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We investigate the mid-infrared chiroptical response of plasmonic nanostructures based on Al-doped 
ZnO and layers of an aqueous solution of Ladarixin, a chiral pharmaceutical currently under clinical trial 
for the treatment of type 1 diabetes. We explore the possibilities offered by localised surface plasmon 
resonances (LSPRs) for the enhancement of vibrational circular dichroism (VCD) of the considered 
chiral drug solution. Focusing on diverse plasmonic nanoshell geometries, we find that LSPRs provide 
an amplification factor of VCD differential absorption cross-section ranging from ≃ 3 to ≃ 20 thanks 
to near-field intensity enhancement produced by LSPRs. Our results indicate that nanoshell LSPRs are 
promising for probing molecular chirality at the nanoscale.

Enantiomers - mirror-image realizations of chiral molecules with opposite handedness - are important in 
pharmaceutics since they affect drug functionality/toxicity1. For this reason, chiral sensing is one of the 
cornerstones underpinning drug discovery, affecting its timescale and efficacy. Moreover, chiral sensing is 
pervasive in nanomedicine, which promises advanced platforms to optimise penetration of chiral drugs, 
contrast agents, detection markers, and biosensors2. Several diverse chiral sensing techniques3–7 enable accurate 
assessment of enantiomeric imbalance of solvated mixtures with volumes > 1 ml yet, in spite of their precision, 
they are not suitable for real-time analysis, lab-on-a-chip integration, and wider nanomedicine applications.

Optical sensing techniques, e.g., polarimetry8 and vibrational circular dichroism (VCD)9, offer the advantage 
of real-time analysis capabilities and potential lab-on-a-chip integration, and currently they are able to assess 
the enantiomeric excess of dilute chiral drug solutions with ml volume. Nanophotonics amplifies chiroptical 
sensitivity to reduced sample volumes by nanodevices10–14  embedded in advanced chiral spectroscopy 
schemes that enhance optical activity and circular dichroism (CD) thanks to engineered superchiral fields15,16. 
Metal-based nanostructures enable plasmon-enhanced CD spectroscopy17, which has been predicted for 
isolated molecules18  and adopted to characterise chirality transfer in plasmonic systems embedding chiral 
molecules19 and also chiral nanoparticles20–22. More recent predictions indicate that surface plasmon polaritons 
(SPPs) at the interface between a solvated chiral drug sample and a noble metal enhance electronic CD to 
attain sensitivity to drug nanolitres23. However, subwavelength nanostructures based on noble metals, e.g., 
gold or silver, display dipolar surface plasmon resonances in the visible spectrum that are far detuned from 
mid-IR vibrational resonances of molecules. In principle, wavelength-sized plasmonic structures based on such 
plasmonic materials24, e.g., silver-based nanorods, can display Mie resonances in the infrared spectral range with 
scaling properties and particle size dependence. However, such plasmonic excitations are multipolar and in turn 
their excitation by impinging plane waves is much less efficient than for electrostatic dipolar excitations. In turn, 
to attain plasmon-mediated sensitivity enhancement over VCD, it is necessary to employ materials displaying 
surface plasmon resonance in the mid-infrared (mid-IR) part of the spectrum, e.g., graphene25–27, oxides or 
nitrides28–31. While plasmon-enhanced VCD by macroscopic plasmonic structures with chiral geometrical 
shape in the mid-IR spectral range indicates promising functionality32–35, possibilities offered by such materials 
for nanophotonics-enabled chiral sensing of drug molecules are hitherto marginally explored.

Here, we investigate the potential of Al-doped ZnO (AZO) for plasmon-enhanced VCD of chiral drugs. In 
particular, we focus on two distinct AZO-based spherical nanoshell geometries, see Figs. 1(a,b), embedding 
nanometer-sized molecular layers of solvated Ladarixin, a dual allosteric inhibitor of CXCL8 (IL- 8) receptors, 
CXCR1 and CXCR2, currently in phase 2 and 3 trials for the treatment of diabetes36,37. We calculate the bi-
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anisotropic optical constants of such a chiral drug solution by a combination of Molecular Dynamics (MD), 
Essential Dynamics (ED), Quantum-Chemical (QC) calculations, Perturbed Matrix Method (PMM), and Time-
Dependent Density Functional Theory (TD-DFT)23. We model localised surface plasmon resonances (LSPRs) 
of such chiral nanostructures by an electrostatic approach that we validate by electromagnetic wave frequency 
domain (EWFD) calculations through commercial software38. Based on the semi-analytical electrostatic 
approach, the selected configurations enable the derivation of intuitive and physically meaningful insights into 
the capabilities of AZO-based nanoshells to enhance the VCD response of chiral molecules. Such geometries 
enable the systematic investigation of the optical response modulation dependence over the molecular spatial 
distribution relative to the plasmonic structure. Because the VCD Differential Absorption (VCDDA) cross-
section ∆σabs = σR − σL by right/left circular polarisation excitation is proportional to the enantiomeric excess 
density ∆nmol = n

(S)
mol − n

(R)
mol, by measuring VCDDA one can retrieve ∆nmol. We observe a plasmon-induced 

VCDDA enhancement factor fVCD ranging from ≃ 3 to ≃ 20, indicating that AZO-based plasmonic devices are 
promising for ultrasensitive probing of molecular chirality at the nanoscale. Moreover, the conduction electron 
density in AZO can be controlled by adjusting the concentration of Al doping, producing a modulation of LSPRs 
from near-IR to mid-IR. Depending on the doping levels, the typical LSPRs of AZO-based nanostructures lie in 
the 1 − 10 µm range, thus enabling the fine tuning of hybrid plasmon-molecular resonances amplifying VCD, 
as illustrated below.

Methods
Figs. 1(a,b) illustrate the considered plasmonic nanostructures, composed of AZO-based nanosphere 
surrounded by a nanolayer of aqueous Ladarixin, and (b) spherical nanoshell surrounded by air and embedding 
aqueous Ladarixin at its core. In all cases, R and R + h indicate the inner (R) and outer (R + h) sphere radii, 
h is the nanoshell thickness, and the chiral sample is aqueous Ladarixin (H2O + C11H12F3NO6S2). The 
monochromatic linear electromagnetic response of such nanostructures is accounted by bi-anisotropic constitutive 
relations (BACRs) linking the displacement vector D(r, t) = Re[D0(r)e−iωt] and the induction magnetic field 
B(r, t) = Re[B0(r)e−iωt] to the electric E(r, t) = Re[E0(r)e−iωt] and magnetic H(r, t) = Re[H0(r)e−iωt] 
fields with angular frequency ω = 2πc/λ, where r indicates the position vector of a reference frame placed at the 
sphere center, c is the speed of light in vacuum and λ is the vacuum wavelength. Explicitly, such BACRs provide 

	
D0(r) = ϵ0ϵt(r, λ)E0(r) − i

c
κt(r, λ)H0(r), � (1a)

	
B0(r) = i

c
κt(r, λ)E0(r) + µ0µt(r, λ)H0(r), � (1b)

 linking the monochromatic complex vector fields through complex position/wavelength-dependent effective 
optical profiles 

	
ϵt(r, λ) =

3∑
l=1

ϵl(λ)Θl(r), � (2a)

	
µt(r, λ) =

3∑
l=1

µl(λ)Θl(r), � (2b)

Fig. 1.  (a) Aluminum-doped zinc oxide (AZO) nanosphere with radius R surrounded by a layer of aqueous 
Ladarixin with thickness h immersed in air. (b) AZO-based nanoshell with inner/outer radii R and R + h, 
respectively, immersed in air and embedding aqueous Ladarixin at its core.
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κt(r, λ) =

3∑
l=1

κl(λ)Θl(r), � (2c)

 where ϵ1,2,3(λ) are the relative dielectric permittivities (RDPs), µ1,2,3(λ) are the relative magnetic permeabilities 
(RMPs), and κ1,2,3(λ) are the chiral parameters (CPs) of media 1 (nanosphere core), 2 (spherical nanoshell) and 
3 (background), see Fig. 1, Θ1(r) = Θ(R − r), Θ2(r) = Θ(R + h − r) − Θ1(r), Θ3(r) = Θ(r − R − h)
, and Θ(x) indicates the Heaviside step-function. The two distinct nanostructures (a,b) considered in our 
calculations are attained by setting

	

(a) ϵ1(λ) = ϵAZO(λ), ϵ2(λ) = ϵcs(λ), ϵ3(λ) = 1,

µ1(λ) = µ3(λ) = 1, µ2(λ) = µcs(λ),
κ1(λ) = κ3(λ) = 0, κ2(λ) = κcs(λ),

(b) ϵ1(λ) = ϵcs(λ), ϵ2(λ) = ϵAZO(λ), ϵ3(λ) = 1,

µ1(λ) = µcs(λ), µ2(λ) = µ3(λ) = 1,

κ1(λ) = κcs(λ), κ2(λ) = κ3(λ) = 0,

where ϵAZO(λ)is the complex RDP of AZO39, see Fig. 2(a), where we illustrate its dependence over the vacuum 
wavelength, ϵcs(λ) = ϵH2O(λ) + ∆ϵcs(λ), µcs(λ), and κcs(λ) are the RDP, RMP, and CP of the considered 
chiral sample (aqueous Ladarixin), and ϵH2O(λ)is the water RDP45, whose wavelength dependence is illustrated 
in Fig. 2(b). To calculate the chiral sample BACR effective optical constants, we adopt a previously reported 
approach23 evaluating over time quantum molecular observables (QMOs) of the solvated drug, i.e., electric/
magnetic dipole moments, and electronic/vibrational excitation energies and relaxation rates, schematically 
illustrated in Fig. 3(a). Such QMOs are taken as quantum expectation values statistically averaged over a large 
amount of Ladarixin-water conformations. This is accomplished by a combination of computational approaches 
encompassing semi-classical MD simulations to sample Ladarixin-water conformations, QC and PMM40–42 to 
obtain ensemble averages of the considered QMOs that account for semiclassical atomic-molecular motion of 
Ladarixin and water23. In this work, because we are interested in the mid-IR response, we calculate the highest 
energetic vibrational peak by the quantum chemistry approach illustrated above. Such a peak in Ladarixin 
arises from the C=O stretching, as illustrated in Fig. 3(b). The eigenvector of the mass-weighted Hessian used 
for evaluating the vibrational resonance frequency is dominated by the C=O stretching whose chirality can be 
estimated by the angle between the associated electric and magnetic transition dipoles equal to 86◦ (achiral modes 
display an angle exactly equal to 90◦). Hence, the selected vibrational mode is inherently chiral owing to the 
Ladarixin chiral center depicted in Fig. 3(b). From such a complex combination of computational approaches, we 
observe two high probability Ladarixin-water conformation states that are representative of free-energy minima 
basins, see Fig. 3(c) for the case of Ladarixin R enantiomer, obtained by MD simulations and ED analysis. Fig. 
3(d) illustrates the temporal evolution of Ladarixin electric (d12) and magnetic (m12) transition dipole moments 
of the lowest-energy electronic transition from the ground state to the first excited electronic state, along with 
the temporal evolution of the (chirally sensitive) pseudoscalar chiral projection (d12 · m12) for the initial 5 
ns of the 10 ns long MD simulations. We emphasize that for flexible aqueous molecules such as Ladarixin in 
aqueous solution, vibronic transitions do not affect the UV spectral shape, dominated by chromophore-solvent 
conformational transitions. We emphasize that, thanks to selection rules, we consider only the most energetic 
vibrational transition producing resonant mid-IR response. The vibrational energies and transition dipole 
moments are taken as independent over the Ladarixin conformational state because we find that the nature of 

Fig. 2.  Dependence of the real (red curves) and imaginary (blue curves) parts of (a) the AZO RDPϵAZO(λ)39 
and (b) the water RDP ϵH2O(λ)45 over the vacuum wavelength λ.
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the vibrational modes coincides in the two conformational states. We model radiation-matter interaction by 
density matrix equations in the electric/magnetic dipole approximation, which we solve perturbatively to obtain 
expectation values of the induced electric/magnetic dipole moments produced by the external radiation23. Such 
results for the induced electric/magnetic dipoles are ensemble-averaged through weighted time-averages of 
the QMOs over the ≃ns MD timescale by adopting the ergodic assumption. Thus, in the evaluation of the 
BACR optical constants, we account for the temporal evolution of Ladarixin over distinct conformational states 
produced by the interaction with the solvent (water). Finally, owing to the random molecular orientation, we 
average the induced electric/magnetic dipole moments over arbitrary rotations through the Euler rotation matrix 
approach43,44 and calculate the macroscopic polarisation and magnetisation fields of the effective Ladarixin-
water medium23, leading to Eqs. (1a,1b) [see supplementary information, where we report a MATLAB script 
for the calculation of ϵcs, µcs and κcs for any vacuum wavelength λ, Ladarixin total number density nmol 
and enantiomeric imbalance number density ∆nmol = n

(S)
mol − n

(R)
mol (n

(S,R)
mol indicates the number density of 

S,R enantiomers, respectively), which should be complemented with tabulated water refractive indexes and 
extinction coefficients, e.g., see Ref.45. While ϵcs(λ) and µcs(λ) do not depend over the enantiomeric imbalance 
number density ∆nmol, the CP is proportional to ∆nmol. Indeed, optical activity and CD disappear for racemic 
mixtures where ∆nmol = 0. In the achiral case κ1 = κ2 = κ3 = 0 and µ1 = µ2 = µ3 = 1, the nanoshell 
polarisability can be calculated in the electrostatic approximation by matching scalar potential solutions of the 
Laplace equation at the nanoshell interfaces46, providing

	
αns = α0

(ϵ2 − ϵ3)(ϵ1 + 2ϵ2) + f(ϵ1 − ϵ2)(ϵ3 + 2ϵ2)
(ϵ2 + 2ϵ3)(ϵ1 + 2ϵ2) + 2f(ϵ2 − ϵ3)(ϵ1 − ϵ2) ,� (3)

where α0 = 3ϵ0ϵ3τ>, τ> = (4/3)π(R + h)3, τ< = (4/3)πR3, and f = τ</τ>. In order to model the mid-
IR plasmonic nanoshell VCD in the chiral case, we extend this electrostatic approach starting from Maxwell’s 
equations in a generic bulk chiral medium with BACR optical constants ϵ(λ), µ(λ), κ(λ) and arbitrary 
monochromatic radiation sources ρ(r, t) = Re[ρ0(r)e−iωt] (charge density) and J(r, t) = Re[J0(r)e−iωt] 
(current density). In such a generic isotropic chiral bulk medium, the monochromatic fields radiated by 
inhomogeneous sources can be calculated through the Green function approach, providing the analytical 
expressions 

	

Ē0(r) = 1
8π

∑
s=±1

∫

τ

d3r′ 1
|r − r′|

(
1 − is

√
µ/ϵ

)
eiβs|r−r′|

[
iωµ0µJ0(r′) − µ

ϵ0(ϵµ − κ2)∇r′ ρ0(r′)
]

, � (4a)

	
H̄0(r) = 1

8π

∑
s=±1

∫

τ

d3r′ 1
|r − r′|

(
1 + is

√
ϵ/µ

)
eiβs|r−r′|

[
∇r′ × J0(r′) + iκc

ϵµ − κ2 ∇r′ ρ0(r′) − κ
ω

c
J0(r′)

]
, � (4b)

where βs = (ω/c)(√ϵµ + sκ) are the dispersion relations of right (s = +1)/left (s = −1) circularly-polarised 
plane waves in isotropic chiral media with polarisation index s = ±1. In the electrostatic/magnetostatic 
approximation ωR/c, ωh/c << 1, we neglect multipoles beyond point-like electric d(r, t) = Re[d0e−iωt] 

Fig. 3.  (a) Schematic of the vibronic structure of Ladarixin and the considered electronic/vibrational 
transitions upon laser field excitation in the electric/magnetic dipole approximation. (b) Schematic illustration 
of the considered vibrational mode of the Ladarixin molecule dominated by the C = O stretching, indicated 
by red circle. The blue arrows and (∗) indicate the displacement vectors and chiral center of the Ladarixin 
molecule, respectively. (c) Conformational basins of pure R-Ladarixin enantiomer dissolved in water as 
obtained by projecting the MD-generated cartesian coordinates of aqueous Ladarixin onto the first two 
eigenvectors of the all-atom covariance matrix, calculated at temperature T = 298 K. Note the presence of 
two distinct relevant conformation state basins in equilibrium, denoted as bk, where k = 1, 2. (d) Temporal 
evolution of electric/magnetic transition dipole moment moduli |d12|, |m12| and the chiral projection 
|d12 · m12| of a single Ladarixin molecule in the b1 conformation state calculated at each frame (expressed 
in nanoseconds) of MD simulations complemented with PMM calculations. A cubic simulation box with a 
volume of 27 nm3 was employed in the numerical MD simulations.
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and magnetic m(r, t) = Re[m0e−iωt] oscillating dipoles. In turn, by inserting their associated charge density 
ρ0(r) = −d0 · ∇δ(r) and current density J0(r) = −iωd0δ(r) − m0 × ∇δ(r) in the expressions above, 
where δ(r) is the three-dimensional Dirac delta-function, and by taking the electrostatic approximation, one 
gets Ē0(r) = [3(d0 · êr)êr − d0]/4πϵ0ϵr3 and H̄0(r) = [3(m0 · êr)êr − m0]/4πr3 − iκϵ0cĒ0(r)/µ, where 
êr = r/r is the radial unit vector. In such assumptions, the scattering of plasmonic nanoshells by an impinging 
circularly-polarised plane-wave with wave-vector k0 and vectorial amplitude A0 (such that k0 · A0 = 0
) is solved by multipole expansion truncated to electric/magnetic dipole terms, obtaining the electrostatic/
magnetostatic solutions E0(r) = [α1Θ1(r) + α2Θ2(r) + eik0·rΘ3(r)]A0 + [γ2Θ2(r) + γ3Θ3(r)]F(r), 
H0(r) = [β1Θ1(r) + β2Θ2(r) − is

√
ϵ3/µ3eik0·rΘ3(r)]A0/µ0c + [(δ2 − iκ2γ2/µ2)Θ2(r) + (δ3 − iκ3γ3/µ3)Θ3(r)]F(r)/µ0c

, where F(r) = 3(A0 · êr)êr − A0]R3/4πr3 and α1,2, β1•2, γ2,3, and δ2,3 are field amplitudes yet to 
be determined. Owing to spherical symmetry, without any loss of generality one can set k0 = k0êz  and 
A0 = (A0/

√
2)(êx + isêy), where s is the right (s = +1) or left (s = −1) circular polarisation index 

introduced before. The associated position-dependent displacement vectors and induction magnetic fields 
can be obtained from Eqs. (1a,1b). By applying boundary conditions (BCs) for the continuity of D0(r) · êr , 
B0(r) · êr , E0(r) − [E0(r) · êr]êr  and H0(r) − [H0(r) · êr]êr  at the interfaces r = Rêr, (R + h)êr , we get an 
8 × 8 inhomogeneous algebraic system of equations (reduced from 12 × 8 thanks to redundancy of Maxwell’s 
equations, manifesting also in BCs), reported in Sec. 1 of the supplementary information, which we invert 
numerically to obtain all the field amplitudes α1,2, β1,2, γ2,3, δ2,3. Such semi-analytical results are compared 
with EWFD calculations through commercial software38.

Results and discussion
In Figs. 4(a-f) we illustrate the dependence of (a,d) ∆ϵcs = ϵcs − ϵH2O, where ϵH2Ois the water RDP45, (b,e) 
µcs − 1, and (c,f) κcs over (a-c) the vacuum wavelength λ for fixed n(R)

mol = nmol = 10−2 nm−3 and (d-f) 
n

(R)
mol = nmol for fixed vacuum wavelength λ = 5.4 µm. All plots refer to a pure R-Ladarixin dissolved in water. 

Note that the chiroptical response of Ladarixin is influenced by both electronic contributions (resonant at λ ≃ 236 
nm) and vibrational transitions (resonant at λ ≃ 5.4 µm). The real part of ϵcs(λ) is dominated by ϵH2O(λ) 
due to the dilute molecular number densities considered in our calculations 10−3 nm−3 < nmol < 10−1 
nm−3, see Figs. 4(a,d). Similarly, also the imaginary part of ϵcs(λ) is dominated by the absorption of water, 
particularly efficient in the mid-IR. The relative magnetic permeability µcs(λ) arises only from the Ladarixin 
magnetic response but (i) is chirally insensitive and (ii) provides only a minor correction to the chiral sample 
refractive index, see Figs. 4(b,e). Conversely, the (polarisation sensitive) CP κcs(λ) produces rotatory power 
(∝ Re[κcs(λ)]) and efficient VCD (∝ Im[κcs(λ)]) at the vibrational resonance of Ladarixin λ ≃ 5.4 µm, see 
Figs. 4(c,f), which is the focus of our investigation. Plasmon-enhanced VCDDA in the considered nanoscale 
environment is assessed by the absorption cross-section

Fig. 4.  Dependence of (a,d) RDP correction ∆ϵr, (b,e) RMP correction ∆µr − 1, and (c,f) CP κ of pure R 
enantiomers of solvated Ladarixin over (a-c) the vacuum wavelength λ for fixed molecular number density 
nmol = 10−2nm−3, and (d-f)nmol for fixed λ = 5.4µm.
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σabs(λ) = − 1
I0

⟨ ∫

all space

J(r, t) · E(r, t)dτ

⟩

T

,� (5)

where I0 = (1/2)ϵ0cRe[
√

ϵ3/µ3]|A0|2 is the intensity of the impinging wave, J(r, t) is the induced current 
density in the near field, and ⟨...⟩T  indicates the time average over the single cycle T = 2π/ω. Explicitly, σabs(λ) 
is given by

	

σabs = − ω0

cRe
[√

ϵ3
µ3

]
{

4
3πR3Im [α1 [(ϵ∗

1 − 1)α∗
1 + iκ∗

1β∗
1 ]] +

+ Im
{4

3π
[
(R + h)3 − R3]

α2 [(ϵ∗
2 − 1)α∗

2 + iκ∗
2β∗

2 ] +

+R6

6π

[
1

R3 − 1
(R + h)3

]
γ2 [(ϵ∗

2 − 1)γ∗
2 + iκ∗

2δ∗
2 ]

}
+

+ R6

6π

[
1

R3 − 1
(R + h)3

]
Im {γ3 [(ϵ∗

3 − 1)γ∗
3 + iκ∗

3δ∗
3 ]}

}
,

� (6)

where the amplitudes α1,2, β1,2, γ2,3, δ2,3 are obtained by the numerical inversion of the 8 × 8 inhomogeneous 
algebraic system reported in Sec. 1 of the supplementary information. Results are reported in Figs. 5(a,b) for 
(a) Type-1, and (b) Type-2 plasmonic nanoshells/nanospheres embedding/embedded in aqueous R-Ladarixin, 
illustrating the dependence of σabs = σ

(s=+1)
abs  over the vacuum wavelength λ for fixed nanoshell thickness h = 20 

nm and right circular polarisation of the impinging field, and several distinct inner radii R = 100, 200, 300 nm. 
Full lines indicate results obtained by Eq. (6), while dashed lines indicate results obtained by EWFD calculations 
through commercial software38. Note that the electrostatic/magnetostatic approximation adopted in our semi-
analytical approach nicely fits EWFD calculations for Type-1, see Fig. 5(a), and Type-2, see Fig. 5(b), plasmonic 
nanostructures with R ≲ 100 nm radius, while for larger radii retardation effects become appreciable. For 
Type-1 configuration we observe maximised absorption cross-section at the water-AZO LSPR wavelength 
λW−AZO

LSPR ≃ 2.3 µm, such that Re[ϵAZO(λW−AZO
LSPR ) + 2ϵcs(λW−AZO

LSPR )] = 0, indicated by the black circles in 
Figs. 5(a,b). Conversely, in Type-2 configuration the absorption cross-section is maximised at hybridized water-
AZO/air-AZO LSPRs that heavily depend over the inner radius R and the AZO thickness h, see black circles in 
Fig. 5(b). Moreover, in both configurations other absorption peaks are observed at vibrational resonances of 
water λH2O ≃ 3 µm. Note that Ladarixin vibrational resonance is not visible in the absorption cross-section 
owing to the dilute molecular number density nmol = 10−2 nm−3.

We evaluate plasmon-enhanced VCDDA by the differential absorption cross-section 
∆σabs = σ

(s=+1)
abs − σ

(s=−1)
abs  obtained as the difference upon right (s = +1) and left (s = −1) circular 

polarisation of the incoming far-field. Results are reported in Figs. 5(c,d), illustrating the relative VCDDA 

Fig. 5.  (a,b) Dependence of the absorption cross-section σabs(λ), upon right circular polarisation excitation 
[σ(s=+1)

abs (λ)], over the vacuum wavelength λ of (a) Type-1, see Fig. 1(a), and (b) Type-2, see Fig. 1(b), 
plasmonic nanoshells/nanospheres embedding/embedded in pure R aqueous Ladarixin for fixed thickness 
h = 20 nm and molecular number density n(R)

mol = 10−2nm−3, and several distinct radii R = 100, 200, 300 
nm. (c,d) Dependence of the relative VCDDA ∆σabs/σ

(av)
abs , where ∆σabs = [σ(s=+1)

abs − σ
(s=−1)
abs ] 

and σ(av)
abs = 1

2 [σ(s=+1)
abs + σ

(s=−1)
abs ] over λ and relative enantiomeric imbalance ∆nmol/nmol, where 

∆nmol = n
(S)
mol − n

(R)
mol and nmol = n

(S)
mol + n

(R)
mol for (c) Type-1, see Fig. 1(a), and (d) Type-2, see Fig. 1(b), 

plasmonic nanoshells/nanospheres embedding/embedded in pure R aqueous Ladarixin with fixed radius 
R = 100 nm and thickness h = 20 nm. Black circles indicate SP-resonances of the considered AZO-based 
nanostructures.
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∆σabs/σav
abs calculated by our semi-analytical approach, where σav

abs = (1/2)[σ(s=+1)
abs + σ

(s=−1)
abs ] is the 

average VCD absorption cross section, as a function of the vacuum wavelength λ and the relative enantiomeric 
imbalance ∆nmol/nmol for (c) Type-1 and (d) Type-2 plasmonic nanoshells with inner radius R = 100 nm 
and thickness h = 20 nm embedding aqueous Ladarixin with mixed enantiomer content. Because water and 
AZO are not optically active, the observed VCDDA only arises from Ladarixin enantiomeric imbalance. Note 
that, owing to the small CP amplitude |κcs| ≲ 10−6 of the aqueous Ladarixin chiral mixture, also the relative 
VCDDA ∆σabs/σav

abs ≲ 10−6 assumes similar values at the Ladarixin vibrational resonance λLad ≃ 5.4 µm. 
For this reason, EWFD calculations provide noisy results, which we do not report here, due to the insufficient 
numerical precision required to simulate this effect. Conversely, our semi-analytical approach enables the 
accurate evaluation of ∆σabs/σav

abs in the electrostatic/magnetostatic regime R ≲ 100 nm. Note that, when 
the relative enantiomeric imbalance vanishes ∆nmol/nmol = 0 also the relative VCDDA vanishes accordingly 
∆σabs/σav

abs = 0 owing to the CP proportionality to enantiomeric imbalance κcs ∝ ∆nmol, which produces 
a sign flip of ∆σabs/σav

abs for opposite enantiomeric imbalance, see Figs. 5(c,d). Note also that for Type-1 
configuration the observed single peak arises from the resonant CP imaginary part Im[κcs(λ)], see Fig. 5(c), 
in Type-2 configuration this peak splits into two opposite peaks owing to the chirality-induced LSPR shift 
accounted by Re[κcs(λ)], see Fig. 5(d).

In Type-1 plasmonic nanostrutures, the aqueous shell of molecules around an AZO nanoparticle facilitates the 
investigation of enhancement effects arising from the near-field influence at the nanoparticle surface. Although 
achieving an ideal aqueous shell around a single nanoparticle is experimentally challenging, an analogous system 
can be attained by various techniques, e.g., by dispersing nanoparticles in the molecular solution, thin-film 
formation on top of nanoparticles, and chemically attaching the coating of the solution onto the nanoparticle 
surface. Indeed, the Type-1 nanoshell results provide also insights into plasmon-enhanced VCD of plasmonic 
nanoparticles dispersed in solution when the aqueous layer thickness becomes larger. We focus on the nanoshell 
geometry because a formal derivation of the absorption cross-section of a nanoparticle surrounded by an 
infinite absorbing medium is ill-posed and we maintain the whole structure to be subwavelength in order to 
keep within the validity limits of the electrostatic approximation. Type-2 core-shell arrangement serves the 
purpose of sensing applications employing plasmonic nanocavities. Fabricating a completely sealed AZO shell 
is experimentally unfeasible, but a physical approximation of such geometry could be achievable in the form 
of porous hollow nanoshells allowing for diffusion of the chiral molecular solution within the nanostructure. 
Furthermore, advanced fabrication techniques have been developed to design hollow micro/nano-structures 
embedding drugs for biomedical applications47,48. These strategies include hard-templating, soft-templating and 
self-templating synthesis to produce core-shell arrangements based on sacrificial template approaches49. Future 
experimental developments could employ analogous methods for AZO-based nanostructures.

To assess the performance of the distinct nanostructures for plasmon-enhanced VCD, we introduce the 
enhancement factor fVCD(λ) = ∆σabs/∆Σabs, where ∆Σabs indicates the VCDDA in the absence of the 
AZO-based nanostructure, i.e., by replacing ϵAZO(λ) with 1 in the expressions above. In Fig. 6(a) we compare 
the VCD enhancement factors of the distinct AZO-based nanostructures in the considered mid-IR wavelength 
range for aqueous R-Ladarixin with fixed molecular number density nmol = n

(R)
mol = 10−2 nm−3 and plasmonic 

nanoshells with fixed inner radius R = 100 nm and thickness h = 20 nm. Note that both Type-1 and Type-2 
plasmonic nanoshells enhance VCD at the LSPR by a factor ≃ 3 for Type-1 and ≃ 20 for Type-2. In turn, LSPRs 
of AZO-based plasmonic nanostructures provide plasmon-enhanced CD with enhancement factor comparable 
with noble metals23. However, Type-2 nanostructures are not well suited for plasmonic sensing because the chiral 
sample is placed within the nanoshell core. Conversely, Type-1 plasmonic nanostructures are more suitable for 

Fig. 6.  (a) Dependence of the VCD enhancement factors fVCD(λ) of the distinct AZO-based nanostructures 
[Type-1,2, see Figs. 1(a,b)] over the vacuum wavelength λ for aqueous R-Ladarixin with fixed molecular 
number density nmol = n

(R)
mol = 10−2nm−3 and plasmonic nanoshells with fixed inner radius R = 100 nm 

and thickness h = 20 nm. The blue/red curve indicates fVCD(λ) of Type-1/Type-2 AZO-based plasmonic 
nanoshells, respectively. (b,c) Dependence of the absolute value of VCDDA in the presence (|∆σabs|) and 
absence (|∆Σabs|) of AZO-based nanostructures over λ for (b) Type-1, see Fig. 1(a), and (c) Type-2, see Fig. 
1(b), plasmonic nanoshells/nanospheres for R = 100 nm and h = 20 nm.
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plasmon-enhanced VCD because the chiral sample is placed on the surface of the AZO-based nanosphere, but 
the enhancement factor is limited. Such a limitation arises from the large absorption of both AZO, see Fig. 2(a), 
and water, see Fig. 2(b), in the considered wavelength range. In principle, water absorption can get bypassed 
by the adsorption of chiral molecules on the nanosphere surface and subsequent water removal. However, 
molecular adsorption might depend over the enantiomeric form, thus affecting the sensing functionality.

Note that, for the considered Al doping of AZO39, the LSPRs of both Type-1 and Type-2 nanospheres/
nanoshells are far detuned from the vibrational molecular resonance of Ladarixin, see Figs. 6(b,c) where we depict 
the wavelength dependence of the VCDDA modulus for (b) Type-1 and (c) Type-2 nanoshells. Indeed, while the 
considered plasmonic structures amplify the absorption cross-section at the LSPRs indicated by the dashed-black 
circles, they do not contribute to enhance the VCDDA at the Ladarixin vibrational resonance. However, AZO 
has recently emerged as a promising plasmonic material in the mid-IR displaying significant advantages (e.g., as 
compared to noble metals) including low-loss and particularly high-tunability of plasmonic resonances50,51. In 
turn, one could adjust the Al-doping level of the AZO-based nanostructure to match the vibrational resonance 
of Ladarixin. In order to account for the modulation produced by modified Al-doping, we fit the AZO complex 
RDP illustrated in Fig. 2(a) with the Drude analytical expression ϵAZO = ϵb − ω2

P/ω(ω + iγAZO). Thus, by 
keeping fixed the background permittivity ϵb = 3.45, we modulate ωP and γAZO = γ̄AZOωP/ω̄P, where 
γ̄AZO = 2.56 × 1014 s−1 and ω̄P = 1.94 × 1015 rad/s are the fitted values to reproduce Fig. 2(a), to model 
the effect of Al-doping. In Fig. 7(a) we illustrate the dependence of ϵAZO over λ and λP = 2πc/ωP. Owing to 
such a RDP modulation, the absorption cross-sections of Type- 1 and Type-2 nanoshells display LSPRs shifting 
with the plasma wavelength, see Figs. 7(b,c) where we depict the dependence of σ(s=+1)

abs  upon right circular 
polarisation (s = +1) for (b) Type-1 and (c) Type-2 nanoshells with fixed R = 100 nm, h = 20 nm, and 
nmol = n

(R)
mol = 10−2 nm−3. Note that for (b) λP ≃ 2 µm and (c) λP ≃ 1.5 µm, the considered nanostructures 

display plasmon-enhanced VCD resonant with the molecular vibration of Ladarixin at λ ≃ 5.4 µm. Besides 
its appealing doping modulation properties, AZO is also compatible with Complementary Metal-Oxide-
Semiconductor (CMOS) integration schemes52, thus fostering experimental and technological applications to 
design compact chip-based sensors. Moreover, other mid-IR plasmonic materials might be adopted to replace 
AZO-based nanostructures. Indium tin oxide (ITO) possesses similar optical properties to AZO53, and thus also 
ITO-based nanoshells provide similar (but reduced) VCD enhancement factors. Graphene plasmons are known 
to exhibit lower absorption thanks to the reduced number density of conduction electrons26,54, thus constituting 
a promising platform for plasmon-enhanced VCD. However, owing to the reduced dimensionality of graphene, 
our electrostatic/magnetostatic approach is not suited to provide insights on this platform and we need to extend 
it for future investigations.

It is worth emphasizing that, in practical applications, Type-2 nanoshells are typically immersed in a solvent, 
e.g., water. However, the formal derivation of the absorption cross-section for a nanoparticle surrounded by 
an infinite absorbing medium like water is ill-posed. In turn, in order to evaluate the effect of the surrounding 
aqueous medium on the Type-2 nanoshell functionality, we consider ϵ3(ω) = ϵH2O(ω) and evaluate the induced 
electric d(r, t) = Re[d0(λ)e−iωt] and magnetic m(r, t) = Re[m0(λ)e−iωt] dipole moments, obtaining 
d0(λ) = ϵ0α

(s)
E (λ)A0 and m0(λ) = α

(s)
M (λ)(k × A0/ωµ0), where α(s)

E,M(λ) are electric [α(s)
E (λ) = ϵ3γ3R3] 

and magnetic [α(s)
M (λ) = isδ3R3

√
µ3/ϵ3] polarisabilities dependent over the impinging circular polarisation 

index s = ±1, and other quantities are defined in the text above. In Fig. 8, we illustrate the dependence of 
the differential polarisabilities ∆αE,M(λ) = α

(+1)
E,M (λ) − α

(−1)
E,M (λ) over the impinging vacuum wavelength 

for Type-2 plasmonic nanoshells, see Fig. 1(b), with distinct radii R = 100, 200, 300 nm and fixed thickness 
h = 20 nm, embedding pure R aqueous Ladarixin with molecular density nmol = n

(R)
mol = 10−2 nm−3 in their 

Fig. 7.  (a) Dependence of the Re[ϵAZO] over λ and plasma wavelength λPcalculated from fitting RDP of 
AZO39 by the Drude model. (b,c) Dependence of the absorption cross-section upon right circular polarisation 
excitation [σ(s=+1)

abs (λ, λP)] over λ and λP for (b) Type-1, see Fig. 1(a), and (c) Type-2, see Fig. 1(b), 
plasmonic nanoshells/nanospheres with fixed radius R = 100 nm and thickness h = 20 nm embedding/
embedded in pure R aqueous Ladarixin with molecular density nmol = n

(R)
mol = 10−2nm−3.
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core. Note that, owing to the water external background, the LSPR is blueshifted, see Fig. 5(b) for comparison. 
However, owing to water absorption, the LSPR quality factor is reduced and the adoption of transparent solvents 
in the considered spectral range is desirable in order to attain optimal functionalities. Moreover, in practical 
applications, the choice of specific transparent solvents can be engineered to produce LSPR shifts leading to 
overlapped LSPR-vibrational hybrid resonances of the specific molecule under consideration, thus enhancing 
the VCDDA signal.

Conclusions
In conclusion, we have investigated the potential of AZO-based plasmonic nanoshells for plasmon-enhanced 
VCD of chiral drug solutions. Our calculations have focused on a realistic chiral drug, aqueous Ladarixin, a 
dual allosteric inhibitor of CXCL8 (IL- 8) receptors, CXCR1 and CXCR2, currently in phase 2 and 3 trials for 
the treatment of diabetes36,37. By adopting a combination of MD, TD-DFT and PMM simulations based on a 
previously reported approach23, we calculated the macroscopic optical parameters of the isotropic chiral mixture. 
Moreover, we developed a semi-analytical electrostatic/magnetostatic approach enabling the evaluation of the 
absorption cross-section of plasmonic nanoshells. We corroborate our model by comparing semi-analytical 
results with EWFD calculations based on commercial software38, obtaining excellent agreement for nanoshells 
with radius ≲ 100 nm. We find that AZO-based plasmonic nanoshells produce VCDDA with a maximum 
enhancement factor ranging from 3 to 20 depending over the particular nanoshell geometry. Our results shed 
light on the opportunities offered by AZO-based plasmonic nanostructures for VCD nanospectroscopy of chiral 
drugs and advanced nanodevices for drugs characterization.

Data availibility
Data is provided within the manuscript or supplementary information files.
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