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Femtosecond laser direct write (fs-LDW), a three-dimensional (3D) printing
technology, is a promising method for creating microstructures made of
proteins that retain their original function, enabling the development of
complex biomimetic 3D microenvironments and versatile enhancements of
medical microdevices. Fabrication using pure proteins via photoactivator-free
femtosecond laser multiphoton crosslinking has recently been demonstrated This
approach avoids the undesirable effects caused by the leaching of photoactivator
molecules, and is thus regarded as suitable for biological applications. Here, we
present the 3D fabrication of microstructures made of pure fluorescent protein
variants, namely mScarlet, enhanced green fluorescent protein (EGFP), and
enhanced blue fluorescent protein (EBFP2). Multicolor fluorescent
microstructures are created using a sequential procedure with various
precursors. We evaluate the dependence of fluorescence retention on
fabrication parameters such as the total accumulated fluence. We demonstrate
that microstructures made of EGFP can be applied to the detection of
physiological pH changes. The results show that fs-LDW fabrication can
broaden the application scope of fluorescent protein variants.
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1 Introduction

Laser direct write (LDW), an emerging three-dimensional (3D) printing technology, can
be used to fabricate nearly arbitrary 3D shapes with feature sizes ranging from the nanoscale
to the mesoscale (Sugioka, 2019; Yang et al., 2021). A multiphoton absorption process due to
the interaction between intense ultrashort laser pulses, such as femtosecond laser pulses, and
a transparent medium allows a further reduction in feature size. In an n-photon absorption
process, the effective spot size is decreased by a factor of 1/

�

n
√

to overcome the diffraction
limit (Sugioka and Cheng, 2014).

LDW can be applied to a variety of precursor materials. When LDW is used in
additive manufacturing or a bottom-up fabrication approach, the precursor material is
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exposed to a focused laser beam. The structure patterned along
the designated light path is revealed after the removal of the
unexposed excess material. Proteins are an attractive precursor
material for various applications (Serien and Sugioka, 2018).
Using proteins as a precursor material in LDW allows the
creation of biocompatible microstructures. Importantly, the
native protein function is retained after fabrication (Basu and
Campagnola, 2004; Allen et al., 2005; Lin et al., 2015).
Proteinaceous microstructures can be integrated into polymer
and glass devices, enabling high functionalization of hybrid
materials and devices (Engelhardt et al., 2011; Serien and
Takeuchi, 2017). The pH-dependent volume change of
proteinaceous microstructures has been applied in micro-
actuation devices (Lay et al., 2015; Ma et al., 2020) and
tunable optical devices (Sun et al., 2012; Sun et al., 2015).
Microstructures made of protein thus have great potential for
biomedical applications.

Generally, the LDW fabrication of proteinaceous
microstructures utilizes a photoactivator (a general term for a
photoinitiator or photosensitizer) to increase the efficiency of
light absorption followed by crosslinking between protein
molecules (Spikes et al., 1999; Pitts et al., 2000). In order to
reduce the risk of interference by the photoactivator molecules
that are leached from the created structures in biomedical
applications, such as decreasing cell viability due to
incomplete conversion (Lin et al., 2007), the fabrication from
a pure protein precursor is highly desirable even though the
omission of a photoactivator significantly increases the
fabrication threshold (Pitts et al., 2000; Serien and Takeuchi,
2015). Then, we successfully demonstrated 3D printing of pure
proteinaceous microstructures by photoactivator-free LDW
fabrication and discussed its advantage (Serien and Sugioka,
2020). To realize more efficient LDW fabrication of pure-
protein microstructures without a photoactivator, we also
investigated the underlying crosslinking mechanism for LDW
with pure proteins. Considering the absorption properties of the
commonly used protein bovine serum albumin (BSA) and its
feature size in 3D printing, a two-photon absorption process is
commonly used to induce a chemical reaction (Serien and
Sugioka, 2020). The detailed mechanism of pure protein
fabrication is not fully understood. We recently identified
amino acids that are beneficial for femtosecond laser direct
write (fs-LDW) fabrication (Serien et al., 2023). Based on
these findings, we updated the mechanism hypothesis to
include radical and ion chain reaction pathways (Serien et al.,
2023).

In this paper, we present the 3D printing of structures made of
pure fluorescent protein variants using fs-LDW. Fluorescent
proteins have numerous applications, including tracking, labeling,
and pH sensing. We study three variants, namely the red fluorescent
protein mScarlet (mSca), enhanced green fluorescent protein
(EGFP), and enhanced blue fluorescent protein (EBFP2). We
show the fabrication of 3D fluorescent protein structures and
multicolor structures using a sequential procedure. We evaluate
the dependence of the original fluorescence retention on fabrication
parameters such as the total accumulated fluence. Lastly, we
demonstrate that microstructures made of EGFP can be applied

to pH sensing. We expect that fs-LDW fabrication will expand the
application scope of pure fluorescent proteins.

2 Materials and methods

2.1 Protein precursor solution

Via recombinant expression, mSca (as a red fluorescent protein),
EBFP2 (as a blue fluorescent protein), and EGFP (as a green
fluorescent protein) were expressed with a polyhistidine tag at
the N terminus from Escherichia coli JM109(DE3) (Rosano and
Ceccarelli, 2014). The solutions were diluted with a buffer solution
containing 150 mM KCl and 50 mM HEPES-KOH at pH 7.4. The
concentration of these proteins varied between 4.7 and 12.5 mg/mL
among batches, as measured using a microvolume
spectrophotometer (BioPhotometer, Eppendorf, Germany). In
some experiments, we required the same concentration for the
three fluorescent protein variants. By diluting the two denser
concentrations with distilled water to match the lowest
concentration, we obtained a concentration of 6.5 mg/mL for all
three fluorescent protein variants.

2.2 Laser conditions

This study used several lasers and setup conditions. For all
conditions, Gaussian-beam fs lasers (DX210, IMRA, United States,
or Spirit 1040-16-HE-SHG, Spectra-Physics, United States) with a
pulse width of below 400 fs, a wavelength of 520–525 nm, and a
repetition rate on the order of kilohertz were focused onto the
precursors. The green center wavelength was chosen to match a two-
photon-absorption process the typical protein ultraviolet-visible
absorption between 250 and 300 nm (Prasad et al., 2017). In
addition to multiphoton absorption, the fs pulse width is
beneficial for avoiding heat accumulation effects (Sugioka and
Cheng, 2014). The laser properties are summarized in
Supplementary Table S1 and the setups are shown in
Supplementary Figure S1.

We utilized high-magnification CF IC EPI Plan objective lenses
with a numerical aperture (NA) of 0.45–0.46 and a magnification
of ×20 (MUL00201, Nikon Corporation, Japan) or 50x
(MUL04501 Nikon Corporation). Both lenses were used in air
and the laser light traversed a working distance of 3.1 or
13.8 mm in air, respectively. Laser power was controlled by a λ/
2 waveplate placed in front of a polarization-sensitive optical
element (a beta barium borate crystal or a polarizing beam
splitter) and regularly calibrated by measuring the average laser
power in the beam path. From the average laser power and the
repetition rate, we calculated the pulse energy after the objective lens.
Our experiments were conducted with pulse energies ranging from
0 to 120 nJ and repetition rates from 1 to 200 kHz. A mechanical
stage (Sigma-Koki, Japan or Suruga Seiki, Japan) with a
submicrometer step resolution was moved against the laser beam.
The stage was controlled via a computer with a self-made user
interface (Python, versions 3.5 and 3.9, Python Software
Foundation, United States.).
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2.3 Film preparation and sample
preservation

Precursor materials were prepared in volumes of 3–10 μL on
thin cover-glass substrates (Matsunami, Japan; thickness:
120–170 μm), as shown in Figure 1A. An optional step, which is
not necessary for the fabrication to succeed but increases yield, was
added. Namely, we utilized two-component self-curing dental glue
as guide rails for drop-casting to increase the alignment between the
different fluorescent proteins, or we shaped the drop into a
rectangular outline with a pipette tip to straighten the available
fabrication area. Then, the drop-cast sample was spun for 30 min at
100 rpm with a spin-coater (MS-B100, Mikasa, Japan). The
combination of centrifugal forces and liquid evaporation led to
the accumulation of the protein in the rim area. The rim area is
visibly brim with the respective color of mSca, EGFP, or EBFP2.
Fabrication near the center yielded irregular results due to a low
protein concentration and a low film thickness. All results shown in
this paper are for samples fabricated at the rim of the spin-coated
films (see Figure 1Biii).

Fs-LDW fabrication can be executed in an upright (film above
glass) or hanging (film under glass) configuration, as shown in
Figure 1A. In the hanging configuration, the thin cover glass does

not significantly influence fs-LDW. For 3D fabrication, we prefer the
hanging configuration for directly exposing the important
anchoring surface between the protein and glass without
potential scattering or absorption from the protein film itself.
Supplementary Figure S2 shows the absorption spectra of mSca,
EGFP, and EBFP2.

After fabrication, the sample was gently rinsed with distilled
or purified water. We employed two drying approaches, namely
freeze-drying and air-drying. For scanning electron microscopy
(SEM) observation, sample preparation required freeze-drying to
reduce the risk of collapsing the microstructures. For freeze-
drying, samples were transferred from the water used for rinsing
to ethanol (special grade, 057-00456, Wako Pure Chemical
Industries, Ltd., Japan) and isopropanol (166-04836, Wako
Pure Chemical Industries, Ltd.) baths, successively, and then
dried in a freeze-dryer (FDS-1000, Eyela, Tokyo Rikakikai Co.,
Ltd., Japan). To prevent the samples from being charged during
SEM observation, they were coated with a ~25-nm-thick gold
film (MSP-20-UM, Vacuum Device, Mito, Japan). For
fluorescence observations and pH studies, we avoided the use
of organic solvents, which can potentially alter protein properties
such as fluorescence. For air-drying, the samples were placed at
an angle against a supportive stand in open air.

FIGURE 1
Protein precursor film preparation (A) (i) We drop-casted a drop of the protein solution on top of a thin cover glass. (ii) For multicolor structures, we
use dried two-component self-curing dental glue as guide rails or manually spread the dropwith a pipette tip into a rectangular shape to allow for straight
fabrication areas (circular high-curvature results were obtained without manual spreading). (iii) We spin-coated the film at 100 rpm for 30 min. The
relative humidity was not controlled but monitored over a wide range. (iv) fs-LDW fabrication can be executed in an upright (film above glass) or
hanging (film under glass) configuration. The thin cover glass has no significant influence in the hanging configuration. For 3D fabrication, the hanging
configuration is advantageous because thicker films of protein might absorb and scatter the laser beam during propagation, and anchoring the bottom
parts of the structure on the glass surface is best controlled from the glass side. After fabrication, samples were gently rinsedwith distilled or purifiedwater
and then either freeze-dried or air-dried. Because freeze-drying requires the use of organic solvents such as ethanol, fluorescence color retention is
better with air-drying. (B) Actual EGFP sample shown to illustrate the first three steps. Note that we only fabricated in the rim area of the spin-coated film,
where the centrifugal force andwater evaporation accumulate the protein. The rim area is visible in the color of EGFP, light green. Similarly, for EBFP2 and
mSca, the rim area is light blue and red, respectively.
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2.4 Observation methods

The fabricated structures were observed using an optical
microscope (Olympus BX51 or Olympus BX53, Olympus, Japan).
For the Olympus BX51 microscope, the lamp was set to 100% and
single-channel acquisition was conducted with excitation (EX) at
330–385 nm and emission (EM) at 420–800 nm for blue, EX at
450–480 nm and EM at 520–800 nm for green, and EX at 510-
550 and EM at 590–800 nm for red. For the Olympus
BX53 microscope, the lamp was set to 50% and single-channel
acquisition was conducted with EX at 340–390 nm and EM at
420–800 nm for blue, EX at 460–495 nm and EM at 510–800 nm
for green, and EX at 530–550 nm and EM at 575–800 nm for red.
The data acquisition time varied depending on the design, liquid
volume, or dry state of the sample and the objective lens used.
Images for quantitative analysis were obtained with an acquisition
time of about 100 m. We used ImageJ (version1.54d, National
Institutes of Health, United States.) to merge single-color-channel
images with red (R), green (G), or blue (B) into multichannel RGB
images and measure the mean intensity values for further analysis.

Fluorometry measurements were performed with a confocal
laser scanning microscope (FV1000, Olympus) and its integrated
software FluoView (version 4.2). We recorded one channel at 825 V
for EX at 405, 473, or 559 nm. The open aperture was 330 μm in
diameter. We inserted a dichroic mirror (DM405/473/559) for all
three excitation lasers to prevent mistakes due to switching. We then
performed lambda scans with a step size of 2 nm and the band width
set to 1 nm of the emission wavelengths 410–799 nm for EX 405 nm,
emission wavelengths 480–799 nm for EX 473 nm and emission
wavelengths 565–799 nm for EX 559 nm. We used ImageJ to extract
the mean image intensity values per lambda scan step. We tested the
polarization dependency by adding rotatable polarization filters with
fluorescence imaging.We also tested the polarization dependency by
turning the samples by 90° during fabrication and imaging.

After the SEM observation (S-4800, Hitachi, Japan), we used
ImageJ to measure the feature sizes in SEM images.

2.5 External pH experiments

We prepared buffer solutions with careful HCl and NaOH
titration for pH 8, 7.5, and 7 to HEPES buffer (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, H3375, Sigma-
Aldrich, Japan) and for pH 6.5, 6, and 5.5 to MES buffer (2-
(N-morpholino) ethanesulfonic acid, M8250, Sigma-Aldrich). For
pH 5, we purchased sodium acetate buffer solution (pH 5.2) (S7899-
100mL, Sigma-Aldrich).

Experiments started with fluorometry of the air-dried structures.
We either changed the pH from 8 to 5, rinsed the sample with water,
and then changed the pH from 5 to 8 in increments of 0.5 pH, or
rinsed the sample at least 10 times with purified water. Lastly, we
alternated the pH between 5 and 8.

To have a comparable liquid volume during each measurement
step, we used the following procedure. We added about 100 μL of
respective buffer media before measurement. We used a short
exposure to fine-adjust the focus and then performed the
fluorometry measurements. We retrieved as much volume of the
liquid as possible without risking damage to the structure and added

100 μL for the next step. The experiments continued for several days.
We found that the performance of a given sample was stable over
several days of use under various conditions.

2.6 Data analysis

The data are presented as the mean and standard deviation for n
samples (number of physical samples). For the fluorometry analysis
and pH sensing analysis, we extracted the image mean intensity
values for air-dried structures and the nearby background as the
region of interest from each lambda stack with ImageJ. We then
subtracted the background for each structure. Each dataset was fit
with three Gaussian peaks, excluding data ranges where the dichroic
mirror DM405/473/559 blocked emission.

For pH sensing data, we found the maximum mean intensity
value and identified the associated wavelength for excitation at
473 and 405 nm. Because the pH-sensing structures were made
from EGFP, the collected data for excitation at 559 nm could not be
processed because of low intensity. To summarize the pH sensing
sets, the ratio of the intensity values at 473 nm to those at 405 nm
and the ratio of the peak emission wavelengths were calculated. We
further normalized individual samples by their air-dried values to
evaluate the per unit volume.

For fluorescence image analysis, we prepared merged
multichannel RGB images from single-channel images using
ImageJ. When there was no visible damage in the line structure
(e.g., ablation), we measured the mean gray value for the merged-
channel images (red, green, and blue). The results for a given set of
fabrication conditions were averaged. The ratio of the original
fluorescence color of each fluorescent protein variant to the sum
of all three colors was used to represent the color percentage. We
applied the RGB function in Excel to the averages of the image mean
gray values for the red, green, and blue channels to create the RGB
chart.

3 Results

3.1 Demonstration of 3D fabrication and
two-color fabrication

We demonstrated 3D fs-LDW of pure fluorescent proteins using
spin-coated films made of 6 μL of 6.5 mg/mL mSca. The red
fluorescent protein was chosen to create a red AIST logo. The
logo was composed of two layers of equilateral triangle
structures, where the second layer was created 5 μm above the
first layer, on a glass substrate to demonstrate 3D fabrication
within the limited thickness of the spin-coated protein precursor
film. Figure 2 shows the results for fabrication with a 520-nm laser
(pulse width: 350 fs, pulse energy: 5.15 nJ, repetition rate: 1 kHz), a
stage scanning speed of 5 μm/s, and a 0.45-NA lens. These
conditions were chosen based on experiments on color retention
(see Section 3.2). The insets in Figures 2A, B show the AIST logo and
the matching equilateral triangle design, respectively. The
coordinates for the equilateral triangles were determined using a
Python script that overlaid the AIST logo with a dot pattern (due to
rounding, 10-μm-long sides were obtained).
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The structure stored in water after rinsing dominantly generated
red fluorescence in the merged multichannel RGB image of the three
channels for blue (B, EX at 340–390 nm and EM at 420–800 nm),
green (G, EX at 460–495 nm and EM at 510–800 nm), and red (R,
EX at 530–550 nm and EM at 575–800 nm) fluorescence, as shown
in Figure 2A.

We then freeze-dried the sample to preserve its 3D
microstructure. The organic solvents in the freeze-drying
procedure seem to have influenced the fluorescence profile. After
freeze-drying, red, green, and blue fluorescence was observed. Red
fluorescence was retained. In- and out-of-focus images of the nodes
of the structure are shown in Figures 2Ci–iii. Figure 2Civ shows SEM
images in which the 3D profile can be distinctly observed. We
estimated the feature sizes of this structure to be about 1.6 μm in the
z direction and 350 nm in the x and y directions. These

measurements possibly include volume shrinkage due to water
removal via the freeze-drying process. For example, a volume
shrinkage of about 20% has been observed for other proteins
(Serien and Takeuchi, 2015). We did not confirm the exact value
for the fluorescent proteins. The expected beam dimension in the
z-axis is 6.6 μm and that in the x and y-axes is 1.48 μm, as shown in
the footnotes to Supplementary Table S1. The feature sizes observed
here are considerably smaller, a common result for fs-LDW, because
we chose fabrication parameters that are close to the fabrication
thresholds.

To further demonstrate fluorescence retention, we created
mono-color (red, green, or blue fluorescent protein) and two-
color (green and blue fluorescent proteins) RIKEN logos, as
shown in Figure 3. The two-color structure was fabricated by
sequential fabrication of blue (EBFP2) and green (EGFP)

FIGURE 2
3D microstructure of AIST logo made of pure red fluorescent protein mSca. Using a spin-coated film made of 6 μL of 6.5 mg/mL pure mSca, we
fabricated the AIST logo composed of two layers of equilateral triangle structures, where the second layer was created 5 μm above the first layer, on a
glass substrate. The fabrication conditions were a 520-nm laser with a pulse width of ~350 fs, a pulse energy of 5.15 nJ, and a repetition rate of 1 kHz. The
stage scanning speed was 5 μm/s and the lens NA was 0.45. (A) A multichannel RGB image of the microstructures before freeze-drying. The red
fluorescence color profilematches the original design shown in the inset. (B) A 30°-tilted SEM image of the fabricated pattern that matches the equilateral
triangle design, including the 5-μm-elevated nodes. The designed pattern is shown in the inset, in which red markers indicate elevated nodes. (C)
Highlights of the structure. (i) and (ii) show images of the freeze-dried structure in the red fluorescence imaging channel for EX at 530–550 nm and EM at
575–800 nmwith the focus positions at the top and bottom of the structure, respectively. These are the in- and out-of-focus images of the nodes of the
structure. (iii) shows the equivalent location in the tilted SEM view. (iv) highlights a location where the diagonal proteinaceous beam that connects the
surface to the elevated nodes clearly detaches from the glass surface. Insets show the location and design details. Adapted with permission from AIST
2023.

Frontiers in Nanotechnology frontiersin.org05

Serien et al. 10.3389/fnano.2023.1250395

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2023.1250395


fluorescent proteins. For this fabrication, we utilized two-
component self-curing dental glue as guide rails (as discussed
above) to ensure that the rims of each spin-coated film were
accumulated in approximately the same area. Supplementary
Figure S3 details the process in the Supplementary Material.

First, the blue part of the RIKEN logo with a crosshair alignment
mark, which was located outside the displayed image, was fabricated
from the spin-coated EBFP film. After the sample was washed and
air-dried, the EGFP film was spin-coated onto the sample such that
the EGFP-rich rim of the spin-coated film overlapped the prepared
logo. Note that if the second film is not sufficiently aligned, it can be
rinsed away with water and drop-casting can be attempted again.
Using the alignment mark, the green dot was fabricated in the
appropriate location. The image in Figure 3B was captured in
purified water after rinsing because upon air-drying, the
fabricated structure was slightly deformed. Of note, imaging with
EX at 330–85 nm and EM at 420–800 nm can simultaneously
generate fluorescence images of EBFP2 and EGFP.

Figures 3C–E show that all three color variants of a fluorescent
protein retain their original colors under appropriate fabrication
conditions. We further examine the color retention in Section 3.2. A
comparison of Figures 3C, D indicates that the linewidth for a given
line pitch varies with the fabrication conditions. One set of
fabrication conditions resulted in individually separated lines that
filled the EGFP RIKEN logo, with the mSca RIKEN logo having
smoothly conjoined lines (individual lines were not distinguishable)
due to higher total accumulated fluence (TAF). To optimize an
individual design, line pitch and TAF need to be considered, because
denser the line pitch, the more accumulation occurs, and higher
TAF, the wider the line width. These conditions are not fully
explored yet for each fluorescent protein, but in Section 3.3 we
present our findings regarding color retention dependence on TAF.
Figure 3C also shows a slight deformation with respect to the
original design due to air-drying, which suggests that the volume
loss of water from the proteinaceous hydrogel-like network
destabilizes the structure.

FIGURE 3
Fluorescent protein color retention and two-color sequential fabrication. Original fluorescence properties are retained after fs-LDW fabrication.
Using spin-coated films, we fabricated the RIKEN logo using a 525-nm laser with a pulse width of ~340 fs, a repetition rate of 199.9 kHz, and a lens NA of
0.46. (A) The model of RIKEN logo used in this work. (B) Pure EBFP2 and EGFP were consecutively fabricated to realize a two-color image. Detail images
for this process are presented in the Supplementary Figure S3. The stage scanning speedwas 25 μm/s and a pulse energy of about 19 and 7.5 nJ was
applied to the EBFP2 and EGFP precursor films, respectively. This image was post-processed to increase visibility. (C–E) The RIKEN logo was fabricated
with different types of protein using spin-coated films. (C) Pure mSca, fabricated with a 10-μm/s scanning speed and 15-nJ pulse energy, (D) pure EGFP,
fabricated with a 50-μm/s scanning speed and 3.7-nJ pulse energy, and (E) pure EBFP2, fabricated with a 25-μm/s scanning speed and 3.7-nJ pulse
energy. Adapted with permission from RIKEN 2023.
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Figures 3C–E show small differences and occasional
irregularities. The irregularities and splits in Figure 3E probably
originate from the irregularities in the spin-coated precursor film.
Similar irregularities can be seen in Supplementary Figures S3, S4,
but not all irregularities in the precursor translate to irregularities in
the fabricated structures and conversely some irregularities in
fabricated structures are not apparent in the precursor. In future
work, this could be improved by providing more volume to the
drop-cast films to improve film thickness homogeneity or precisely
managing the relative humidity.

3.2 Color retention study

During our investigation, we noticed that fabricated
microstructures of a pure fluorescent protein retained their
natural color but also displayed more complex color profiles. In
this section, we examine these color shifts and discuss color profile
optimization.

Fluorometric data for the samples are shown in Figure 4. In the
fluorometric study, we scanned the emission in 2-nm steps with
excitation at 405, 473, and 559 nm. As shown in Figure 4A, the
unprocessed spin-coated protein films of mSca, EGFP, and
EBFP2 emitted their original fluorescence. Gaussian peak fitting
was performed for three peaks in the regions of blue, green, and red
wavelengths; the respective peaks are indicated in the figure. The
peak emissions are centered at 599, 510, and 444 nm for mSca,

EGFP, and EBFP2, respectively, with negligible emissions in other
colors.

In contrast, the fabricated microstructures, shown in Figure 4B,
show more complex fluorescence color profiles. The retention of the
original fluorescence indicates that the crosslinking 3D printing
process does not significantly modify the protein tertiary structure.
The original fluorescence was observed with peak emission
wavelengths of 592, 508, and 445 nm for mSca, EGFP, and
EBFP2, respectively.

It seems that extra emissions in the shorter wavelength range
were generated, as mSca displays blue emission at 477 nm and green
emission at 522 nm in addition to its original fluorescence. EGFP
also displays blue emission at 496 nm in addition to its original
fluorescence. EBFP2 displays mild green emission at 526 nm in the
color profile. Previous work reported that after laser processing
proteinaceous microstructures similar to photopolymer
microstructures exhibit autofluorescence (Serien and Takeuchi,
2017). Thus, autofluorescence might have contributed to the
generation of these extra emissions.

A preliminary analysis of fluorometric data indicated that the
color profile and original color retention depended on the
fabrication conditions. With a tunable laser, we conducted a
broader study to identify the optimal conditions for original
color retention. Although fluorometric data are the best
quantitative representation, obtaining such data is time-
consuming. To simply assess the percentage of color as the mean
value for an image, we analyzed arrays of line structures to examine a

FIGURE 4
Fluorometric data for unprocessed films and examplemicrostructures. Emission spectra generatedwith excitation (EX) at 405 (blue), 473 (green) and
559 nm (red plots) were measured for (A) unprocessed films and (B) fs-LDW-fabricated fluorescent protein microstructures. Gaussian fitting for three
peaks in the blue, green, and red wavelength regions, respectively, was performed. The microstructures were fabricated using spin-coated films using a
525-nm laser with a pulse width of ~340 fs, a repetition rate of 199.9 kHz, and a lens NA of 0.46. The pure mSca structure was fabricated with a 5-
μm/s scanning speed and 9-nJ pulse energy, the pure EGFP structure was fabricated with a 50 μm/s scanning speed and 2.1-nJ pulse energy, and the
pure EBFP2 structure was fabricated with a 25 μm/s scanning speed and 3.7-nJ pulse energy.
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broader fabrication range. We fixed the stage scanning velocity at
5 μm/s and the protein concentration at 6.5 mg/mL in 3-μL drop-
cast samples. The results are shown in Figures 5, 6.

Figures 5A–C show the dependence of the multichannel RGB
images of the fluorescent microstructures on the repetition rate and
pulse energy for mSca, EGFP, and EBFP2, respectively. We
fabricated line arrays in two rows; one row was fabricated with
increasing pulse energy and the other was fabricated with decreasing
pulse energy. This inverse design allowed us to control our samples
to compensate for undesired tilt. An example of mSca is detailed in
the Supplementary Figure S4. In situ camera observation was used to
identify the glass surface for optimal fabrication. Each line array
represents a set of different conditions (i.e., repetition rate and pulse
energy). We also extensively tested these arrays for the dependence
of polarization direction on the linearly polarized Gaussian beam
during fabrication and on the scanning direction in confocal laser
scanning microscopy, finding no polarization dependencies.

For themultichannel RGB images, the mean intensity in the middle
part of each line was averaged and summarized in an RGB
representation. It is important to measure the intensity in the middle

of the line because at the beginning and end of the line the stage
movement is smaller near the resting position. There was no line with
underexposure and an O-shape was observed with overexposure due to
laser ablation at the central part of the beam spot. For a higher repetition
rate, the fabrication window between under- and overexposure
narrowed and shifted toward lower pulse energies for all three
fluorescent protein variants, as shown in the RGB charts in Figure 5.
The narrowing of the fabrication window at higher repetition rate is
caused by the lower and upper thresholds shifting at different rates. The
lower fabrication limit is lowered due to a faster delivery of energy
pulses, and restricted by the precursor absorption cross section and non-
linear absorption effects. The upper fabrication limit is critically affected
by the reduced time for heat dissipation with a higher repetition rate.

For all fluorescent protein variants, we found that the best retention
of their original color was achieved at a low repetition rate. The upper
and lower limits of the fabrication window depend on the protein
variant, which is probably related to the differences in absorption
properties (see Supplementary Figure S2). Of note, as discussed for
Figure 4, the generation of extra emissions occurred in the RGB
representations of all fluorescent protein variants. The optimal color

FIGURE 5
RGB representation. Line arrays were fabricated at different pulse energies and repetition rates for (A) mSca, (B) EGFP, and (C) EBFP2 spin-coated
films (3 μL of 6.5 mg/mL). Femtosecond pulses at a wavelength of 520 nm and a pulse width of 350 fs were used with a stage scanning speed of 5 μm/s
and a lens NA of 0.45. (i) A multichannel RGB image of the fluorescent microstructures is shown for each fluorescent protein. The dotted rectangle
denotes the measured region of interest. Both under- and overexposure cases were observed. Overexposed lines look O-shaped, possibly due to
ablation. Their image values were notmeasured to ensure that the RGB representation properly shows the fabricationwindow. (ii) Data are summarized as
an RGB representation for pulse energy (x-axis) and repetition rate (y-axis).
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retention conditions formSca were a pulse energy of about 5–6 nJ and a
repetition rate of 1 kHz. These fabrication conditions were thus used for
Figure 2. EGFP had multiple optimal conditions, including a pulse
energy of about 50 nJ and a repetition rate of 1 kHz. For EBFP2,
autofluorescence contributions are unclear in the blue emission.
Considering brightness, the optimal conditions were a pulse energy
of about 70 nJ and a repetition rate of 1 kHz.

The data in Figure 5 show the relationship between repetition
rate, pulse energy, and RGB values. Note that pulse energy and
fluence are directly proportional to the focal spot area (see
Supplementary Table S1). The TAF, which takes into account the
geometric overlap of individual pulses while the sample is moving
relative to the incident beam, is another type of data representation.
While pulse energy and repetition rate are practical values for setting
up an experiment, the TAF is the currently best representation of all
influential parameters in the fs-LDW printing process.

Figure 6 shows the color percentage in each color profile versus
TAF (reproduced from Figure 5). For mSca, a clear trend of better
color retention at the smallest TAF can be observed. Because we
consider the fs-LDW process to be stochastically random and based

on chemical crosslinking, we expect that some protein molecules will
be slightly altered or affected by chemical crosslinking, changing the
chromophore-to-barrel interaction and thus altering the original
fluorescence. A 3D-printed fluorescent protein can be utilized for
many applications as long as the original fluorescence is retained.

Therefore, we consider 50% color retention is sufficient to be
sufficient, preferably with a brightness of at least the mean image
gray value of 100. Both mSca and EGFP retain a maximum of about
60% of their original color within the investigated range.
EBFP2 seems to retain almost 100% of its original color under
most conditions. However, autofluorescence may be included in
these retention rates because significant blue autofluorescence was
observed from the structures made of mSca and EGFP and green
autofluorescence was observed from the structures made of mSca.

For mSca, the best original color retention was achieved at a TAF of
54–65 J/cm2, equivalent to a pulse energy of 5–6 nJ and a repetition rate
of 1 kHz. For EGFP, similar to the RGB representation, multiple ranges
of sufficient color retention were identified. The EBFP2 representation
does not facilitate the identification of optimal fabrication conditions
unless brightness is also considered. There seem to be two peaks for

FIGURE 6
Color retention dependence on total accumulated fluence (TAF). Line arrays were fabricated under the same conditions as those used in Figure 5.
For (A)mSca, (B) EGFP, and (C) EBFP2, the original color (red, green, and blue, respectively) is shown as a percentage of the total RGB sum.We subdivided
the datasets according to the repetition rate: 1 kHz (orange), 10 kHz (gray), 20 kHz (yellow), 50 kHz (blue), and 100 kHz (black). The dotted line represents
50% of the original color retention.
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each repetition rate, so that at a higher TAF, autofluorescence might
have a higher contribution than that of the retained blue fluorescence.
Since in these experiments, we could not distinguish between the
retained EBFP2 fluorescence and the autofluorescence that resulted
from crosslinking, further investigation of EBFP2 is needed.

3.3 Physiological pH sensing

Because fluorescent protein variants are used for intracellular
sensing, tracking, and biomarkers, in this section we present the
pH sensing capability of fs-LDW-printed microstructures. This
property is of interest for intracellular sensing or microfluidic
sensing applications to complement the molecular application of
fluorescent proteins. Data sets before further processing are
presented in Supplementary Figures S5, S6, which correspond to
Figures 7A, B, respectively.We applied the normalization described in
Section 2. The ratio of peak emission intensities between excitation at
473 and 405 nm was used to eliminate the effects of swelling and
shrinkage during pH changes, which is a common phenomenon for
proteinaceousmicrostructures (Kaehr and Shear, 2008). Furthermore,
because each structure might have a different volume of the total

available fluorescent proteins, we normalize the ratios by the initial
ratios measured for dry structures for each structure.

EGFP can be used to detect pH within the physiological range of
pH five to nine based on changes in fluorescence intensity. Figure 7Ai
shows that EGFP microstructures appropriately exhibit the intensity
ratio variation with a 0.5-pH step. The error bars indicate that the
sensitivity is low; however, it is sufficient to verify that the function is
retained. In addition, the peak emission wavelengths change
throughout the pH range and distinctly diverge between excitation
at 405 and 473 nm, as shown in Figure 7Aii.

Figure 7B shows that this behavior is repeatable for alternating
between pH8 and pH5 for about 20 cycles after at least 10washing steps.
Both intensity and wavelength ratios were found to be in the detectable
range of twice the mean and standard deviation. Using a combination of
the intensity ratio and the wavelength ratiomay allow for greater reading
stability and therefore long-term physiological pH sensing.

4 Discussion

Here, we reported 3D printing of pure fluorescent proteins that
retain their fluorescence and pH sensitivity.We studied the dependence

FIGURE 7
EGFP intensity and emission wavelength changes for pH sensing. The structures for this experiment were fabricated using spin-coated films (3 μL of
4.7–12.5 mg/mL) using a 525-nm laser with a pulse width of 280 fs and a repetition rate of 199.9 kHz. The lens NA was 0.46. The stage scanning speed
was 10 μm/s and the pulse energy was 6.5–11 nJ. The microstructures were imaged with the confocal laser scanning microscope and fluorometric data
were acquired. The maximum intensities and peak wavelengths were extracted, taken as a ratio for excitation (EX) at 473 nm to EX at 405 nm, and
normalized by the respective dry value to account for variations in themicrostructure volume. (A) The result for a pH sweep from pH 5 to pH 8 and back is
shown for the ratios of (i) maximum intensities and (ii) emission wavelengths. (B) The result of repeated alteration between pH 8 and pH 5 is shown.
Samples were thoroughly rinsed. The mean plus/minus one standard deviation is represented as a green bar for pH 8 and a blue bar for pH 5. Gray areas
show the respective mean values with double the standard deviation. The results for a given sample were consistent throughout several days of data
acquisition.
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of the fluorescence color profile on the fabrication conditions and
identified fabrication windows for three variants (mSca, EGFP, and
EBFP2). We showed that the original fluorescence is sufficiently
retained under appropriate fabrication conditions. We also showed
multicolor printing via the sequential fabrication of different proteins
and its application to physiological pH sensing. Our results are
important for introducing 3D-printed fluorescent proteins to
potential applications such as intracellular andmicrofluidic pH sensing.

We investigated printing using three fluorescent protein variants
(mSca for red fluorescence, EGFP for green fluorescence, and EBFP2 for
blue fluorescence) at a laser wavelength of 520–525 nm for fs-LDW.
The differences in fabrication performance and color profile between
the variants may be attributed to their absorption properties at the fs-
LDWwavelength (see Supplementary Figure S2). Specifically, for EGFP
and mSca, a mixture of one- and two-photon absorption processes is
likely, and for EBFP2, a two-photon absorption process should be
dominant via the ultraviolet band at 280 nm.

We discussed the fluorescence retention for unprocessed and
processed proteins. Because chemical crosslinking links the
individual fluorescent protein molecules, which alters their
pristine tertiary structure, a color retention of 50%–60% seems
sufficient to us. Many applications of fluorescent proteins, such
as multicolor fluorescence imaging, are performed by separating the
emission wavelength and/or the timing of its irradiation. Therefore,
if the original fluorescence can be obtained at the same excitation
wavelength as that for the original protein, as demonstrated here, the
fluorescent protein microstructures can be useful even if there is
addition fluorescence emission.

Regarding the color profile after fs-LDW, we observed extra
emissions. Various colors of autofluorescence generated by chemical
crosslinking of proteins have been previously reported, where the
autofluorescence is associated with double bonds such as C=C and
C=N (Lee et al., 2013; Ma et al., 2016). The broadening of the color
profile might be linked to the stochastic randomness of the laser-
induced chemical crosslinking. The fluorescence color profile for a
fluorescent protein is precisely determined by the cavity shape and
polarity of the barrel structure around its chromophore (Remington,
2011). Thus, minute and randomly localized changes to the barrel due
to crosslinking might cause the color diversity. The dense packing state
of a fluorescent protein in the up-concentrated protein film might
enable Förster resonance energy transfer (FRET). FRET might account
for intensity loss due to the energy transfer between neighboring protein
molecules (Algar et al., 2019). From picosecond time resolved
measurements, it is known that the initial molecular order in a
protein solution affects the polarization dependence of fluorescence
(Bain et al., 2000). In our study on the dependence of fabrication
conditions on the polarization direction of the linearly polarized fs-
DLW beam and the dependence of fluorescence from the structures on
the incidence angle of the excitation laser from 0 to 90°, we did not
observe any polarization dependency. The latter result suggests that
fluorescent proteins in a printed microstructure are loosely packed,
allowing for a randommolecular order. Because FRETdepends on close
intermolecular distances, FRET might occur intermittently within such
a looser molecular order, neither negligibly nor dominantly impacting
the overall fluorescence profile. Finally, stochastic randomness and
FRET might synergistically contribute to the color profile broadening.
For example, protein molecules that generate autofluorescence due to
crosslinks could be a more responsive FRET acceptor, producing

further autofluorescence. With a better understanding of the
fluorescence profiles, protein engineering could be used to perfectly
tailor the 3D-printed protein for the desired application.

In pH experiments, we found that the EGFP microstructures
retained their sensitivity to external pH changes with appropriate
fluorescence intensity. In addition, we found that the peak
wavelength of fluorescence emission depended on the external pH.
We suggest that using the peak wavelength in combination with
intensity could provide more pH sensing signal stability and make
EGFP microstructures viable for integrated physiological pH sensing.

Proteinaceous structures generally exhibit swelling or shrinkage
in response to external pH changes, presumably due to protein
surface charges (Kaehr and Shear, 2008). Therefore, normalization
was employed to remove the potential effects of swelling and
shrinkage on intensity. However, the changes in emission
wavelength presented in Section 3.3 might indicate shrinkage and
swelling due to external pH. Similar to the broadening of the color
profile discussed above, the external pH changes might induce
changes in the chromophore-to-barrel distance, which reversibly
affect the peak emission wavelength.
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