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Abstract—We have fabricated and characterized microstruc-
tured biodegradable and biocompatible polymer optical fibers
using commercially available poly(D,L-lactic acid) (PDLLA). We
first report on the preparation of the preforms by means of a
novel technique based on transfer molding and on the fiber man-
ufacturing using a regular heat-drawing process. We address the
influence of the polymer processing on the decrease of the molar
mass of PDLLA following the preform fabrication and the fiber
optic drawing process. We investigate the in vitro degradation
of the fabricated fibers in phosphate buffered saline (PBS) that
reveals 21, 25 and 43% molar mass loss over a period of 105 days
for fibers with diameters of 400, 200 and 100 µm, respectively.
Cutback measurements return an attenuation coefficient as low as
0.065 dB/cm at 898 nm for a microstructured fiber with a diameter
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of 219 ± 27 µm. Due to immersion in PBS at 37 °C, the optical loss
increases by 0.4 dB/cm at 950 nm after 6 h and by 0.8 dB/cm after
17 h.

Index Terms—Biodegradable materials, microstructured
polymer optical fiber, optical fibers, optical polymers, plastic
optical fiber.

I. INTRODUCTION

B IOCOMPATIBLE and bioresorbable optical fibers carry
potential for enhancing light-based medical diagnosis and

treatment as they provide for the straightforward delivery of
light from an optical source to target tissue using materials that
do not harm and are not toxic to surrounding tissue, and that can
be functionalized in view of a particular application scenario.

A recent state-of-the-art in the development of a biodegrad-
able and implantable optical fibers has been given in [1]. Various
transparent biomaterials have been employed to form such novel
waveguides with various functionalities. A first yet rather un-
usual structured biodegradable polymer optical fiber made from
cellulose has been proposed in 2007 already [2]. A. Dupuis, et
al. reported on a thermally drawn double-core porous fiber made
from cellulose butyrate (CB) tubes, with an inner cladding con-
sisting of polydisperse hydroxypropyl cellulose powder (HPC)
suspended in air. The cellulose tube could either be collapsed
to create a solid core supporting light delivery or could remain
open in view of supporting drug delivery. Despite the relatively
high attenuation of around 1.1 dB/cm at 630 nm, this structured
fiber allowed monitoring changes in transmission when its pores
were filled with deionized water.

In the meantime, other types of specialty waveguides have
been fabricated from biodegradable and biocompatible mate-
rials. A first class of materials includes bio-derived natural
polymers, such as silk [3], [4], [5], genetically engineered re-
combinant silk [6], cellulose [2], [7], [8], [9] agarose [10], [11],
and gelatin [12]. A second class involves synthetic polymer
hydrogels, i.e., polyethylene glycol (PEG) [13], [14], alginate-
polyacrylamide [15], poly(acrylamide-co-poly (ethylene glycol)
diacrylate) (p(AM-co-PEGDA)) [16], synthetic polyesters such
as poly(L-lactic acid) (PLLA) [17], [18], citrate-based polymeric
elastomers POC-POMC [19], poly(D,L-lactic acid) (PDLLA)
[20], and poly(D,L-lactic-co-glycolic acid) (PDLGA) [21], [22].
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In addition, inorganic glass-based materials including calcium
phosphate [23], [24], [25], [26], have been used to fabricate
optical fibers, as well as other various hybrid materials to form
multifunctional fibers [27], [28], [29].

The examples listed above are either unclad – for a vast
majority – or occasionally step-index type optical fibers. Mi-
crostructured optical fibers made from biocompatible materials
have only been proposed by S. Shadman, et al. [22] These
came in different shapes i.e., rectangular, cylindrical and core-
shell, and they were fabricated by means of thermal drawing
from preforms consisting of poly(D,L-lactic-co-glycolic acid)
(PDLGA) combined with poly(methyl methacrylate) (PMMA)
and poly-ε-caprolactone (PCL). The optical characteristics of
these microstructured fibers, however, were not reported. Note
that bioresorbable phosphate glass was also used for manufac-
turing microstructured fibers using a stack-and-draw technique
[25]. Structured preforms were prepared by stacking extruded
capillaries within a tube, and were then heat-drawn into a fiber
[30]. The authors demonstrated light guidance at 1300 nm, but
without detailing the optical characteristics. E. Fujiwara et al.
[11] fabricated structured agarose optical fibers consisting of a
solid core surrounded by one ring of six air holes. The fiber was
prepared by directly pouring solubilized agarose into a glass
mold with an inner diameter of 3 mm consisting of six internal
rods with a diameter of 0.5 mm. The agarose-based fiber featured
a relatively high attenuation of 3.23 dB/cm at 633 nm.

Given the above, we can fairly state that only very limited
efforts have been conducted for developing biocompatible and
resorbable microstructured optical fibers and that the fibers
obtained thus far feature a high attenuation, which essentially
limits their potential for application, e.g., for photodynamic ther-
apy, in-vivo light-induced drug release, or in-vivo biosensing.
The concept of guiding light using a microstructured optical
fiber is nevertheless well established and has been widely ex-
plored in both silica glass fibers [31], [32], [33] and regular
polymer optical fibers [34], [35], [36]. Well-known advantages
include the design flexibility and the option to tailor the optical
guidance properties in view of achieving application-specific
characteristics as well as the possibility to fabricate the fiber
from a single material. For POFs in general, microstructuring
may allow achieving singlemode guidance, which is typically
difficult to obtain with a step-index structure in polymers given
the higher refractive index of polymers compared to glass and
given the wavelength range in which POFs typically operate.
For our biocompatible and biodegradable fibres in particular,
an additional advantage may come from the ability to use the
airholes of the microstructure as ducts for drugs or capillaries
carrying analytes that can interact with light in a controllable
manner in view of enabling new phototherapy or biosensing
applications. Furthermore, we anticipated that working with a
single biopolymer instead of two would facilitate the control over
the fiber drawing process given that potential incompatibilities
between different biopolymers can be avoided.

The above prompted us to investigate the fabrication and to
characterize microstructured biocompatible and biodegradable
polymer optical fiber (mbioPOF) developed from a U.S. FDA-
regulated commercially available polyester PDLLA [37]. The

choice of this polymer is based on our previous work on unclad
PDLLA [20] and step-index PDLGA-PDLLA [21] optical fibers
that were fabricated with a standard heat-drawing process and
which revealed low attenuation and satisfactory thermomechan-
ical stability with a potentially tunable degradation time.

Our paper is structured as follows. Section II describes the
whole fabrication process starting from the fiber design, going
through the preform fabrication, and ending with the actual
mbioPOF drawing. In Section III, we shortly report on the
influence of the fabrication process on the thermo-mechanical
and physico-chemical properties of the polymer by comparing
the molar mass of the granulate, the preforms and the eventual
fibers. Section IV provides a detailed optical characterization of
two batches of fabricated mbioPOFs and reports on the mode
confinement and on the attenuation coefficient measured by a
conventional cutback method. In Section V, we describe the in
vitro degradation of our mbioPOFs over a period of 3 months
and in Section VI, we report on the evolution of the optical
loss in mbioPOF as a function of time following immersion
in phosphate-buffered saline. We close our manuscript with
Section VII, including a summary of our research supplemented
with perspectives for further research.

II. FABRICATION

A. Fiber Design

Our base material is PDLLA (PURASORB PDL 20) with
an inherent viscosity of 2.0 dl/g in the form of granulate from
Corbion Purac Biomaterials [38]. We have already reported on
the chemical and optical characteristics of this starting material
in [20].

To design our mbioPOF and in view of calculating the con-
finement loss for various lay-outs of the fiber cross-section, we
have first carried out simulations using the commercially avail-
able MODE waveguide design software from Λnsys/Lumerical,
Inc. [39] to investigate the confinement loss of our mbioPOF
structure. Our main objective was to identify a design of the
microstructure in the cross-section of the fiber that provides for
a confinement loss that is smaller than the material loss reported
for unclad PDLLA fiber, i.e., 0.16 dB/cm at 650 nm [20]. Even
though the lowest loss for unclad PDLLA was 0.11 dB/cm at
772 nm [20], we selected the loss of 0.16 dB/cm at 650 nm
as a reference for the simulations, because we have previously
assessed the refractive index of PDLLA at this wavelength
using an Anton Paar Abbemat MW refractometer. Knowledge
of the exact value of the refractive index is indeed mandatory
for conducting the simulations using Ansys/Lumerical Mode
Solutions software. The purpose of the simulations was therefore
solely to compare the order of magnitude of the confinement loss
for various airhole sizes (d) and pitch values (Λ) that provide for
a sufficiently low confinement loss. We eventually selected a
mbioPOF design with a high air filling factor (d/Λ) of around
0.8 to ensure light confinement within the core region. This can
be achieved using an airhole lattice with a limited number of
airhole rings and a larger airhole size, which in its turn facilitates
the preform fabrication. The fiber design is highly multimode.
The simulated mode field distributions of the fundamental mode
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Fig. 1. Mode field distribution of the fundamental mode (a) in an optical fiber
holding an array with two rings of airholes, with an effective refractive index
1.45398 and yielding a confinement loss of around 10−15 dB/cm at 650 nm. The
pitch (Λ), and airhole diameter (d) are indicated, (b) in an optical fiber holding
an array with one ring of airholes, with an effective refractive index 1.45398 and
yielding a confinement loss of around 10−7 dB/cm at 650 nm. The color scale
shows the energy distribution in a logarithmic scale.

(shown in Fig. 1) and the second order modes for an array with
two rings of 18 airholes, d/Λ = 0.8, pitch Λ = 50 μm, and
airhole diameter d = 40 μm, returns a confinement loss in the
range of 10−15 dB/cm at 650 nm, while the higher order modes
are guided with a confinement loss of around 10−8 dB/cm. We
also performed a simulation of the confinement loss at 650
nm on the hexagonal lattice holding one ring of 6 airholes.
The modal field distribution of the fundamental mode shows
a confinement loss of around 10−7 dB/cm, while the second
order modes return a confinement loss of around 10−6 dB/cm,
which are negligible values compared to the overall propagation
loss. For both the single and double ring structure, the highest
confinement loss values are of the order of 10−2 dB/cm, which is
still well below the attenuation due to bulk PDLLA absorption at
650 nm. Although our multimode mbioPOF guides thousands
of modes of which we did not study the loss values, we can
safely assume that given our design and assuming that this design
can be successfully fabricated, the confinement loss should not
contribute significantly to the overall propagation loss.

B. Preform Fabrication

To fabricate a structured preform from PDLLA, we designed
and developed a dedicated molding system in the form of an add-
on to our in-house Jenoptik HEX04 hot embossing system. This
add-on essentially transforms the compression-molding system
into a transfer-molding system and provides for an entirely
novel and highly controllable microstructured POF preform
fabrication method. In essence, this preform fabrication method
is not limited to the use of biocompatible polymers but may
also be applied for fabricating preforms from polymers that are
regularly used in the fabrication of POFs, such as PMMA. The
add-on system is illustrated in Fig. 2(a) and (e).

The polymer granulates are initially inserted in a steel cylinder
and closed with a plunger. The cylinder was heated up both by
the bottom plate of the HEX04 system, and by a supplemental
heating band that provides for more uniform heating of the poly-
mer. The steel plunger fits into the heated cylinder and is pressed
downwards with a force supplied by the HEX04 system. Once
the polymer was heated up above its glass transition temperature
(Tg), the viscous mass was forced to flow from the cylinder

Fig. 2. Illustration of the transfer molding system used to fabricate mbioPOF
preforms, (a) the 3D CAD model of the add-on with all its parts labeled, (b)
the set of 18 aligned hollow pins that essentially form the array of airholes also
represented in Fig. 1. (a), (c) the set of hollow pins installed within the outer
mbioPOF mould that opens along the z-axis, (d) the set of hollow pins now
surrounded by the polymer preform (in grey), (e) 2D cross-section of the model
with description of the main components.

through the mixing labyrinth that ensures the homogeneity of
the softened polymer mass before it accesses the dedicated
structured mold.

Using the system described above, we have manufactured
one mbioPOF preform with one ring of 6 holes (labeled as
PR1, see also Fig. 1(b) for an illustration of the design of the
cross-section of the preform) and two mbioPOFs preforms with
two rings of 18 holes (labeled as PR2a and PR2b, see also
Fig. 1(a) for illustration). The transfer molding of PR1 was
conducted with a force of around 90 kN, which corresponds to a
pressure of 5.37 MPa given the compressed cylinder area. Prior
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Fig. 3. Photograph of structured preform (PR2b) with two rings of airholes
(18 holes in total) and a length of 75 mm.

to that, PDLLA granulates (about 60 g) were kept in vacuum
and preheated for 3 h at 190 °C. An additional ring-shaped
heating band that keeps the temperature at 150 °C was clamped
around the mbioPOF mold to ensure that the molten polymer
would not solidify too quickly. The transfer process of PR1
lasted about 20 min and the polymer flowed at a volumetric
rate of 3.3 cm3/min. Once the polymer was injected, the mold
was forced to cool down by means of an airflow directed inside
the airholes until the mold reached a temperature below 40 °C,
which is below the Tg of PDLLA granulates. Along the process,
the material experiences thermal stress caused by differences in
thermal expansion between the mold and the polymer, which
in its turn leads to difficulties to demold the preform. Although
the pins and the internal part of the stainless-steel mold were
coated with PTFE (Teflon) and Diamond-Like Carbon (DLC),
manual demolding of the pins by simply pulling them out of the
preform appeared impossible. We have therefore manufactured
a dedicated demolding tool to apply an unscrewing motion to
the pins, which allowed removing them one by one from the
preform. In view of facilitating the demolding of the preform,
we also investigated transfer molding at lower temperatures, i.e.,
120–140 °C, at which the drawing of PDLLA optical fibers has
been previously demonstrated. This allowed obtaining preforms
PR2a and PR2b, which were manufactured by first preheating
the polymer granulates at 135 °C for 100 minutes and then
applying a maximum force of 90 kN at 140 °C. The temper-
ature of the heated band surrounding the mbioPOF preform
mold was set at 120 °C to prevent polymer solidification, given
that the polymer injection lasts for about 190 minutes. After
successful polymer injection, we cooled down the preform mold
to 30 °C using an airflow. Removal of the pins from preforms
PR2a and PR2b was much easier and achieved with the same
demolding tool by “unscrewing” the pins for only half of their
length followed by a simple manual extraction. Preform PR2a
contained multiple small bubbles that most likely result from the
compression-decompression cycle carried out on the HEX04.
However, this PR2a preform remained free of contamination,
in contrast to preform PR2b. Said contamination most likely
happened during the material insertion due to impurities that
remained in the mold following incomplete cleaning. Fig. 3
shows a photograph of the mbioPOF preform PR2b.

TABLE I
PARAMETERS USED DURING HEAT-DRAWING OF MBIOPOFS

C. Fiber Drawing

Following the fabrication of the preforms, we used regular
heat-drawing to obtain three batches of mbioPOFs labeled M1
(from preform PR1), M2a (from preform PR2a) and M2b (from
preform PR2b). In total, we produced a few hundreds of meters
of mbioPOF, indicating that long lengths can readily be obtained
and hence that the fabrication method can be used to fabricate
such fibers in large volumes.

The drawing temperature of the structured preforms was set
empirically by increasing the temperature up to the point where
the polymer started softening and the preform began to form
a neck-down shape. For initiating the drawing, we clamped a
small weight to the bottom of the preform. To avoid oxidation
of the polymer preforms, we flushed the furnace with a constant
N2 flow of 200 l/h. Additionally, we also directed a N2 flow
of 50 l/h inside the preform to allow for a better control over
the airhole dimensions during the fiber drawing process. The
N2 flow through the drawing section of the furnace should be
further optimized to prevent highly turbulent flow patterns that
can result in either hole collapse or expansion depending on
the drawing speed, the drawn fiber diameter and the drawing
temperature. Table I summarizes the heat-drawing parameters
for each preform.

III. CHEMICAL CHARACTERIZATION

To determine the influence of the processing on the thermo-
mechanical and physico-chemical properties of the polymer, we
have conducted size-exclusion chromatography (SEC) analysis
on a Waters GPC Alliance 2695 device with respect to PS
reference standard of both the fabricated structured preforms
and the eventual mbioPOFs. Fig. 4 shows the weight averaged
molar mass, Mw, of PDLLA granulate, of the three types of
preforms (PR1, PR2a and PR2b), and of two mbioPOFs (one
ring M1 and two rings M2b). We observe a 38% decrease of
the molar mass for preform PR1 with respect to the PDLLA
granulates, and a 21% and 25% decrease for preforms PR2a and
PR2b, respectively. The molar mass differences between these
samples stem from the altered temperatures applied to PDLLA
during the transfer molding. Note indeed that PR2a and PR2b
were fabricated at 140 °C, while PR1 was fabricated at 190 °C,
which caused the larger thermal degradation of PR1.
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Fig. 4. Mw values for PDLLA granulates, three types of preforms and two
microstructured fibers.

IV. OPTICAL CHARACTERIZATION

A. Mode Confinement in the Fabricated MbioPOFs

The heat-drawing process induced deviations in shape and
size from the initially intended airhole pattern in the preforms.
Fig. 5 shows scanning electron microscope (SEM) images of the
facets of three batches of mbioPOFs.

To understand how the airhole deformation impacts the optical
waveguiding properties, we have computed the confinement loss
using the MODE simulator of Λnsys/Lumerical, Inc. for the
actual airhole pattern in the as-built mbioPOFs. These patterns,
and more specifically, the edges of the airholes that define the
microstructure, are obtained by image processing of the SEM
micrographs of the mbioPOF cross-sections.

In our initial design, the hole diameter (d) was equal to 40 μm
and the pitch (Λ) was 50 μm, which gives an air filling factor
(d/Λ) of 0.8. For fiber M1 with an outer diameter of around 260
μm, the six holes featured various shapes and diameters between
18 and 22 μm, which is 55%–45% smaller than anticipated. The
pitch is 33−37 μm, which is 34%−26% smaller than in the
initial design. The higher order modes in fiber M1 therefore
leak out easily: the high confinement loss indeed indicates that
these modes radiate out of the fiber core. The M2a mbioPOF
with around 300 μm outer diameter holds eighteen holes with
various shapes and diameters and hence it is not straightforward
to estimate the air filling factor.

The confinement loss for the fundamental mode is five orders
of magnitude higher than the value given by the initial design.
The higher order modes partially leak out from the fiber core
to the outer ring, but their confinement loss is still below the
material loss value. mbioPOF M2b with an outer diameter of
135 μm features the most dramatic distortion: the pattern of
the microstructure is entirely deformed and the airholes come
with various shapes and sizes. Nevertheless, owing to the airhole
expansion and the very short distance between the adjacent
airhole centers, this microstructure demonstrates excellent mode
confinement. Fig. 6 shows the calculated spatial intensity profile
of the fundamental mode and the second higher order mode,
respectively. The confinement loss of the fundamental mode is
of the same order of magnitude (10− 15 dB/cm) as the value
calculated in the mbioPOF design.

Fig. 5. SEM image of the end-facet of mbioPOFs: (a) M1 with one ring of
airholes, cross-sectional radii of 114 and 127 µm, and airhole radius of around
9 µm, (b) M2a with two rings of airholes, cross-sectional radii of 150 µm and
156 µm, and holes radii varying from 10 to 19 µm, (c) M2b with two rings of
airholes. The fiber diameter is around 135 µm.

To demonstrate the guiding capabilities of the fabricated
mbioPOFs, we launched optical power emitted by a HeNe-laser
into the fibers, and we recorded the far-field power exiting
from their end-facet. Because of the limited mode confinement,
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Fig. 6. Mode field distribution of (a) the fundamental mode in fiber M2b
with a confinement loss of 1.57∗10−15 dB/cm at 650 nm, effective refractive
index 1.45384, (b) a higher order mode in fiber M2b with a confinement loss
of 1.93∗10−14 dB/cm at 650 nm, effective refractive index 1.45369. The colors
scale shows the energy distribution in a linear scale.

Fig. 7. Mode confinement in the solid core of mbioPOF M2b, (a) M2b fiber
with light propagating in its core and indirect outer illumination, (b) M2b fiber
with light propagating in its core, kept in darkness, clearly revealing the mode
confinement within the core. The red line indicates the elliptical shape with
major axis L.

we immersed the total fiber length in an oil with a higher
refractive index (n = 1.48 at 650 nm), with the intention to
eliminate weakly guided cladding modes. Although these fibers
do not exhibit strong mode confinement in the core area, higher
order modes are guided along the fiber despite bending and
immersion in higher refractive index oil. This is not the case
for unclad PDLLA fiber that we have previously fabricated
and characterized in [20], as immersing it in a liquid with a
refractive index higher than PDLLA leads to full decay of the
electromagnetic field outside of the waveguide. Fig. 7 shows
the cross-section of the end-facet of mbioPOF M2b, with an
elliptical shape and a major axis of around 132 μm, and clearly
demonstrates the modal field confinement in the core of the fiber.
Whilst light guidance has previously been shown in a structured
yet incompletely characterized bioresorbable phosphate glass-
based fiber [25] and in a structured agarose-based fiber [11] with
feature sizes in the millimeter range, our results represent the
first demonstration ever of microstructure-based light guidance
in commercially available and synthetic polymer-based fully-
fledged microstructured optical fiber.

B. Attenuation

We measured the spectral attenuation of the three types
of mbioPOFs by means of cutback measurements and using
a broadband Laser-Driven Light Source Model EQ-99X-FC

Fig. 8. Spectral attenuation curves for measured mbioPOFs and unclad
PDLLA fiber. d indicates the average outer diameter.

LDLSTM and an AvaSpec2048 spectrum analyzer. We cut the
fiber ends using a microtome blade on a hot plate kept at around
27–30 °C. Cutback measurements were carried out in air and
the fibers were not immersed in any liquid during the study.
The bare microstructured fiber ends were temporarily fixed into
a Ø 340–280 μm bore SS Ferrule for multimode SMA905
connectors and connected to optical fibers leading to the source
and to the detector with SMA mating sleeves. We measured
two M2 fibers with different average diameters of M2a = 247 ±
21μm and M2b= 97± 7μm, as well as M1 fiber with a diameter
of 219±27μm. We have also carried out a cutback measurement
on a previous unclad PDLLA fiber with a comparable diameter
of 244 ± 44 μm [20]. All the spectral attenuation plots of the
mbioPOFs and unclad PDLLA are shown in Fig. 8. The lowest
attenuation of 0.065 dB/cm was found for M1 at 898 nm, which
– to the best of our knowledge – is the lowest optical loss value
reported for bioPOF. M1 fiber also features low loss of around
0.1 dB/cm in the 750–850 nm region.

The M1 mbioPOF features the lowest attenuation of all
mbioPOFs that we have fabricated. This may indicate that the
quality of the preform material affected the transmission more
than the fiber design. Both M2 preforms contained small bubbles
and imperfections along the preform length, which may have
increased scattering leading to higher optical loss. Although
mbioPOF M2b features clear mode confinement in the core, it
returns the highest attenuation value, which is most likely due to
scattering and contamination of the polymer granulates during
the material insertion. We believe that the recorded attenuation
values therefore stem from the purity of the material following
the preform preparation and can be further decreased by means
of light guidance strictly confined to the mbioPOF core.

Note that the lowest loss appears around 900 nm, where we
observe a split within a third overtone of the C-H stretching [40]
absorbance band, both in mbioPOF M1 and in unclad PDLLA
fiber. This phenomenon is also present in mbioPOF M2, but to a
lesser extent, as shown in Fig. 9. Considering that we did not ob-
serve this local minimum at 900 nm in the attenuation spectrum
of bulk PDLLA material, we conjecture that this phenomenon
is caused by the heat-drawing process. Heat-drawing to some
extent aligns the amorphous polymer chains, and the spectral
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Fig. 9. Spectral attenuation in the near infrared (NIR) region of M1, M2a and
unclad PDLLA fibers with indicated diameters.

Fig. 10. Cutback measurement results at 1580 nm for mbioPOFs M2a and
M1. The solid lines are the linear regressions, the slope of which returns the
attenuation coefficient in dB/cm. R2 = 0.983 for M2a, R2 = 0.988 for M1, d =
360 µm, R2 = 0.988 for M1, d = 260 µm.

band split may arise as a result of the lateral interactions between
the polymer chains. According to E. Meaurio et al. [41], this
could be explained in terms of carbonyl−carbonyl intramolec-
ular coupling or specific interactions such as dipole−dipole
forces between polar groups, or C−H···O hydrogen bonding,
or interactions involving the newly formed -COOH and -OH
functionalities resulting from hydrolysis of the ester moieties,
although confirming this requires further investigations.

Finally, we also conducted cutback measurements on
mbioPOFs M1 and M2a at 1580 nm using a TSL-710 San-
tec tunable laser and a Newport 918D-IR-OD3R Germanium
Photodetector. The attenuation for M1, d = 260 μm, equals
0.50 dB/cm and for M1, d = 360 μm we measure a value of
0.43 dB/cm. Fiber M2a features an attenuation of 0.57 dB/cm
at 1580 nm which is shown in Fig. 10. This analysis indicates
the presence of a relatively low loss window for mbioPOFs in
the L-band, which is typically employed as a second primary
wavelength band for optical communications with silica optical
fibers. The loss at the same wavelength given by unclad PDLLA
fiber were 1.1 dB/cm reported in [20], while for PMMA around
1.36 dB/cm [42]. It is worth noting that the relatively low loss
window of PDLLA in the L-band may be interesting for example
in view of creating fiber optic sensors in this wavelength range
by means of the photo-inscription of fiber Bragg gratings, should
PDLLA allow for that.

Fig. 11. Mw percentage of mbioPOFs incubated at 37 °C in PBS as a function
of time. Error bars represent the standard deviation for each sample that was
measured twice, and the solid line represents the exponential fit.

V. DEGRADATION IN PBS

Given that our mbioPOFs are meant to be biocompatible and
degradable, we have investigated the degradation of mbioPOFs
in a simulated biological environment. To do so, we immersed
short fiber portions from two fabrication batches with various
diameters (M2b 100 μm, M1 200 μm, and M1 400 μm) in
sterilized phosphate-buffered saline (PBS) (0.1 M, pH = 7.4),
at 37°C for a period of 105 days. We analyzed the weight
averaged molar mass (Mw) of the mbioPOFs using SEC on
the Waters GPC Alliance 2695 device every 4-7 days during
the total immersion time. Each sample was measured twice
and the averaged Mw with a standard deviation for these two
datasets were fit to the model that has been previously applied
for the hydrolysis of polyester-based samples [21], [43], which
is relying on first order kinetics, i.e., a sum of an initially fast
and a delayed exponential decay and which is given by (1).

Mw (t) = Mw01exp(−k1t) +Mw02exp(−k2t) (1)

Mw01 is the molecular weight before hydrolysis, Mw02 is the
molecular weight at the start of the second hydrolysis stage and
−k1 and −k2 are the kinetic constant rates for each degradation
stage.

Fig. 11 shows the degradation of mbioPOFs with one ring
(M1) and two rings (M2b) of airholes. M1 fibers clearly reveal
two stages with fast and slow degradation rates. On the other
hand, fiber M2b features a considerably different degradation
profile. The fit uncertainty with the sum of two exponential
degradation terms is R2 = 0.9356 and R2 = 0.9173 for M1
400 μm and M1 200 μm, and R2 = 0.9331 for M2b 100 μm,
respectively.

The degradation rate of mbioPOFs depends on their diameter,
similarly to what was already shown with unclad PDLLA fibers
in [20]. The fastest degradation rate occurs for the thicker fibers,
which supports that the degradation in the bulk occurs faster than
at the surface of the polyester samples and that the accelerated
degradation takes place in the center due to a negative gradient
of the penetrating water concentrations from the surface to the
sample’s center [44] that stems from the catalytic effect of the
carboxylic acid groups.
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After a first week of incubation, we observed that the polymer
changed from transparent to white and that 400 μm diameter
fibers got slightly swollen due to some water uptake, whilst 100
μm diameter fibers did not swell but got randomly coiled. Their
mechanical integrity, however, was maintained. Following the
first 9 days of incubation, we noted a significant decrease of
the molar mass down to 36% and 49% of the initial values,
which happened with an initial kinetic rate of 0.179 day−1 (257.7
min−1) and 0.129 day−1 (186.5 min−1) for the 400 μm and 200
μm diameter fibers M1, respectively. We recorded a significantly
slower initial kinetic rate of 0.014 day−1 (20.6 min−1) with a
molar mass reduction of only 25% for fiber M2b with a diameter
of 100 μm. We can therefore conclude that for M1 fibers, the
degradation rate starts with a substantial decrease of the molar
mass corresponding to rapid water penetration and initiation of
polymer backbone rupture generating hydroxyl and carboxyl
acid end groups. After approximately 20 days, the phase of the
fast molar mass decay has ended and is followed by a slower
hydrolysis of polyester molecular chains with a decelerated
kinetic rate of 0.0044 day−1 (6.3 min−1) and 0.0029 day−1 (4.3
min-1) for M1 400 μm and M1 200 μm, respectively, that lasts
until the end of the study, and results in a Mw decrease down
to around 21% and 25% for M1 400 μm and M1 200 μm,
respectively, after 105 days of incubation. Note that we have
previously registered a similar value of the kinetic rate of 0.171
day−1 (246.2 min−1) corresponding to the “faster” degradation
phase for 600 μm unclad PDLLA bioPOF [21]. However, the
following “slower” degradation phase with a kinetic rate of
0.0154 day−1 (22.2 min−1) was 4-5 times faster for unclad
PDLLA bioPOF than for M1 mbioPOF. This most likely stems
from differences in fiber thicknesses, and from the presence of
capillaries in the mbioPOFs. Additionally, the remaining molar
mass of the 200 μm M1 mbioPOF was 4% higher than the
remaining molar mass value given by unclad PDLLA fiber of the
same diameter after 100 days of incubation which was reported
in [20]. This demonstrates that the microstructured fibers are
highly permeable due to the presence of airhole channels along
their structure and therefore do not readily accumulate PBS like
solid unclad PDLLA fibers do, which in its turn leads to a lower
catalytic effect of the generated carboxylic acid groups upon
bulk degradation, and which ultimately results in a slower ki-
netic rate during the second degradation phase. The degradation
process of 100 μm diameter M2b fibers is however not typical
for a polyester and occurs with a significantly slower rate than its
higher diameter counterparts M1 200μm and 400μm, for which
the initial kinetic rate is around 40 times faster than the secondary
kinetic rate. For M2b fiber with a 100 μm diameter, there are
not clearly distinguishable consecutive faster and slower kinetic
rates. Instead, these kinetic rates are in the same range and
equal to 0.014 day-1 (20.6 min-1) and 0.026 day-1 (37.6 min-1),
respectively. This stems from the fact that we do not only
deal with thinner fibers but also with more hollow structures.
Given that the fiber is more porous, the acidic by-products of
the hydrolysis breakdown cannot be easily trapped and kept
within the very small fiber core (diameter of around 20 μm)
and capillaries are readily flushed with saline solution, which
facilitates the removal of acidic by-products. Consequently, we

Fig. 12. Immersion Induced Loss (IIL) at three wavelengths for mbioPOF
M1 immersed in PBS at 37 °C as a function of time in the first 3 hours after
immersion.

do not register two distinct stages of degradation, although the
greatest decrease of the molar mass is still observed in the first
50 days of incubation due to the initial penetration of water
molecules into the core. After the 105th day, the remaining molar
mass of M2b samples was still around 43% of the initial value.

Considering the dependency of the degradation rate on the
sample thickness but also on the porosity, we are convinced
that the PDLLA-based mbioPOF can be further optimized in
terms of dimensions and structure, in view of matching a desired
degradation profile for a targeted medical application.

VI. IMMERSION INDUCED OPTICAL LOSS

One of the typical ultimate purposes of any biodegradable
and biocompatible POF would be to serve as an implantable
optical fiber. We therefore also evaluated the optical loss in
these fibers following immersion in PBS at 37 °C, pH = 7.4.
To do so, we coupled broadband light from a Laser-Driven
Light Source Model EQ-99X-FC LDLSTM into a portion of
M1 fiber section and we monitored the power output using an
AvaSpec2048 spectrum analyzer. The Immersion Induced Loss
(IIL) is defined by (2):

IIL =
10

L
∗ log10

P (t = 0)

P (t)
(2)

where P is the measured optical power exiting the fiber, t is
the time and L is the length of the immersed fiber portion.
The immersed fiber portion had a length of about 23 cm, and
the total fiber length was 160 cm with an average diameter of
225 ± 29 μm. The fiber was kept straight under low tension
during the experiment to prevent bending, which may cause
additional optical loss.

Fig. 12 shows the IIL values at three selected wavelengths,
i.e., 633, 850 and 950 nm, for mbioPOF M1 as a function of
immersion time during the first three hours of immersion. At
the start of the experiment, we observe an immediate, but short
lasting (6 minutes) IIL decrease to −0.07 dB/cm at 850 and
950 nm and to −0.05 dB/cm at 633 nm due to initial water
penetration to mbioPOF. The ILL decrease is presumably due to
an increased number of guided modes because of the surround-
ing aqueous medium with lower refractive index and a reduced
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Fig. 13. Immersion Induced Loss (IIL) at three wavelengths for mbioPOF M1
immersed in PBS at 37 °C as a function of time, until the 6th hour of immersion.

scattering due to the watered core-cladding interface. We have
also previously observed this phenomenon for SI bioPOF in
[21]. Next, we notice a temporary but high ILL increase between
0.2–0.3 dB/cm, after which the ILL drops to around 0 dB/cm at
850 and 950 nm, and 0.04–0.07 dB/cm at 633 nm for about
15 minutes. The absence of any additional loss in those 15
minutes is in accordance with the previously demonstrated ILL
for unclad PDLLA and SI bioPOF. Subsequently, we observe
a loss increase from 0 to around 0.35 dB/cm at 633 nm and to
0.25 dB/cm at 850 and 950 nm in a time span of 20 minutes
followed by a loss decrease down to 0.27 dB/cm at 633 nm and
0.18 dB/cm at 850 and 950 nm for another 20 minutes before the
next ILL increase. The reason of this instability in the recorded
power and the rise and falls of the ILL is most likely due to the
turbulent flow of PBS, which starts entering the capillaries of
the mbioPOF and infiltrating the holey cladding. After 3 hours
of immersion, the optical loss at 850 and 950 nm is 0.26 dB/cm,
and up to 0.36 dB/cm at 633 nm. This is a significantly lower loss
and a much more extended working time than these previously
observed for both unclad PDLLA fiber and SI bioPOF, for which
we registered an additional optical loss of around of 1-2 dB/cm
after the first hour of immersion [20], [21].

Fig. 13 shows the ILL for mbioPOF M1 between the 3rd and
6th hour of immersion. In this period, the ILL increases from 0.4
to 0.55 dB/cm at 633 nm, and from 0.28 to 0.41 dB/cm at 850 and
950 nm. The ILL variations are less noticeable than in the first
3 hours. This can be attributed to increased infiltration of PBS
and filling of the mbioPOF capillaries. However, since the solid
core did not yet accumulate PBS with the terminal carboxyl acid
formed upon hydrolysis, the hydrolysis itself is delayed, and the
included loss increases at a much slower rate than for example in
unclad PDLLA fiber [20]. After nearly 18 hours of immersion,
the M1 fiber was still operational and capable of guiding light
with IIL values of 1.3–1.35 dB/cm at 633 nm, 0.9 dB/cm at 850
nm, and 0.76 dB/cm at 950 nm, as shown in Fig. 14.

As previously mentioned, both the in vitro degradation as
well as the immersion induced loss of polyester-based fibers
highly depend on the fiber dimensions but also on their internal
structure. For mbioPOF M1, we deal with a water penetrable
microstructured fiber. Additionally, M1 has a diameter twice
as small compared to the previously studied unclad PDLLA
fibers (d = 588 μm) [20] and SI bioPOFs (d = 497 μm) [21].

Fig. 14. Immersion Induced Loss (IIL) at three wavelengths of mbioPOF M1
immersed in PBS at 37 °C as a function of time. From the 15th hour of immersion
until 17 hours and 40 min.

Owing to that, the bulk degradation of microstructured PDLLA
fiber is substantially delayed in comparison with the previously
tested fibers. Given the above, we can anticipate on employing
mbioPOFs as implantable fiber for various biomedical applica-
tions including PDT, or optogenetics, where the manipulation
of the neural activity could be performed even over a 24 h
activity following the timing of the biological events governed
by the circadian clock [45]; or NIR-light activated controlled
drug release typically applied in cancer therapy that enables
on-demand, spatiotemporally controlled delivery of therapeutic
agents in the time frame varying from only 30 minutes [46] to
a few hours during which the decomposition of nanocarriers is
required [47].

VII. SUMMARY AND CONCLUSION

We have reported on the fabrication and on the character-
ization of novel biodegradable microstructured polymer opti-
cal fibers (mbioPOFs), fabricated from commercially available
amorphous polyester PDLLA, which is an FDA-regulated ma-
terial.

First, we have described the optical simulations required to ex-
amine the confinement loss in mbioPOFs and the eventual design
of the microstructure according to which we intended to fabricate
the fibers. Subsequently, we have reported on the manufacturing
of structured mbioPOF preforms with one ring and two rings
of airholes using an entirely novel fabrication technique based
on a specialty transfer-molding system, and we have explained
how these preforms were drawn into actual mbioPOFs. We have
found that all the fabricated mbioPOFs feature deviations from
the intended geometry. We obtained fibers M1 and M2a, with
diameters of 400 μm down to 200 μm, which displayed hole
shrinkage and a larger pitch, whilst fiber M2b with a 100 μm di-
ameter displayed airhole expansion and shape deformation. The
mode confinement was therefore not as expected for both M1 and
M2a fibers, but we obtained excellent mode confinement in fiber
M2b, which corresponds to the first demonstration of geometry-
based instead of refractive index difference-based optical waveg-
uiding in a biocompatible and biodegradable polymer optical
fiber.

From all the fabricated mbioPOFs, we found the lowest atten-
uation in fiber M1, which primarily results from the quality of
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the preform. We obtained the lowest attenuation of 0.065 dB/cm
for this fiber with a diameter d = 219 ± 27 μm, at a wavelength
of 898 nm. We registered an attenuation of around 0.1 dB/cm
in the range 750–980 nm for the same fiber. We also recorded
attenuation values of 0.43 dB/cm and 0.50 dB/cm at 1580
nm for fiber M1 with outer diameters of d = 260 μm and
d = 360 μm, respectively. These attenuation values represent
a record low loss reported so far for biodegradable and bio-
compatible polymer optical fibers, both in the VIS and NIR
range.

We have also shown that our mbioPOFs are truly degradable
as supported by in vitro degradation studies of fibers with an
average diameter of around 400, 200 and 100 μm. Their molar
mass decreased down to 21, 25 and 43% of the original values
after 105 days of incubation in PBS at 37 °C. All the mbioPOFs
degrade at a slower rate than unclad PDLLA fibers due to
the presence of the capillaries, and they also feature a con-
siderably longer operational time from the optical standpoint,
i.e., around 17 hours once the fibers are immersed in PBS at
37 °C. The immersion induced loss of fiber M1 after 6 h is
below 0.5 dB/cm in the VIS range and 0.3 dB/cm in the NIR
region.

Given these results, we can compare the merits of this new
mbioPOF with those of our previously reported SI [21] and
unclad bioPOFs [20]. First, our mbioPOF features lower optical
loss than SI bioPOF. Note however, that the attenuation coeffi-
cient values vary essentially due to the different material proper-
ties, i.e., in the SI bioPOF the light is guided in a PDLGA core,
whilst it is guided in PDLLA in our mbioPOF. Furthermore, the
different preform fabrication methods also influence the optical
loss. Second, our microstructured PDLLA-based optical fiber
features slower in-vitro degradation and an extended operational
time when immersed in a simulated biological environment
compared to our previously reported SI bioPOF and unclad
PDLLA fiber.

The excellent optical properties and the potential for achieving
controllable degradation rates of mbioPOFs allow anticipating
on their use as fully-fledged implantable optical fibers for deep
tissue light delivery and on their application in biosensing or
optogenetics, for which the optical functionalities must be main-
tained over a prolonged period of time.
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