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ABSTRACT: Bioinspired materials have been developed with
the aim of harnessing natural self-assembly for precisely
engineered functionality. Microfluidics is poised to play a key
role in the directed assembly of advanced materials with ordered
nano and mesoscale features. More importantly, there is a strong
need for understanding the kinetics of continuous assembly
processes. In this work, we describe a continuous microfluidic
system for the assembly and alignment of synthetic oligopeptides
with 7-conjugated cores using a three-dimensional (3D) flow
focusing of inlet reactant streams. This system facilitates in situ
confocal fluorescence microscopy and in situ fluorescence
lifetime imaging microscopy (FLIM), which can be used in
unprecedented capacity to characterize the integrity of peptides
during the assembly process. To achieve continuous assembly,
we integrate chevron patterns in the ceiling and floor of the microdevice to generate a 3D-focused sheath flow of the reactant
peptide. Consequently, the peptide stream is directed toward an acidic triggering stream in a cross-slot geometry which
mediates assembly into higher-order fiber-like structures. Using this approach, the focused peptide stream is assembled using a
planar extensional flow, which ensures high degrees of microstructural alignment within the assembled material. We
demonstrate the efficacy of this approach using three different synthetic oligopeptides, and in all cases, we observe the efficient
and continuous assembly of oligopeptides. In addition, finite element simulations are used to guide device design and to validate
3D focusing. Overall, this approach presents an efficient and effective method for the continuous assembly and alignment of
ordered materials using microfluidics.
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B INTRODUCTION

Naturally occurring polymers such as DNA, RNA, and
peptides can deterministically self-assemble into complex
hierarchical three-dimensional (3D) structures that give rise
to specific functions. In recent years, bioinspired materials have
been developed with the aim of harnessing natural self-
assembly for precisely engineered functionality.' > The
development of new biomimetic materials has benefitted

printing.13 However, it is challenging to use these methods to
optimally align ordered domains such as 7-conjugated units at
the molecular scale. To this end, there is a need for the
continued development of new methods for the directed self-
assembly of engineered materials, especially for organic
semiconductor applications.

Microfluidic devices have played an increasingly important
role in the fabrication of supramolecular assemblies.'” >

from advances in both synthetic organic chemistry and the
improved synthesis of biological materials.'™"" Nonetheless,
the development of systematic methods for controlling the
nano to mesoscale ordering of functional materials remains a
challenge. To control structural ordering, biohybrid materials
such as functionalized oligopeptides are typically processed in
batch solutions and deposited onto surfaces to generate
functional devices using a variety of methods including spin-
coating,z’u’13 electrospinning,z’l“_18 and roll-to-roll template

-4 ACS Publications  © 2019 American Chemical Society

Simple cross-slot microdevices can provide access to nanoscale
control over substructure alignment. However, current
methods suffer from unwanted material buildup and channel
obstruction, precluding in situ characterization, and limiting
throughput while causing uncertainty in the prior processing
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history of the collected assembled material.” These problems
are rooted in the undesirable nonspecific adsorption of the
assembled material on the device’s inner surfaces, precluding
the continuous, high-throughput assembly of peptides in flow.
In such context, microfluidic methods for 3D flow focusing
have been developed for applications such as improved flow
cytometry.'*'®**735 While the most straightforward approach
involves top and bottom focusing streams in an analogous
fashion to more common 2D lateral focusing streams, groove-
or chevron-patterned microchannels can provide controllable
sheathed flows without the need for more complicated 3D
lithographic techniques or additional fluidic sources or
pumps, 141628303233

In this work, we implement 3D flow focusing of peptide
streams using patterned microfluidic channels for the novel
application of achieving continuous assembly of oligopeptides.
This innovation enables the unprecedented characterization of
the material and its assembly in situ as well as direct
confirmation of previous hypotheses regarding the assembled
product alignment. In particular, we incorporate chevron
structures into the ceiling and floor of the inlet channels in
cross-slot microdevices such that the reactant peptide stream is
focused before reaching the assembly zone at the cross-slot
region, enabling the device-mediated assembly for high
throughput deposition techniques such as ink jet and e-jet
printing. For these devices, microfluidic channel designs are
validated using computational fluid dynamics and chemical
transport simulations in COMSOL. As a result, flow focusing
and real-time assembly were characterized in situ using
confocal fluorescence microscopy, polarized fluorescence
microscopy, and in situ and ex situ fluorescence lifetime
imaging microscopy (FLIM). In all cases, we observe the
unobstructed continuous assembly and alignment of synthetic
oligopeptides over long times. We furthermore spatially
correlate lifetime signals from unassembled and aligned,
assembled material as it forms in situ. Finally, we indicate
two paradigms in which printing can be developed and
integrated with our current device for future high-throughput
materials processing and deposition. Taken together, our
results show that the integrated chevron/cross-slot micro-
devices offer the potential for new microreactor designs with
enhanced control over fluid flow to generate the assembled
materials in a continuous flow format.

B EXPERIMENTAL SECTION

Microdevice Fabrication. Microfluidic cross-slot devices with
chevron patterns were fabricated using standard soft lithography
techniques.>®*” Microdevices consist of hybrid glass/poly-
(dimethylsiloxane) (PDMS) assemblies suitable for fluorescence
microscopy. Chevrons were designed with a 90° angle and were
symmetrically centered along the top and bottom of the inlet
oligopeptide stream. Chevron dimensions were 50 ym in height by 50
pum in width with a 200 gm pitch, and channel dimensions were 100
um in height by 400 pm in width (Figure 2). Overall, the integrated
PDMS device consists of three layers (top chevrons, center channels,
and bottom chevrons), which requires careful alignment of these
features. Two different masters were created on silicon wafers using
SU-8 photoresist (MicroChem) and exposed to UV light with a
custom photomask (MRL photomask services). One master was
created by first spin-coating a 100 pm-thick layer of SU-8 and
exposing and developing the pattern for the main (center) channel
features. Next, a 150 pm-thick layer of SU-8 was deposited, and the
chevron photomask was aligned with the monomer inlet channels
using a stereomicroscope. The pattern was then exposed and
developed to reveal a two-layer master containing the aligned channel

and top-chevron features. A second master was created using standard
techniques and contained a single layer of 100 pm-tall chevrons,
which would serve to create the bottom layer chevrons in the inlet
channel. Both masters were then treated with chlorotrimethylsilane
(Sigma-Aldrich) vapor to prevent PDMS adhesion. Approximately 30
g of PDMS mixed in a ratio of 10:1 base/cross-linker was poured into
a standard Petri dish containing the two-layer master. Separately, a S0
pum-thick layer of the same PDMS solution was spin-coated onto the
second master, thereby resulting in the master’s SU-8 chevron features
protruding 50 ym above the PDMS layer. The excess S0 ym height of
the one-layer chevron master served to ensure that the spin-coated
PDMS did not seal off the chevron features and to aid in the lateral
alignment of layers by protruding slightly into the channel of the two-
layer mold. After baking both molds for ~20 min at 60 °C the two-
layer portion was removed from the master, inlet and outlet holes
were punched through the layers, and a stereomicroscope was used to
align the channels and top chevrons of the two-layer PDMS mold
with the chevron features of the 50 um spin-coated mold. After an
overnight cure, PDMS was removed from the master and bonded to
glass coverslips by treatment in oxygen plasma.

Fluidic-Directed Assembly of Synthetic Oligopeptides.
Flow-focused streams of unassembled oligopeptide at a concentration
of 0.1 mM in deionized water (18.2 MQ-cm) were introduced into
cross-slot devices and directed against an opposing aqueous acidic
stream of 10 mM HCI, such that these two streams meet at the cross-
slot junction (Figure 2). The unassembled peptide stream (volumetric
flow rate 10 pL/min) was first focused laterally in 2D using two
flanking streams of deionized water (S00 yL/min). The 2D focused
peptide stream was then directed into the inlet channel containing
chevron features in the ceiling and floor, thereby resulting in a 3D
flow-focused peptide stream. An aqueous acidic stream was
introduced into the opposing inlet at the cross-slot junction at a
volumetric flow rate of 500 #L/min and later slowed to 250 xL/min
in order to shift the position of the oligomer assembly front. In order
to facilitate assembly, we initiated flow conditions in the following
order: focusing stream, unassembled peptide stream, aqueous acid
stream, followed by terminating the process using the reverse
procedure. This order of operations significantly reduces the
introduction of air bubbles in the cross-slot or chevrons and/or
backflow of the acid stream into the monomer solution that could
result in unwanted spontaneous assembly. Three Harvard apparatus
PHD ULTRA syringe pumps were used to generate fluid flow. Forked
tubing was used to connect the two cross-slot outlets to a single outlet
from which the effluent stream was collected.

Fluorescence and Confocal Microscopy. Microdevices were
mounted on a Zeiss LSM 700 inverted microscope and imaged
through a 5X EC Plan-Neofluar objective (NA = 0.16) onto a linear
CCD array (512 X 512 pixels). The peptides investigated in this work
exhibit a blue-shifted absorption and quenched red-shifted emission
upon assembly. For this reason, the images were acquired by splitting
fluorescence emission into two channels using appropriate dichroic
mirrors, band-pass filters, and long-pass filters to distinguish the
assembled oligomer from the unassembled peptide (Table S1).
Confocal images were acquired through a slit approximately 1 Airy
unit wide (~10 pm) with a galvo y-scan and raster laser line oriented
in the x-direction and scanned in the z-direction using a fast-scanning
piezo-collar objective.

Ex Situ Fluoresence Lifetime Imaging Microscopy (FLIM).
The samples were prepared by pipetting a small amount (~15 uL) of
material collected from the outlet stream of a microfluidic device onto
glass slides, followed by addition of a glass coverslip and sealing with
clear nail polish. Glass microscope slides were then mounted on a
Nikon Eclipse Ti inverted microscope in conjunction with an Alba
FCS and scanning mirror module. A mode-locked Ti:sapphire laser
system (Tsunami and Millennia, Spectra-Physics) was used for two-
photon illumination of the samples at 80 MHz pulse repetition rate
with ~100 fs pulse width. Fluorescence emission was imaged using a
Nikon Plan APO 60X objective lens (NA = 1.2) and a single-photon
counting module with sensitivity from ~S00 to 1100 nm (70%
quantum efficiency peak at 650 nm, dark count = 50 counts s™'). Data
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Figure 1. Photophysical properties of synthetic oligopeptides. (a) Structures and (b—d) bulk spectral properties of synthetic oligopeptides with
different 7-conjugated cores flanked by symmetric DFAG residues. Absorption and fluorescence emission spectra are shown for: (b) DFAG-OPV3,
(c) DFAG-4T, and (d) DFAG-PDI. Absorption spectra (blue dashed lines) and fluorescence emission spectra (black-dashed lines) are shown for
oligopeptides under basic solution conditions prior to assembly. Under acidic conditions (pH < 3), these synthetic oligopeptides assemble into
fiber-like networks that exhibit blue-shifted absorption peaks (solid blue lines) and red-shifted emission (solid black lines).

were analyzed for fluorescence lifetimes using ISS VistaVision
software.

In Situ Fluoresence Lifetime Imaging Microscopy (FLIM).
Microdevices were mounted on a Zeiss LSM710 inverted microscope
and imaged through a Zeiss Plan-Apochromat 20X objective (NA =
0.8). A Ti:sapphire laser system (Mai Tai, Spectra-Physics) was used
for two-photon illumination of the devices. The FLIM system was first
calibrated using ISS Vista software and a rhodamine 6G standard
(lifetime = 4.03 ns). The edge of a drop of rhodamine dye was
focused onto one of two highly sensitivity non-descanned (GaAsP)
detectors and then directed to single-photon counting modules (ISS)
for system calibration. Following the microdevice setup and flow
initiation, the cross-slot device was imaged using a QUASAR 34
channel spectral detector, consisting of two standard photomultiplier
tube (PMTs) and a 32 channel PMT array. Once the assembly was
verified, the scan area and speed were decreased to a 256 X 256 array
with a 6.3 ps-pixel dwell time at a 2X zoom, and the light path was
redirected toward the single-photon counting modules. Data were
analyzed for fluorescence lifetimes using the ISS VistaVision software,
similar to ex situ data.

10949

Computational Modeling. We performed a series of simulations
of the flow process using computational fluid dynamics to assess the
effect of chevron features on flow focusing in microfluidic channels.
Moreover, the simulations further served to inform the requisite
number and spacing of chevrons for efficient 3D flow focusing. In
particular, we used finite element analysis in COMSOL Multiphysics
to analyze flow fields generated by grooved channel features. The
computational algorithm considers the Navier—Stokes equations for
incompressible flow in the laminar flow regime, for which nonlinear
inertial terms can be neglected

9 ?*
— _P u Ui =0
0x, ()xjax].
Ou;
=0
ox; (1)

where p is the pressure, y; is the fluid velocity, and u is the dynamic
viscosity. Equation 1 is given in indicial notation such that subscripts
refer to vector components. For the dilute aqueous streams, we used
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Figure 2. Integrated microfluidic device with a cross-slot channel geometry and chevron features for 3D-focused oligopeptide assembly and
alignment. (a) Schematic of the chevron microdevice. (b) Left: Close-up schematic of the chevron patterns. Center: Optical micrograph of the
aligned chevrons. Right: False color image showing the cross-slot microdevice in operation for the DFAG-PDI assembly as viewed under S0X
objective. (c) COMSOL simulation results showing vertical flow focusing of a core stream (red) using a sheath flow (blue). (d) Side view of a
reconstructed confocal microscope 3D image of flow focusing for a fluorescent dye at a core/sheath flow ratio of 1:10.

standard properties for water at ambient temperature with no-slip
boundary conditions at the walls, laminar inflow boundary conditions
at the inlets, and open interface boundary conditions at the outlets.
The transport of the dilute species module of COMSOL was used to
model diffusion via Fick’s law

0

()xj 6xj /

Dﬁ — cu] =0
(2)

where D is the diffusion coefficient and ¢ is the concentration of the
focused species (small molecule dye or unassembled peptide
oligomer). We assume a constant diffusion coefficient D and use a
normalized concentration ¢ such that ¢ = ©/¢, where T is the
dimensional concentration and ¢, is the dimensional inlet
concentration. It is assumed that the peptide monomer is sufficiently
dilute such that the presence of the dissolved peptide in the flowing
streams does not influence fluid flow. In this way, we first solved the
Navier—Stokes equations and then used the flow solution as the
velocity field for solving the associated convection-diffusion problem.

Ligler and co-workers® previously investigated the impact of
grooved chevron features in generating sheath flows in microfluidic
channels. In particular, prior work provides a comprehensive analysis
of the effects of both the number and spacing of chevrons on 3D flow
focusing. In general, the number of chevrons controls the vertical
compression (z-direction focusing), whereas the sheath-to-core flow
ratio controls the lateral focusing, with various permutations affecting
the shape of the focused stream. Higher flow ratios of sheath-to-core
change the shape of the core stream from bowtie-like to oblong to
nearly circular focusing. In the present work, we were primarily
interested in generating a simple sheath flow in order to exclude the
focused peptide stream from the top and bottom surfaces, hence the
details of the shape of the focused stream were not critical for our
purposes. For these reasons, we generally employed sets of four
chevrons in our devices using a specific pattern that was found to be
efficient for flow focusing in prior works (chevrons with a 90° angle,
symmetrically centered along the top and bottom of the inlet stream,
with similar dimensions to those used in this study).

B RESULTS

Photophysics of Synthetic Peptides with Different
Functional Cores. In this work, we studied the fluidic-
directed assembly of three different synthetic peptides
containing the same flanking amino acid sequence but with
three different cores: OPV3, quaterthiophene (4T), and
perylene-diimide (PDI) (Figure 1). These oligopeptides
consist of a zm-conjugated core flanked on either side with
symmetric peptide sequences DFAG (aspartic acid, phenyl-
alanine, alanine, glycine). The dashed lines in Figure 1 spectra
are for oligopeptides under basic solution conditions prior to
assembly. Under acidic conditions, these peptides assemble
into supramolecular fibers (Figure S1) via §§ sheet formation
due to pH-triggered electrostatic screening of aspartic acid
residues that become protonated below the pK, of the residue
side chain, thereby facilitating hydrogen bonding and van der
Waals interactions between oligopeptides.  sheet formation
can be further influenced by the solvation and 77— interactions
of the cores, deFending on the chemical identity of the z-
conjugated core.”>>?

We began by characterizing the photophysical properties of
these three synthetic oligopeptides with different 7-conjugated
cores: OPV3, 4T, and PDI (Figure 1a). Upon assembly, these
peptides exhibit blue-shifted absorption peaks (solid blue lines
in Figure 1) and quenched red-shifted fluorescence emission
(solid red lines in Figure 1), which is consistent with H-
aggregate formation in the framework originally developed by
Kasha and co-workers and expanded upon by Spano and co-
workers.”*® The red-shifted fluorescence emission for 4T-
functionalized peptides is noticeably less pronounced com-
pared to peptides with OPV3 and PDI cores, which
necessitates the use of different optical configurations for
fluorescence imaging of peptides with 4T cores (Figure 1b,c,
Table S1). Furthermore, the PDI peptide exhibits a
significantly quenched fluorescence emission relative to 4T
or OPV3 peptides due to its more n-type properties, which
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Figure 3. Assembly of oligopeptides in cross-slot microdevices. (a) Time series of fluorescence images showing an assembly of DFAG-OPV3
peptides in a simple cross-slot microdevice without chevrons. (b) Time series of fluorescence images showing an assembly of DFAG-OPV3
peptides in a simple cross-slot microdevice with chevrons. Images are shown in a false color intensity map normalized to the highest intensity across
all images. (c) Fluorescence intensity line scan from the microdevice without chevrons across an outlet channel immediately downstream of the
cross-slot indicated by a blue dashed line in the image in panel (a). (d) Fluorescence intensity line scan from a microdevice with chevrons across an
outlet channel immediately downstream of the cross-slot indicated by a blue-dashed line in the image in panel (b). (e) Fluorescence intensity of a
1S pm diameter spot centered on the assembly front, indicated by the blue arrow in the fluorescence images in (a,b) as a function of time.

complicates the detection of PDI-assembled peptides (Figure
1d). For these reasons, we primarily focused on OPV3-
functionalized peptides for characterizing assembly dynamics
via fluorescence spectroscopy, though all three are assembled
using the new continuous flow microdevices.

Flow Field Characterization for 3D Flow Focusing.
Diagonal groove patterns (chevrons) were used in the ceilings
and floors of microdevice inlet channels to generate a sheath
flow consisting of an inner peptide stream enfolded in an outer
sheath stream (Figure 2). The sheath stream is introduced at a
higher volumetric flow rate than the inner core stream so that
sheath fluid is directed across the channel above and below the
inner peptide stream, thereby inducing vertical displacement
and compression of the inner fluid. In particular, we used
symmetric pairs of chevron patterns, four on top and four on
bottom of the peptide inlet stream (Figure 2a,b), in order to
maintain the sample stream symmetry at the cross-slot and to
generate coaxial flows that are fairly insensitive to the sheath-
to-core flow rate ratio.'*** The channels are 400 ym wide by
100 pum tall with chevrons that are 50 ym tall and 50 ym wide
with a 90° apex, intersecting the channel walls at a 45° angle.
Following flow focusing, the peptide stream is directed to a 4-
channel microfluidic cross-slot. In the vicinity of the cross-slot,
the field is planar extensional with a fluid velocity described by
v, = &y and v, = —éx, where ¢ is the strain rate and (x, y) are
the distances along the inlet (or outlet) from the stagnation
point at the center of the cross-slot. In this way, peptide

assembles due to diffusive mixing at the interface between the
unassembled peptide and acid streams in the cross-slot
junction. In addition, by making the diffusive interface coincide
with the extensional flow axis, the extensional component of
the flow pulls and aligns the products as they assemble.”*”
Using this integrated microfluidic device, we effectively
generated 3D flow-focused inlet streams for OPV, 4T, and
PDI peptides, followed by peptide assembly and alignment in a
continuous flow format over long times (Figures 2b and S7a—
c). The inlet peptide stream (green, unassembled) is directed
from left to right. The assembled peptide flows in the vertical
outflow channels and appears with a red-shifted fluorescence
emission. Red color is used to illustrate the emission
wavelengths redder than the dichroic cutoff and green is
used for emission that is bluer. Fluorescence emission was
detected using the optical configurations described in Table
S1.

Before proceeding with assembly experiments, we assessed
the performance of microdevice designs using computational
fluid dynamics in COMSOL Multiphysics. In particular, we
evaluated the performance of these devices for 3-D focusing
using sheath-to-core flow ratios in the range of 10:1—100:1
(Figure 2b,c). Flow focusing is achievable by maintaining a
flow with a Reynolds number around 100 or below, and while
this is accomplished primarily through the small dimensions of
the device, it is also necessary to maintain overall flow rates on
the order of 1 mL/min at most.* By maintaining a sample
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flow rate of ~10 uL/min, we could vary the focusing streams
between 100 and 1000 yL/min and maintain the necessary
flow regime. The ratio between these flow rates is also
responsible for the shape and size of the resulting focused
stream. Relatively lower sheath flow rates yield a horizontal
dog bone shape that can be inadequately separated from the
devices’ ceiling and floor at the dog bone lobes, while the most
aggressive sheath flow rates can create an hourglass shape
suspended at the flow center but this nearly bifurcates the
focused stream along the horizontal axis. Sheath flow rates
between ~250 and 500 yL/min provide symmetric square-like
coaxial focusing. There is also some latitude in deciding the
number of chevrons to use as there is increased focusing, but
also increased flattening, of the focused stream as it passes
through each successive chevron. One could also envision
varying the depths, widths, and angles of the chevrons, but we
did not investigate these other parameters. We found that the
four-chevron microdevice geometries and operating parame-
ters detailed herein were suitable for our goal of achieving
efficient sheathing of the inner peptide stream, which
effectively prevents the peptide from interacting with the top
and bottom surfaces of microdevices while maintaining lateral
focusing (Figure 2c).

Following the validation of microdevice designs, we next
fabricated three-layer-integrated microfluidic devices contain-
ing the same chevron patterns as analyzed in the computa-
tional studies. Using these devices, we experimentally
characterized the performance of the chevron-containing
microdevices for vertical flow focusing of small molecule dye
and peptide streams using confocal microscopy. We first
introduced a small molecule fluorescent dye as the inner core
stream and used water as the sheath stream to demonstrate a
proof-of-principle validation of 3D flow focusing. In all cases,
we observed efficient vertical focusing and generation of a
sheath flow (Figure 2d). Notably, we observed that the higher
volumetric flow ratios of sheath-to-core streams resulting in the
substantial compression of the inlet dye stream also reduced
photon counts to a lower level by decreasing optical path
length through the fluorescent material, thereby signifying
efficient z-direction focusing before confirmation through
confocal z-stack imaging. Using this method, we observed
long-term stability (minutes to tens of minutes) of vertically
focused streams when operating in a continuous flow mode,
which enables the data acquisition using confocal imaging for
the vertical z-stack image integration with suitably long
exposure times.

Oligopeptide Assembly under Continuous Flow.
Following microdevice characterization, we studied the
continuous flow assembly of the synthetic oligopeptides
(Figures 3 and S2). For these experiments, we introduced a
deionized water stream into the sheath flow inlets, an aqueous
solution of an unassembled peptide oligomer (0.1 mg/mL)
into the sample inlet stream, and an aqueous acidic stream (10
mM HCI) into the opposing inlet channel of the cross-slot
junction, as shown in the schematic in Figure 2. For direct
comparison, we characterized the assembly of peptides in
microdevices without (Figure 3a) and with (Figure 3b)
chevron features in the floors and ceilings of the inlet peptide
streams. In all cases, microfluidic devices without vertical
focusing exhibited rapid peptide aggregation and adhesion to
the channel surfaces; assembled oligopeptide begins to form
within the first minute and significant adhesion to channel
surfaces is visible in less than 2 min (Figure 3ac). For

microdevices without chevrons, fluorescence intensity meas-
urements in the outlet channels clearly demonstrate the
uncontrolled accumulation of the assembled peptide. On the
other hand, microdevices containing chevrons allowed for the
continuous and long-time assembly of oligopeptides without
material accumulation (Figure 3b,d). In Figure 3b at t = 0 s
flow rates are adjusted to be equal to the conditions in Figure
3a. At t = 30 s, the assembly front shows oligopeptide
formation along new extensional flow axis. Continuous
assembly in a steady state as seen in Figure 3b,d can be
achieved in microdevices with chevrons over the course of
minutes to hours. The experiments in Figure 3a,b were run
under identical conditions in terms of peptide and acid
concentrations (0.1 mg/mL and 10 mM, respectively) and
volumetric flow rates (10 and 500 xL/min for sample and
lateral aqueous focusing stream, respectively, and 500 #L/min
for the acid stream). The images are shown in a false color
intensity map normalized to the highest intensity across all
images.

Figure 3e shows the time-dependent fluorescence emission
intensity for microdevices with and without vertical flow
focusing. In the original devices without chevrons, solutions
containing the OPV3-functionalized peptide showed a
dramatic accumulation of material with significant clumping
after only 90 s of device operation. Prior work has
demonstrated that the assembled oligomer in solution will
rapidly disassemble when the pH is returned to neutral,
nonaggregate-inducing conditions.”> However, when the acid
flow rate was reduced after 2 min from 500 to 250 yL/min,
thereby moving the assembly front and enveloping the pre-
assembled material in the high pH solution, significant
quantities of adhered oligomer aggregation remained, which
indicates that the surface-bound or “clumped” assembled
material may be irreversibly adhered to the microdevice
surfaces (Figure S3). On the other hand, microdevices
containing chevrons showed no evidence of aggregation or
irreversible adhesion to device surfaces, even after continuous
flow and peptide assembly in excess of 15 min. Figure 3d
shows that a steady-state amount of the assembled peptide
formation is attained within the flow, and the lateral and
vertical width of the assembly front does not change in the x—y
plane or in the z-direction. This is further evidenced by the
constant transient fluorescence emission intensity over long
times in the assembled peptide region in microdevices
containing chevron features (Figure 3e). Moreover, we found
that oligopeptides with 4T and PDI cores exhibited similar
behavior to OPV3-functionalized peptides. In microdevices
without chevrons, both peptide solutions show evidence of
oligomer aggregation and clumping on the top and/or bottom
surfaces after only ~150 s of device operation. In contrast,
microdevices containing chevrons yield efficient continuous
assembly of 4T and PDI peptides for long times (Figure S2).

Characterization of the Acid-Mediated Self-Assembly
of Oligopeptides Using FLIM. Continuous fluid-directed
assembly in microdevices allows us to directly characterize the
properties of assembled materials in real-time using in situ
FLIM. Before this development, understanding of peptide
assembly, and particularly its alignment, relied upon inference
from the collected material. In brief, FLIM measurements
provide the time delay between excitation and fluorescence
emission. Lifetimes are determined by the available energy
state transitions before radiative emission in the sample and are
thus indicative of the molecular scale order.
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Figure 4. In situ FLIM for fluid-directed assembly of oligopeptides with 4T cores. (a) False color image of the assembly process at device cross-slot
(blue shows unassembled peptide and green shows assembled peptide). Red square indicates position and field of view for in situ measurements
with respect to the device cross-slot. (b) Normalized histograms showing fluorescence lifetimes from two detector channels. Fluorescence lifetimes
were normalized with respect to their highest values, thereby revealing a bimodal lifetime distribution. Red represents channel 1 and green
represents channel 2 (Table S1). (c) Two-dimensional spatial map of assembled oligomer fluorescence lifetimes. Color represents lifetime and is
scaled the same for both (c,d). (d) Two-dimensional spatial map of unassembled oligomer fluorescence lifetimes. (e) Assembled oligomer

fluorescence intensity map. Color represents intensity as the number of photon counts on the detector. (f) Unassembled oligomer fluorescence
intensity map.
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Figure S. In situ FLIM for fluid-directed assembly of oligopeptides with PDI cores. (a) False color image of the assembly process at device cross-
slot (green shows unassembled peptide and red shows assembled peptide). Blue square indicates position and field of view for in situ measurements
with respect to the device cross-slot. (b) Histogram of fluorescence lifetimes shows a bimodal distribution due to unassembled and assembled
oligopeptides. (c) Fluorescence lifetimes for both assembled and unassembled oligomers. (d) Fluorescence emission intensity map corresponding
to the same physical region as part (c).

As in previous experiments, we inferred the generation of the without chevrons. Histograms of fluorescence lifetimes for the
aligned oligopeptide in these integrated microdevices using ex assembled material acquired from both simple and chevron-
situ FLIM to analyze the assembled material collected from containing devices appear as an approximately Gaussian
effluent streams. In these experiments, we studied the distribution (OPV3 peptides in Figure 6, and PDI peptides
photophysical properties of the assembled peptide material in Figure SS), indicating a highly uniformly aligned
collected in the outlet flow streams for microdevices with and oligopeptide. Moreover, fluorescence lifetimes are observed
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Figure 6. Fluorescence lifetimes of the assembled material collected from effluent streams in devices without and with chevrons for OPV3 synthetic
peptides. (a,b) Fluorescence intensity maps of the assembled oligopeptide from a device without chevrons and a device with chevrons, respectively.
(c,d) Fluorescence lifetime maps of the assembled oligopeptide from a device without chevrons and a device with chevrons, respectively. (e,f)

Histograms of fluorescence lifetimes for (c,d), respectively.

to be similar for PDI materials when comparing both ex situ
and, later, in situ FLIM (Figures S and SS). Fluorescence
lifetimes of the assembled, aligned material are not observed to
drastically change for materials assembled in non-chevron and
chevron devices, which suggests that 3D flow focusing does not
impact the integrity of the material when it is aligned.
However, recent work has shown that peptide assembly can be
alternatively induced through solvent evaporation and it is
uncertain which mechanism underlies the assembled peptide
observed ex situ on dried microscope slides.”"

Moreover, previous work comparing unassembled to
assembled materials has had to rely upon the width of the
lifetime distribution as an ersatz metric to distinguish between
the two.” These new devices with patterned channels allowed
us to take advantage of the underlying physics of FLIM to
quantitatively distinguish the unassembled oligomer from the
aligned, assembled oligomer while the material was being
assembled. FLIM probes m—n stacking interactions between
adjacent 7-conjugated cores in order to gain insight into the
supramolecular structures formed during assembly.”® For
example, the difference between pure H-stacked behavior
and J-coupled behavior are not only spectrally distinct, but also
exhibit different lifetime behavior. In particular, the Sy—S,
vibration-less ground state radiative transition is symmetry-
forbidden in pure H aggregates, which means that higher order
transitions via phonon coupling are favored in these types of

aggregates, leading to the quenched and blue-shifted

10954

absorbance, we observe in solutions of the assembled material
(Figure 1).**** Furthermore, it is well established that J
aggregates exhibit shorter fluorescence lifetimes compared to
their unassembled monomer constituents due to a greater
degree of exciton or excited state delocalization across several
core species.”' "> In this way, fluorescence lifetimes reveal
additional insight into nonideal H-structures at the molecular
level.

We directly probed oligopeptide assembly in continuous
flow using spatially resolved in situ FLIM for both 4T- and
PDI-functionalized oligopeptides (Figures 4 and S). Figures 4a
and Sa are false color images of the assembly process at the
device cross-slot with a colored square indicating the position
and field of view for in situ FLIM measurements. The false
colors are determined by the dichroics used in each experiment
as detailed in Table S1. Histograms of fluorescence lifetimes in
part (b) of each figure show a clear bimodal distribution for
both functional cores, with the long-time and short-time
maxima distinctly corresponding to the locations of the
unassembled and assembled oligopeptides, respectively. As a
reference, the fluorescence lifetimes of unassembled oligopep-
tides with 4T and PDI cores are ~0.7 and ~3 ns, respectively.
We see that all material to the left of the extensional flow axis
shows the expected nanosecond scale lifetimes of the
unassembled oligopeptide, and this region contains the
unreacted material before it has had an opportunity to self-
assemble by contacting the acid catalyst. Meanwhile, the
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extensional flow axis is ablaze with sub-nanosecond lifetime
fluorescence exactly where the assembly front lies. Figures 4c,d,
and Sc are heat maps of the lifetimes measured for the
fluorescence at each pixel. The data for Figure 4 is split across
two images due to a dichroic in the microscope platform that
lies in the middle of the 4T spectrum but could not be trivially
removed, thus splitting the signal across two detectors. Figures
4ef, and 5d are intensity maps showing the number of photon
counts per pixel. Note that the scale for Figure 4f is an order of
magnitude lower than for Figure 4e. Figure 5d clearly indicates
the different spatial locations of the unassembled peptide
(orange, longer lifetimes) and of the assembled peptide (red,
shorter lifetimes). The marked disparity between the quality of
the data in Figure Sc,d demonstrate how fluorescence lifetime
information can be used to inform the assembly process
despite the potentially uninformative fluorescence emission
intensity data. Fluorescence lifetime shortening in the
assembled structures suggests some degree of J-like aggregate
behavior.”'>*>**  Furthermore, the number of coherently
coupled molecules, known as the coherence length of an
oligomer, is directly proportional to the radiative decay rate
and thus inversely proportional to the fluorescence life-
time.***~* In this way, we can estimate the coherence
length of the assembled fibrils to be on the order of two to five
times larger than the unassembled peptide. We have thus
acquired, heretofore, unobtainable evidence for the specific
assembly structure based on live measurements of the material
as assembly occurs.

The combination of partially H-like and J-like properties of
the assembled oligopeptides raises new and interesting
questions as well. This mixture of properties could arise due
to tertiary or quaternary structures of joined f sheets in the
assembled fibrils, as elucidated by Fitzpatrick and Debelou-
china.*® Alternatively, the assembled structure could have 7-
conjugated functional cores in an “offset H” type of
configuration, which would lead to a slightly larger effective
transition dipole and therefore a shorter lifetime compared to
the unassembled peptide while retaining the H-aggregate
characteristics observed in Figure 1. In order to further
understand the photophysical behavior, we can consider the
structure of the assembled supramolecular materials. Although
the amino acid residues flanking the functional core are the
primary structural determinants, S sheet formation can be
altered by z—n stacking interactions of the cores. The
assembled supramolecular peptide structure takes the form of
a twisted ribbon structure, with z—x stacking interactions
between adjacent 7-conjugated cores and hydrogen bonding
and van der Waals interactions between adjacent f sheets in
the flanking peptides. Although n—7 stacking interactions
between cores generally aid in assembly, steric interactions in
amino acid side groups or core structures can influence the
distance between stacked peptides. Both 4T and PDI are larger
and more hydrophobic core groups compared to OPV3. From
this perspective, f sheet formation for oligopeptides function-
alized with larger z-conjugated cores may be hindered
compared to the less bulky OPV3 core. Therefore, in some
cases, these factors make it difficult to distinguish the
unassembled from the assembled oligopeptides using only
fluorescence emission spectra. However, we have used FLIM
as an effective technique for high contrast imaging of
oligopeptide assembly, regardless of fluorescence emission
and absorption spectra. Notably, the fluorescence lifetime
maps clearly show which regions are dominated by the

presence of unassembled and assembled oligopeptide
fluorescence (Figure S), even for images in which fluorescence
intensity variations make it difficult to simultaneously view
under and overexposed regions.

B CONCLUSIONS

In this work, we demonstrate the continuous assembly and
extrusion of aligned oligopeptides using integrated micro-
fluidics. We use finite element modeling of device geometries
for flow fields and mass transport to optimize a novel
microchannel device with patterned surfaces. Confocal
fluorescence microscopy is used to verify that chevrons
patterned into the ceilings and floors of microdevices generate
a sheathed peptide monomer stream. The continuous flow
facilitated by this novel design enables the collection of
fluorescence emission spectra and changes in fluorescence
lifetimes associated with amyloid formation. These show that
oligopeptide assembly is induced in a spatially-confined 3-D
reaction zone contained along the extensional flow axis of the
cross-slot. Assembly occurs within a vertical distance of around
50 um from the center-plane of the microdevice when the
flow-sheathed unassembled peptide stream is directed to the
interface with an opposing aqueous acid stream at a cross-slot
junction. Following assembly, we further characterize the
fluorescence emission properties of OPV3-, 4T-, and PDI-
functionalized synthetic peptides. In this way, oligopeptides
can be assembled and aligned into highly ordered structures
without device clogging, thereby providing a known processing
history of assembled materials collected in effluent streams.
Aligned and assembled oligopeptides can be extruded in a
continuous manner that is limited (in a single experiment)
only by the capacity of the fluid reservoirs (in our case, glass
syringes). Under proper device operation, our results suggest
that there should be no limit to the number of times the
external syringe pumps can be refilled in order to continue
oligomer production. Using this approach, it is possible to
explore the wide chemical parameter space of the peptide
residue and functional core combinations in a rapid format.
This microfluidic system can further be extended toward any
chemical system where the designer would like to control the
microscale morphology and, significantly, would like to do so
in a continuous manner with high throughput deposition and
patterning.
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