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Abstract:  

In this work we report the use of polarization active porous 1D Bragg microcavities (BM) 

prepared by physical vapor deposition at oblique angles for the optofluidic analysis of liquid 

solutions. These photonic structures consist of a series of stacked highly porous layers of two 

materials with different refractive indices and high birefringence. Their operational principle 

implies filling the pores with the analyzed liquid while monitoring with linearly polarized light 

the associated changes in optical response as a function of the solution refractive index. The 

response of both polarization active and inactive BMs as optofluidic sensors for the 

determination of glucose concentration in water solutions has been systematically compared. 

Different methods of detection, including monitoring the BM wave retarder behavior, are 

critically compared for both low and high glucose concentrations. Data are taken in transmission 

and reflection modes and different options explored to prove the incorporation of these 

nanostructured transducers into microfluidic systems and/or onto the tip of an optical fiber. This 

analysis has proven the advantages of the polarization active transducer sensors for the 

optofluidic analysis of liquids and their robustness even in the presence of light source 

instabilities or misalignments of the optical system used for detection. 
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1 Introduction. 

The development of multifunctional “lab on a chip” microfluidic systems requires very 

sophisticated transducers and robust, cheap and reliable interrogation procedures capable of 

providing reversible and straightforward detection functions.[1] Photonic crystal (PC) detection 

systems are very common in microfluidics because of their flexibility, non-destructive character 

and the rich variety of physical principles available for detection.[2,3] These include many 

examples related to plasmonic detection.[4–6]  In this case, detection can be mediated by the 

incorporation of specific molecules grafted on the surface of the plasmonic metal (i.e., label-

type procedures), an approach that has demonstrated high selectivity and low limit of detection, 

although the possible degradation of the label molecules usually restricts a prolonged 

utilization.[4,5]. In more recent works using plasmonic structures made of silver organized in the 

form of a 2D-PC deposited on a flat silver layer, Liu et al. [6] have shown a redshift of a resonant 

peak and sensitivity limits for detection of glucose similar to those determined in the present 

work using a different interrogation strategy. Other PC–based methods rely on optical 

interferences which are much affected by small changes in optical parameters (e.g., refractive 

index (RI)) of the interrogated fluids. [14,15] This is for example the basis of optical fibers based 

PCs consisting of a stack of layered polymers that, experiencing a swelling expansion in the 

presence of glucose, give rise to changes in transmitted light. [7] Changes in resonances in ring 

resonators[8] and other optical principles[9,10] constitute the basis of other type of label-free 

PC integrated microfluidic sensors,[11] in some cases with ultimate capacities of analyzing ultra-

small volumes up to the femtoliter level.[12,13] Typical PC configurations include 3D ordered 

opal photonic sensors,[16] inverse opals [17] and cavities,[18,19] 2D PC waveguides,[20] slotted 

PC heterostructures,[21] or ordered arrangement of nanopillars.[22] 

Recently, we have reported the synthesis and characterization of nanostructured 1D-PCs that, 

acting as Bragg mirrors, experience a spectral redshift when infiltrated with liquids.[23] This type 

of PCs consists of a series of stacked porous layers with alternant low and high values of RI that, 

through optical interferences, give rise to a spectral gap in their transmission spectra. These 

multilayer structures with porosities up to 50% of their total volume were prepared by Physical 

Vapor Deposition at Oblique Angles (PV-OAD), a suitable technique for nanoscale tailoring the 

growth of highly porous thin films and multilayers.[24] Modulation of porosity, RI and 

nanostructure of PV-OAD stacked multilayers has been a common strategy to build Bragg 

reflectors made of either one single material (e.g.,TiO2,[25,26] ITO [27,28] or silicon[29]) or two 

materials of different RI (e.g., alternating layers of TiO2 and SiO2 [30–33]). Porous Bragg 

Microcavities (BM), incorporating a thicker central layer within the stack and depicting a narrow 

resonant peak in the middle of the spectral gap, have been also prepared with the same 

technique.[30,34] The working principle of these 1D porous microcavities is similar to that of 3D 

hollow microcavities [9,10] or inverse opals [17] for determining the RI of liquids, with the 

difference that the empty space available for liquid infiltration is provided in this case by the 

porosity of the constituent layers and not by any hollow zone separating the structural elements. 

Using this type of BM, we have shown a resonant peak redshift upon liquid infiltration which, 

being dependent on liquid RI, was used to determine the concentration of solutions or the 

proportion of components in mixtures of liquids.[30] Recently, we have also demonstrated that 

these BMs can be made polarization active and their retarder behavior modulated by liquid 

infiltration.[34] In these previous publications, we described the performance of the BM device 

in a proof of concept approach. Herein, this is extended to a systematic analysis of the 

capabilities of the system to analyze aqueous solutions of technological interest, working in 



different experimental geometries (transmission/reflection) and with several evaluation 

protocols. In particular, we systematically study the possibilities of all possible polarization 

effects for liquid analysis within the perspective of the microfluidic integration of these BMs as 

liquid sensors. As case example, we apply the optofluidic transducer behavior of these BMs to 

analyze in a continuous way the changes in the RI of glucose solutions ranging from low (i.e. 

smaller than 0.5 M) to very high concentrations (i.e., in the order of 4 M).  

Determination of glucose concentrations is a key issue for critical activities related with human 

health [35] or food industry [36] where its analysis has been accomplished by a large variety of 

methods including density and RI determination, plasmonic transduction,[4,5] enzymatic[37] or 

enzymatic/electrochemical detection[38] or pure electrochemical analysis.[39] Generally, these 

methods are designed to work within either high or low ranges of glucose concentrations and 

there is not a proper method covering simultaneously both situations. For low glucose 

concentrations a high sensitivity and a low limit of detection are critical parameters in health 

related problems.[35] An advantage of the BMs developed in this work is that they can properly 

monitor at both high and low ranges. Another is that they can be easily integrated within 

microfluidic devices to work in continuous for long periods or directly attached to the tip of an 

optical fiber and measurements made in transmission or reflection modes. Moreover, we show 

that the chips incorporating polarization active BMs can operate with simple and robust LED 

sources and conventional photodetectors, thus avoiding the use of monochromators and 

sophisticated light sources. In the present work, besides proving all these features, we have 

determined the sensitivity and limit of detection for all explored measuring strategies either in 

the transmission or reflection modes. It has been shown that while the former seems rather 

adequate for microfluidic integration, the latter could be taken as an immersion procedure for 

the direct monitoring of liquids in flow lines or containers.  

 

2 Materials and methods 

2.1 Materials preparation and characterization 

Porous and nanostructured BMs made of stacked TiO2 and SiO2 layers were deposited by PV-

OAD according to a procedure reported previously.[23,30,34,40] BMs were deposited on quartz 

plates of 1.25x2.50 cm and on silicon wafers by electron beam evaporation in an oblique angle 

configuration at a zenithal angle (α) of 70⁰. These photonic structures consist of a stack of 15 

alternating TiO2 or SiO2 porous layers (first and last layer of the multilayer structure made of 

TiO2). The thickness of these layers was about 85nm, except for a thicker central layer of SiO2 of 

about 200nm, this latter acting as optical defect. The prepared BMs responded to chiral and to 

zig-zag morphologies of the nanocolumns forming the structure of the individual layers obtained 

by OAD. These two kinds of microstructures were obtained by azimuthally turning the substrate 

from one layer to the next by 90⁰ or 180⁰, respectively. The zig-zag microstructure was 

polarization active and presented wave retarder behavior. Although a full description of the 

microstructural peculiarities of these samples can be found in ref.[34], for the case of the zig-

zag microstructure it is of relevance to remind here that its polarization activity is related with 

the existence of a so called fence-bundling direction that corresponds to a preferential lateral 

association of nanocolumns in this case. This direction is perpendicular to the incoming flux of 

material during deposition (for details see Figure S1 in supporting information). The fence-

bundling makes the films birefringent, with optical axes parallel (slow axis) and perpendicular 

(fast axis) to the nanocolumn association direction. This direction will be used as a reference to 
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orient the polarizers when these optical components are used for the measurements (Figure S1 

in supporting information). 

Scanning electron microscopy (SEM) cross section micrographs of diced silicon supported BMs 

were taken in a Hitachi S4800 field emission microscope working at 2 keV primary beam energy. 

Secondary Electron (SE) and the Back Scattered Electron (BSE) detecting modes were used to 

highlight either topographic or compositional information, respectively. 

2.2 Optofluidic analysis with BMs 

Optofluidic analysis upon infiltration of the BMs with water and aqueous solutions of glucose 

was carried out in homemade microfluidic chips simulating typical channels/cavities in real 

microfluidic devices. A scheme of this optofluidic chip is presented in Figure 1a. The BM was 

deposited on a fused silica plate and then covered with another cap plate of silica with two 

orifices acting as inlet and outlet of liquids. An area larger than 1cm2 in the center of the chip 

was left free for optical analysis. A general assumption is that the liquid fills completely the pore 

volume of the photonic structure (i.e., approximately 50% of the total volume of the multilayer). 

A layout scheme of the optical components used for the measurements in transmission and 

reflection is also reported in Figures 1b and 1c. When using the chiral BM no special care must 

be taken regarding the azimuthal orientation of the multilayer with respect to the polarization 

plane of light and for simplicity non-polarized light was used for the analysis. Experiments with 

the zig-zag BM were carried out as a function of the linear polarization of light by placing a 

second polarizer between the detector and the chip, either in transmission or reflection 

configurations (see Figures 1b & c).  

When including this second polarizer in the path of the transmitted or reflected beams, the 

sample was azimuthally oriented (angle Φ) with the fence-bundling direction forming 45⁰ with 

respect to the polarization plane of the excitation beam.[34] A critical analysis justifying this 

specific azimuthal orientation can be found in a previous work.[34] 

According to Figure 1b, normal geometry was used for the measurements in transmission. 

Spectra were taken in a Cary 100 spectrophotometer. A first series of experiments in 

transmission geometry with microfluidic chips incorporating the zigzag BM were carried out with 

linearly polarized light placing a polarizer (pol#1) between the light source and the chip. In these 

conditions, spectra were recorded with pol#1 oriented parallel to the fence-bundling direction 

of the zigzag BM (zigzag-∥ configuration) or forming 90⁰ with respect to it (zigzag-⊥ 

configuration). Other series of experiments with the zig-zag BM were carried out with linearly 

polarized light obtained by placing the first polarizer (pol#1) between the light source and the 

microfluidic chip and a second polarizer (pol#2) between the detector and the chip, either in 

transmission or reflection configurations (see Figures 1b & c). As already said, when including 

this second polarizer in the path of the transmitted or reflected beams, the sample was 

azimuthally oriented with the fence-bundling direction forming 45⁰ with respect to polarization 

plane of the incident light to maximize the retarder behavior of the multilayer.[34]  

Optofluidic analysis in reflection mode was done using a home-made optical set-up employing 

optical fibers and two turning linear polarizer stages as represented in Figure 1c). The impinging 

and reflected beam directions were 30⁰ apart (incidence 15⁰ off normal). In this layout, the two 

optical fibers focus on the same spot of the BM layer and the two polarizers can be properly 

aligned. An image of the whole system is shown in Figure 1d). 



For some experiments, the position of the resonant peak before and after liquid infiltration (i.e., 

to determine the magnitude of redshift) was carefully determined by either a Gaussian fit or at 

the inflection point of its first derivative.  

Based on the capacity of the optical components used for detection and the reproducibility of 

results, a maximum capacity of detecting concentrations changes of 0.015 M can be assumed 

(see below). Assuming lineal tendencies at low or high concentration ranges, approximate 

sensitivity parameters have been determined for each method of detection. These values are 

approximations because for given concentration ranges not always a well-defined lineal 

relationship is hold between the monitored optical parameter and the concentration of glucose. 

 

3 Results and Discussion 

3.1 Microstructural and Optical characterization of BMs 

SEM cross-section micrographs of chiral and zig-zag BMs are presented in Figure 2 a) and b). The 

BSE-SEM micrographs in this figure clearly reveal the stacking of the TiO2 (light grey) and SiO2 

(dark grey) individual layers. Meanwhile, the SE-SEM images illustrate the specific columnar 

shape of these BMs. The included schemes represent how the orientation of nanocolumns varies 

from one layer to the next. These BMs are quite porous (ca. 50% void space) and for the zig-zag 

structure the nanocolumns associate laterally defining the already mentioned fence-bundling 

direction producing the polarization activity and phase retarder behavior to this type of BM (see 

section 3.2).[34]  

UV-vis transmission spectra recorded with unpolarized light for these two BMs are presented in 

Figures 2c) and d) and are characterized by a single and a double resonant peak, this latter with 

two components separated by 23 nm, for the chiral and zig-zag BMs, respectively. The double 

peak in the latter is an indication of optical activity.[34]  

When the BMs were infiltrated with liquids the whole spectra experienced a red shift that can 

be quantified measuring the resonant peak position. This is clearly observed in the spectra of 

Figure 2c) & d) when the two porous structures were filled with water. It is noteworthy that the 

double resonant peak observed in the zig-zag BM seemed to coalesce into a single peak after 

infiltration. A careful analysis with linearly polarized light of the two water infiltrated BMs (Figure 

S2 in supporting information) reveals that, unlike the single resonant peak characteristic of the 

chiral BM, the slightly broader resonance peak depicted in Figure 2d) for the zig-zag BM filled 

with water is actually composed of two resonant peaks separated by 8 nm.  

In a previous work,[34] we showed that the magnitude of redshift and the separation between 

the two resonant peak components in the zig-zag BMs is a function of the RI of the liquid 

infiltrating the pores. This behavior was accounted for by the substitution of the air filling the 

BM pores (n=1) by a liquid with n>1. According to the effective medium approximation theory 

for composite optical systems,[41] changing the RI of one of the phases of a composite system 

produces a change in the overall RI of the system. 

3.2 Monitoring glucose solutions in transmission mode 

Three analytical strategies were used in transmission geometry to determine the glucose 

concentration of the solutions using chiral and zig-zag BM chips. These strategies consist of 

measuring i) wavelength shifts (i.e., redshifts) of the resonant peak position, ii) changes in the 

transmittance at a given wavelength and iii), for the zig-zag BMs, changes of the polarization 

activity. As case examples to prove these three measurement strategies, we have carried out 
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the analysis of glucose solutions with concentrations ranging from 0.1 M to 4.0 M. Strategies 

similar to i) and ii) (i.e. measuring redshifts or changes in transmission) have been previously 

utilized by others to determine glucose concentrations using 2D-PCs.[8] Basic assumption in the 

present investigation is that the photonic chips respond to the changes in RI associated to the 

variations of glucose concentration in water solutions.[42] 

3.2.1 Determination of glucose concentration measuring redshifts in BMs’ resonant peaks.  

The infiltration of the BMs with glucose solutions produced a redshift in the resonant peak of 

the transmitted spectra. Figure 3 presents a series of resonant peak spectra recorded for a chip 

with a zig-zag BM after flowing glucose solutions of varying concentrations from 0.5 to 4.0 M. 

Similar series of spectra were recorded for the chip with chiral BMs (see Figure S3 in supporting 

information). For the zigzag BM, spectra were recorded with the polarization plane of the 

incoming light oriented parallel to the fence-bundling direction (i.e., zigzag-∥ configuration) 

(Figure 3a and 3b). Similar spectra but shifted 8 nm to the red were recorded with linearly 

polarized light oriented perpendicular to this same fence-bundling direction (i.e., zigzag-⊥ 

configuration) (see Figure S4 in the supporting information). The series of spectra in Figure 3a 

and 3b clearly prove a direct correlation between the magnitude of redshift (Δλ) of the resonant 

peak and solution concentration (Δλ is the difference between the positions of the resonant 

peak with the BM infiltrated with glucose solutions and with pure water).  

The dependence between the magnitude of Δλ and concentration of glucose solutions is 

reported in Figure 3c and d for the chiral, zigzag-∥ and zigzag-⊥ configurations, either for the 

low (Figure 3c)) or high (Figure 3d)) concentration ranges. These plots can be taken as calibration 

curves of the utilized BMs. The higher slope for the chiral BM curve clearly proves that this BM 

presents the highest sensitivity for concentration analysis when using Δλ as working parameter.  

From the reported values of RI of glucose solutions[43] (see Table 5 in Supporting Information) 

we have calculated the detection sensitivity Δλ/Δn expressed in nm over refractive index units 

(RIU). For the chiral BM, Δλ/Δn were 417 and 275 nm/RIU for low and high concentration ranges, 

respectively. In the case of the zigzag-∥ configuration the sensitivities were 248 and 137 nm/RIU 

for these concentration ranges, while for the zigzag-⊥ these values were 190 and 119 nm/RIU 

(Table 1). From these sensitivity values, it is possible to estimate the minimum glucose 

concentration change detectable with the BMs depends on the photonic structure/detection 

method.  Since the lowest wavelength change that can be followed is 0.1 nm (for our 

experimental set-up), the lowest detectable refractive index change is approximately 0.0005 RIU 

for a sensitivity 200 nm/RIU. This corresponds to approx. 2.5 gr glucose/l, i.e., 0.015 M 

 

3.2.2 Determination of glucose concentration measuring intensity changes at a fixed 

wavelength of BMs’ resonant peaks.  

The previous analysis requires a spectrophotometer to monitor redshifts of resonant peak 

positions, a procedure that besides expensive can be unpractical when working with real 

microfluidic systems. An alternative consists of following changes in intensity at a given 

wavelength after infiltration with different solutions. This option would be compatible with the 

use of cheap intensity detectors as photodiodes, and single wavelength sources (e.g. a LED or 

lasers for a higher resolution) for excitation. 

The quantification principle using this methodology is described in Figure 4 a) and b) for chips 

made with chiral and zig-zag BMs, respectively. It is apparent in Figure 4a) that due to the 

redshift of the resonant peak of the chiral BM the difference in transmittance ΔT at the 



wavelength of the resonant peak maximum of the chiral BM infiltrated with pure water can be 

used as a monitoring parameter of concentration. According to Figure 4b), for the zigzag BM two 

parameters, ΔT∥ and ΔT⊥, can be obtained when using polarized light at ∥ or ⊥ configurations 

and as reference the resonant peak spectrum of the BM filled with water measured at a ∥ 

configuration. Each one of these two parameters permit selecting spectral zones of the resonant 

peak where due to the Gaussian-type shape of the resonant peak changes in transmission are 

maxima for either low or high concentration ranges. It is noteworthy in this regard that the 

wavelength chosen for evaluation was arbitrarily selected in order to yield the highest possible 

intensity variation for a given range of infiltrated liquid refractive index (i.e., at a wavelength 

where the slope of the resonant peak was maximum and where shifts in position would yield 

the maximum variation in transmittance).   

Figure 4 c) and d) show the evolution of ∆T (chiral BM) and ∆T∥ and ∆T⊥ (zig-zag BM) with the 

glucose concentration. The left-blue ordinate axis refers to ∆T⊥ (zig-zag BM). The right-black 

ordinate axis refers to ∆T (chiral BM) and ∆T∥ (zig-zag BM). These graphs show that analysis 

sensitivity is different depending on range of concentrations, type of BM and, for the zig-zag 

BM, on measurement strategy (i.e., ∆T∥ or ∆T⊥). Defining as sensitivity parameter the ratio 

ΔT/Δn, approximate values for the high concentration range and the particular BM utilized for 

the analysis were 395%/RIU for chiral BM and 369 %/RIU and 272%/RIU for zig-zag BM, in this 

latter case for the ∥ and ⊥ configurations, respectively (Table 1). For the low concentration range 

these values were 440, for chiral BM and 432 and 671 %/RIU for zig-zag BMs, respectively. As in 

the previous strategy based on Δλ variations, the minimum glucose concentration change 

detectable following ∆T depends on the photonic structure/detection strategy. Since the 

minimum variation in this case is about 0.1%, then, for s=300%/RIU the minimum glucose 

concentration change corresponds to 0.0003 RIU change for the water-glucose solution, i.e., 

approximately 0.01 M.  

 

3.2.3 Determination of glucose concentrations following changes on the polarization activity 

of zigzag BM.  

The optical activity of the zig-zag BM can be modulated by liquid infiltration,[34] leading to 

changes in the intensity ratio of transmitted light depending on experimental configurations 

typically used to ascertain the ellipticity of polarized light. We used the following two 

configurations:  

Aligned polarizers configuration: The zig-zag BM is placed between two polarizers with aligned 

transmission axes and its fence-bundling direction oriented 45⁰ off with respect to them. 

Crossed polarizers configuration: The zig-zag BM is placed between two polarizers with crossed 

transmission axes and its fence-bundling direction oriented 45⁰ off with respect to them.  

Figure 5 presents selected spectra recorded for the aligned and crossed configurations and 

increasingly higher concentrations of glucose solutions. It is apparent that besides a redshift for 

the two configurations, the intensity of the spectra increases/decreases for the aligned and 

crossed configurations, respectively. This tendency agrees with the experiment reported in 

ref.34 where pure liquids of increasingly higher RI were infiltrated in this type of BM. Herein, we 

propose that variations in the intensity ratio between the resonant peaks recorded for the 

crossed and aligned configurations, Δβ, can be taken as a measurement of glucose 

concentration. For highly concentrated solutions, the calibration curve reported in Figure 5 d) 

yields a clear dependence of this ratio on glucose concentration. Meanwhile, the curve in Figure 



8 
 

5 c), corresponding to low concentrations of glucose, suggests that the limit of detection with 

this methodology would be about 0.02M, i.e., about 4 gr glucose per liter. The obtained 

sensitivity parameters ∆β/∆n were 137 and 147 RIU-1 for low and high concentration ranges, 

respectively (Table 1). 

Since Δβ is independent of the illumination intensity, the use of these zig-zag BM transducers 

and this measurement procedure avoids experimental problems stemming from malfunctions 

or time instabilities of the light source, as well as other drifts and time instabilities of the 

measurement system. It is also noteworthy that directly measuring the peaks areas only requires 

a light source for excitation around the resonant peak position (e.g., a LED) and a photodiode 

for detection.  

 

3.3 Monitoring glucose solutions in reflection mode  

Measurements carried out as indicated in Figure 1c) present the advantage of providing 

information exclusively on the liquid infiltrated in the BM without any contribution from the 

surrounding medium as it might happen in transmission mode. This could be a problem if the 

solution is colored and there is an intense absorption band due to the liquid filling the cell 

volume (see Figure 1a) that overlaps the resonant peak and therefore affect the measurement 

of Δλ, ΔT or Δβ (note that such an effect would be negligible in reflection since only the volume 

infiltrated in the pores is then monitored). 

Figure 6 a) shows a set of resonant peak reflectance spectra recorded for the zig-zag BM for a 

set of glucose solutions of increasing concentrations (see the complete spectra in Figure S6 of 

the supported information). It is apparent that the spectra present a progressive redshift and 

that ∆λ and ∆T can be determined as in the transmission mode to estimate glucose 

concentrations (see figures 3 and 4). This analysis renders the calibration curves reported in 

Figures 6 b) and Figure 6 c) and the following sensitive parameters: 172 and 133 nm/RIU and 

301 and 363 %/RIU for ∆λ and ∆T and low and high concentration ranges, respectively (Table 1). 

With the device in reflection mode described in Figure 1 c) and the zig-zag BM we also 

determined the modulation of polarization activity upon liquid infiltration. Polarizers (#1) and 

(#2) in the scheme of Figure 1c were placed either aligned (//) or crossed (X) to each other as 

indicated in the scheme of Figure 7. Resonant peak spectra were recorded for this BM infiltrated 

with water and a series of glucose solutions (a complete spectrum is reported as supported 

information in Figure S7) both for the aligned and cross configurations. The spectra recorded in 

the aligned configuration were similar to those recorded without placing the second polarizer 

after the BM (c.f., spectra in Figure 6 a). The  Gaussian-type  shape of these spectra differs from 

that recorded in the crossed configuration (Figure 7 a), an effect that will not be discussed in 

detail here and that reflects the complex retarder behavior of the zig-zag BM when measured 

in reflection using the particular detection geometry of our device.[34] Following a strategy 

similar to that in Figure 5 for measurements in transmission, the ratio between the intensity of 

the resonant feature for the aligned and cross configurations (i.e., β´, with the cross 

configuration intensity taken as the variation between maximum and minimum of the curves) 

was used to get the calibration curves in Figures 7 b) and c). Similar advantages (e.g., neglecting 

instability of light sources and similar effects) to those quoted above for transmission can be 

claimed here if working in reflection. The sensitivity parameters ∆β´/∆n calculated in this way 

have approximate values of 44 and 94 RIU-1 for the low and high concentration ranges 

respectively (Table 1). 



 

 

3.4 Discussion  

The use of 2D and 3D PCs to determine the RI of liquids and solutions in microfluidic systems has 

been amply discussed in literature[1,11–16,18–21][1,11–16,18–21]. Other methods based on 

plasmonic detection have also been proposed. [4-6] The summary of sensitivity parameters in 

Table 1 for our 1D porous BMs clearly demonstrates the possibilities of the 1D porous BM as 

optofluidic transducers for the analysis of glucose concentrations, with responses similar to 

those reported in literature for other PC-based or inverse opals procedures (although less than 

detection based on plasmonic effects [4,5], see supporting information Table S8). Depending on 

the transducer different figures of merit are used to assess their sensing capacity. A common 

figure of merit in plasmonic and other optical detection methods is the displacement of the 

resonant peak divided by its width. Herein, due to the relatively high width of the BM resonant 

peak we have disregarded this feature to estimate sensitivities and relay on the parameters 

gathered in Table 1.   The reported sensitivity values in this table are well fitted for the use of 

the BMs in the food industry. For example, for the case of grapes wine production, the refractive 

index of the grape-juice solution varies by about 0.025 RIU [44] during fermentation. Since the 

smallest wavelength shift detected by our system is 0.1 nm, for a transducer with a sensitivity 

of 200 nm/RIU, the minimum detectable change of refractive index would be 0.0005 RIU (i.e., 

equivalent to approximately 2.5 g glucose/l, see Table S5), which is by far small enough for this 

application. However, this range of sensitivity values would be not high enough for some 

medical applications where, for glucose determination in blood, 100 times higher sensitivities 

are often required. 

According to Table 1 the sensitivity of measurement depends on different experimental factors 

such as the chiral or zigzag configuration of the BMs, the use of polarized light for the optical 

interrogation, the geometry of detection (either normal incidence transmission or near normal 

incidence reflection), the detection parameter (peak shift, peak intensity at a fixed wavelength, 

or intensity ratio between parallel and crossed polarizers configurations), or the concentration 

range of the solution. Although a systematic assessment of the reasons explaining these 

differences is outside the scope of this work, we can comment on microstructural and other 

experimental features that should be taken into account for their justification. The anisotropic 

optical response of BM transducers is due to their microstructural anisotropy and the 

preferential distribution of porosity along a given direction. Under these conditions, it is not 

surprising that for zig-zag BMs sensitivity varies with the orientation of light polarization and 

that different sensitivities are found when probing with light polarized parallel or perpendicular 

to the fence-bundling direction (in the parallel case we mostly probe liquid infiltrated in 

mesopores within the columns while for perpendicular polarization the probed mesopores are 

in-between the associated nano-columns, see schemes in Figure S1. In the light of this sample 

anisotropy is neither striking that the geometry of the detection affect sensitivity since for the 

transmission arrangement the measurements are made at normal incidence, while for the 

reflection arrangement, the angle of incidence is 75º with respect to the surface. Moreover, 

sample porosity might not be identical for the two type of BMs (chiral and zigzag) considered in 

this work, with the additional factor that in chiral BMs porosity is evenly distributed in the plane 

and they are interrogated with un-polarized light. It is also reasonable to assume that the change 

in polarizability of the infiltrated BM system may not be linear with the solution concentration. 

In general, we mostly obtain higher sensitivities for the lowest glucose-water concentrations 
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(below 0.5 M), i.e., under conditions with the highest refractive index contrast between the 

solutions and the materials (SiO2, TiO2) forming the BM.  

The label-free BM transducers developed in the present work have a series of features that 

deserve additional comments. The manufacture procedure of this type of BMs is quite simple, 

just involving a one-step vacuum deposition method,[24] does not require lithography or 2D 

manufacturing, is compatible with any kind of substrate and permits the fabrication of a large 

set of chips in the same experiment. They work well for a large range of RI of solutions, enabling 

detection within a large range of concentrations. This capability highly contrasts with other 

optofluidic systems providing good results only for either low [4,5,8] or high concentration 

ranges.[45] In addition, the small amount of liquids required for analysis (a rough estimation of 

the volume of the void space in the pores of the BM renders a value smaller than 1nL per mm2 

of area) sustains their use within a lab on a chip approach in microfluidics. A high reversibility 

and a short response time (less than one second once the porous BM is exposed to a new liquid) 

are additional features supporting its use for these applications. It is also noteworthy that the 

label-free character of the method ensures a systematic and long-time utilization without 

degradation. 

 

Another strong point of the BMs chips regarding their incorporation into microfluidic systems 

rely on their flexibility and the variety of interrogation methods which are compatible with their 

optical behavior. In this regard, it deserves stressing that the reflection mode of detection 

enables the analysis of any kind of liquid, even if it contains particles or cells in suspension or if 

it disperses the light (e.g., natural juice, milk, blood, etc.). In fact, when the BMs are interrogated 

in reflection mode only the liquid infiltrated in their pores contributes to the observed spectral 

changes. The small size of the pores, all of them in the range of nanometers (always smaller than 

10 nm)[34] prevents that suspended particles/cells enters the BMs, making that the photonic 

information refers exclusively to the liquid without interferences from suspended particles. In 

Supporting information 9 we present in a Table a series of measurements taken with every-day 

liquids (note that in these liquids besides glucose other dissolved substances may contribute to 

the measured RI) proving the versatility of the nanostructured BM for liquid analysis.  

The BM transducers described in this work are label free, meaning that separate information 

from two of more liquids in a mixture would not be accessible. However, modifications can be 

envisaged to incorporate chemical selectivity, for example, through the functionalization of the 

inner porosity of the BM transducer to make it selective to a specific compound. Work in this 

line is in progress in our laboratory. 

 

 

4 Conclusions 

Planar and highly porous anisotropic BMs with zig-zag and chiral microstructures have been 

successfully incorporated in an optofluidic chip that, through the infiltration of liquids, may act 

as RI transducers for analytical purposes. Three measurement principles have been proposed 

for determining the concentration of glucose solutions. Measurements have been carried out 

both in transmission and reflection geometries, in this latter case with the advantage that 

suspended nanoparticles or cells do not enter the small pores of the layered structure and do 

not contribute to degrade the optical performance of the system. Changes in the spectra 



induced upon liquid infiltration have been analyzed by measuring both, the shift of the resonant 

peak and the variations in intensity at a selected wavelength. The variation of the optical activity 

with the RI of the infiltrated liquid in the zig-zag BM has proved to be a suitable and robust 

method for liquid analysis that can be easily integrated in real microfluidic systems using a very 

simple optical detection system. The sensitivities towards glucose concentration analysis 

determined for the various methods of interrogation essayed in the present work compare well 

with others obtained with more complex photonic structures. These and other operational and 

manufacturing advantages of the nanostructured 1D BM support their use for the optofluidic 

analysis of solutions in microfluidic platforms or directly by immersion in liquids when using the 

reflection mode of analysis. 
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Table 1. Summary of sensitivity parameters determined for the BMs used for optofluidic detection under different 

configurations. 

  

 
∆λ/∆n  
(nm RIU-1) 
(Low/High range) 

∆T/∆n  
(% RIU-1) 
(Low/High range) 

∆β/∆n (RIU-1) 
(Low/High range) 

Type of BM Chiral Zig-zag ∥ Chiral Zig-zag ⊥ Zig-zag ∥ Zig-zag 

T(%) mode 417/275 248/137 440/395 671/272 432/369 137/147 

Type of BM Zig-zag Zig-zag Zig-zag 

R(%) mode 172/133 301/363 44/94 
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Figure 1. a) Scheme of the microfluidic chip used for analysis with indication of the inlet and outlet tubes, the observation 

area and the BM. The drawing is not at scale and the distance between the two plates is approximately 1 mm. b) and c) 

Layouts of the optical system used for the analysis in transmission and reflection: (#1, #2) polarizers which can be oriented 

either aligned or crossed to each other; (#3) goniometer to azimuthally rotate the chip with respect to the beam; d) 

Photograph of the optical set up used for the measurements in reflection. OF1 and OF2 optical fibres used for illumination 

and detection, respectively. 

c) d) 

a) b) 

Figure 2. a) Cross-sectional SEM micrographs (BSE and SE) of a cleaved chiral BMs. Colours overpainted on the images 

highlight the layered structure. b) Ditto for a zig-zag BM. c) Transmission spectra recorded with unpolarised light for the 

chiral BM (red) and its optofluidic response (blue) when it was infiltrated with water. d) Ditto for a zig-zag BM. 



 

 

  

c) d) 

a) b) 

Figure 3. UV-vis transmission spectra around the resonant peak recorded in ∥ configuration for water and a series of 

glucose solutions of low (a) and high (b) concentrations infiltrating the zig-zag BM. c) Plot of the redshift Δλ of the 

resonant peak as a function of the glucose concentration for chiral and zig-zag BMs recorded with polarized light. d) 

Ditto for high concentrations of glucose. The lines are plotted to guide the eyes. 
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Figure 4. Measurement principle based on changes of transmitted intensity. a) Transmittance spectra around the resonant 

peak for a chiral BM infiltrated with water and a 1.0 M solution of glucose. ∆T is the difference in transmittance at the 

wavelength of the maximum of the resonant peak position recorded with the chiral BM infiltrated water taken as a reference 

(dashed vertical line). b) Ditto for the zig-zag BM. ∆T∥ is the difference in transmittance when spectra of both the reference 

and 1.0 M glucose solutions are recorded at a ∥ configuration. ∆T⊥ corresponds to a similar measurement with the reference 

spectrum recorded at a ∥ configuration and the 1.0 M glucose solution recorded at a ⊥ configuration (dashed vertical line) c) 

Evolution of ∆T (chiral BM) and ∆T∥ and ∆T⊥ (zig-zag BM) with the glucose concentration. d) Ditto for higher 

concentrations. The left-blue ordinate axis refers ∆T⊥ (zig-zag BM). The right-black ordinate axis refers to ∆T (chiral BM) 

and ∆T∥ (zig-zag BM). The lines are plotted to guide the eyes. 

c) d) 

a) b) 

Figure 5. a) & b) Transmittance spectra recorded around the resonant peak for the zig-zag BM infiltrated with water and 

several solutions of glucose (see the difference in the scale units in each case). The sample was azimuthally rotated by 

45⁰ with respect to the polarization plane of light and placed in-between two aligned (a)) and crossed (b)) polarizers. c) 

Ratio between the areas of the resonant peaks recorded in aligned and crossed configuration as a function of glucose 

concentration. d) Ditto for higher concentrations of glucose. The lines are plotted to guide the eyes. 

c) d) 

a) b) 



 

 

 

 

 

 

 

 

 

Figure 7. a) Reflectance spectra around the BM resonant peak for water and a series of glucose solutions infiltrating 

the zig-zag BM. The spectra were recorded with crossed polarizers. A scheme of the aligned (//) and crossed (X) 

configurations can be seen at the right of the spectra. b) Ratio between intensities of the resonant peaks of the BM 

recorded with aligned and crossed polarizers configuration as a function of glucose concentration (up to 0.5 M). c) 

Ditto for higher concentrations of glucose. 

b) c) 

a) 

b) c) 

a) 

Figure 6. a) UV-vis reflectance spectra around the resonant peak for water and a series of glucose solutions infiltrating 

the zig-zag BM. The spectra were recorded with linear polarized light parallel (//) to the fence-bundling direction of the 

BM and forming 15⁰ with respect to the surface normal. A scheme of the optical setup is included for clarity. Plots of 

the redshift of the resonant peak b) and of the evolution of the difference in transmittance c) as a function of the glucose 

concentration for the spectra presented in a). Note that the dashed blue square highlights a zoom in the scales of both 

axes. 
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