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ARTICLE INFO ABSTRACT

Keywords: Diphenylalanine is a dipeptide known for its capacity to self-assemble into various nanostructures, including
Diphenylalanine nanotubes and nanowires, particularly in aqueous environments. These nanostructures possess distinctive
Nanotubes properties that render them suitable for a variety of applications, such as biosensors and optical devices.
Unidirectionality Here we report a method of growing unidirectional diphenylalanine micro/nanotubes inside a microchannel
PM]?i\f:channel device. Characteristic and potential diagnostic applications are discussed. Micro/nanotubes were synthesized

within polydimethylsiloxane (PDMS) polymeric microchannels, both with and without the application of an
electric field. Morphological analyses revealed the potential for alignment of the microstructures within the mi-
crochannels. The findings indicate that micro/nanotubes can be effectively generated in PDMS microchannels
under both experimental conditions, highlighting notable morphological differences and a pronounced degree
of unidirectionality of the microstructures. In spite of being reported on literature, electric field application is

not guarantee of unidirectional growing requiring special care due to field inhomogeneity.

1. Introduction

L,L-diphenylalanine (FF) (Fig. 1a) is a dipeptide, a molecule com-
posed of two amino acids, recognized for its ability to self-assemble.
This property allows FF to spontaneously organize into various nanos-
tructures, including nanotubes, nanowires, nanorods, and nanospheres,
without requiring external assistance [1].

In an aqueous environment, FF can form stable nanotubes and
microtubes (FFMNTs) when exposed to solvents. Furthermore, inter-
molecular interactions such as hydrogen bonds and interaction between
aromatic side chains (r—stacking) are essential for understanding the
self-aggregation phenomenon and are a relevant aggregative motif for
FF conjugates with,e.g., dimers of guanine-cytosine [2]. Research on
diphenylalanine nanostructures is also significant due to the multiple
interesting properties that this material exhibits, including rigidity [3],
optical properties evolving photoluminescence in both UV [4] and
visible regions [5], temperature-dependent effects and thermal stabil-
ity [6], and nonlinear optical properties [7]. The ability of nanotubes
to act as waveguides is also noteworthy [8,9]. In addition, diphenylala-
nine nanostructures exhibit piezoelectricity [10], and other electronic
properties [11], making them suitable for various applications.

Recent research has demonstrated that a device made with cop-
per electrodes, polypropylene (PP) tape, and a polydimethylsiloxane
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(PDMS, 1b) substrate was utilized for the growth of various FF nanos-
tructures, including nanospheres, nanosheets, and nanorods, through
the condensation method. The purpose of this device was to enable real-
time monitoring of vital signs by leveraging the piezoelectric properties
of FF nanostructures [12].

The application of self-assembled materials in biosensors, whether
used in diagnostic medicine, medical therapies, or real-time monitoring
via biophotonics, poses several challenges that have been examined in
recent years. Several studies have been conducted to produce FFMNTs
that are aligned in one direction to achieve this objective. One example
of such research involves the use of surface-patterned substrates created
through a UV/ozone exposure treatment, which allows for the gener-
ation of masks with varying separations. This process resulted in the
growth of FFMNTs on these silicon substrates, leading to the oriented
development of nanostructures [13-15]. Through a methodology that
involves unidirectional evaporation-initiated growth, it is possible to
obtain nanoforests formed by FFMNTs aligned vertically to the sub-
strate, in addition to being possible to grow peptide MNTs aligned
horizontally with the presence of an external magnetic field [16].
Furthermore, it was also possible to develop a methodology involving
meniscus-driven self-assembly, which consists of a vertically immersed
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Fig. 1. Molecular structure of diphenylalanine (FF) dipeptide (a) and poly-
dimethylsiloxane (PDMS) synthetic polymer (b).

substrate in an FF solution and its subsequent removal in a controlled
amount of time [17,18]. With the presence of an external electric
field, it was also possible to develop techniques for growing FFMNTs
aligned vertically to the substrate and parallel to the applied electric
field, factors that involve the electronic properties of FF previously
discussed [19].

However, to the best of our knowledge, there is a lack in reports
considering devices and substrates that allow the unidirectional growth
of FFMNTs in closed microchannel substrates with methodologies that
involve the presence of organic solvent acetic acid instead of using
aggressive solvents such as HFP and that do not involve the use of
high temperatures. A similar process could improve the development
of low-cost technologies and an easy methodology for the construction
of devices with FFMNTs aligned in closed microchannels for the most
diverse applications.

The present investigation focuses on a novel methodology that
evolves the synthesis and characterization of FFMNTs within PDMS
microchannels subjected to an electric field for unidirectionality induc-
tion. The microstructures developed in the PDMS microchannels, along
with various modifications, will be examined to explore the relation-
ship between the optical and electronic properties of the material, its
morphology, and chemical composition of the FF. This research aims to
contribute to enhancing control over microstructure properties in order
to optimize FFMNT applicability.

2. Materials and methods
2.1. Microchannel device

Extran MA 02 Neutral from Merck (Germany) and isopropyl alcohol
from Dinamica (Brazil) were used to clean the substrates. To prepare
the PDMS samples, the Avipol two-component kit was used: Silicone
8000/3.5 M and Catalyst 73 (Pholiplac). The 3D printed matrices were
composed of a polymer, in addition to the use of metal rods of diame-
ters of 0.5 mm, 0.6 mm and 0.7 mm. These diameters are typical ones in
micropipetes or similar tools used to manipulate biofluids, and for this
reason were chosen here.

Initially, 3D printed matrices were created using an Anycubic Pho-
ton S 3D printer. These matrices were then used to prepare PDMS
substrates, as shown in Fig. 2 (a), left side. For each sample, metal rods
of different sizes (approximately 0.5, 0.6, and 0.7 mm) were inserted
through the holes in the walls of the matrices to obtain the desired
shape.

The Pholipac Kit mixture was prepared, consisting of Silicone
8000/3.5 M and Catalyst 73 with a ratio of 5 : 1, respectively. The mix-
ture was homogenized and poured into the printed matrices with the
presence of metal rods passing through the holes. Thus, the PDMS was
left to dry at a temperature of 20°C and controlled humidity along 24 h.
PDMS substrates were obtained with microchannels with diameters
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d =0.5,0.6, and 0.7 mm (Fig. 2a, right side). The diameters relative to
the metal rods are approximately larger, since the elastomeric behavior
of the PDMS led to a decrease in this diameter after the removal of the
metal rods. PDMS substrates were cleaned sequentially along 15 min
in diluted Extran solution, isopropyl alcohol, and deionized water. To
prepare samples under electric field, a voltage to V' = 1 kV was applied
to parallel plates were perpendicularly to the microchannel (Fig. 2b).
The voltage remained stable during all experiments.

2.2. FF solution

The physical and morphological properties of FFMNTs are affected
by the concentration and composition of solvents in their self-assembly
process. Furthermore, the evaporation rate is also crucial [20]. Under-
standing these factors is crucial for understanding the mechanisms of
peptide self-assembly in specific environments and for analyzing their
physical characteristics. For example, the diameter of the microtubes
may vary depending on the assembly methodology used, or the ordered
growth of the nanostructures might follow a unidirectional pattern.
Furthermore, the choice of solvent has a significant impact on the
kinetics of nanostructure formation [21]. Although researchers have
explored the use of various solvents to produce FFMNTs with differ-
ent morphologies and properties, few studies have investigated the
potential of acetic acid as an alternative solvent. Interestingly, FF has
a higher solubility in acetic acid (approximately 430 gL.~!) compared
to solubility in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) of 240 gL1,
which makes it a promising option for producing FFMNTs [22]. In
work published elsewhere [21], we investigated FF formation at three
different concentrations, in addition to kinetic monitoring for FF forma-
tion with acetic acid, using time-resolved Raman spectroscopy. These
results showed important information about the aggregation process
that follows the auto-catalytic model.

Solutions were prepared using L-Phenylalanyl-L-phenylalanine from
Alfa Aesar Thermofisher (Massachussets, USA) and glacial acetic acid
(HAc) from Merck (Darmstat, Germany). To prepare the FFMNTSs sam-
ples in PDMS microchannels, a stock solution of FF in acetic acid at a
concentration of 150 gL~! of FF was initially prepared. This solution
was then homogenized in an ultrasonic bath along 15 min. After that,
an aliquot of 1 pL of the stock solution was inserted into a container
with 60 pL of ultrapure water at a final concentration of 2.5 gL=! of
FF. The final solution obtained was then immediately inserted into
the PDMS substrate microchannel with the aid of a micropipette in
order to fill the entire length of the microchannel (Fig. 2c). In order
to avoid short-circuiting the system and to allow the presence of an
electric field in the sample region, the microchannel was not completely
filled with the final solution for samples that were prepared in the
setup with a uniform electric field. After the solution was pipetted into
the microchannel, samples were immediately inserted into the electric
field.

2.3. Optical microscopy

A first morphological inspection of the FF samples contained in
microchannels for all parameters was performed using bright field
optical microscopy using Axio Scope Al microscope from Carl Zeiss.
For this purpose, a polarizing filter was used to allow a more detailed
observation of the FF microstructures in relation to the substrate and
the surrounding environment due to birefringence of FF [23].

For the analysis of the optical microscopy images, the ImageJ soft-
ware usingOrientationJ plugin was used to obtain the degree of orien-
tation of the FFMNTs in the microchannels for each sample analyzed,
in addition to being able to estimate it coherence. This analysis is
based on structure tensor which computes the orientation and isotropy
properties in a local window [24]. The gradient of structure tensor was
computed using cubic spline in a window of 20 pixels. The histogram
of orientation degree was analyzed and fitted to Gaussian distribution.
The coherence, C was estimated comparing the width of Gaussian

distribution, o, to central value of histogram, 6,: C = rrel
/O
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Fig. 2. (a) PDMS matrix prepared by 3D printing (left) and PDMS substrates with diameters d = 0.5,0.6, and 0.7 mm (right). (b) PDMS substrate setup representation
(left) including electrodes to apply voltage ¥ which generates an electric field E along microchanel as shown in photo (right) (c). Schematization of the FFMNTs

preparation methodology on the PDMS substrate.

2.4. Scanning electron microscopy

To perform a detailed morphological analysis of the samples, the
JSM-6010LA Compact Scanning Electron Microscope from JEOL was
employed. To ensure reliable results, the samples were coated with
a layer of gold. Samples analysis was performed longitudinally to the
microchannel.

2.5. Absorption spectroscopy

The UV-Visible absorption spectroscopy analysis were performed us-
ing the UV-visible spectrophotometer (mono-beam) equipment UV-M51
from Bel Engineering.

2.6. Fluorescence spectroscopy

Photoluminescence analyses were conducted using the Cary Eclipse
Fluorescence Spectrophotometer (Varian) equipment. To analyze FFM-
NTs samples, the sample holder accessory for solid samples was uti-
lized. The equipment was used to conduct photoluminescence analysis
in individual spectra of FFMNTs grown on plane substrate on a similar
way as done for wave-guiding experiments. To ensure accurate results,
the PDMS substrate was also analyzed without the presence of FFMNTs
samples inside the microchannel to account for any absorption bands
of the substrate material that could interfere with the results.

2.7. Wave-guiding experiments
One microtube of FF about 1 mm long was placed on top of a

photonic integrated circuit to use an already mounted setup from
other experiments. The microtube was illuminated with a tunable

diode laser (TOPTICA/DL PRO) centered at 795 nm. The coupling
is done with lensed fibers. The image is captured by a CCD camera
(Thorlabs/CS165MU).

2.8. Raman spectroscopy

For spectral acquisition, the Horiba Jobin-Yvon T64000 triple Ra-
man spectrometer was used. The excitation laser used was the Verdi
G5 Laser (Coherent Inc.) operating at 532 nm. Measurements were
performed using a 100x objective and 1 mW power on the sample at
room temperature.

2.9. Simulation of electric field for a parallel plate capacitor

In order to discuss the FF growing process under influence of electric
field, we consider a simulation of electric dipole dynamics inside a
real capacitor using the real set of parameters. FF subunits present
a noticeable electric dipole being the dipolar interaction the driving
force of micro/nanotubes self-assembling [25]. The electric field in the
system was computed using numerical solutions of Laplace’s equation
for a parallel plate capacitor geometry, where one plate is at z = 0
(grounded) and the other at z = L (charged to a voltage difference ¥;):

V.-(eVd)=0 (@]

where @ is the electrostatic potential, ¢ is the permittivity (with a
constant value of ¢ = 3.0 for the PDMS material), and the equation is
solved for a discretized 3D grid. The boundary conditions were defined
as:

{cb(x,y,z:O):O

2
&(x,y,z=1L) =V,
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Fig. 3. Bright-field optical microscopy images of FFMNTs on PDMS microchannel in the absence (a—c) and under presence (d-f) of the electric field for

microchannel with diameters d = 0.5 (a, d), 0.6 (b, e), and 0.7 (c, f) mm.
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Fig. 4. Orientation distribution of microtubes in PMDS channels grew at zero
voltage (a) and at ¥V = 1 kV (b) for microchannel diameters of 0.5 (open
circles), 0.6 (red solid square), and 0.7 (green solid diamond) mm. Solid lines
in (a) and (b) are data fitting to Gaussian model and guide to the eyes curves,
respectively.

Using the Jacobi iteration method (Python code implementation
from [26]), the potential field @&(x,y,z) was solved on a grid of
dimensions 60 x 60 x 200 points in the x, y, and z directions,
respectively. The solution converged when the maximum difference
between successive iterations fell below x1075.

The electric field components E = (E,, E,, E;) were computed using
the finite difference method:

Ex - _ D(x+dx,y,z)—P(x—dx,y,z)

2dx
E, = _ Plxy+dy,n)—D(x,y=dy,z) 3)

2dy
F. = _ QUy+ds)-®(xyz=dz)

z 2dz
Field lines were visualized by solving for the trajectory of test
particles within the electric field. The direction of movement at each

point was determined by the local electric field vector, which is used

to compute the velocity of the particles as they move along the field:

E
V= T Umnax C)]

where v, is a scaling factor for velocity. These field lines were
drawn by integrating the equation of motion for each particle using
a Runge-Kutta method to provide smooth paths. The resulting plot
shows the streamlines of the electric field within the region of interest,
highlighting the spatial configuration of the electric field between the
plates. This was achieved using matplotlib’s streamplot function [27].
To simulate the motion of dipoles, we employed a numerical inte-
gration of the trajectory equation, where each dipole moves under the
influence of the local electric field. The dipole motion was modeled
using the following equation of motion:
r(t+dt)=r(+ % - Umax - dt %)
where r(¢) is the position of the dipole at time 7, and vy, is the
maximum drift velocity of the dipole. This equation was discretized
using a first-order Euler method, with time steps of dr = 0.005 mm.
The initial positions of the dipoles were randomly generated on the
top surface of the cylinder, with each dipole constrained to lie within
the circular region defined by the cylinder radius R = 3.0 mm. The
initial orientations of the dipoles were chosen randomly from a unit
sphere. The resulting dipole trajectories were computed over a total
of 6000 time steps. The trajectories were constrained to stay within
the cylindrical boundary by projecting the positions back onto the
surface of the cylinder whenever they moved beyond its boundaries.
The final output includes a 3D plot showing the electric field lines in
the region between the plates and the trajectories of the dipoles. The
animation visualizes the dynamical motion of the 100 dipoles, with
each dipole’s movement along its calculated trajectory, constrained
within the cylinder.

3. Results and discussion

Inspection using optical microscopy were carried out on samples
of FFMNTs grown in microchannels with (Figs. 3a—c) and without
(Figs. 3d-f) the presence of an electric field. It is possible to ob-
serve bunches of microtubes around the entire microchannel region,
regardless of its diameter. Due to birefringent nature of the FFMNTs,
they appear bright under polarized light in opposition to a possible
amorphous phase. Furthermore, we observed that all micro/nanotubes
appeared oriented longitudinally to the PDMS microchannel at zero
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Fig. 5. (a) Electric field lines in the y—z plane for voltage of 1 kV applied across capacitor. Circled region at center represents the PDMS channel (b) Trajectories

for 100 dipoles placed randomly over top (z = 16 mm) of capacitor.

field, which can be justified due to their heterogeneous nucleation from
the surface of the PDMS substrate walls. Under electric field presence
microtubes are still present but a helical orientation along axis.

The orientation analysis of the structures in the microchannels fur-
nished quantitative estimates about degree of orientation. The obtained
results are summarized in Fig. 4. For zero field (Fig. 4a) it clear that for
microchannel with 0.5 and 0.6 mm almost all microtubes are oriented
along microchannel direction. The average orientation angle were 6, =
0.5+3° and 0.7+3° for d = 0.5 and 0.6 mm, respectively. Coherence were
C =90 % and 80% for 0.5 and 0.6 mm cases. For microchannel with
d = 0.7 mm it was observed a larger dispersion in orientation degree.
In this case ©, =4 +13° and C = 70%. From this finding it is clear that
the diameter of microchannel is a critical parameter for homogeneity of
degree of alignment of formed microtubes. On the other hand presence
of electric field contributed to increase the dispersion of orientation
of microtubes (Fig. 4b). Histograms presented at least 3 preferential
orientation directions at well defined angles. Our simulations (Fig. 5) of
electric dipole dynamics indicated that dipoles trajectories are strongly
dependent of initial positions of dipoles on top since there are an
appreciable field inhomogeneity along PDMS channel.

The relative differences when FFMNTs are grown in microchannels
with the presence of an electric field, as can be seen in Figs. 3d,
3e and 3(f). Unlike the samples grown without the presence of an
electric field, these show growth beyond the longitudinal direction
of the microchannel, and it is possible to state that the presence of
the electric field resulted in multi-unidirectional growth. This fact was
corroborated by the data obtained for the degree of orientation in
relation to the dominant direction.

SEM images obtained from samples of FFMNTs grown in PDMS
microchannels without the presence of an electric field show that
the grown FFMNTs seem to have detached from the walls of the
microchannel, as shown in Fig. 6a. It is important to note the detailed
analysis provided by Figs. 6b and 6c. The figures clearly illustrates
the unidirectional alignment of FFMNTs, forming a substantial mass of
microtubes. These microtubes are aligned towards the microchannel,
indicating a distinct alignment compared to FFMNTs grown on flat
substrates under similar conditions. The images from samples grown
under electric field (Fig. 6d) been a detachment of the mass of FFMNTs

from the walls of the microchannel during the preparation of the
sample for analysis. Despite some similarities in the unidirectionality
of the FFMNTs towards the microchannel, there are clear differences
between the samples. Sample of FFMNTs grown with the presence of
an electric field exhibits multi-directionality compared to the others,
showing a somewhat helical growth as observed in Fig. 6(d). These ob-
servations indicated that growing sees to be influenced by the presence
of an electric field, indicating the distinct properties of FFMNTs when
they are subjected to an electric field. This alignment as discussed in
the literature previously [19]. More SEM images are available in the
Supplementary Material in Figure S1.

There are a sort of reports respect growing of FFMNTs in microchan-
nels in a unidirectionally aligned manner using various methodologies.
For instance, one investigation involves the growth of vertically aligned
FFMNTSs on a substrate via the vapor deposition method [28]. However,
the cycle-FF microstructure obtained in this investigation differs from
the linear FF ones in other methodologies not involving phase change
at high temperatures, presenting distinct properties. Another method-
ology, the meniscus-driven process [29], also produces satisfactory
results regarding the alignment of FFMNTs but does not involve the use
of microchannels. On the other hand, a investigation uses microchan-
nels formed by PDMS to obtain FFMNTs [30]. This investigation results
in FFMNTs grown in a dendritic manner within the microchannel, a
unique outcome, but it does not exhibit unidirectional growth and
presents a microchannel open to the environment. Thus, while various
studies demonstrate results related to the unidirectionality of these
nanostructures and their growth in microchannels, there are a lack of
reported methodologies involving the growth of these nanostructures
in a closed microchannel with unidirectionality.

Thus, it is possible to state that, in the case of samples that present
superior unidirectionality and alignment, the FFMNTs sample grown
in PDMS microchannels without the presence of the electric field
presented more satisfactory results. However, both results obtained
demonstrate that it is possible to obtain microstructures through the
novel methodology developed, which differs from previously studied
methodologies, given that it involves the use of closed microchannels,
unidirectionality with sufficiently long FFMNTs, and unidirectional
growth along the longitudinal axis of the microchannel simultaneously.



G.B. Carlos et al. Materials Science & Engineering B 327 (2026) 119285

1600 X

450 X

Fig. 6. SEM images of FFMNTs on PDMS microchannel with diameters d = 0.5 (a, d), 0.6 (b, €), and 0.7 (c, f) mm in the absence (a, b, ¢) and in the presence (d,
e, f) of electric field . (a) Details of the substrate microchannel as a whole and (b, ¢) unidirectionality grown FFMNTs inside the microchannel without presence
of electric field. (d) Details of the microchannel and FFMNTs (e) inside and (f) outside de microchannel in the presence of electric field with details.
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Fig. 7. Absorption spectra of FFMNTs samples in PDMS microchannels with varying diameters and with or without the presence of an electric field.
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Fig. 8. Center position of de-convoluted spectra of UV-Vis of FF shown in
Fig. 7.

This suggests that the methodology used has potential for further
exploration and could lead to significant advancements in the field of
nanotechnology.

UV-Vis absorption spectroscopy analyses of FFMNTs in PDMS were
performed and corresponding results shown in Fig. 7. The samples
were assessed for light absorption in the wavelength range of 200
to 700 nm. Spectra were composed by convolution of 5 peaks whose
maxima are shown on Fig. 8. The broad band at higher wavenumber
(240-320 nm) is a residual band from PDMS [31]. Remaining bands are
related to = — # * transition in phenyl rings (Bbands). Usually they are
strong, sharp and used to monitor aromatic character or self-assembly.
The red-shift observed in lower diameters zero-field case is probably
related to = — = stacking and excitonic coupling. The multiple B bands
observed is probably related to vibronic coupling or Davydov splitting
(exciton interactions in ordered arrays). Shaper bands (peaks 1-2) are
related to ordered FF while the broad. The broad bands resolved in
spectra as peak 3-4 are related to some degree of disorder, solvent
interactions, and lack of = — = stacking. The amount of disordered
phase was estimated computing area of broad peaks compared overall
area. The proportion of disordered phase was 18% for samples with
d = 0.5 mm being ~ 8% for others samples. We interpret this fact
as related to reduced water evaporation rate in the smaller diameter
microchannel which slows the conversion of FF to FFMTs. However it
is important mention that ordered phase predominates in all samples.

According to studies [32], diphenylalanine nanostructures absorb
light in the middle-UV range, between 200 and 300 nm. Consequently,
it can be concluded that FFMNTSs grown in PDMS microchannels exhibit
optical properties similar to those of FFMNTSs grown on flat substrates
or in solution. While the FFMNTs on microchannel substrate showed
values within the 200 nm to 300 nm range, there was no noticeable
variation in the location of the absorption peak for samples with dif-
ferent microchannel diameters and when an electric field was present,
however, it was possible to observe a considerable variation in the
intensity of the absorption peak of the samples. This factor can be
explained by analyses in regions with higher optical densities, justified
by the heterogeneity of material inside the microchannels.

From analyses performed with a fluorimeter on FFMNT samples on
flat substrates, it was possible to obtain the spectrum shown in Fig. 2
in Supplementary Material. The sample was excited at a wavelength
of 255 nm with excitation and emission slit of 2.5 nm. The results
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10 mm

Fig. 9. (a) Silicon substrate (1) showing an isolated FFMNT (2) near to a lasing
optical fiber tip (3). (b) Laser passing through the FFMNT which is acting as
a waveguide.

demonstrate the existence of a band around 300 nm of emission in the
UV region, which strongly corroborates data already consolidated in
the literature [4].

The wave-guiding experiment is relevant to reveal the ordering na-
ture of FFMNT. Fig. 9(a) shows a single microtube of FF over a photonic
chip. The acquired image on Fig. 9(b) shows a bright, linear inten-
sity profile consistent with laser light coupled into the FFMNT. This
type of experiment is often conducted to study light-matter interac-
tions in self-assembled peptide nanostructures for potential photonic or
biosensing applications. There light coupling and propagation through
FFMNTs where light enters the peptide structure and continues prop-
agating along its length. This visible transmission of light through
the microtube indicates successful optical coupling at the interface
between the laser and the FF structure. This behavior confirms our
grew FFMNT acts as optical waveguides. Their crystalline molecular
arrangement and high aspect ratio allow confinement of light within
the structure through internal reflection mechanisms [33]. The even
brightness along the axis of the microtube suggests that the structure
has high optical transparency at the wavelength of the laser, indicating
low scattering and absorption losses. This is essential for waveguide
efficiency, particularly in biosensing and integrated photonic circuits.
The internal molecular packing of FFMTs which is typically hexagonal
or orthorhombic supports such propagation by minimizing structural
defects that lead to scattering [34]. The image reveals periodic intensity
variations where there are bright spots or bands along the tube. This
suggest the presence of interference patterns or resonant optical modes.
This behavior is characteristic of Whispering-Gallery Modes (WGMs) or
Fabry—-Pérot resonances, both of which occur when light reflects repeat-
edly within a confined structure. In cylindrical structures like FFMTs,
WGMs arise from total internal reflection of light at the curved inner
wall. These resonances can store light temporarily, enhancing light—
matter interactions [35]. These periodic patterns observed in the image
imply the FF microtube can act as a biocompatible optical resonator,
capable of detecting minute environmental changes (e.g., refractive
index shifts caused by molecule binding), making it valuable for label-
free biosensing. In addition to regular intensity variations, there may
be localized scattering centers visible as bright or diffuse spots in the
image. These arise from structural irregularities, molecular defects, or
surface roughness at the FF-silicon interface. While scattering typically
denotes energy loss, in optical systems it can also reveal mode coupling
or localized photonic states [33].

Fig. 10 shows the zero to one normalized Raman spectra for FFMNT
samples under PDMS microchannel. The laser was focused on the
longitudinal axis of the microchannel, directly targeting the FFM-
NTs. This set of data is important the confirm crystallinity of samples
and probe heterogeneity inside microchannels. Additionally, the exis-
tence of FFMNTSs can be confirmed through their distinctive fingerprint
spectra.
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Fig. 10. Normalized Raman spectra of FFMNT samples on PDMS microchan-
nels with diameters of 0.5 (black), 0.6 (red), and 0.7 (green) mm. Addition
spectrum for sample on d = 0.5 mm microchannel under electric field
(blue) is also shown. Spectra were vertically translated for comparison. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Spectra revealed the presence of distinct characteristic bands of
FFMNT at [21,36]: (i) 486 cm™!, related to the twisting of the pheny-
lalanine rings of NTs; (ii) 621 cm~!, which corresponds to the twisting
of the C-C bond of NTs; (iii) 1002 cm™!, related to the breathing
of phenylalanine in NTs; (iv) 1032 cm~! out-of-plane bending of the
C-H bond of phenylalanine and the C-H bond in the bending plane
of phenylalanine; (v) 1606 cm~! band, which corresponds to Amide
I and breathing of phenylalanine in NTs. Thus the majority of the
vibrational bands observed in the FFMNTSs samples grown on a PDMS
microchannel substrate are correctly assigned to FFMNT bands previ-
ously reported. However, notable differences exist between the FFMNTSs
samples on PDMS substrate in terms of the presence and intensity of
these bands. Specifically, for the FFMNTs samples on PDMS substrate
with microchannels of 0.5 mm and 0.7 mm without the presence of an
electric field, as well as the 0.5 mm sample with the presence of an
electric field, it can be observed that all the previously mentioned bands
and other characteristic bands are maintained, albeit with varying
intensities. In contrast, for the FFMNTs sample in a PDMS microchannel
with a diameter of 0.6 mm, the vibrational mode bands at 486 cm™!
and 1002 cm~! appear with significantly lower intensities, and some
characteristic bands are not apparent. We observed that the amount
of microtubes for this sample is smaller since the intensity of UV-Vis
spectra is significantly reduced in this case (Fig. 7) which explain the
observed features for d = 0.6 mm sample.

4. Conclusions

As can be discussed, the investigation of self-assembled nanostruc-
tures is a field of importance in the development of new materials,
nanomaterials and devices for various fields. FF is an example of
a dipeptide with potential for application in diverse areas, a factor
justified by the presence of properties attributed to both nanostructured
and self-assembled materials, in addition to the unique characteristics
of this dipeptide.

The development of new methodologies was crucial for growing
FFMNTSs in PDMS microchannels with and without the presence of an
electric field. The influence of parameters such as the presence of an
electric field and dimensions of microchannel were observed.

We showed that it is possible to grow FFMNTs with high degree
of micro/nanotubes ordering along microchannels in the presence and
in the absence of an electric field. For FFMNTs grown without electric

Materials Science & Engineering B 327 (2026) 119285

field, it was possible to confirm the ordering along microchannels in
unidirectional form. On the other hand, we observed that electric field
induced greater microtubes dispersion and helical distortion along the
channel, showing that the presence of the electric field is essential
for helical ordering of FFMNTs on microchannels. We showed that
the helical arrangement observed is derived from field inhomogeneity
inside the PDMS channel. This helical arrangement would be useful
for applications requiring, e.g., large surface area of fluid permeation.
On the other hand we argue that electric field geometry could be im-
proved for unidirectional growth. Another promising approach would
also employ electromagnetic lenses to produce well defined field lines
geometries.

The combination of FF micro/nanostructures with PDMS microchips
offers a vast field for innovative scientific research, exploiting the
unique properties of both materials. Promising areas include the devel-
opment of biosensors for disease diagnosis, tissue engineering and re-
generative medicine, nanomaterial fabrication, and fundamental stud-
ies on peptide self-assembly and biomolecular interactions. The bio-
compatibility of PDMS and the self-assembly capacity of diphenylala-
nine are crucial features for these applications, enabling the creation
of complex and multifunctional systems. The presence of a closed
microchannel is essential for applications that require low or absence
of contact with samples, avoiding contamination. Another important
parameter is the optical path length (16 mm), that is around 80 times
higher for the device developed on this work compared to a biofilm
formed on a plane substrate (~ 200 microns), considering longitudinal
analysis through the microchannel. Since Raman power signal is pro-
portional to sample volume scattering our device is able to increase
Raman signal itself by 80 factor. This process is relevant enabling in
situ biosensing as, e.g., application as SERS substrates with advantage
of minimum external manipulation of potential contaminant samples.
However additional work need be devoted to develop and test this set
of applications for PDMS microchannels developed here.
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