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This work investigates the influence of dielectrophoretic forces
on the structural features and the resulting aggregates of a
chromogenic model system, peptide-diacetylene (D;GV-DA)
amphiphiles. Here, we systematically investigate how non-
uniform electric fields impact the (i) peptide-directed
supramolecular assembly stage and (ii) topochemical photo-
polymerization stage of polydiacetylenes (PDAs) in a quadru-
pole-based dielectrophoresis (DEP) device, as well as the (iii)
manipulation of D;GV-DA aggregates in a light-induced DEP
(LIDEP) platform. The conformation-dependent chromatic
phases of peptide-PDAs are utilized to probe the chain-level
effect of DEP exposure after the supramolecular assembly or
after the topochemical photopolymerization stage. Steady-state

Introduction

External physical factors that complement synthetic design
tools for controlling the multi-scale organization of macro-
molecular building blocks pave the way for achieving new or
improved physicochemical properties for functional organic
materials. Triggering or controlling the formation of macro-
molecular structures has often been reported via direct
alteration of the solution formulation or distortion of the system
structure through pH,™? temperature,®¥ or mechanical force®™
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spectroscopic and microscopy analyses show that structural
features such as the chirality and morphologies of peptidic 1-D
nanostructures are mostly conserved upon DEP exposure, but
applying mild, non-uniform fields at the self-assembly stage is
sufficient for fine-tuning the chromatic phase ratio in peptide-
PDAs and manipulating their aggregates via LiDEP. Overall, this
work provides insights into how non-uniform electric fields offer
a controllable approach to fine-tune or preserve the molecularly
preset assembly order of DEP-responsive supramolecular or
biopolymeric assembilies, as well as manipulate their aggregates
using light projections, which have future implications for the
precision fabrication of macromolecular systems with hierarch-
ical structure-dependent function.

changes. On the other hand, indirect contact approaches for
influencing macromolecular structure, such as the utility of
light®” or electromagnetic fields,®® offer the advantage of
milder conditions for remotely manipulating the organization of
monomeric building blocks or the resulting polymer. More
specifically, these fields have been shown to tune reaction
kinetics and side chain interactions by controlling the orienta-
tion and direction of assembling molecules in a supramolecular
assembly.®'? For example, the use of an external electric field
on the piezoelectric diphenylalanine (FF) was reported to cause
stretching of the FF peptide backbone and increase the rate of
aggregation within the system, which gives insight into the
influence of electric fields to control aggregate formation of
piezoelectric peptides to better understand their electrome-
chanical properties."" Electric field modulation has been used
to influence the alignment or 2-D framework of supramolecular
assemblies. Cometto et al. used external electric fields to control
the switching of hydrogen-bonded networks and found that
intermolecular and molecular-surface interactions influence the
switching, rather than just the properties of individual
molecules."? In other cases, non-uniform electric fields have
been used to manipulate nanoparticles," block co-polymers,’™
and supramolecular fibers® within fluids.

Here, we investigate the usage of dielectrophoresis (DEP),
an electrokinetic technique that utilizes a non-uniform electric
field, to manipulate an amphiphilic and chromogenic peptide-
polymer conjugate as a model system. DEP is known to offer
real-time characterization and nano-to-micron-range particle

© 2024 The Authors. ChemSystemsChem published by Wiley-VCH GmbH


http://orcid.org/0000-0003-0640-1262
https://doi.org/10.1002/syst.202400061
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsyst.202400061&domain=pdf&date_stamp=2024-11-13

Research Article
ChemSystemsChem

doi.org/10.1002/syst.202400061

Chemistry
Europe

European Chemical
Societies Publishing

manipulation by often utilizing an alternating current (AC)
electric field to polarize particles and induce movement based
on the frequency of the applied voltage."” The frequency of the
electric field controls the response of the particle, in which it
can be attracted or repelled from the electrodes, referred to as
positive and negative DEP, respectively (Figure 1a). Traditional
DEP methods incorporate physical metal electrodes to create a
non-uniform electric field. Other DEP modalities also exist, such
as light-induced DEP (LiDEP) that uses light projections, referred
to as “virtual electrodes”, to generate a non-uniform electric
field (Figure 1b). These DEP methods induce particle movement
and offer a pathway for pattern-specific manipulation of
particles. In a broad context, DEP has been used in applications,
such as the characterization and manipulation of proteins,"®'”
human mesenchymal stem cells (hMSCs),"®*” and DNA.?"*? To
investigate the influence of DEP forces in this study, polydiace-
tylene (PDA) was specifically selected as the polymeric model
due to its known stimuli-responsive chromogenicity.>*® PDAs
are formed through the polymerization of ordered diacetylene
(DA) monomers with ultraviolet (UV) light irradiation, to form a
conjugated ene-yne backbone (Figure 1c).*” Upon exposure to
external stimuli, the measurable chromatic transitions are
mainly attributed to chain conformation changes of PDAs from
a planar, non-fluorescent, blue phase (A,.,~640 nm) to a non-
planar, fluorescent, red phase (A,.,~520 nm) (Figure 1d).>”
These conformation-dependent chromatic transitions that can
be easily monitored via spectroscopic techniques make PDAs
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ideal as a model system for elucidating the impact of external
stimuli on the order of a macromolecular assembly system.

In this work, we specifically investigate the effect of non-
uniform electric field stimulation at multiple structural length
scales for DA units conjugated to a pentapeptide, triaspartic-
glycine-valine (DDDGV, denoted as D,GV).*” The amphiphilic
diacetylene monomer design utilized in our study bears a
charged peptidic moiety as the polar group that provides a
supramolecular template for the geometric requirements of
PDA topochemical polymerization to be satisfied, as well as a
synthetic handle to control its stimuli-responsive properties, as
shown in our previous reports.?**'? With DEP as a stimuli, we
sought to investigate how non-uniform AC fields can interact
with charged peptide-diacetylene systems via manipulation of
its supramolecular and topochemically polymerized aggregates.
Using a suite of spectroscopic measurements and microscopy,
we characterized the influence of DEP force on the structural
features of peptide-DA/-PDA during the (i) peptide-directed
supramolecular aggregation stage, (ii) topochemical photo-
polymerization stage, as well as the (iii) manipulation of D,GV-
DA aggregates in a light-induced DEP platform. We investigated
the use of LIiDEP to induce peptide-DA aggregate movement
and explored this technique for manipulation of PDA precursors
at its supramolecular assembly stage. Within the scope of this
paper, we demonstrate the potential of DEP-based approaches
to manipulate peptide-PDA aggregates and systematically
identify the conditions by which structural features of the 1-D
assemblies are conserved or fine-tuned.
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Figure 1. General schematic for the DEP device platforms used and for the formation of peptide-polydiacetylene conjugates. (a) DEP is used as a stimuli to
manipulate D;GV-DA/-PDA assemblies using a quadrupole device. (b) LiDEP is also introduced as a method to manipulate supramolecular peptide-DA
nanostructures. (c) Schematic illustration of the self-assembly of peptide-diacetylene monomers that form peptide-PDAs after UV light irradiation. (d) As self-
assembled peptide-DAs polymerize under UV irradiation, the non-fluorescent blue-phase polymer (P2; A.,,,~620 nm) is formed. Upon further UV stimulation,
the PDA backbone twists, and the intensity of the peak corresponding to the non-planar, red fluorescent polymer (P1; A,.,~540 nm) increases. Figure 1a and b

were made in part using BioRender.
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Materials and Methods
General Terms and Considerations

Fmoc-protected amino acids and Wang resin were acquired
from Advanced ChemTech. 10,12-pentacosadiynoic acid and
formic acid were purchased from Sigma-Aldrich. Acetonitrile
(ACN), O-(benzotriazole-1-yl)-N,N,N’,N"-tetramethyluronium hex-
afluorophosphate (HBTU), benzoatriazol-1-yl-oxy-tripyrrolidino-
phosphonium hexafluorophosphate (PyBOP), trifluoroacetic
acid (TFA), triisopropylsilane (TIPS), N-N-diisopropylethylamine
(DIPEA), N-methylpyrrolidinone (NMP), methanol, dichlorome-
thane (DCM), dimethylformamide (DMF), ammonium hydroxide,
were obtained from Oakwood Products, Inc. or Fisher Scientific.
UltraPure™ DNase/RNase-Free Distilled Water was obtained
from Thermo Fisher Scientific. Amorphous silicon (a:Si) targets
were purchased from Millipore Sigma. Molybdenum targets
were obtained from Kurt J. Lesker Company. Indium tin oxide
glass slides were obtained from MSE Supplies LLC. Copper tape
was obtained from Zehhe. A stock solution of Tween-20
(2.24 wt%) was purchased from Chem-Impex International, Inc.

Synthesis, Purification and Characterizations of Peptide-
Diacetylene Monomer

The peptide-diacetylene monomer (D;GV-DA) was synthesized
and purified as previously reported in the literature.”” The mass
and the structure of the D;GV-DA were consistent with the
previously reported electrospray ionization mass spectrometry
(ESI-MS) and nuclear magnetic resonance (NMR) spectroscopy
data (Figures S1 and S2).2%

Fabrication of Quadrupole Electrodes

Electrodes with quadrupole geometry were fabricated using a
Heidelberg MLA150 Laser Writer, consisting of a 50 um layer of
titanium as an adhesive layer and 50 um of gold on a glass
substrate. The electrode width was 100 um with a 200 pm
spacing at the tip of the electrodes. Polydimethylsiloxane
(PDMS) with a 6 mm diameter hole was plasma bonded to the
glass substrate centered on the device, creating the region of
sample manipulation.

Sample Preparation

D;GV-DA (theoretical isoelectric point, pl, 2.78) samples were
prepared using a 1 mM acetate buffer to a final concentration
of 2.3 mM. A 1 mM acetate buffer was made by diluting a stock
solution of 0.1 M solution with sodium acetate and acetic acid
in UltraPure™ DNase/RNase-Free Distilled Water on the day of
the experiment. The pH and conductivity of the buffer were
kept around ~5 and ~65 pS/cm, respectively, across all con-
ditions. To form the peptide-PDA samples, a 254 nm UV light
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source was used to polymerize the self-assembled D;GV-DA in
acetate buffer.

Traditional DEP Modulation of D;GV-PDA

A description of dielectrophoretic considerations for the device
platform used here is described in the Supporting Information.
AC electric field modulation during the polymerization process
was investigated with the quadrupole-based DEP device (Fig-
ure S3) by observing the non-covalent peptide-directed assem-
blies of supramolecular aggregates of D,GV-DA and UV-
irradiation-assisted covalent polymerization to form PDAs. The
condition where non-covalent peptide-directed assemblies
were exposed to AC electric field prior to UV-polymerization is
denoted as “DEP + UV”. Samples were placed into the PDMS
well and exposed to a DEP field with the desired set frequency
(kHz) and peak-to-peak voltage (V,,) ranging from 10V, to
20 V,,, using a function generator (Tektronix AFG 31000), then
polymerized with a UV light source. Electrical stimulation was
continued throughout the UV-irradiation process. To observe
the influence of AC electric field on D;GV-PDA, exposure to DEP
was done after the sample was exposed to a UV light within the
PDMS well and exposed to the DEP field for the same time
ranges, denoted as “UV + DEP”. Between each sample run, the
well was washed with Milli-Q water, wiped with a cotton swab
containing 70% ethanol, and washed again 3 times with Milli-Q
water to remove any leftover samples.

LiDEP Manipulation

The experimental setup of the LiDEP platform includes a
projector (Vecupou), a digital microscope (Keyence VHX-7000),
a function generator (Tektronix AFG 31000), a LiDEP chip, and a
laptop. The virtual electrodes were generated via Microsoft
PowerPoint (or an analogous graphic-building software), which
were then projected onto the chip through a 10x objective lens.
The LIiDEP chip consists of three layers: (1) a bottom photo-
conductive layer deposited onto an indium tin oxide (ITO) glass
substrate; (2) a microchannel layer cut out from double-sided
tape; and (3) a top ITO glass substrate with holes drilled for the
inlet and outlet to introduce the sample solution. The copper
tape was connected to the top and bottom ITO glass slides to
create the electric circuit. The device material was made of
10 nm layer of molybdenum to smooth out the ITO surface and
act as an adhesive layer, and 1 um photoconductive layer of
amorphous silicon. Figure 1b illustrates the LiDEP setup. When
illuminated, the conductivity in the light-illuminated area
increases and generates a virtual electrode. When the AC
electric field was applied, the material of interest (self-
assembled peptide-DAs or peptide-PDA) experienced positive
or negative DEP response with respect to the electrode. Yellow
(hex code #FFFF0O0) was chosen as the input color of the virtual
electrode projected onto the device, based on our previous
work with LIDEP."® Samples for LIDEP manipulation were
prepared in the same way as the samples for quadrupole
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devices, such that the D;GV-DA material was placed into the
LiDEP device at 2.3 mM in the 1 mM acetate buffer solution
before the light and AC field was applied. Due to the small
volume of media in the device, as well as light stimulation of
the material, experimental run times were kept below five
minutes to prevent channel drying and unwanted light
polymerization of the sample. The light is turned on prior to
applying the electric field so that the DA aggregate movement
can be more visibly observed.

Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy

UV-Vis absorption spectra of the D;GV-PDA were obtained using
a Cary 100 UV-Vis spectrophotometer. The same samples that
went through the AC electric field stimulation were diluted with
UltraPure™ DNase/RNase-Free Distilled Water at a final concen-
tration of 0.31 mM. The acidic buffer concentration was
0.13 mM. All spectra were normalized with the signals from the
self-assembled samples (no UV) control subtracted out.

Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) images were taken using the
tapping mode of a Tosca™ 400 AFM (Anton Paar, Graz, Austria).
The optimum amplitude of the cantilever and laser alignment
were calibrated automatically using the Tosca™ Control soft-
ware. Images were taken at a resolution of 300x300 px, and a
line speed of 2.0 lines/sec or 1.0 lines/sec for 5x5 um and
1x1 um images respectively. AFM images were taken at multi-
ple locations for each sample to account for any heterogene-
ities in nanostructure density as a consequence of the
dropcasting procedure at a concentration of 0.31 mM. Images
were then processed using Gwyddion software (Czech Metrol-
ogy Institute, Czechia).

Transmission Electron Microscopy (TEM)

Samples were deposited on formvar coated (10 nm) copper
grids in 200 mesh with a carbon coating (1 nm) (Electron
Microscopy Services). Grids were prepared by briefly dipping
them in 1wt% Tween-20 in UltraPure™ DNase/RNase-Free
Distilled Water and blotting the excess solution with filter
paper. To deposit samples onto grids, 5 uL of a sample was
deposited onto the carbon face of the grid for 1 minute.
Following the coating, grids were dried from the copper face
and sides. Images were taken with the JEOL JEM-2100F at UC
Irvine Materials Research Institute and processed using Gatan
Digital Micrograph. The lengths of 1-D nanostructures in each
condition were analyzed using Nano Measurer.

ChemSystemsChem 2024, 202400061 (4 of 10)

Hyperspectral Microscopy

A hyperspectral microscope with CytoViva Enhanced Darkfield
llluminator was used. After applying the UV/DEP exposure to
peptide-PDA samples, the solutions were mounted onto a clear
microscope glass slide to be visualized. Brightfield images were
taken at 50x and 100x to observe the assemblies of the
peptidic materials. ENVI version 4.8 (Exelis Visual Information
Solutions, Boulder, Colorado) was used for data analysis to
develop the Spectral Angle Mapping (SAM) images. Image
processing was done using Fiji.>

Circular Dichroism (CD) Spectroscopy

CD spectra were obtained using a Jasco J-810 spectropolarim-
eter. The same samples used for UV-vis spectroscopy were
utilized to obtain the spectra for the peptide-PDA samples in
the visible light region (300-700 nm). Then, the same samples
were diluted to 0.063 mM using UltraPure™ DNase/RNase-Free
Distilled Water to obtain the spectra for the peptide region
(190-260 nm).

RGB Analysis

Images of each condition were taken on a Keyence BZ—X800.
Images were split into respective red, green, and blue color
channels and intensities were quantified using Fiji.®® The
average intensity is plotted, and the error bars represent the
standard deviation.

Results and Discussion

In this study, D;GV-DA/-PDA was used as a model system to
study the influence of DEP on a chromogenic macromolecular
assembly system. Our peptide-DA monomer was carefully
designed to contain ionizable amino acids, aspartic acid (D), at
the C-termini of the peptide sequence to promote solubility in
water and generate aggregates with charged side chains.
Glycine (G) was incorporated in the peptide sequence to serve
as a spacer after the triaspartic acid residues and valine (V) were
chosen based on its high propensity to form a B-sheet as a
secondary structure. In our previous work, the D;GV peptide
moiety served as an effective template for the amphiphilic DA
monomers to satisfy the geometric requirements for the top-
ochemical polymerization towards D;GV-PDA formation, as well
as a synthetic handle for modulating the thermochromicity of
PDAs when coassembled with its charge-complementary pair
under neutral conditions.***? Here, the charged D;GV-DA/-PDA
samples were prepared in a buffered solution at a pH of ~5 (i.e.,
above the theoretical pl of the peptide region, 2.78), with a
conductivity of ~65 pS/cm. Under the conditions used for this
study, the population of red-phase, non-planar chains predom-
inates over the blue-phase chains as the UV exposure time
increases during polymerization (Figure 1d).

© 2024 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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For the samples used for DEP experiments, we chose a UV
polymerization time of 10 minutes due to the similar apparent
coexistence ratio of the planar and non-planar D;GV-PDA
components (~1:1 red-to-blue phase ratio or P1/P2; Figure 1d)
and to allow for a standardized comparison across conditions
during the DEP manipulation experiments (Figure 2; Figure S4-
S6). For the device conditions, we mainly applied 10 kHz and a
voltage range of 10V, to 20V, of AC field to the quadrupole
device. These conditions induced a positive DEP response for
peptide-DAs/-PDAs, as shown by the accumulation of materials
around the electrode after 30 minutes of DEP exposure (Fig-
ure 2a; representation of the electric field gradient in the
quadrupole device can be seen in Figure S3). To first assess how
different frequencies can affect the behavior of D;GV-DA, we
observed the migration behavior of peptide assemblies in the
frequency range of 5 kHz to 1 MHz, which all showed positive
DEP responses (Figure S7; Supplementary Videos S1-54). Typi-
cally, biological cells with micron-scale dimensions demonstrate
negative DEP responses at 10 kHz."®*” However, several factors
such as particle charge,”"*¥ shape,™* and conductivity of the
particle and solution®*® can induce positive DEP in this low
frequency range due to the nanostructural nature of these
materials. The behavior of our ionizable peptidic assemblies
presented here is with respect to the nature of those nano-
structures formed in acidic, low conductivity aqueous medium

under a non-uniform AC field. To systematically assess the
influence of DEP forces on our materials, we also investigated
the influence of the duration of non-uniform electric field
stimulation at 10kHz and 10V,, on D;GV-PDAs post-UV
polymerization. The absorbance profiles show that the in-
creased duration of DEP exposure times have minimal effects
on the conformation of the m-conjugated backbone within
D,GV-PDA (Figure 2b; Figure S4; Table S1). When DEP strength
is altered as a consequence of voltage amplitude between
15V, and 20 V,,, (Figure 2¢; Figure S5b), a relatively higher P1/
P2 ratio for peptide-PDA samples was observed (Table S2).

Next, we considered how exposure to DEP forces could
influence the supramolecular assembly prior to UV-induced
topochemical polymerization. Briefly, DA monomers polymerize
into PDAs through a 1,4-addition upon UV-irradiation, which is
often supported by DAs with amphiphilic characteristics.***”
The normalized absorbance profiles show that DEP exposure
(20 V,,,) of the monomer assembly resulted in a decrease in the
intensity of the blue-phase peaks, suggesting an increase in the
presence of non-planar, red-phase PDAs (Figure 2d). On the
other hand, the raw absorbance profiles show that the DEP-
induced aggregation of monomers to the electrode results in
higher intensity of both red- and blue-phase peaks, suggesting
a more favored PDA formation (Figures S5 and S6). The self-
assembled condition (no UV exposure) was used as a control to
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Figure 2. Photophysical characterization of D;GV-PDA behavior after DEP modulation and UV polymerization. D,GV-DA/-PDA aggregates are suspended in
acetate buffer (pH ~5; ~65 pS/cm). (a) Visualization of peptidic assemblies in the quadrupole device for the (i) self-assembled peptide-DA, (ii) after 10 minutes
of UV exposure, (iii) after 10 minutes of UV followed by 30 minutes of DEP exposure, “10 min UV + 30 min DEP”, and (iv) 30 minutes of DEP followed by

10 minutes of UV exposure “30 min DEP + 10 min UV” (scale bar: 100 um). The electric field was supplied at 10 kHz and 20 V,,, unless otherwise noted.
Ultraviolet-visible (UV-Vis) absorption spectroscopy was used to measure the absorbance value for each condition. (b) Electrical stimulation post- UV has
minimal effects on the blue vs. red phase ratio of PDA, at 10 kHz and 10 Vpp- (€) Order of DEP response affects the blue vs. red phase ratio. (d,e) Increasing the
electric field both pre- and post- UV increases the P1 (red phase)/P2 (blue phase) ratio. (f) RGB output from quadrupole runs for each condition. The B/R ratio

correlates to the values obtained from the relative red and blue intensities.
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show that exposure of the material to non-uniform electric
fields, under the experimental conditions used, was not causing
the sample to polymerize. The observed subtle decrease in
blue-phase PDA within the “30 min DEP + 10 min UV” condition
could be attributed to a slight disruption of assembly order by
applying DEP stimuli during the UV-assisted polymerization,
leading to a relative increase in the intensity of the peak
reminiscent of a twisted PDA backbone (red-phase). Increasing
the voltage amplitude for this sample set also increases the
presence of non-planar D;GV-PDA assemblies (Figure 2e; Fig-
ure S5), thus, a higher P1/P2 ratio for peptide-PDA samples was
measured (Table S2). To complement the qualitative observa-
tion from the spectra shown in Figure 2b-e, we note that the
Student’s t-test analyses for P1/P2 values between the DEP
exposed conditions vs. the 10 min UV condition show p-values
>0.05, confirming the conservation of chain conformation-
dependent absorbance for majority of the DEP exposure
conditions used here (other than the subtle changes that were
most apparent when the order of DEP stimulation was applied

prior to UV-assisted photopolymerization; Figure 2d and e). In
addition, the RGB analysis of the samples shows that the blue-
to-red phase ratio (B/R) decreases under the influence of DEP
modulation (Figure 2f). Altogether, these results further validate
that the mild, non-uniform DEP fields induced minimal
influence on the supramolecular aggregation stage of DA units,
while the conformation of PDAs remains generally conserved
when experiencing DEP forces.

By examining the circular dichroism (CD) spectra of D,GV-
PDA in the region associated with PDA absorption (300-
700 nm), we were able to see that the chiral nature of the
chains formed after topochemical photopolymerization is
conserved in any of the conditions used. A bisignate signal due
to the Cotton effect was observed in this region, which can be
attributed to the inherent chirality introduced by the peptides
to DA assemblies (Figure 3a). In the region associated with the
peptides (190-260 nm), we see a non-traditional, positive CD
signature (Figure S8a), potentially due to the scattering effects
of aggregates within this region (Figure S8b). To observe any

Self-assembl 10 min UV
(a) 20000 (b) y
0.0 um 05 0.0 ym 05
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10000 + 20.0 20.0
[\z 15.0 15.0
R 0 b 05 100 05 100
3 50 50
£
2 50 50
N A -
g -10000 A
&
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(C) Self-assembly 10 min UV
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Figure 3. Characterization of the 1-D nanostructure of D;GV-PDA with or without exposure to DEP forces. (
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200 nm

a) CD spectra of the material in the PDA absorption
region (300-700 nm). Left-handed chirality of the system is conserved even after exposure to 20 V,,, DEP ﬁeld (b) AFM images support the consistent
formation of 1-D nanostructure of D,GV-PDA across multiple conditions and compare the influence of DEP field modulation. Materials were dropcasted onto a
clear glass slide at 0.31 mM. (c) Representative TEM images from each experimental condition, illustrating the preservation of 1-D nanostructures of D,GV-DA/-
PDA (2.3 mM) across conditions (Scale bar=200 nm). Length distribution from TEM images of self-assembly: 446.77 £ 136.43 nm; 10 min UV:

381.52+147.11 nm; 10 min UV + 30 min DEP: 391.354110.29 nm; and 30 min DEP + 10 min UV: 503.11 4 164.35 nm; mean +s.e.m.
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impacts of DEP forces on the nanostructure morphologies
across the samples, AFM was used on D;GV-DA/-PDA samples
with or without DEP field stimulation (Figure 3b; Figure S9). The
D;GV-DA self-assembly and D;GV-PDA polymerized under UV
for 10 minutes were used as control samples to compare the
DEP field stimulated conditions, all of which show high aspect
ratio 1-D nanostructures. Similarly, the TEM data show con-
sistent nanostructure formation across conditions post-DEP
manipulation (Figure 3c). These observations suggest that
exposure of the material system here to non-uniform AC electric
fields has minimal influence on the nanostructure morpholo-
gies. Although the aggregation around quadrupole electrodes
is clear across all DEP-exposure conditions, this field-induced
crowding of nanostructures seemed unlikely to cause lateral
bundling to increase in the height/width of the 1-D nano-
structures since the peptide-DAs and -PDAs are charged under
the pH used for these experiments. Altogether, these structural
characterization data show that the secondary structure/
chirality and nanostructure morphologies are conserved regard-
less of whether the DEP exposure was performed before or after
photopolymerization.
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To augment the information extracted from the spectro-
scopic measurements and microscopy, hyperspectral imaging
was employed for solutions of peptide-PDA aggregates with or
without exposure to DEP forces (Figure 4; Figure S10). SAM
analysis of the resulting images enables the visualization of the
structural/conformational heterogeneity leading to chromatic
phase domains within discrete structures of peptide-PDAs
formed across multiple conditions.*® Two reference spectral
profiles (10 min UV sample at pH 5 and 10 min UV sample at
pH 10) were specifically selected for the mapping, as the
predominant spectra found in 10 min UV sample at pH 5 (local
Amax~550, 650 nm; Figure 4b) is reminiscent of peaks for planar,
blue-phase of PDA, while the 10 min UV sample at pH 10 is
comparable with a twisted, red-phase PDA chains (local
Amax~500, 550 nm; Figure 4c). We note that the spectral
reference obtained from the 10 min UV sample at pH 5 shows a
broader spectral profile than those previously reported for blue-
phase PDAB'?® (hence, we will denote this below as blue-phase-
like PDA domains), though this deviation is not surprising
considering the distinct purple appearance of the aggregates
under brightfield. SAM shows that the blue-phase-like domains
that predominate in 10 min UV (pH~5) samples continue to be

10 min UV + 30 min DEP +
30 min DEP 10 min UV

e ) g

S

Figure 4. Hyperspectral visualization of conformational heterogeneity in D;GV-PDA under different UV/DEP exposure conditions. Characterization of the 1-D
nanostructure of D;GV-PDA material post-AC electric field modulation. Hyperspectral images of each condition after being mounted on a cover slide. (a)
Brightfield images of (i) self-assembled peptide-DAs, (ii) 10 min UV exposure, (iii) 10 min UV +30 min DEP and (iv) 30 min DEP + 10 min UV at 50x
magnification (500 um scale bar). The self-assembled D;GV-DA was shown as a visual reference for the baseline structure of the supramolecular assembly
under pH ~5, prior to photopolymerization. Using reference spectral profiles from the (b) 10 min UV sample at pH 5 (yellow) and (c) 10 min UV sample at

pH 10 sample (red), SAM was conducted for conditions (ii) to (iv).
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the majority chromatic phase domain present in discrete 1-D
PDA structures in DEP-exposed samples. While there are local
regions that seem to have an increase in red-phase domains
(i.e., blue-like to red spectral ratio in Figure 4a SAMs for (ii), (iii),
and (iv) are 2.5, 1.2, and 0.7, respectively), multiple regions
show very minimal red-phase domain spectral signature (Fig-
ure S10; blue-like to red spectral ratios ranging from ~28 to
~78). These data show that conformational heterogeneity
within PDA chains/aggregates is not dramatically altered by
DEP forces, thus resulting in conserved spectral profiles that
predominate in discrete peptide-PDA aggregates for both DEP-
exposed and control samples.

Lastly, we investigated the capability of LiDEP to manipulate
charged D,GV-DA aggregates under a variety of virtual
electrode geometries (Figure 5; Supplementary Videos S5-S6).
While the previous sections focused on the influence of DEP
forces on the assembly order, polymerization, morphology, and
conformation/chromatic phase of peptide-PDAs, this final
section evaluates the responsiveness of peptide-DA aggregates
to the LiDEP-generated virtual electrodes. Figure 5 shows a
time progression of D;GV-DA aggregation within the virtual
electrodes projected onto the photoconductive surface of the
LiDEP chip. Upon the initial application of the AC electric field, a
spontaneous clustering of larger aggregates and the accumu-
lation of smaller aggregates over time was observed. Within the
3-minute exposure window, we were able to visualize the DEP-
induced migration of the material towards the center of the
virtual electrodes, as well as a higher concentration of
aggregates within this region. The light-exposed region shows
a change in color, indicative of peptide-DA photopolymeriza-
tion. Since we are working in a non-viscous media where
diffusion in and out of the virtual electrode region can easily
occur, and AC electric field could also have an inherent effect
on the polymerization of peptide-DAs, a subtle color switch was
observed even outside of the electrodes. There is also an

< DEP field on >
t=1 min

DEP field off t=0min

200 pm D
— —
.—

Figure 5. Time progression of D;GV-DA aggregate manipulation via LiDEP device. Spontaneous aggregation of D;GV-DA within the device (red). Over a three-
minute time frame, we observed the collection of DEP-responsive D;GV-DA aggregates into the virtual electrodes (blue). Z-projections from collated time-
lapse images show the bulk movement of material with respect to the projected virtual electrode.

>

D,GV-DA aggregation
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apparent decrease in positive DEP response when using LiDEP
under the same conditions as the quadrupole device (10 kHz
and 20 V,,). We attribute this observation to the nature of the
experimental setup that relies on a diffuse projector light
source, in which DEP force and electric field strength are
directly influenced by light intensity and electrode
resolution.®**?  Furthermore, we observed some stochastic
directionality in the motion of materials within the channel
once the electric field is applied, which is not uncommon when
working with nanostructures, due to the increased effect of
Brownian motion and hydrodynamics as structures approach
the nanometer dimension.”*? This describes some random
movement of the polymeric aggregates upon DEP field
stimulation, as well as the slight unidirectional flow of material
initially present within the device. We also note some observed
interactions of the aggregates at the virtual electrode bounda-
ries (causing perpendicular alignment) that can be due to
electric field gradients. Therefore, we take into account the
response of the D;GV-DA aggregates as they go into the light
projection before deviating mildly toward the electrode boun-
dary. From these observations, in conjunction with measure-
ments in prior sections, we show that DEP-based manipulation
techniques could be applied as a method to manipulate and
fabricate supramolecular aggregates with minimal perturba-
tions on the preset or peptide-templated local structural
features under the identified conditions, particularly once the
covalent linkages are already formed. Further optimization of
the LiDEP manipulation approach shown here can open the
avenue to generate micropatterns from supramolecular assem-
blies, as well as the potential to generate polymorphic micro-
patterns from supramolecular aggregates of DA material, which
can be beneficial for cell scaffolding studies.

time lapse
Z-projection

t=3 min

(]
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Conclusions

In summary, we investigated the impact of non-uniform electric
fields (i.e., DEP stimuli) on the supramolecular assembly and
polymeric aggregates of an amphiphilic peptide-DA conjugate
system. We reveal the length scales by which the polymer
structure is conserved or influenced by DEP forces. Specifically,
subtle changes in chain conformation-dependent blue vs. red
chromatic phase ratio can be observed if supramolecular
assemblies of peptide-DAs were exposed to DEP forces, but not
when the DEP forces were applied post-photopolymerization.
While non-uniform AC electric fields are capable of having
subtle impacts on supramolecular assembly order, our results
show that the chain conformation-dependent chromatic phases
adapted by UV-polymerized PDAs tends to be conserved no
matter how long the DEP exposure is. Despite the apparent
aggregation of peptides on the quadrupole electrodes, we see
the conservation of assembly chirality and 1-D morphologies as
observed from CD spectra and AFM/TEM images, which can be
attributed to the charged nature of D;GV-DA/PDA resisting
crowding-induced lateral bundling of the 1-D structures.
Heterogeneity within the 1-D structures studied via hyper-
spectral microscopy also supports that the predominant
chromatic phase domains are maintained even after exposure
to DEP. Finally, using a LiDEP platform, we showed that the
D;GV-DA supramolecular aggregates can be manipulated in
response to virtual electrodes. Collectively, our findings enable
a better understanding of how DEP forces can be used to fine-
tune the structure-dependent functionality of a chromogenic
polymer such as PDA, as well as the conditions that allow for
the conservation of structural features during DEP manipulation
of the supramolecular aggregates. These insights offer path-
ways in the future for fabricating micropatterned
supramolecular-based materials with minimal or fine-tunable
impact on the assembly to chain-level structural features preset
by the molecular design of their building blocks, which is critical
for macromolecular systems whose hierarchical structure di-
rectly impacts its material function.
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