C) to (800 °C)
at 5 °C/min under nitrogen purge. The two isothermal stages are
incorporated to promote water evaporation and to ensure complete
thermal decomposition of the organic species.

Confocal Microscopy. Confocal imaging was performed on a
Zeiss confocal microscope, with a 10X Zeiss objective and a laser
excitation of 488 nm with an emission wavelength of 520—610 nm.
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