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Abstract
In the last decade, organ-on-a-chip technology has been researched as an alternative to animal and cell culture models 
(Buhidma et al. in NPJ Parkinson’s Dis, 2020; Pearce et al. in Eur Cells Mater 13:1–10, 2007; Huh et al. in Nat Protoc 
8:2135–2157, 2013). While extensive research has focused on the biological functions of these chips, there has been limited 
exploration of functional materials that can accurately replicate the biological environment. Our group concentrated on a 
lung-on-a-chip featuring a newly fabricated porous silicon bio-membrane. This bio-membrane mimics the interstitial space 
found between epithelial and endothelial cells in vivo, with a thickness of approximately 1 μm (Ingber in Cell 164:1105–1109, 
2016). This study aims to establish a fabrication method for producing a thin, uniform porous silicon membrane with a pre-
dictable reduced modulus. We conducted mechanical and morphological characterization using scanning electron microscopy 
and nanoindentation. A small, parametric study was conducted to determine the reduced modulus of the porous silicon and 
how it may relate to the morphological features of the membrane. We compare our results to other works.

Introduction

In the field of biomedical research, significant progress has 
been made in recent years to enhance our understanding 
of disease pathology and treatment strategies [1–3]. How-
ever, many of these advancements have relied on animal 
models and traditional cell culture techniques, which often 
fail to mimic human anatomy and physiology [4, 5]. As a 
result, there is a critical need for advanced model systems 
that are better at predicting the efficacy of potential treat-
ment options. To close this knowledge gap, researchers 
have turned their attention to organ-on-a-chip technology, 
which offers a solution for the development of personalized 
medicine. By replicating the complex microenvironment and 

cellular interactions found in human organs, these devices 
provide a more accurate platform for studying diseases drug 
responses and the development of targeted therapies [5].

This paper focuses specifically on the fabrication and 
characterization of porous silicon (PSi) to create bio mem-
branes for application in Lung-on-a-Chip models. The objec-
tive of this research is to establish a fabrication method for 
creating thin and uniform PSi membranes with predictable 
mechanical properties which closely mimics the interstitial 
space between epithelial and endothelial cells in the lungs. 
By optimizing the fabrication process, we aim to contrib-
ute to the development of Lung-on-a-Chip models that can 
advance personalized medicine and improve our understand-
ing of lung-related diseases.

Materials and methods

Electrochemical anodization

In our study, we used (100) orientation p-type silicon wafers 
with a resistivity of 0.08–0.12 Ω cm and thickness of 279 ± 
25 µm. The fabrication process began with the cleaning of 
the silicon wafers using acetone, isopropanol, and methanol 
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followed by the application of a nitrogen gun for drying 
purposes.

Before the electrochemical anodization, a thinning pro-
cess involving the use of potassium hydroxide (KOH) is 
typically performed [6]. However, for this specific study, 
we did not utilize the same procedure which is discussed in 
detail in previous work [6]. Detailed information regarding 
the thinning process is provided in the supplemental materi-
als section, along with a schematic illustration for clarity.

We used a single-sided cell setup for anodization, as 
shown in Fig. 1a. The single-sided cell was made with 
polytetrafluoroethylene (PTFE) materials that held a clean 
wafer placed on top of a platinum sheet. The platinum sheet 
is pre-treated with a drop of hydrofluoric acid (HF) which 
aids in the removal of the wafer backside native oxide hence 
lowering the anodization electrical resistance. The top PTFE 
part, ultimately holding the HF solution, is then positioned 
onto the wafer, clamping the top and bottom parts together.

To initiate the anodization process, a mixture consisting 
of 1.5 parts 48% HF to 1 part ethanol is employed. To ensure 
consistency with our recent studies and obtain comparable 
results, a current density of 90 mA/cm2 was applied over a 
cell diameter of 10 mm corresponding to an anodization area 
of approximately 0.785 cm2 [6]. This specific configuration 
allowed us to achieve an etch rate of approximately 4.7 µm/
min. For this study, we chose to anodize only partially 
through the wafers (i.e., not through-etched to the backside), 
as will be justified in the Results and Discussion section. 
Samples labeled as Ps1 – Ps5 were anodized for different 
times ranging from 672 to 13 s while all other parameters 
remained the same. These times were selected to target spe-
cific thicknesses of porous silicon. Further, in our previous 
studies [6], a current density of 90 mA/cm2 was established 

as the optimal condition for creating micropores for epithe-
lial and endothelial cell plating. To ensure consistency and 
enable comparisons with our previous research, we main-
tained this established current density for the present study.

Characterization of membrane and morphology

A JEOL 7100F scanning electron microscope (SEM) was 
used to image the anodized wafers to allow assessment of 
thickness, pore size, pore depth, and surface porosity. The 
surface porosity is defined as the ratio of the two-dimen-
sional pore (i.e., void) area to total area on the surface of the 
sample (refer to Fig. 1b). Larger values represent a higher 
degree of porosity in the sample. To determine the achieved 
pore depths after anodization, we performed SEM measure-
ments within a 5 mm field, covering the center, left, and 
right regions of each sample. A total of 5 measurements 
were taken from each sample to ensure reliable statistical 
data.

To estimate the surface porosity of each sample, two-
dimensional image analysis was performed on images 
taken with the SEM. For this analysis, five images were 
taken of each sample, with each image showing a dif-
ferent region within the 5 mm field. An example SEM 
image from our study is shown in Fig. 2a. The images 
were first modified in Adobe Photoshop using the median 
noise reduction tool to reduce visual noise (see Fig. 2b). 
Then, using ImageJ software [7], the brightness of each 
image was shifted to match the peak histogram values 
of every image to one another. Each image had the same 
brightness range with pixels ranging from 0 (represent-
ing black) to 255 (representing white) and intermediate 
values representing shades between black to white. With 

Fig. 1   a Single-sided cell setup for electrochemical anodization of silicon (i.e., PSi formation), b Porous silicon schematic illustrating the defini-
tion of surface porosity
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the shift in overall image brightness, the histogram peaks 
were aligned, thus, giving a normalized image for which 
a consistent range of values represented surface pore 

regions (i.e., darker regions). See Fig. 2c. This selected 
range was then used for all processed images to normalize 
the pixel selection process from sample to sample. Finally, 

Fig. 2   a Raw SEM image of one sample site used for the determina-
tion of surface porosity, b the noise reduced image using the median 
noise reduction tool in Adobe Photoshop, c the histogram normalized 

output image from ImageJ used to compute an estimate of the surface 
porosity by using the equation in Fig. 1b. It should be noted that the 
image field dimensions, hence the area, are accurately known
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the percentage of the highlighted porous area compared 
to the total area was derived from ImageJ, thus, yielding 
an estimate of the surface porosity. The surface porosity 
estimates from our sample set are shown in the table in 

Fig. 2d. Example SEM surface images from each of our 
five samples are shown in Fig. 3a–e. Each of the five sam-
ples required five SEM surface images for ImageJ analysis 
as described above.

Fig. 3   The SEM images shown in a–e are high-magnification views 
of the porous silicon surfaces of one of five sites for each of the five 
samples produced in this study. The pore diameters range in value 
from approximately 4 nm to 15 nm. These samples labeled as Ps1–Ps5 
are outlined in the table in Fig. 2d. a Sample Ps1 (672 s anodization 
time) at 200kX magnification, b Sample Ps2 (336 s anodization time) 

at 200kX magnification, c Sample Ps3 (134  s anodization time) at 
300kX magnification, d Sample Ps4 (67 s anodization time) at 300kX 
magnification, e Sample Ps5 (13 s anodization time) at 300kX magni-
fication, f An example SEM image showing the cross section of the 
porous silicon on bulk silicon produced in this study. This image is 
from sample Ps1
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Characterization of the mechanical properties

To determine the mechanical properties of the porous sili-
con for comparison to biological membranes, nanoindenta-
tion experiments were conducted using a Hysitron TI-950 
Triboindenter. The indenter utilized a Berkovich geometry 
probe with an included angle of 142.3° and a radius of cur-
vature of approximately 150 nm. Prior to the experiments, 
the tip area function was calibrated using a fused quartz 
reference. Indents were performed using a trapezoidal wave-
form input (5 s load to 100 nm maximum depth, hold for 2 s, 
and 5 s unload). For our indentation experiments, a peak 
depth of 100 nm was selected to not exceed 1/10th of the 
film thickness to minimize the influence of the substrate on 
which the membrane was affixed during the nanomechanical 
measurements [8–10].

Five distinct samples were evaluated, all obtained from 
the same batch of silicon wafers and subjected to the same 
cleaning procedure. As described above, the fabrication pro-
cess involved the use of a single-sided anodization cell.

The indenter was carefully positioned at the edge of the 
center point for each sample. Nanoindentation was then con-
ducted at three distinct sites on every sample. The nanoin-
dentation process followed a systematic sequence of indenta-
tions at specific distances. Initially, a set of five indentations 
were performed at the center of the sample. Subsequently, 
another set of five indentations was carried out at a distance 
of 700 nm to the right from the center point, followed by a 
final set of five indentations at 700 nm to the left from the 
center point. In total, 15 nano-indentations were performed 
per sample at three different sites. The reduced modulus (Er) 
of the material at each indentation site was determined by 
an Oliver and Pharr analysis of the unloading curve [11].

where Esample is the modulus of the sample, Eindenter is the 
modulus of the indenter, νsample is the Poisson’s ratio of the 
sample, and νindenter is the Poisson’s ratio of the indenter.

Results and discussion

The nanoindentation instrument used for mechanical studies 
requires the sample to be securely fastened to the sample 
stage. Due to this, we chose to partially etch our samples, 
creating the porous silicon layer sitting on top of a bulk sili-
con substrate to measure the mechanical properties of the 
porous silicon in our membranes. Varying anodization times 
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were applied to generate samples (designated as Ps1 – Ps5) 
with different pore depths. A representative SEM cross-sec-
tional image used to measure pore depth is shown in Fig. 3f. 
Specifically, the targeted pore depths for the samples were 
set at 50 µm, 25 µm, 10 µm, 5 µm, and 1 µm. The actual 
measured depths and corresponding anodization times are 
reported in Fig. 2d. The range of PSi thicknesses was chosen 
for a number of reasons. First, our previously reported stud-
ies targeted thinned membranes in the 25 µm to 50 µm range 
so we generated similar thicknesses for comparison. Second, 
the interstitial space in the human lung that the membrane 
is to mimic is on the order of 1 µm thick. And lastly, thick-
nesses of at least 1 µm were used to allow for an indentation 
depth of 100 nm not to exceed the 1/10th limit before sub-
strate effects were detected.

The experimental results regarding the morphology of the 
samples are presented in the table of Fig. 2d. These results 
are comparable to previous studies on porous silicon that 
utilized similar anodization methods. In a previous study by 
Fakiri et al. [10], various current densities ranging from 20 
to 80 mA/cm2 were utilized, along with anodization times 
varying from 5400 to 1800 s. As a result, this study observed 
porosity levels in the range of 38% to 68% with a general 
decrease in Young’s modulus and hardness as porosity was 
increased. Comparatively, in our research, we employed a 
current density of 90 mA/cm2 and shorter anodization times. 
Our obtained porosity values ranging from 7.7% to 30.1% 
aligned with these prior findings thus demonstrating com-
parability with other studies.

The nanoindentation results of each sample were corre-
lated with their respective experimentally estimated surface 
porosity. The findings revealed an inverse proportionality 
between the reduced modulus (Er) and surface porosity as 
shown in Fig. 4a. Er would, therefore, decrease as the poros-
ity increases (i.e., more void space in the volume) which 
is consistent with other reported studies [9, 10]. Figure 4b 
depicts the relationship between estimated surface porosity 
and pore depth of the analyzed samples. The observed trend 
appears to suggest that an increase in pore depth corresponds 
to an increase in surface porosity. This is also observed by 
careful inspection of the images such as the ones shown 
in Fig. 3(a – e). However, we expect that the pore depth 
and surface porosity should be independent of each other. 
The perceived correlation may be attributed to longer ano-
dization causing a rougher surface, and roughness can be 
mistaken for pores using the image processing technique 
employed in this study.

Fakiri et al. [10] reported the modulus of their porous sili-
con film on a bulk silicon substrate to be in the range of 20 
GPa to 57 GPa. Their research shares similarities with our 
own in terms of fabrication techniques and methodologies. 
In our experiment, the modulus of the porous silicon film 
on a bulk silicon substrate was lower, ranging from 6.8 to 
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12.2 GPa, but within the same order of magnitude. Further, 
it should be noted that compared to our results, other studies 
that investigated artificial membranes, such as PDMS porous 
bio membranes investigated by Huh et al. [3, 5] and others 
[12, 13] have reported lower moduli within the MPa range. 
Other groups have reported human lung tissue interstitial 
space elastic moduli in the KPa range [14–16].

We recognize the need for further investigations and 
data collection in our future work. Future work will focus 
on determining the properties (mechanical, chemical, and 
biological) of free-standing, thin porous silicon membranes 
(less than 5 μm) that will more closely match the anatomi-
cal thickness of a human interstitial space (~ 1 μm), thusly, 

allowing a better comparison of properties between our engi-
neered membrane and biological membranes. In addition, 
we intend to explore the relationship between pore depth and 
surface porosity by imaging and calculating the cross-sec-
tion porosity to provide valuable insights into the expected 
independence of these parameters.

This study presents ongoing work towards the fabrication 
of a reproducible porous silicon bio membrane that mimics 
the interstitial space in the lungs. The mechanical and mor-
phological characterization of the membrane using scanning 
electron microscopy and nanoindentation provides important 
insights for optimizing the fabrication process and develop-
ing Lung-on-a-Chip models for personalized medicine.

Fig. 4   a Mean-reduced modu-
lus versus estimated surface 
porosity. b Estimated surface 
porosity on each sample versus 
the measured pore depth. For all 
cases, the error bars represent 
the standard deviation. It should 
be noted that at the scale of the 
plots, some of the error bars 
are not obvious (e.g., for pore 
depth)
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Supplementary Information  The online version contains supplemen-
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