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Effect of pore diameter in nanoporous anodic 

alumina optical biosensors 

G. Macias, J. Ferré-Borrull, J. Pallarès and L.F. Marsal
a
   

The influence of pore diameter over the optical response of nanoporous anodic alumina (NAA) films is 

analyzed by reflectance interference spectroscopy. NAA manufactured by the two-step anodization 

procedure in oxalic acid exhibiting three well-defined pore diameter distributions with pores of 32 ± 4, 

50 ± 3, and 73 ± 2 nm are studied. The optical detection of biomolecules is investigated by serially 

dosing protein A, human IgG and anti-human IgG into the nanoporous matrix using a custom-made flow 

cell. The results demonstrate that the transduction signal, the variation of effective optical thickness upon 

IgG binding to protein A (∆EOT), depends of the nanopore diameter: for small pore diameter (32 nm) no 

significant differences in signal are observed for different protein concentrations whereas for larger pore 

diameters (50 nm and 73 nm) the signal increases for increasing concentration from 10 to 100 µg•mL-1. 

Our experiments also show that this signal can be further enhanced by amplification with anti-human 

IgG due to the multiple binding events between the antigen and antibody. These results will enable the 

development of more sensitive interferometric biosensors based on NAA. 

Introduction 

Label-free biomolecular sensors are devices that monitor 

binding events between two biomolecules in real time. This 

makes them an interesting research tool for medical, 

environmental and biochemical sciences. A biosensor consists 

in a surface loaded with a recognition element that specifically 

reacts with the analyte. This binding event is then transduced 

into a quantifiable signal such as an optical1,2 or an 

electrochemical response3,4. 

 

Interferometric biosensors are a specific kind of optical 

biosensor. They rely on a very sensitive technique called 

reflectance interference spectroscopy (RIfS). RIfS bases on 

monitoring the interference pattern resulting from illuminating 

a thin film with a white light. This pattern depends on the 

effective optical thickness (EOT) which in turn, depends on the 

refractive index of the thin film (n) and its thickness (L) 

(EOT=2nL). The binding of analyte molecules to the sensor 

surface results in the formation of an organic adlayer. In an 

initial work, planar RIfS biosensors monitored this binding 

event by measuring thickness shifts (∆L) in the reflectance 

spectrum. To do so, the refractive indexes of the biological 

adlayer and the thin film had to be similar2. Further 

development of RIfS technology led to the use of porous 

materials in an attempt to increase the sensitivity of the 

technique. Porous thin films have a larger surface binding area 

for analyte capture. However, when RIfS is applied to these 

materials, it does not measure ∆L but a refractive index shift 

(∆n). 

The first porous interferometric biosensor was based on porous 

silicon (pSi)5. Further development of porous interferometric 

biosensors continued with pSi as the sensing matrix due to the 

well-known fabrication techniques available6-15. The main 

disadvantage of such sensors was the instability of pSi at 

physiological conditions which resulted in a baseline drift due 

to the dissolution of the porous layer in the aqueous 

environment7. In an attempt to improve the resistance of pSi 

several approaches been proposed to passivate the surface. The 

most common technique for pSi passivation is obtaining porous 

silicon dioxide (pSiO2) by thermal oxidation16. This process 

increases the stability of the porous structure, but still some 

dissolution of the pSiO2 matrix could be appreciated17. Better 

approaches for enhancing the stability of pSi in aqueous 

environments are thermal carbonization17-18 and TiO2 coating19. 

Another approach would be to use nanoporous anodic alumina 

(NAA) as the porous matrix20-27. NAA consists in close-packed, 

self-ordered parallel pores whose structural characteristics can 

be easily tuned by adjusting the electrochemical etching 

conditions and applying pore widening post-treatments28. 

Moreover, NAA has greater stability than pSi at physiological 

pH21,29 and its surface can be functionalized in order to 

covalently attach selective receptors30-33. 

 

To date, few optimization studies have been carried out in order 

to determine the optimal structure for biosensing purposes. Pore 

diameter is one of the most limiting factors34-37. When pore 

diameters are too small, they can hinder protein diffusion inside 

the structure and when pores are too large, the refractive index 
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contrast will decrease an also there is the possibility of 

scattering light and thus, the structure will not be suitable for 

interferometric sensing. In an initial work, pSi with four 

different pore diameters were studied using a model enzyme 

linked immunosorbent assay (ELISA) was used to evaluate 

antibody binding capacity34. This experiment demonstrated the 

minimum pore diameter necessary to distinguish specific from 

non-specifc binding. However, even though the effect of pore 

size could be appreciated, the pore diameter distribution was 

wide and just one concentration was evaluated. The effect of 

porosity has been theoretically calculated for the adsorption of 

bovine serum albumin (BSA) in NAA waveguide sensors35. But 

no experimental proof of this effect was reported. Kumeria et 

al. reported an optimization study of NAA using RIfS36. In this 

study, different pore diameters with distinct layer thicknesses 

and metal coatings were evaluated. However, the conclusions 

over the optimal structure were based on the resulting 

reflectance spectra and not on an actual sensing experiment. 

Recently, electrochemical impedance spectroscopy (EIS) was 

used to determine the influence of pore diameter on impedance 

nanopore biosensors37. This work was able to demonstrate the 

influence of pore diameter in EIS in the detection of different 

concentrations of biotin in streptavidin-functionalized NAA. 

Nevertheless, biotin is a low molecular weight analyte 

(MWbiotin = 244.31 Da << MWhuman IgG = 150-170 kDa) and 

thus, investigation of the influence of pore diameter in heavier 

biomolecular analytes such as immunoglobulins is of great 

interest. 

 

In this work, we present a thorough study the effect of pore 

diameter over the sensing performance of a NAA monolayer 

biosensor in order to define the best pore diameter for 

biosensing purposes. To assess this issue, we prepared three 

different sets of NAA samples with the same pore length and 

three different narrow pore diameter distributions. The resulting 

structure was monitored in real-time using RIfS. The samples 

were serially infiltrated with protein A, two concentrations of 

10 and 100 µg•mL-1 of human IgG, and anti-human IgG. 

 

Experimental 

Materials.  

Aluminium (Al) foil (thickness = 250 µm, purity = 99,999%) 

was purchased from Goodfellow. Oxalic acid (H2C2O4), ethanol 

(C2H5OH), acetone ((CH3)2CO), perchloric acid (HClO4), 

phosphoric acid (H3PO4), chromium trioxide (CrO3), protein A 

from staphylococcus aureus (SpA), human IgG from human 

serum, and anti-human IgG produced in goat were purchased 

from Sigma Aldrich. Double de-ionized (DI) water (18.6 MΩ, 

Purelab Option-Q) was used for all the solutions unless 

otherwise specified. 

Fabrication.  

Al substrates were first degreased in acetone and further 

cleaned with ethanol (EtOH), DI water and dried under a 

stream of air. Prior to anodization, Al substrates were 

electropolished in a mixture of EtOH and perchloric acid 

(HClO4) 4:1 (v:v) at 20 V and 5 ºC for 4 min. During the 

electropolishing procedure, the stirring direction was alternated 

every 60 s. Then, the electropolished Al substrates were 

cleaned in DI water, EtOH, DI water and dried under a stream 

of air. Subsequently, the first anodization step was performed in 

oxalic acid (H2C2O4) 0.3 M at 40 V and 4-6 ºC for 20 h and 

cleaned with DI water, EtOH, DI water and dried under a 

stream of air. Then, the grown aluminium oxide was selectively 

dissolved in a mixture of phosphoric acid (H3PO4) 0.4 M and 

chromic acid (H2CrO4) 0.2 M at 70 ºC for 3 h. The resulting 

patterned Al was cleaned in DI water, EtOH, DI water and 

dried under a stream of air. Afterwards, a second anodization 

step was performed under the same conditions until a total 

charge of 2.08 C was reached. Finally, the pores were widened 

by wet chemical etching in phosphoric acid (H3PO4) 5 % wt. at 

35 ºC for 0, 10 and 20 min and the resulting samples cleaned in 

DI water, EtOH, DI water and dried under a stream of air28. 

Immunosensor experiments. 

 NAA samples were placed in a flow cell and a baseline with 

PBS was acquired prior to protein dosing. Subsequently, 

proteins were serially dosed to the NAA sample in three steps 

at a constant flow rate of 1 mL•min-1. Step I corresponds to 

protein A (100 µg•mL-1), step II corresponds to human IgG (10 

or 100 µg•mL-1) and step III corresponds to anti-human IgG 

(100 µg•mL-1). Washing steps of 30-40 min in PBS between 

proteins were performed in order to remove free and loosely 

bound proteins. 

Data acquisition.  

Reflectance spectra of the NAA samples in the 500-1000 nm 

range were obtained using a halogen light and a CCD 

spectrometer (Avantes). Light was directed to the surface at a 

normal angle through a fiber optic cable consisting of six 

illuminating waveguides and one reading waveguide coupled to 

an optical lens which focused the light on top of the NAA. The 

light reflected by the NAA sample was collected by the reading 

waveguide and directed to the CCD spectrometer. Finally, a 

discrete Fourier transform was applied using the algorithm 

developed by Sailor10. The position of the resulting Fourier 

transform peak was monitored in real-time in order to detect the 

binding events among the different proteins and the resulting 

data was de-noised using an adjacent averaging of 200 data 

points. 

 

Results and discussion 

Structural characterization. 

 SEM micrographs showed high-density uniform self-ordered 

pores throughout the samples. Fig. 1a, 1b and 1c show the top-

view images of samples corresponding to pore widening times 

(tpw) of tpw = 0 min, tpw =10 min and tpw = 20 min respectively. 

The pictures show an increasing pore diameter for increasing 
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tpw and an almost perfect triangular lattice within the image 

scale. Fig. 1d shows a cross section of one of the as produced 

NAA monolayers showing highly parallel straight pores 

without pore branching and with a pore length (Lp) of Lp = 4.6 

± 0.1 µm. Thanks to these straight nanochannels, interpore 

diffusion of the proteins is avoided. This picture also shows 

part of the sample upper surface, with the good triangular 

arrangement and the different domains. 

 

 
Fig. 1. SEM micrographs of the NAA films used in this study. 

Top views of (a) tpw = 0 min, (b)  tpw = 10 min, and (c) tpw = 20 

min (scale bars = 500 nm); (d) cross section of a NAA film (tpw 

= 0 min) (scale bar = 3 µm). 

 

 
Fig. 2. Histogram of (a) pore diameter distribution (dp), and (b) 

interpore distance (Dint). 

 

Fig. 2 presents the results of the image analysis of the SEM 

micrographs. Fig. 2a shows the statistical analysis of pore 

diameters (dp) with the number of counts at intervals of width 2 

nm. The distribution of the pore sizes can be fitted to a 

Gaussian where the average pore size and standard deviation 

can be estimated. The results showed a narrow pore diameter 

distribution in all samples with dp= 32 ± 4 nm, dp= 50 ± 3 nm 

and dp= 73 ± 2 nm for the samples with tpw = 0 min., tpw =10 

min. and tpw = 20 min. respectively. Fig. 2b shows the results of 

the statistical analysis of the interpore distance (Dint). The 

results showed again narrow distributions of Dint= 102 ± 3 nm, 

Dint= 95 ± 3 nm and Dint= 97 ± 3 nm corresponding to the same 

three pore widening times, respectively. These results 

demonstrate the monodispersion of the diameters studied and 

the repeatability of the interpore distance within the 90-105 nm 

range using our fabrication conditions. 

Optical characterization.  

 
Fig. 3. Optical characterization of the NAA monolayer 

biosensors. (a) Reflectance spectra of the NAA monolayers, (b) 

Fourier transform of the reflectance spectra in (a). 

 

Fig. 3 shows the optical characterization of the NAA 

monolayers before protein infiltration. Fig. 3a shows the 

reflected intensity spectra of three NAA monolayers in the 500-

1000 nm range corresponding to the three tpw considered in this 

work. The spectra displayed consist in a series of oscillations 

arising from Fabry-Pérot interference of the light reflected at 

the top (air/NAA) and bottom (NAA/Al) interfaces. These 

interferences follow the Fabry-Pérot relationship: 

 

�� � 2��,     (1) 

 

where m is the order of each oscillation, λ is the wavelength of 

the corresponding maximum, n is the effective refractive index 

of the layer and L is its thickness. The right hand part of this 

equation corresponds to the effective optical thickness (EOT) of 

the layer. The spectra of these NAA monolayers with average 

pore diameters of 32, 50 and 70 nm show a total of 15, 14 and 

13 oscillations respectively. Furthermore, the amplitude of the 

intensity oscillations also decreases with increasing porosity. 

Since all samples have the same thickness, these differences are 

related with the refractive index of the porous layer (nlayer), 

which in turn depends of the layer porosity (or nanopore 

diameter). As the pore sizes and interpore distance are smaller 

than the measurement wavelengths, the refractive index of the 

layer can be related to porosity with an effective medium 

approximation24: 
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where nlayer is the effective refractive index of the layer, 

nmedium is the refractive index of the material filling the pores, 

nAl2O3 is the refractive index of the alumina and P is the 

porosity of the layer. 

 

Thus, since the wavelength difference between two consecutive 

maxima depends inversely of nlayer (as it can be deduced from 

eq. 1) the number of oscillations decreases for increasing 

porosity due to the decrease in optical contrast. Furthermore, 

the amplitude of the oscillations depends directly of the 

refractive index difference at the two layer interfaces (nAl-nlayer) 

and (nlayer-nair). The reduction of nlayer with increasing porosity 

results in a reduction of the (nAir-nlayer) difference while the 

(nAl-nlayer) remains essentially constant because of the high 

extinction coefficient of the aluminium. 

 

Fig. 3b shows the Fourier transform resulting from applying a 

Fourier analysis as described in literature10,25. The Fourier 

transform simplifies the analysis of the reflectance spectra by 

transforming reflectance oscillations into a single peak. The 

position of the Fourier transform peak (FTP) corresponds to the 

EOT of the porous layer. Analysis of the position of the FTPs 

in fig. 3b shows decreasing EOT values as dp increases. This is 

in good agreement with the previous analysis of the number of 

oscillations present in the reflectance spectra. The height of the 

FTP is related with the amplitude of the interference 

oscillations. The FTP heights in fig. 3b decrease with 

increasing dp, what is also in good agreement with the 

amplitude of the interferences present in fig. 3a. 

Protein infiltration.  

 
Fig. 4. Real-time ∆EOT for pore diameters of a) 32 ± 4 , b) 50 

± 3 and c) 73 ± 2 nm;  d) schematic representation of protein 

reactions. Step I, II and III corresponds to SpA , human IgG 

and anti-human IgG dosing respectively. 

 

Fig. 4a, 4b and 4c show the real-time measurement of the EOT 

shift (∆EOT) during the inmunosensing experiments described 

in the experimental section for NAA monolayers with dp = 32 ± 

4 nm, dp = 50 ± 3 nm and dp = 73 ± 2 nm, respectively. The first 

30-60 min correspond to the first phase in which PBS is dosed 

and a baseline for the measurement is taken. The next phase 

corresponds to the dosing of a 100 µg•mL-1 protein A solution 

(SpA) for 60-120 min followed by rinsing with PBS for 30-40 

min. SpA adsorbs to the inner pore walls of the NAA 

monolayers by electrostatic interactions and each SpA molecule 

acts as a capture probe for two human IgG units13,21. The 

behaviour of the ∆EOT is the same for the three studied dp. 

Initially, ∆EOT increases rapidly until it reaches saturation. 

Then, upon rinsing with PBS, ∆EOT decreases slightly as a 

result of the removal of free and loosely bound SpA molecules. 

The final ∆EOT (i.e. after the PBS rinse) is bigger for larger dp 

of the NAA monolayer.  

 

Subsequently, a 100 µg•mL-1 solution of human IgG was 

flowed for 120-180 min followed by rinsing with PBS for 30-

40 min. Human IgG is attached to SpA through its Fc portion 

with high affinity. Similarly to SpA, the behaviour of the ∆EOT 

is the same in the three dp studied. Initially, ∆EOT increases 

rapidly until it reaches saturation and then, upon rinsing with 

PBS, ∆EOT decreases slightly as a result of the removal of free 

and loosely bound human IgG molecules. Again, the final 

∆EOT depends on the dp of the NAA monolayer used, being 

bigger for larger pores. It is important to stress that the same 

experiments were performed with a lower concentration of 10 

µg•mL-1of human IgG and the same trends were observed: an 

initial fast increase of the ∆EOT until a saturation is reached 

followed by a slight decrease in ∆EOT with PBS rinsing (see 

Electronic Supplementary Information, Figure 1). 

 

Finally, a 100 µg•mL-1 solution of anti-human IgG of was 

flowed for 60 min followed by rinsing with PBS for 30-40 min. 

Anti-human IgG binds to both light and heavy chains of human 

IgG. Since each human IgG consists of two heavy chains and 

two light chains, a single human IgG ensures enough binding 

sites for 4 anti-human IgG molecules. Thanks to this feature 

anti-human IgG enables amplification of the optical signal of 

the previously immobilized human IgG. During this last 

amplification step the concentration was maintained to 100 

µg•mL-1 in all experiments. Binding of anti-human IgG proves 

that human IgG is not denaturalized after binding to SpA and 

that it is properly oriented for anti-human IgG binding. As in 

the phases with the two human IgG concentrations and SpA 

dosing, the behaviour of anti-human IgG binding is the same in 

the three dp studied. Initially, ∆EOT increases rapidly until it 

reaches saturation. Then, upon rinsing with PBS, ∆EOT 

decreases slightly as a result of the removal of free and loosely 

bound anti-human IgG molecules. In this case, the final ∆EOT 

also depends on the dp of the NAA monolayer used, being 

bigger for larger pores. 

 

Fig. 5 shows the final ∆EOT after each protein infiltration step 

(dosing with a molecule until saturation is reached and rinsing 

with PBS to remove the loosely bound molecules) is shown as a 

function of the pore diameter dp. The error bars correspond to 
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the measurement noise estimated in the first PBS dosing phase 

(for specific values see Electronic Supplementary Information, 

Table 2). Step I corresponds to SpA infiltration, step II 

corresponds to human IgG infiltration and step III corresponds 

to the signal amplification using anti-human IgG. As it was 

observed in Fig. 4, ∆EOT in step I increases with increasing dp. 

It has to be remarked that this increment is more noticeable 

between pores of 32 and 50 nm (a variation of 5,6 % in ∆EOT 

for each nm in diameter) than between pores of 50 and 73 nm 

(0,8 % in ∆EOT for each nm in diameter). ∆EOT for step II and 

for the two considered concentrations follows a similar trend as 

for step I, showing higher ∆EOT as dp increases. By comparing 

the ∆EOT between the two concentrations employed in this 

study (10 and 100 µg•mL-1) a clear difference in behaviour can 

be observed: pores with dp = 32 show no difference in ∆EOT 

for the concentrations studied, whereas pores with dp = 50 nm 

and dp = 73 nm show a bigger ∆EOT for bigger human-IgG 

concentration with a difference of 0.03 and 0.05 % respectively.  

The fact that ∆EOT stabilizes at different values for different 

human IgG concentrations suggests that the amount of IgG 

bound to SpA is directly related to the concentration of IgG in 

the PBS, and thus that there exists an equilibrium between 

dissolved and bound IgG. However, this only happens for the 

two biggest pore radii, while for dp = 32 nm no difference can 

be observed, what could indicate that the binding or the 

diffusion dynamics of IgG are different for such pore size. 

Another fact that supports this assumption is that the trend of 

∆EOT with dp in both the case of SpA and of IgG: the value for 

the dp = 32 nm pores is smaller than what could be estimated 

from the values for dp = 50 nm and dp = 73 nm and if a linear 

relationship were assumed. This smaller value can also be an 

indication of differences in diffusion dynamics of the molecules 

in the smaller diameter pores. 

 
Fig. 5. Resulting ∆EOT after each immobilization step for each 

dp. Black squares represent SpA dosing, red circles represent 

human IgG dosing and green triangles represent anti-human 

IgG dosing. Solid scatter represents for 100 µg•mL-1 and void 

for 10 µg•mL-1 of human IgG. 

 

The ∆EOT in step III shows a slightly different trend than for 

step I and step II. ∆EOT in step III also increases with dp, but 

with a bigger increment in ∆EOT with dp than in steps I and II. 

This is caused by the amplification effect of the anti-human IgG 

when attaching to the four possible binding sites in the IgG 

molecule. On the other hand, after this step III no significant 

differences can be observed in the ∆EOT for the two studied 

IgG concentrations for the pores with dp = 32 nm. Nevertheless, 

an amplification of the ∆EOT with respect step II is also 

noticed. Despite the fact that each human IgG has 4 possible 

binding sites for anti-human IgG, the amplification factors 

observed are in the range between 1.5 and 2 (see Electronic 

Supplementary Information, Table 3). All the results presented 

here indicate that pores with dp = 73 nm show the best detection 

performance upon protein dosing. 

Conclusions 

The influence of the nanoporous anodic alumina pore size on 

the sensing of human IgG proteins by the RIfS methods was 

studied. This was accomplished by measuring the changes in 

effective optical thickness of different NAA films with different 

pore diameters but with the same thickness upon serial 

infiltration of SpA, human IgG and anti-human IgG. The results 

demonstrate that the sensitivity of the ∆EOT depends of the 

pore diameter of the structure. The sensing procedure consists 

of three steps: step I is the dosing of protein A (SpA), step II is 

the actual sensing step and consists of dosing human-IgG in 

different concentrations, finally, step III is an amplification step 

consisting of dosing anti-human-IgG at a fixed concentration. If 

the ∆EOT after one of these steps is compared for different 

pore diameters, it can be concluded that larger pore diameters 

lead to higher ∆EOT in all cases. 

 The NAA films with dp = 50 nm and dp = 73 nm showed 

different ∆EOT after step II for the two considered 

concentrations of 10 and 100 µg•mL-1 of human IgG. During 

infiltration, our experiments showed that the ∆EOT reached a 

stable value after a given reaction time, and this value was 

different for each concentration. This is in good agreement with 

the expected behaviour of an affinity-based biological reaction. 

However, NAA films with dp = 32 nm showed no significant 

difference between the two concentrations of human IgG, both 

after step II.  

Further dosing of anti-human IgG amplified the optical 

response of the NAA films maintaining the same noise level. 

This amplification strategy could help to lower the limit of the 

detection of NAA-based interferometric biosensors as it 

improves the signal without increasing the noise level. From 

our results and based on the noise level obtained, we estimate a 

limit of detection of 1 µg•mL-1 in the third step using NAA 

with dp =73 nm. 

We believe that the results presented here will enable the 

development of more sensitive NAA optical biosensors.  
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This study demonstrates how it is possible to tune the sensitivity of nanoporous anodic 

alumina optical biosensors by adjusting pore diameter. 
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