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Abstract
The ongoing evolution of hollow-core fibers (HCFs) continues to inspire the development of opto-
fluidic platforms with enhanced sensitivity and minimal sample requirements. Here, we utilize the
intrinsic advantages of anti-resonant reflection HCFs—such as low optical loss and broadband
transmission—to realize a twisted single-ring HCF (SR-HCF) tailored for polarization-sensitive
chiral detection. We optimize the fiber geometry to ensure single-mode operation by strongly
attenuating higher-order modes (>50 dBm−1) while maintaining low loss for the fundamental
mode (<0.1 dBm−1) and reducing the sample volume to only∼ 660 nl per 34 cm fiber length.
By applying a constant twist along the fiber length, we minimize birefringence and ensure stable
transmission of linear polarization states with polarization extinction ratios surpassing 38 dB. After
injecting an aqueous solution of an optically active molecule, we measure its optical rotation at dif-
ferent wavelengths with millidegree-level sensitivity and remarkable robustness against misalign-
ment. Measurements with different enantiomeric excess concentrations are in good agreement
with independent liquid chromatography characterization.

1. Introduction

The ever-ongoing quest to enhance the sensitivity of compact and distributed optical sensors and lab-on-
chip platforms has significantly benefited from the development of photonic crystal fibers and micro-
structured waveguides [1–5]. Compared to other platforms, fibers provide lower optical loss, which
enables long interaction lengths of the light with the sample. They can be designed to enhance and con-
trol the relevant properties of light and offer a high level of integration with other technologies and
techniques. Systems based on microstructured fibers can provide enhanced sensitivity while requiring
reduced sample volumes at the nl-level. Because of this, they have found multiple applications in opto-
fluidics and have been successfully used for sensing [2, 3, 6–8], monitoring [9] and enhancing chemical
reactions [3], Raman spectroscopy [10–13], measuring electric and magnetic fields [14–16] and detecting
the enantiomeric concentration of chiral substances [17].

Among the different types of microstructured waveguides, anti-resonant reflection hollow-core fibers
(ARR-HCFs) are notable for providing broadband transmission spanning 100 s of THz with core dia-
meters ranging from ∼ 6µm up to ∼ 120µm, which can be filled with gaseous and liquid samples
with refractive indices lower or even higher than that of the surrounding glass structure [3, 18, 19]. In
recent years, ARR-HCFs have been improved beyond imagination, with their loss achieving unpreced-
ently small values even lower than standard telecom fiber [20, 21]. Furthermore, despite being intrinsic-
ally multimode, the structure of these weakly guiding fibers can be tailored to enhance the loss of higher
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order modes (HOMs) and introduce linear and circular birefringence so as to provide effective single
mode and polarization maintaining guidance over tens of meters lengths [22–25]. Nonetheless, the loss
achieved so far for HOMs is still insufficient to ensure their suppression over sub-meter lengths typical
in many optofluidic and sensing applications.

To take advantage of the long interaction length and small filling volume provided by HCFs, these
must preserve all the relevant attributes of the guided light. Usually, over lengths on the order of tens
of cm (typical of liquid sensing applications), the optical loss of < 1 dBm−1 is negligible, so is Rayleigh
scattering, and polarization crosstalk is caused mainly by HOMs. Their polarization varies across their
profile, and as their excitation is highly sensitive to alignment, even modest beam-pointing instability
causes substantial variations in their power content. Thus, ensuring total suppression of HOMs over
the used fiber length is crucial for precise polarization measurements, such as sensing electric and mag-
netic fields and chiral discrimination. Additionally, the accuracy of these measurements, particularly over
broad spectral regions, is easily impaired by birefringence, which depends on the waveguide geometry
in a complex manner and exhibits a wavelength dependence in the phase retardance and rotation of the
principal axis.

Here, we report the design and fabrication of a single-ring HCF (SR-HCF) for broadband and
polarization-sensitive applications. We then demonstrate its use in the characterization of chiral solu-
tions achieving refractive index discrimination ∆n∼ 10−10 using a filling volume of only ∼ 660 nl per
34 cm fiber length. Compared to previous works employing HCFs [17], it represents an improvement
by ∼ 1000 times in sensitivity, thus approaching that of commercial narrowband polarimeters and state-
of-the-art broadband interferometric techniques [26], which employ sample volumes of several tens of
microliters (or even larger).

For this, we designed the waveguide to exhibit single-mode guidance (with unprecedentedly high loss
for the HOMs), low birefringence, and preserve the polarization of the guided light to an exceptional
degree over tens of cm. First, we describe the waveguide design and its optical properties, and then the
characterization of the fabricated fiber in the second part. Finally, in the last section, we report meas-
urements of the optical rotation (OR) of the guided light induced by an aqueous solution containing a
chiral drug and benchmark the experimental results with independent liquid chromatography measure-
ments and numerical simulations.

2. Fiber design

In light of the above discussion, a waveguide for applications in optofluidics and chiral sensing should
ensure: (1) effectively single-mode guidance, (2) preservation of the polarization state of the light, (3)
low birefringence, and (4) broadband guidance coinciding with the transmission window of common
solvents. The latter can be attained by opportunely selecting the spectral position of the anticrossing
between the core-guided light and the capillary-wall modes determined by

λm = (2t/m)
√

n2g − n2c , (1)

where t is the thickness of the capillaries surrounding the core, ng and nc are the refractive indices of
the glass and of the core-filling medium and m is an integer number [27]. Common solvents (water,
ethanol, hexane, acetonitrile) transmit well in the visible region and have similar refractive indices,
and guidance in this spectral range can be obtained by selecting t∼ 235 nm or t∼ 700 nm, which are
achievable thicknesses for the capillary walls of SR-HCFs. Single-mode guidance and preservation of the
polarization state have been reported previously, but only over long lengths (several meters) [20, 22–24]
and the latter either by introducing birefringence or over a narrow spectral region (< 5 THz) [23, 28].
Effectively single-mode SR fibers can be realized by choosing [22] d/D∼ 0.68. . .0.70 (the exact value
depends on the number of capillaries), where D and d are the diameters of the core and the surround-
ing capillaries, and by twisting the fiber along its axis [24]. Fibers with this aspect ratio provide a leak
channel for the core-guided HOMs (via phase-matching these to the fundamental modes of the sur-
rounding capillaries) greatly enhancing their confinement losses. These have approached ∼ 20 dBm−1

in reported waveguides [20, 22, 24], a value, however, too low to avoid HOM contamination over sub-
meter lengths. A recipe to achieve much higher loss is revealed by the suppressed HOM loss coeffi-
cient αsHOM = (20 ·λ3)/d4 [dBm−1] (confinement loss, where λ is the light vacuum wavelength), which
is approximately valid for a fused silica SR-HCF filled with water or air (in the SI we give the deriva-
tion of this result). Thus, for visible light, HOM loss approaching or even exceeding 100 dBm−1 can be
obtained by reducing the core diameter below 20µm. This is shown in figures 1(a) and (b), where we
plot the confinement loss of the modes supported by a 5-capillary fiber, calculated via finite element
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Figure 1. FEM simulation results. (a), (c) Calculated confinement loss of the fundamental mode (square/diamond-shaped
markers) and of the first higher-order mode (circles/triangles) and analytical approximation for the suppressed HOM loss
(gray dashed line) for fixed vacuum wavelength λ= 550 nm. (a) Varying core diameter and constant twist rate of 157 radm−1

(orange diamonds and triangles) or zero twist rate (blue squares and circles). (c) Varying twist rate and constant core diameter
of 20.3 µm, FEM simulated structure (inset) and symbols D for the core diameter, d for the capillary diameter, and t for the size
of the capillary membranes. (b), (d) Wavelength dependence of the confinement loss difference between higher-order and funda-
mental modes and of the birefringence (FM). (b) Calculated difference between HOM loss and FM loss for varying core diameter
and constant twist rate of 157 radm−1. (d) Calculated birefringence (FM) for varying twist rate and constant core diameter of
20.3 µm.

modeling (FEM, modeled fiber structure shown in the inset of figure 1(c), t = 670 nm, d/D= 0.7).
We notice that in the case of SR-HCFs, 5-capillary geometries provide the optimal compromise for
enhancing the HOM loss without significantly affecting the fundamental mode loss. When D and t are
fixed, fibers with < 5 capillaries exhibit higher loss for the fundamental mode (FM), while > 5 capillar-
ies fibers support a larger number of HOMs with low loss over sub-meter lengths (see SI for details).
In figure 1(a), we show the confinement loss of the fundamental mode and the first HOM (with azi-
muthal mode index |ℓ|= 1 and the lowest HOM loss, see SI) calculated via FEM simulation at 550 nm
for a varying core diameter (open symbols) along with the HOM loss calculated using the above-given
expression, and in figure 1(b) we illustrate the loss coefficient difference of these two modes as a func-
tion of the core diameter and the light wavelength. The plots reveal that for the selected geometry and
D< 20µm, we can realize SR-HCFs supporting a FM with loss below 1 dBm−1 and HOMs with loss
above 100 dBm−1 over broad spectral ranges.

Ideal SR-HCFs exhibit zero birefringence [29], but in real fibers, it is typically non-zero (10−8 <
∆neff < 10−6) due to geometry variations, which are unavoidable during fabrication [23]. Although the
fiber birefringence is still small, it is not negligible, especially for optical activity measurement for which
often the refractive index difference is < 10−9. This is because the birefringence, its spectral depend-
ence, and the rotation of the principal polarization axis contribute to the degradation of the polariza-
tion state of the guided light, thus reducing the sensitivity to tiny variations in polarization. We avoid
this detrimental effect by spinning the preform during the fiber drawing to imprint a permanent twist
that is uniform across the entire fiber length. By gaining an ‘average circular symmetry’ of the fiber [30,
31], twisting provides a viable route to reduce the fiber birefringence to values < 10−9. Our analysis
confirms, that this is highly robust against perturbations to the waveguide geometry (see supplement-
ary information). In figure 1(d), we show the difference in the effective index of the two fundamental
modes (i.e. the birefringence) supported by the fiber shown in the inset of figure 1(c) and calculated via
FEM accounting for realistic variations of the structure, which were estimated using scanning electron
microscope (SEM) images of fabricated fibers (RMS error ∼ 96 nm for the five capillary diameters in
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the fiber cross section and RMS error ∼14 nm for the thicknesses, see SI for more details). The simula-
tion results in figure 1(d) show that the waveguide birefringence and its wavelength dependence reduce
significantly even for a moderate twist rate. In the transition region (not shown here), the birefringence
decreases at twist rates in the order of 1 radm−1 until a minimum is reached (at ∼ 10 radm−1), which
is followed by a linear increase that has been reported in previous works [32]. Whereas the confinement
loss of the fundamental mode is almost unaffected by variations in the twist rate, the confinement loss
for some HOMs decreases significantly when the twist rate exceeds a given threshold. This can be seen
in figure 1(c), where we show the calculated confinement loss for the FM and the first HOM (with azi-
muthal mode index |ℓ|= 1 and the lowest HOM loss) with the latter decreasing rapidly for a twist rate
above 150 radm−1. Above this threshold, HOM suppression is increasingly affected by twist-induced
non-degenerate mode splitting [33], and the fiber exhibits helical dichroism as recently reported [34]
and does not ensure any more single-mode guidance over short lengths (see SI for further details).

3. Fiber characterization and optical setup

In figure 2(a), we show the SEM image of the fiber that we fabricated following the design discussed in
the previous section, along with (b) a sketch of the optical setup, which we used for its characterization
and for the optical activity measurements. We use light at 520 nm, 550 nm, and 580 nm obtained by fil-
tering the output of a supercontinuum source (see SI for details) with 10-nm bandpass filters. After one
of these, the light goes through a linear polarizer to ensure linear polarization. Subsequently, the light is
launched into the SR-HCF whose end facets are placed in liquid cells with fused silica windows so that
it can be filled with the desired solution. For the in-coupling of the light, we use an achromatic lens of
focal length 25 mm achieving a 70% transmission (corresponding to 75% transmission when accounting
for Fresnel reflection at the liquid cell windows), and a 10× microscope objective (focal length 16 mm)
to collimate the output. The light then passes through a Glan Thompson prism, which is rotated to
determine the minimum and maximum power. The minimum and maximum output power were meas-
ured using a power meter and their ratio was used to calculate the polarization extinction ratio (PER).
Using this optical setup, we characterized the PER at the output of ∼ 30 cm-long pieces of the SR-HCF
(d/D≈ 0.7, D≈ 20.3 µm, t≈ 670 nm) and a twisted version of it (twist rate of 157 radm−1), both filled
with water.

In figure 2(c), we show the PER measured at the output of these two fibers at the three wavelengths
and as a function of the input polarization. The non-twisted fiber already preserves the polarization of
light to a good degree, which indicates single-mode guidance (i.e. high loss for the HOMs). However,
the waveguide also exhibits a pronounced dependence of PER on both wavelength and input polarization
caused by birefringence. On the other hand, at the output of the twisted fiber, we measure ≈ 38 dB PER,
which corresponds to an improvement by at least ten times with the setup’s sensitivity being the main
limit to the determination of the actual PER and its dependence on the wavelength and polarization of
the input light. Furthermore, the measured PER is also affected by the light guided by the surrounding
glass jacket, which is multimode and in a random polarization state [34]. To account for this and pre-
cisely measure the OR at the fiber output, we use the setup sketched in figure 2(b). After collimating the
waveguide output, the light passes through a Wollaston prism placed in a rotational mount, after which
the two orthogonal components are focused onto a Basler acA1920-40um CMOS sensor camera using a
lens with a focal length of 400 mm. In this fashion, by recording images for different rotation angles of
the Wollaston prism and excluding the pixels that lie outside the core mode, we can measure the OR of
light with a maximum deviation from the mean value < 5millidegrees in a series of ten repeated meas-
urements. Comparing measurements of the OR with and without the water-filled twisted fiber reveals
that, although the waveguide rotates the light polarization by about 236 mdeg, such a background can
be subtracted. Note that with low sample concentrations, background removal is more involved if the
waveguide exhibits large linear birefringence.

Flushing and filling of the fiber and day-to-day variations introduce deviations of approximately
10 mdeg, which could either be attributed to mechanical stress due to pressure variation/relaxation, or
to the manual sample injection and flushing process.

Further, we investigate the error introduced when impairing the optical alignment at the fiber input.
Experimentally, we intentionally misalign the input light beam as much as to reduce the transmission by
50%. In a multimode fiber, this would cause strong transmission of HOMs, and consequently affect the
polarization state in an irreproducible way. In our setup, the measured OR changed by only few tens of
mdeg in response to the intentional misalignment, which confirms the good HOM suppression that we
can already achieve with a large core diameter of 20µm.
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Figure 2. (a) SEM of the fabricated twisted SR-HCF. (b) Schematic illustration of the experimental setup used for measuring
optical rotation (OR) and polarization extinction ratio (PER). (c) Measured PER at various angles of the input polarization for
the non-twisted fiber (diamond symbols) and the twisted fiber (stars) and trigonometric interpolation (lines) via DFT (one har-
monic with constant term). (d) FM birefringence of the fibers at three different wavelengths, derived from measured PER data for
the non-twisted fiber (diamond symbols) and from measured OR data for the twisted fiber (stars).

These data reveal an improvement in the sensitivity by ∼ 1000-fold compared to the work of Schorn
et al [17], which reported the use of ARR HCF for chiral discrimination for the first time. Furthermore,
from our characterization of the system, we identify additional possible improvements, which include
optimization of the sample injection process, increasing the thickness of the outer glass jacket to make
the waveguide more resilient against mechanical stress and decreasing the core diameter. From the back-
ground OR of the twisted fiber, we derive the magnitude of its circular birefringence (in units of µRIU),
and in figure 2(d) we compare this result with the linear birefringence of the non-twisted fiber (derived
from PER measurements). The measured waveguide birefringence is in good agreement with numerical
simulations (see SI for details).

4. Optical activity measurements and simulations

We use the fiber and the optical setup described in the previous section to measure (at room temper-
ature) the OR induced by a water-based solution containing Ladarixin (DF2156A: 4-{(1 R)-1-methyl-
2-[(methylsulfonyl)amino]-2-oxoethyl}phenyl trifluoromethanesulfonate sodium salt) – a small chiral
molecule inhibitor of the interleukin-8 receptor CXCR1 and CXCR2 [35–37]. We use a total concentra-
tion σ = σR +σS = 5mgml and different enantiomeric excess concentrations σR −σS, where σR (σS)
are the R (S) enantiomer concentration. The solutions were prepared and characterized by Dompé far-
maceutici S.P.A. and the enantiomeric composition of each mixture was accurately determined by using
high-performance liquid chromatography (HPLC) equipped with specifically selected chiral stationary
phases, allowing for resolution and quantification of the individual enantiomers.
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Figure 3. (a) Experimental and (b) simulated optical rotation of Ladarixin for distinct enantiomeric ratios (marked as R:S) across
different wavelengths.

In figure 3(a), we show the OR measured at the output of a fiber piece of length L = 34 cm (corres-
ponding to ∼ 660 nl) and filled with solutions at varying enantiomeric ratios eeR = (σR −σS)/(σR +σS)
of the R and S enantiomers, which were independently characterized via liquid chromatography. The
plot shows the data acquired using light at the three different wavelengths and after subtracting the
OR caused by the weak circular birefringence of the twisted fiber. For the background removal, we use
the same fiber piece filled with pure water and obtain the following OR values: −0.218 deg at 580 nm,
−0.244 deg at 550 nm, and −0.245 deg at 520 nm. We obtain OR values varying linearly with the enan-
tiomeric excess, consistently increasing at shorter wavelengths, and as large as 0.54 deg at 520 nm. The
plot displays mirror image data points for the same enantiomeric excess but with opposite signs, reflect-
ing the expected relationship between OR and handedness. The OR data follow the curve

θλ [deg] =
A(T)

λ2 −λ2
res

L σ eeR , (2)

where λres = 236 nm is the molecular resonance wavelength obtained from numerical simulations (see
below) and for the temperature T dependent term we use A(T) = 7.0 deg dm−1 cm3 g−1 µm2 obtained
by fitting the data. We observe only minor deviations (smaller than 30millidegrees) from the expected
behavior (equation (2)), which are well within the errors of the liquid chromatography characterization.
Furthermore, to verify that the chiral molecules are homogeneously distributed within the core and not
attached to the extended inner core-walls surface or trapped in regions where the light does not travel,
we measured the OR also using a 10 cm long cuvette and obtained consistent results.

We also compare the data with those obtained from theoretical simulations previously repor-
ted [38]. Quantum molecular observables (QMOs) (electric and magnetic dipole moments, electron-
ic/vibrational transition energies, and relaxation rates) of the chiral drug solution are determined by
employing a hybrid analytical/computational method. Semi-classical molecular dynamics simulations
(to capture the Ladarixin-water conformational dynamics and highly probable conformational basins,
obtained as minima of the Gibbs free energy), time-dependent density functional theory, and the per-
turbed matrix method are adopted to determine ensemble averages of the QMOs of Ladarixin in water.
Furthermore, radiation-matter interaction is accounted for analytically by perturbatively solving dens-
ity matrix equations of Ladarixin electrons within the electric/magnetic dipole approximation. Such
calculations enable the evaluation of radiation-induced electric/magnetic dipole moments in every
Ladarixin molecule, averaged over the high-probability molecular conformations [39]. In order to evalu-
ate the macroscopic response of the chiral drug solution, we calculate the averaged induced electric/mag-
netic dipole moments over random molecular orientations through the Euler rotation matrix approach
and the macroscopic polarization and magnetization vectors, related to electric and magnetic fields
through electric/magnetic permittivity/permeability and the chiral parameter κ(λ) [38]. Thus, OR is
calculated as

θOR (λ) [deg] =
2πL

λ
Re [κ(λ)]

180

π
. (3)

Results illustrated in figure 3(b) show that the sign of the experimental OR is in agreement with the-
oretical predictions (the R enantiomer is levorotatory, corresponding to a positive value θ).

We attribute the discrepancies between the experimental and simulated OR values shown in figure 3
to model assumptions. In the quantum chemistry simulations of the chiroptical response of solvated
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Ladarixin, only the lowest-energy electronic and highest-energy vibrational transitions were included
owing to computational constraints. Incorporating additional transitions would likely improve the quant-
itative agreement between theoretically predicted and experimentally obtained OR angles.

5. Conclusions

In conclusion, we have demonstrated a twisted SR-HCF optimized for polarization-sensitive measure-
ments. Our work shows a clear route for the design of SR-HCFs with near-zero birefringence, which are
polarization maintaining and single-mode over short lengths and over very broad spectral ranges. In par-
ticular, we have analyzed the optimal number of capillaries, adequate core diameters, and the permissible
range of twist rates. The waveguide provides broadband guidance of light over extended lengths without
altering the relevant properties for chiroptical studies (i.e. polarization state, spatial mode profile, and
amplitude). As a result, the fiber can function as an ideal cuvette with a volume that increases linearly
with its length and in the order of hundreds of nanoliters for an interaction length of tens of centimeters
(for comparison, typical sub-microliter cuvettes provide path lengths of around 100µm). To realize the
fiber, we engineered the waveguide geometry to increase the loss of HOMs to values of several tens of
dBm−1 well beyond what was reported so far, thus effectively suppressing them after lengths of only a
few tens of cm. Furthermore, by controlling the fiber twist rate, we could significantly reduce the wave-
guide birefringence over a broad spectral range, while arbitrary linear polarization states are transmitted
mostly unchanged, except for a small residual circular birefringence of ∆neff ≈ 2.1× 10−9. For compar-
ison, the waveguide’s linear birefringence without twisting is ∆neff ≈ 3.1× 10−8 (from PER measure-
ments). Using this waveguide, we measured the OR of a water-based Ladarixin solution (5mgml−1) over
a broad spectral range (520–580 nm) for various enantiomeric ratios, achieving a sensitivity in the mil-
lidegree range via reliable background subtraction. With a filling volume as small as ∼ 660 nl, we meas-
ured OR exceeding 0.5 degrees in excellent agreement with those yielded by independent liquid chro-
matography measurements. Finally, we observed experimentally that the system is highly robust against
optical misalignment, which is crucial for the future development of compact, sensitive, and versatile
platforms for characterizing chiral solutions using minimal sample volumes, and potentially also for
other applications such as low-noise supercontinuum generation [40–42], flying particle sensors [43, 44]
and magnetic field sensing [15, 16].
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