FULL PAPER

www.afm-journal.d

Printed Degradable Optical Waveguides for Guiding

Light into Tissue

Jun Feng, Yijun Zheng, Shardul Bhusari, Maria Villiou, Samuel Pearson,

and Ardnzazu del Campo*

Optogenetics and photonic technologies are changing the future of medicine.

To implement light-based therapies in the clinic, patient-friendly devices

that can deliver light inside the body while offering tunable properties

and compatibility with soft tissues are needed. Here extrusion printing of
degradable, hydrogel-based optical waveguides with optical losses as low as
0.1dB cm™ at visible wavelengths is described. Core-only and core-cladding
fibers are printed at room temperature from polyethylene glycol (PEG)-based
and PEG/Pluronic precursors, and cured by in situ photopolymerization. The
obtained waveguides are flexible, with mechanical properties tunable within
a tissue-compatible range. Degradation times are also tunable by adjusting
the molar mass of the diacrylate gel precursors, which are synthesized by
linking PEG diacrylate (PEGDA) with varying proportions of DL-dithiothreitol
(DTT). The printed waveguides are used to activate photochemical and
optogenetic processes in close-to-physiological environments. Light-triggered
migration of cells in a photoresponsive 3D hydrogel and drug release from
an optogenetically-engineered living material by delivering light across

>5 cm of muscle tissue are demonstrated. These results quantify the in vitro
performance, and reflect the potential of the printed degradable fibers for in

temporal and spatial control offered by
light-sensitive processes, and the possi-
bility to regulate therapeutic dose by light
intensity?l are inherent advantages of
using light for modulating biological pro-
cesses.’l To implement light-based thera-
pies in the clinic, light has to be delivered
inside the body. However, absorption and
scattering by tissues limit light penetration
depth to just a few millimeters in the near-
infrared region, and even less at shorter
wavelengths.'"¥4  Overcoming the lim-
ited penetration depth of light in tissue is
therefore a challenge for photo-based ther-
apies.! Implantable optical fibers and light-
emitting diodes (LEDs) have been used to
efficiently bring light to in vivo targets.’)
However, these devices are typically made
from stiff materials and are not always
appropriate for implantation in soft tissues.
Moreover, for short-term applications, the
devices have to be removed from the body

vivo and clinical applications.

1. Introduction

Optogenetics and the development of optical technologies
for medical interventions are revolutionizing therapy.!! The
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in a second operation.’! More compliant

biomaterials that exhibit biodegradability

could offer significant advantages for appli-
cations requiring short-term light delivery, as recently shown in
photochemical tissue bonding for wound closurel and tempo-
rary optogenetic neuron stimulation.! Light-regulated processes
in living organisms are also specifically designed to be activated
at low irradiation doses, while optical waveguides and LEDs cur-
rently in use for optogenetics and medical photonics are derived
from devices in electronics or communication technologies and,
in most cases, are over-engineered for biomedical applications.
Simpler devices in terms of composition and design could offer
the required optical performance while better meeting the bio-
compatibility requirements for clinical implementation.

Soft polymeric biomaterials have been used as alternatives to
silica for fabricating optical waveguides, and may be better suited
to medical scenarios. Waveguides made from natural polymers
such as silkworm®l and spider! silk, cellulose,'”) agarose,l and
gelatin' have been reported, offering biocompatibility and deg-
radability. In order to facilitate standardizable physical/chem-
ical/biological properties,*l degradable and non-degradable syn-
thetic polymers have also been explored for optical waveguides.
Polyethylene glycol diacrylate (PEGDA)-based hydrogels, poly-
acrylamide (PAM)-based hydrogels,™ polydimethylsiloxane,!l
poly(lactic acid),*”") poly(lactic-co-glycolic acid), polydiox-
anone,® polyethersulfone,® and citrate-based biomaterials!?”!
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have all been reported. The waveguiding performance of these
materials is far lower than optical waveguides from silica or
polymers used in technical applications. For example, attenua-
tion values as low as 0.2 dB km™ at 1550 nm can be achieved
in silica optical fibers,?!! while polymeric optical fibers reach
only 0.01 dB cm™ at 840 nm.?2l The attenuation values in
reported biomaterial-based optical waveguides range from 0.1 to
28 dB cm™LI¥l Materials showing attenuation values between
0.17 and 1.64 dB cm 724l have proven sufficient as waveguides
for activating processes in vivo using wavelengths in the 450
to 640 nm range. In order to improve light guiding properties,
core-cladding fiber designs have been developed to encourage
total internal reflection and reduce light loss. For example, algi-
nate has been employed as a cladding material for PEGDA or
PAM cores, and the fabricated core/cladding waveguides exhib-
ited 20~60% less optical loss than single fibers.[4d:8152]

Biomaterial-based optical waveguides are typically fabricated by
curing pre-polymer solutions in a mold,8d4d.gbk-m.15,16d-g20] yith
cladding introduced in a subsequent dip-coating and curing pro-
cess. This is a multistep batch process which is difficult to scale
up, does not easily allow changes in fiber geometry, and is not
well suited to miniaturized or multimaterial devices. We envisage
printing as a promising technological alternative, which may
allow singlel® (or core-shell?3) fibers of soft functional materials
to be deposited in the desired geometry in one step by (coaxial)
extrusion. However, only one printed optical waveguide has been
reported to date, in which a single fiber of silk fibroin was pro-
duced by printing into a coagulation bath.® Printable materials
with adequate optical properties for waveguiding need to be iden-
tified. In this article, we describe a degradable PEG-based print-
able ink composition® and a printing method for fabricating
single and core/cladding optical waveguides by coaxial printing.

Among biomaterials used for optical waveguides, PEGDA-
based hydrogels present a good balance between transparency
and biocompatibility in terms of non-immunogenity and resist-
ance to protein adsorption.’! However, waveguiding is more
effective if there is a large refractive index (RI) difference between
the waveguide and surroundings/cladding. The RI of a hydrogel
increases linearly with the polymer content, therefore higher
concentrations of polymer are preferred in hydrogel waveguides.
Low molar mass PEGDA (e.g., 500 or 700 Da) has been shown to
form transparent hydrogels above 50% w/v,#*d but the stiffness
of these gels is relatively high (22 MPa with 65% v/v of 508 Da
PEGDAP)). Higher molar mass PEGDA (e.g., >2 kDa) forms
transparent (and less stiff) hydrogels at all concentrations, &
but producing high concentration solutions requires long disso-
lution times (many hours) or can even be unattainable. Obtaining
soft, easy-to-handle, high concentration PEG-based hydrogels
would require modification to the PEG backbone to render it
less prone to crystallization and therefore improve solubility.
Furthermore, PEGDA units contain only two degradable groups
per chain (between each vinyl group and the PEG backbone),
and these ester groups exhibit slow hydrolysis. Introducing more
hydrolytically labile linkages into PEG-based hydrogels is attrac-
tive for applications requiring faster degradation.

Here we present printable DL-dithiothreitol (DTT)-bridged
PEGDA (PEGDA-DTT) as a suitable PEG-based hydrogel pre-
cursor for manufacturing optical waveguides. The thioether
linkages distributed in the backbone of these precursors extend
the polymer chains and provide OH side groups which inhibit
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precursor crystallinity, rendering all the precursors liquid, and
rapidly soluble in water. Furthermore, the linkages make the ester
bonds less hydrolytically stable than those in PEGDA, meaning
that faster degradability can be achieved as shown by Hudalla.l?4
Adjusting the molar mass of the PEGDA-DTT allows tuning of
mechanical properties (Young’s modulus 100 kPa—8 MPa) and deg-
radation rates (1 to several months). We present printable formula-
tions of PEGDA-DTT with sufficient light guiding performance in
air (0.1-0.4 dB cm™) and in tissue (0.25-0.7 dB cm™) for activating
biological processes. Two proof-of-concept examples demonstrate
the performance of the printed waveguides by stimulating photo-
chemical processes at wavelengths 405 and 450 nm across non-
transparent muscle tissues. Core/cladding designs with improved
optical properties by coaxial printing with medically-approved Plu-
ronic F127 as cladding material are also described.

2. Results and Discussion

2.1. Synthesis of PEGDA-DTT Pre-Polymers

In order to incorporate tunable degradation properties into
the PEG-waveguides, acrylate groups of PEGDA were reacted
with thiol groups of DTT to afford PEGDA-DTT precursors by
Michael-type addition reaction in water in the presence of tri-
ethylamine (Figure 1A).24 An excess of PEGDA was used in
order to obtain acrylate-terminated PEGDA-DTT chains for later
crosslinking and hydrogel formation. The kinetics of the reac-
tion were followed by monitoring the free thiol groups in the
mixture using a fluorometric thiol assay. The thiol concentra-
tion decreases by more than 5 orders of magnitude within the
first minute (Figure 1B), and decreases further in 10 min. The
reaction is almost quantitative, with the final thiol concentra-
tion below 1 um. The consumption of acrylate groups originating
from PEGDA was quantified by 'H NMR spectroscopy for each
DTT/PEGDA ratio (Figure S1, Supporting Information). The
measured concentration of remaining acrylate groups, which
reside at the termini of the resulting PEGDA-DTT chains,
decreased with increasing feed ratio of DTT to PEGDA and was
consistent with the expected theoretical estimation (Table 1).
PEGDA-DTT products were named according to the feed ratio
of DTT to PEGDA used for synthesis, that is, PEGDA-DTT-50,
PEGDA-DTT-75, PEGDA-DTT-875, and PEGDA-DTT-93.75 for
ratios 0.5, 0.75, 0.875, and 0.9375 between DTT and PEGDA.
The freeze dried PEGDA-DTT products were viscous liquids at
room temperature, and dissolved rapidly in water (unlike com-
parable molar mass PEGDA). Their viscosity increased with
the feed ratio of DTT to PEGDA (Figure 1C and Table 1) as a
consequence of the increasing chain length. The higher molar
masses of the PEGDA-DTT products with increasing content of
DTT bridges was confirmed by size exclusion chromatography
(SEC) analysis (Table 1). The dispersities are in the range of
1.8-2.8, and increase with increasing DTT/PEGDA ratio (Table 1).

2.2. Synthesis and Physicochemical Properties
of PEGDA-DTT Hydrogels

PEGDA-DTT hydrogels were prepared by photocrosslinking
water solutions of PEGDA-DTT precursors at different

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Chemical design and physical properties of PEGDA-DTT pre-polymers and hydrogels. A) Synthesis of PEGDA-DTT polymer from PEGDA
and DTT precursors. B) Kinetics of the Michael addition reaction between acrylate groups of PEGDA and thiol groups of DTT as followed by a fluo-
rometric thiol assay kit. C) The viscosity of PEGDA-DTT solutions (50 wt%) measured at increasing shear rate at room temperature; D) Degradation
kinetic curves of 70 wt% PEGDA-DTT hydrogels. The graph shows the normalized dry mass of the gel as function of incubation time in PBS at 37 °C.
E) Stress—strain curves from compressive tests of 70 wt% PEGDA-DTT hydrogels.

concentrations using Irgacure 2959 as initiator and a 365 nm
light source. Each polymer solution was polymerized within a
Teflon ring of diameter 5 mm and thickness 3 mm that was
sandwiched between two glass slides. Gels were homoge-
neous and transparent, and became less stiff and pale yellow
with increasing DTT/PEGDA ratio. The swelling ratio, degra-
dation rate, and Young's modulus of the PEG-DTT hydrogels
were characterized as a function of DTT/PEGDA ratio. The
swelling ratio increased from 73% to 539% with increasing
DTT/PEGDA ratio (Table 1). This is in agreement with a lower
crosslinking degree expected from the lower number of acrylate
groups per unit mass, which generates a larger mesh size and
therefore a higher water uptake. The degradation kinetics of
the hydrogels were measured in PBS at 37 °C over 56 days.
Across the four compositions, the degradation rate increased
with increasing pre-polymer chain length (Figure 1D), that is,
with increasing number of DTT units per pre-polymer chain.
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The proximal thioether bonds provide a more positive partial
charge to the carbonyl carbons of the acrylate esters, forming
the expected degradation sites of the hydrogels by facilitating
reaction with nucleophilic hydroxide anions as the primary step
of base-catalyzed ester hydrolysis.[?#2%] Over the same timescale,
PEGDA 700 Da hydrogel did not degrade (Figure 1D). These
experiments demonstrate that PEGDA-DTT gels allow modula-
tion of the degradation kinetics by simply varying the feed ratio
of DTT to PEGDA.

The mechanical properties of PEGDA-DTT hydrogels
were analyzed with compression tests. Figure 1E shows the
corresponding stress-strain curves. The Young's modulus of
70 wt% hydrogels decreased from 22 MPa to 140 kPa with
increasing DTT/PEGDA ratio from 0 to 0.9375 (Table 1).
The decreasing stiffness is attributed to the decreasing
crosslinking degree as the length of the PEGDA-DTT pre-
cursors increase. The stress at break decreased from 77 MPa

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Physicochemical properties of PEGDA-DTT pre-polymers and hydrogels.

PEGDA-700 PEGDA-DTT-50 PEGDA-DTT-75 PEGDA-DTT-87.5 PEGDA-DTT-93.75
Relative content of acrylate groups (calculated) [%)] 100 50 25 12.5 6.25
Relative content of acrylate groups (measured) [%]%) 100 49.4+0.6 244+1.6 122+1.0 6.4+0.1
Viscosity [Pa s]?) 0.046 0.071 0.101 0.187 0.365
M, [Da]) 700 4272 6134 9052 11879
Dispersity®) - 1.81 2.06 2.56 2.83
Swelling ratio in water [%]¢) 73+2 108 +2 186 +2 291+1 539+23
Swelling ratio in tissue [%]¢) 16+2 171 4411 87+2 /
Young's modulus [MPa]®) 22.8%15 79+0.2 27+03 0.9+0.1 0.14 £0.02
Stress at break [MPa]®) 76+0.9 3.9+0.5 29108 1.8+£0.6 no break
Strain at break [%]?) 3243 38+3 54+4 65+3 no break

AThe percentage of initial acrylate groups remaining unreacted in PEGDA-DTT products was measured by "H NMR spectroscopy; Pthe viscosities of the precursor solu-
tions were measured by flow sweep on a rheometer at polymer concentrations of 50 wt% in water; 9the number-averaged molar mass (M,) and dispersity values for
PEGDA-DTT products were measured by SEC, while M, of PEGDA-700 is from the supplier; 9swelling ratios correspond to 70 wt% PEGDA-DTT hydrogels or fibers after
immersion in water for 24 h or after being sandwiched between two pieces of muscle tissue for 1 h; ®Young’s moduli, and stress and strain at break, were obtained from

compression tests with 70 wt% PEGDA-DTT hydrogels.

to less than 1.8 MPa and the strain at break increased from
32% to more than 65% with increasing DTT/PEGDA ratio
(Table 1). These results indicate that the mechanical proper-
ties of PEGDA-DTT hydrogels can be tuned by two orders of
magnitude by simply changing the ratio of DTT to PEGDA.
This is a relevant feature for the fabrication of optical wave-
guides to be used for clinical applications as it allows adap-
tation of the waveguide mechanics to the mechanics of the
specific tissue in the application.

2.3. Optical Properties of PEGDA-DTT Hydrogels

Absorption and scattering are the most important factors
affecting the light guiding properties of materials. For bioma-
terials, especially polymeric biomaterials, intrinsic optical loss
originates from absorption, including electronic and vibra-
tional absorption,??l and scattering due to density fluctua-
tions, compositional inhomogeneities, and large inclusions.??
The most important extrinsic factor for effective lightguiding
is the RI of the surrounding medium, which needs to be
lower than that of the waveguide in order to achieve total
internal reflection. Since the RI of human tissues ranges
from 1.38 to 1.51,177) achieving total internal reflection can be
a challenge for hydrogel waveguides with high water contents
(RI water =1.33).

The absorption of PEGDA-DTT hydrogels within the spectral
range from 350 to 800 nm was measured by UV-vis spectro-
photometry (Figure 2A and Figure S2A, Supporting Informa-
tion). Each PEGDA/DTT composition was analyzed at different
polymer concentrations ranging from 10 wt% up to 70 wt%
(in 10 wt% increments). Below 400 nm, absorbance was high
in all systems due to electronic transitions of the organic
groups.?8l Above 400 nm, the introduction of DTT significantly
lowered the absorbance versus the PEGDA 700 Da reference
hydrogel, in particular at polymer concentrations below 50 wt%
(Figure S2A, Supporting Information). At low concentrations,
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the transparency of PEGDA hydrogels is known to increase
with increasing molar mass since phase segregation is
avoided.®! The same effect is observed here. PEGDA-DTT
also displays pendant OH groups along the polymer chain
(contributed by the DTT units, Figure 1A) which could further
enhance hydration of the formed polymer networks. Precursor
solutions and derived hydrogels with 75 mol% of DTT were
transparent at all polymer concentrations (Figure S2A,B, Sup-
porting Information).

The scattering properties of PEGDA-DTT hydrogels were
compared using a home-made setup (Scheme S1, Supporting
Information). A 520 nm laser passed through a cuvette con-
taining the hydrogel. The scattered light was captured with
a camera situated perpendicular to the incident light beam.
The polymer chains in hydrogels are generally amorphous,
with scattering typically arising from structural inhomoge-
neities in the polymer network which produce fluctuations
in RLI® Phase segregation, such as that observed in PEGDA
700 Da hydrogels at <50 wt% polymer content, is an example
of drastic inhomogeneity which gives rise to extensive scat-
tering and therefore opaque hydrogels. Even transparent
hydrogels, however, possess imperfect polymer networks, and
scattering due to network inhomogeneity is therefore inevi-
table. All four PEGDA-DTT hydrogels showed =50% less scat-
tering than PEGDA hydrogel at a polymer concentration of
70 wt% (Figure 2B). For a particular PEGDA-DTT composition,
gel scattering ratio decreased with polymer concentration; the
80 wt% gel made from PEGDA-DTT-87.5 for example shows less
than half the scattering intensity of the 40 wt% gel (Figure S2C,
Supporting Information). These data are in agreement with
the formation of more homogeneous polymer networks, which
reduces scattering, and with the less favored phase separa-
tion in PEGDA chains at higher polymer concentrations as
reported by other authors.®*l The scattering observed at
polymer concentrations >50 wt% is mainly associated with
Mie-type light scattering of partially disordered networks and
is unavoidable.[®]

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Optical properties of PEGDA-DTT hydrogels. A) UV-vis spectra of 10 wt% PEGDA-DTT hydrogels. B) The relative scattering of 70 wt%
PEGDA-DTT hydrogels with different DTT/PEGDA ratios; C) the Rl of 70 wt% PEGDA-DTT hydrogels before and after polymerization.

The RI of 70 wt% PEGDA-DTT hydrogels increased with DTT
content from 1.435 to 1.46 (Figure 2C), and indicates that the
introduction of DTT bridges could improve the light confine-
ment ability of PEGDA-DTT waveguides in tissues and lead to
optical waveguides with higher optical performance. The RI of
PEGDA-DTT also increased with polymer content. Figure S2D,
Supporting Information shows that the RI of PEGDA-DTT-93.75
gels increased linearly from 1.36 to 1.46 when the polymer con-
centration changed from 20 wt% to 70 wt%.

In summary, the introduction of DTT bridges in PEGDA
precursor leads to a comprehensive improvement in hydrogel
optical properties versus PEGDA alone: PEGDA-DTT-X
hydrogels with X > 75 mol% are highly transparent in the vis-
ible wavelength range for all the tested concentrations (5 to
70 wt%), with higher concentrations showing additional ben-
efits of higher RI and lower light scattering. These are all rel-
evant properties for the application of PEGDA-DTT hydrogels
as optical waveguides, and suggest that higher concentrations
of PEGDA-DTT could be more suitable for producing efficient
waveguides.

2.4. In Vitro Cytocompatibility of PEGDA-DTT Hydrogels

The cytocompatibility of the PEGDA-DTT hydrogels was tested
in vitro using the live/dead assay with retinal pigmented epi-
thelial (RPE1) cells. Cells were cultured on tissue culture plates
and gels were introduced in the cell culture medium. Viabilities
of 99% were obtained after 24 and 48 h culture in the presence
of all the gels (Figure S3, Supporting Information), demon-
strating good cytocompatibility.
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2.5. Printing Optical Waveguides

PEGDA-DTT solutions were tested as inks for printing using
an extrusion-based printer coupled to an illumination source
for in situ photopolymerization (Figure 3A: left and middle). In
order to facilitate printing and achieve high shape fidelity of the
printed fibers, a transparent silicone tube was inserted at the
end of the needle tip (Figure 3A: right).?3l The light beam for ini-
tiating the radical polymerization of the acrylate groups, leading
to crosslinking of the ink, was shone through the silicone
tube. Different printing conditions were explored by varying
printing pressure between 5 and 55 kPa, illumination inten-
sity between 10-100%, and by using silicone tubes with inner
diameter of 310 or 510 um. The printing of all PEGDA-DTT
ink compositions was tested using different concentrations of
the polymer precursor and photoinitiator. In general, the print-
ability was higher at higher concentrations of polymer precursor
and higher DTT contents. Optimization of the printing con-
ditions generated printability windows for each ink compo-
sition, which are detailed in the Supporting Information and
summarized in Figure S4, Supporting Information. Within the
printability windows, continuous fibers (we tested up to 50 cm
length) can be easily printed (Figure 3B). The obtained fibers
exhibit high transparency, shape fidelity, and homogeneity, and
are flexible. The surface of the printed fibers was smooth as
viewed by optical microscopy and scanning electron microscopy
(Figure 3B: insets, Figure S5: up, Supporting Information),
which is inherited directly from the inner wall of the silicone
tube used for curing. The printed fibers become less stiff with
increasing DTT content in the ink. Figure 3B shows the higher
flexibility of printed PEGDA-DTT-93.75 versus PEGDA-DTT-50

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. A) Printing setup. Left: printing stage of 3D-Bioscaffolder from GESIM; middle: printing head mounted with coaxial needle; right: printing
needles extended with silicone tubes. B) Images of 70 wt% PEGDA-DTT fibers printed using the 510 um silicone tube. Left: PEGDA-DTT-50; middle:

PEGDA-DTT-87.5; right: PEGDA-DTT-93.75.

fibers. These results are consistent with the mechanical prop-
erties measured on the bulk hydrogels, and demonstrate the
possibility to adapt the mechanical properties of the printed
fibers to the mechanics of target tissues. However, low stiffness
also brings some disadvantages. For example, the more flexible
fibers get stuck to themselves more easily and become more
difficult to handle (Figure 3B: right).

2.6. Optical Properties of the Printed PEGDA-DTT Waveguides

For hydrogel-based optical fibers, obtaining a very smooth
surface at the fiber tip is challenging. As shown in Figure S5,
Supporting Information, different fibers (with different DTT/
PEGDA ratios) demonstrate different roughness at the terminal
cross-sections, which affects the efficiency of light in- and out-
coupling. To ensure that variable roughness at the fiber ends
would not affect our quantification of optical properties, we
developed a new method to quantify the light guiding prop-
erties of the printed fibers (Scheme S2, Supporting Informa-
tion) by adapting optical loss measurement protocols from
previous reports.?’l In a home-made setup, a laser beam (with
wavelength 405, 450, or 520 nm) was focused through a plano-
convex lens into the proximal end of the printed waveguide.
The light propagated along the fiber (Figure S6A,B, Supporting
Information), and generated autofluorescence in the material
(Figure S6C,D, Supporting Information). Autofluorescence is a
reported but underexploited phenomenon in hydrogels devoid
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of a traditional fluorophore. A recent study®% established that
autofluorescence is apparently universal in carbonyl-containing
hydrogels (but is not present in the precursor solutions), with
fluorescence lifetime around 1 ns similar to conventional
chromophores, and quenching produced by certain metal ions.
Autofluorescence intensity is influenced by water content and
gel structure, but the underlying mechanism is unknown.
Although it has been reported as an inconvenience to be over-
come in fluorimetric assays,*!l the potential benefits of hydrogel
autofluorescence have more recently been explored for label-
free tracking of hydrogel formation*¥ and degradation.?? In
this work, we exploit autofluorescence in our fibers to quantify
their optical loss independent of the in- and out-coupled light
intensity.

A camera was set perpendicular to the fiber axis to take
pictures of the autofluorescence. In order to exclude scattered
incident light, a 550 nm long-pass filter was applied between
camera and fiber, which only allowed the autofluorescence light
to pass through. By detecting the attenuation of autofluores-
cence along the fiber (Figure S6C,D, Supporting Information),
the optical losses could be determined. For quantification, the
captured images were analyzed by Image] software to obtain
the autofluorescence intensity at different positions (distance:
Z, intensity: Iy and I,). The optical loss o(4) (in dB per length
unit) was calculated by Equation (1).533

Blo

a(A)= -

Iy
— 1
gIZ 1

© 2020 The Authors. Published by Wiley-VCH GmbH
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With this method, the effect of coupling losses on optical
losses in fibers can be effectively avoided. No matter how much
light is coupled into the fiber, the attenuation of autofluores-
cence along the fiber is unchanged. Therefore, more accurate
optical losses in the fibers can be expected versus the traditional
cut-back method, which measures the light intensity emerging
from the distal tip of a fiber after it is cut shorter and shorter,
and therefore requires accurate values for in-coupled light
intensity and out-coupling efficiency in order to accurately
determine optical loss.

Printed 70 wt% PEGDA-DTT waveguides show optical
losses in air between 0.1 dB cm™ (at 520 nm) and 0.4 dB cm™
(at 405 nm) (Figure 4A), with higher optical loss at shorter
wavelengths mostly a consequence of higher absorbance. The
optical loss decreased with increasing polymer concentra-
tion (Figure 4B). Two main factors contribute to this trend:
i) the higher RI of hydrogels with higher polymer concentra-
tion, which facilitates total internal reflection and allows better
confinement of light in the waveguide, and ii) hydrogels with
higher polymer concentration presented lower scattering. The
optical loss was not significantly influenced by the DTT/PEGDA
ratio (Figure 4A). The propagation of wavelengths 2670 nm was
checked visually (Figure S6A,B, Supporting Information). All
printed waveguides guided light with wavelength >670 nm to
distances greater than 20 cm.

We also characterized the light guiding properties of the
printed waveguides through tissue, in order to mimic the real
application conditions in a medical scenario. For this purpose,
the printed waveguide was sandwiched between two pieces of
porcine muscle tissue. The autofluorescence intensity of the
waveguide before and after passing through tissue was quanti-
fied (Figure S6E, Supporting Information). The optical loss in
tissue was higher than in air (Figure 4C). This can be attributed
to i) the higher RI of tissue, which narrows the incident angle
for total internal reflection, ii) the rough surface of porcine
tissue that can cause more scattering than air, and iii) wave-
guides within tissue uptaking moisture and swelling, which
decreases the polymer concentration (Table 1) and the RI to the
detriment of light guidance. When sandwiched between por-
cine muscles, printed fibers with higher DTT contents exhib-
ited a slightly higher optical loss, which can be attributed to the
decreasing stiffness (Table 1). The lower stiffness of the fiber
favors macro or micro bending when in contact with the tissue,
which decreases the light guiding performance of the fiber.
Most reported biomaterials-based optical waveguides exhibit
optical losses in the range of 0.1-28 dB cm™.°l The optical
waveguides presented in this report, with the additional ben-
efits of tunable mechanics and degradability, are excellent com-
petitors and show optical attenuation values at the low end of
this range.

In order to describe the light guiding properties of the wave-
guides more intuitively, the optical loss values were converted
to tissue penetration depths—defined as the distance at which
the intensity of autofluorescence decreases to 1/e. The penetra-
tion depth increased at longer wavelengths and was 6, 10, and
10 cm for wavelengths of 405, 450, and 520 nm respectively
(Figure 4D,E). The penetration depth decreased slightly with
higher content of DTT bridges due to the lower stiffness as
explained above.
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2.7. Remote Photoactivation of Biological Processes In Vitro
with Printed PEGDA-DTT Fibers

The capability of PEGDA-DTT waveguides to guide light and
remotely photoactivate biological processes was tested in
vitro. A waveguide was used to deliver 405 or 450 nm light
through >5 cm porcine tissue to test two different scenarios
(Scheme 1): i) from a tissue regeneration perspective, the pos-
sibility to remotely trigger migration of cells from spheroids
to colonize a surrounding photoactivatable hydrogel,?* and
ii) from a therapeutic perspective, the ability to remotely induce
the secretion of a drug from optogenetically-engineered bac-
teria encapsulated in a hydrogel.*’]

2.7.1. Application of Printed Optical Fiber to Remotely Control Cell
Migration in a Hydrogel

We first tested whether the degradable PEGDA-DTT waveguides
could be used to remotely trigger adhesion and migration of
cells encapsulated in a photoactivatable hydrogel by gener-
ating a cell adhesive ligand only upon light exposure.?*3¢! For
this purpose, 1929 fibroblast spheroids were encapsulated
in a dextran hydrogel functionalized with the photoactivat-
able cell adhesive peptide cyclofRGD(DMNPB){C] (Figure S7,
Supporting Information). The DMNPB group attached to the
aspartic acid inhibits the affinity of cyclo(RGDfC) peptide for
integrins, while its removal upon light exposure restores the
affinity. This peptide has been used for light-mediated con-
trol of angiogenesis and inflammation processes in vitro and
in vivo.3#:36237 printed PEGDA and PEGDA-DTT waveguides
of 7 cm length were used to guide light to irradiate the cell-
hydrogel construct across 5 cm of porcine muscle (Scheme 1). A
laser (405 nm, 4.5 mW) was focused on the proximal end of the
fiber, and the light intensity at the distal end was measured to
be in the range of 5-50 mW cm™2 (Table S1, Supporting Infor-
mation). This intensity was expected to be sufficient to activate
the photocleavage of DMNPB. The footprint of the out-coupled
light on the dextran hydrogel was in the range of 1-4 mm?,
which is much larger than the diameter of fibroblast sphe-
roids. Spheroids encapsulated in the irradiated volume were
therefore completely surrounded by uncaged RGD ligands, and
constituent cells were expected to migrate isotropically. After
irradiation (15 min), the hydrogels were cultured for a further
2 days and imaged by confocal microscopy. Encapsulated fibro-
blasts migrated out of the spheroid into the surrounding region
(Figure 5C-F) in irradiated cyclo((RGD(DMNPB){C]) function-
alized hydrogels, but they remained confined in the spheroids
in the absence of light (Figure 5B) or in irradiated gels that
had not been modified with the adhesive peptide (Figure 5A).
These results demonstrate that the light doses delivered by all
four waveguide compositions were sufficient to trigger DMNPB
photocleavage across 5 cm of tissue. Despite the irradiance
values differing in the range 5-50 mW cm™ (Table S1, Sup-
porting Information) across the four fiber compositions, the
15 min exposure time was expected to be sufficient for essen-
tially complete photocleavage of the DMNPB groups in all
cases, and explains why cell migration is qualitatively similar in
Figure 5C-F. The possibility to remotely control cell behavior in

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Waveguiding properties of PEGDA-DTT printed fibers. A) Optical loss in air measured at different wavelengths in printed 70 wt% PEGDA-
DTT waveguides with increasing DTT concentration. B) Optical loss in air measured at different wavelengths in printed PEGDA-DTT-87.5 waveguides
with increasing polymer concentration (40-70 wt%). C) Optical loss in tissue measured at different wavelengths in printed 70 wt% PEGDA-DTT
waveguides with increasing DTT concentration. D) Tissue penetration depth of guided light by printed 70 wt% PEGDA-DTT waveguides with increasing
DTT concentration. E) Images of waveguides sandwiched in tissue and coupled to lasers of different wavelengths. All experiments were repeated at
least three times.
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Scheme 1. Proof-of-principle scenarios for the application of PEGDA-DTT optical waveguides. A) Setup used to deliver light to a targeted destination by
waveguides through tissue. B) 3D culture of a fibroblast spheroid within a polymeric matrix modified with photoactivatable cell adhesive ligands. After
light exposure, fibroblasts sense the light-activated cell adhesive ligand and migrate out of the spheroid. C) 3D culture of optogenetically-engineered
bacteria able to produce a certain protein (RFP) or drug (dVio) upon light exposure by activation of an optogenetic switch.

implanted cells or biomaterials opens application possibilities
for this approach in a clinical context, that is, cell therapies and
optogenetic-based therapies.

2.7.2. Application of Printed Waveguides to Remotely Control Drug
Release from an Optogenetically-Engineered Living Material

To demonstrate that the printed waveguides can be used to
trigger optogenetic processes in cells, we stimulated bac-
teria that were genetically engineered to produce a protein
or a drug upon activation of an optogenetic switch. For this
purpose, the pDawnf®l plasmid for optogenetic protein
expression, and the red fluorescent protein (RFP)3 or
the vioABCE operon,**3 were cloned into a commercially
available endotoxin-free E. coli strain (ClearColi).’?) Upon
exposure to blue light, the encapsulated bacteria start expres-
sion of RFP or the enzymes vioA, vioB, vioC, and vioE that
catalyze the production of deoxyviolacein (dVio), a thera-
peutic drug. The bacteria were encapsulated in a polymeric
matrix to form a living therapeutic construct for controlled
drug delivery.?"l In order to quantify the amount of released
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drug as a function of light exposure, the bacteria-containing
hydrogel was placed in a transwell insert which allows the
release of the drug to the surrounding medium.?** The
hydrogel containing the optogenetically-engineered bac-
teria was exposed with blue light (450 nm) delivered by a
printed PEGDA-DTT-50 (70 wt%) waveguide after passing
through 8 cm of porcine tissue. At the distal end of the
fiber, the intensity of blue light was around 160 mW cm™
(Table S1, Supporting Information) and the illuminated area
of hydrogel was in the range of 0.5-1 cm?, which covered the
entire well containing the bacteria-laden hydrogel. All bac-
teria could therefore be activated by the out-coupled blue
light. For the photoactivated expression of RFP, the irradia-
tion was maintained for 3.5 h, after which epifluorescence
microscopy was used to image and quantify the fluorescence
intensity (Figure G6A,B). The irradiated bacterial hydrogel
developed threefold higher fluorescence intensity than the
non-irradiated control, courtesy of activation of bacterial
RFP production by blue light delivered by the printed optical
waveguide. The fluorescence generated in the non-irradiated
hydrogel occurs due to leaky expression of proteins in
the absence of light, which is an inherent limitation of

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Confocal microscopy images of L929 spheroids encapsulated in dextran hydrogels: A) Spheroid in hydrogel that was not functionalized
with cyclo[RGD(DMNPB)fC]) and was irradiated for 15 min by light (405 nm) guided in PEGDA waveguide through 5 cm tissue; B) spheroid in a
hydrogel that was functionalized with cyclo[RGD(DMNPB)fC]) but not irradiated by light; C—F) spheroids in hydrogels that were functionalized with
cyclo[RGD (DMNPB)C]) and irradiated by light (405 nm) guided in 70 wt% PEGDA (C), PEGDA-DTT-50 (D), PEGDA-DTT-75 (E), and PEGDA-DTT-87.5

(F) waveguides through 5 cm tissue.

optogenetic gene expression systems.>*3%4] These results
demonstrate that the printed waveguides are suitable for
activation of optogenetic processes deep inside tissues. The
experiment with dVio-producing cells further confirmed this
statement. The dVio-producing bacterial hydrogel was irradi-
ated for 4 h followed by culturing at 30 °C protected from
light for 1 day to allow the production and secretion of drug.
The exposed gel released a significantly higher amount of
drug than the non-irradiated control (Figure 6C) as a result
of the activation of bacteria by the blue light delivered by
the optical waveguide. These results provide an additional
demonstration of the capability of the printed waveguides to
guide blue light deep into tissue.

2.8. Core-Cladding Optical Waveguides

Core-cladding designs in optical waveguides improve the light
guiding efficiency by enhancing total internal reflection. To test
whether core-cladding designs could improve the waveguiding
properties of PEGDA-DTT waveguides, a coaxial printing pro-
cess with Pluronic F127 was developed. Pluronic F127 is a
polymer approved by the U.S. Food and Drug Administration
for pharmaceutical applications,*?! and forms thermoreversible
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gels in aqueous solution.¥] By introducing terminal acrylate

groups into the Pluronic F127 chains, covalently crosslinked
hydrogels can also be obtained by photopolymerization. The
RI of 33 wt% Pluronic hydrogel is lower than that of 80 wt%
PEGDA-DTT-875 hydrogel (Figure S8A, Supporting Infor-
mation). These properties make Pluronic F127 a convenient
complement to PEGDA-DTT-875 in a core-cladding optical
waveguide design.

80 wt% PEGDA-DTT-875 was coextruded with 33 wt%
acrylated Pluronic F127 (Pluronic-DA) as cladding material
(Figure 7A). Core-cladding fibers with core diameters ranging
from 340 to 640 um and fixed outside diameter (1.02 mm) were
successfully printed using a coaxial printing needle (Figure 3A:
right) by varying the printing pressure of the core and the
cladding material (Figure S8C,D, Supporting Information).
At room temperature, 33 wt% of Pluronic-DA behaves like a
paste that exhibits shear-thinning, which allows it to be easily
extruded and provide a support for the liquid PEGDA-DTT-87.5
solution during the printing of the core-cladding structure.
The extruded core and cladding can be simultaneously photo-
crosslinked through the silicone tube attached to the tip of the
coaxial needle, which fixes the core/cladding structure. From
the printed core/cladding fibers, a smooth interface between
core and cladding was observed (Figure 7A). We assume that

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. A) Fluorescence images of optogenetically-engineered E. coli entrapped in 2 wt% agarose hydrogels. Bacteria are programmed to produce
RFP upon light exposure. Image on the left shows the bacteria population after 3.5 h in the dark. Image on the right shows the bacteria culture after
irradiation for 3.5 h using a PEGDA-DTT-50 waveguide across 8 cm tissue. The secreted RFP makes bacteria become visible under the microscope;
B) fluorescence intensity of the bacteria-containing hydrogel with or without exposure to 450 nm light as measured at the surface of the hydrogel.
C) Concentration of dVio drug released from optogenetically-engineered bacteria 1 day after irradiation at 450 nm for 3 h using a PEGDA-DTT-50

waveguide across 8 cm tissue. The control was not illuminated.

the two materials are covalently bound to each other by cross-
polymerization of the acrylate groups present at the interface of
the core and cladding.

The light guiding properties of core-cladding waveguides
with 80 wt% PEGDA-DTT-875 core and 33 wit% Pluronic-DA
cladding were explored and compared with the single PEGDA-
DTT-875 (65 wt%, to give the same overall water content as in
the core/cladding fibers) waveguide design. Core-cladding wave-
guides with optical loss of <0.2 dB cm™ at 405 nm in air were
obtained (Figure 7B), significantly better than the optical loss of
single fibers (around 0.4 dB cm™). This corresponds to longer
propagation distances both in air and in tissue (Figure 7C
and Figure S8B, Supporting Information). The improved
light guiding properties can be attributed to i) the consistent
RI difference between core and cladding (Figure S8A, Sup-
porting Information) aiding total internal reflection to better
confine light propagation to the core, and ii) the presence of
cladding ensuring a consistently smooth interface between the
core and its surrounds (while direct contact between core-only
and tissue can introduce roughness that increases scattering).
Finally, core-cladding waveguides were also tested in their
ability to remotely trigger cell migration within a photoactivat-
able hydrogel after passing through 5 cm muscle tissue. The
delivered light by core-cladding fibers successfully activated cell
migration (Figure 7D).
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3. Conclusion

PEGDA-DTT monomers can be easily synthesized from com-
mercially available precursors, and converted to hydrogels by
photopolymerization of the terminal acrylate functionalities.
These gels are cytocompatible and present adjustable degra-
dability and mechanical properties. The introduction of DTT
bridges increases the transparency and decreases light scat-
tering in the hydrogels, mainly as a consequence of higher molar
mass and the introduction of free hydroxyl groups with the DTT
bridges. The high transparency can be exploited for waveguiding.
The hydrogels can be easily printed to produce optical wave-
guides with optical losses in the visible range of 0.1-0.4 dB cm™
in air and 0.25-0.7 dB cm™ in tissue. This performance rivals the
best hydrogel-based waveguides reported to date. Sufficient light
can be delivered through many centimeters of porcine tissue to
activate optogenetic switches in cells, and control cell adhesion
and migration in light-responsive hydrogels. The provided exam-
ples demonstrate the practical potential of printed PEGDA-DTT
hydrogel waveguides for in vivo control of biological processes
and clinical applications. The adjustable degradability allows deg-
radation kinetics to be tailored to the preferred duration of the
therapeutic treatment, and the broad range of mechanical prop-
erties allows stiffness matching with organs of interest, offering
flexibility for customized, light-triggered therapies.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. A) Images of printed core/cladding fibers (80 wt% of PEGDA-DTT-87.5 for core, 33 wt% of Pluronic-DA for cladding). Left: printed core/
cladding fibers, right: magnified images of core/cladding fiber and the cross-section of the fiber. B) Optical loss of single fiber and core/cladding fibers
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were functionalized with cycloRGD(DMNPB)fC] and irradiated by light (405 nm) guided in core-cladding waveguides (PEGDA-DTT-87.5 as core,

Pluronic-DA as cladding) through 5 cm tissue.
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