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This paper presents an optical method for real-time monitoring of protein adsorption using porous sili-
con self-supported microcavities as a label-free detection platform. The study combines an experimental
approach with a physical model for the adsorption process. The proposed model agrees well with experi-
mental observations, and provides information about the kinetics of diffusion and adsorption of proteins

within the pores, which will be useful for future experimental designs.
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1. Introduction

The phenomenon of protein adsorption to solid surfaces plays
an important role in many disciplines, such as biomedical sciences
or biochemical engineering. In order to achieve optimal perfor-
mance of certain materials and processes, it is crucial to control
and manipulate the interaction between surfaces and proteins[1,2].
However, to reach that level of understanding, it is essential to
have knowledge about the kinetics of the events occurring during
each specific situation. Common techniques to study the kinetics
by which a surface is covered with proteins are: surface plasmon
resonance, ellipsometry, fluorescence detection, Fourier transform
infrared (FTIR) spectroscopy, atomic force microscopy (AFM), gravi-
metric techniques (QCM, QCM-D, SAW-devices) and radiolabeling
methods [3,4]. These measurement techniques are expensive, time-
consuming, and they need highly trained operators or hazardous
reagents. Therefore, the aim of this work is to develop a methodol-
ogy to monitor the process in real time. This methodology should
be not only simple, but also inexpensive, and label-free at the same
time.

Porous silicon (PS) grown from Si wafers is a very attractive
material for biomedical applications due to their remarkable optical
and morphological properties. Such properties depend primarily
on the substrate doping and orientation of the wafer, as well as
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on the electrolyte composition, and on the applied current density
during the anodization process [5]. Thus, it is possible to fabri-
cate PS with pore sizes ranging from a few nanometers to several
micrometers [6]. After the etching process, it is possible to detach
PS structures from the crystalline silicon substrate by applying a
pulse of high current density. These free-supporting films can then
be easily transferred to other media such as glass slides. This pro-
cedure facilitates measurements of some optical properties of the
PS devices, avoiding the interference of the silicon wafer, which is
lying at the bottom of the sample in the undetached films [7].

For sensing applications, it is necessary to modify the PS sur-
face since the freshly etched material has some drawbacks such as
hydrophobicity (due to hydrogen-terminated porous silicon groups
(S—Hx) [8]), and lack of stability in aqueous environments [9]. It has
been demonstrated that thermal oxidation can be used to impart
greater stability to the PS samples in aqueous solutions, and also
to create hydrophilic pore channels [10]. Structural stabilization
and oxide formation have also been reported following heat treat-
ment at 300°C [11]. PS is a material of choice for many of these
applications since its refractive index is very sensitive to the treat-
ments experienced by its surface [12]. In particular, this parameter
decreases during oxidation, due to the smaller refractive index of
silicon oxide compared to crystalline silicon. When molecules with
similar size to the pore diameter penetrate into the porous matrix,
they produce an appreciable change in the effective refractive index
of the material [13]. As a result of this property, PS has become
an ideal candidate for the development of chemical and biological
Sensors.

The PS microcavities are Fabry-Perot resonators sandwiched
by two distributed Bragg reflectors (BR). The BR is constructed by
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stacking thin layers of alternating low and high porosity with a
quarter wave optical thickness [14]. The optical response of the
microcavity shows a high reflectivity band with one or more trans-
mittance peaks. There are several experimental techniques to study
the incorporation of molecules into PS structures: interferometric
reflectance spectroscopy [15,16], photoluminescence [17], electro-
luminescence [18,19] and spectroscopic ellipsometry [20,21]. Most
studies of protein adsorption on PS, have been carried out by using
spectroscopic ellipsometry [22-24]. In this work, a near-normal
incidence reflectance spectroscopy technique has been chosen for
its speed, simplicity and low cost. This technique has been widely
used in the investigation of several structural and optical proper-
ties of porous silicon [25]. This research analyzes the adsorption
kinetics of proteins onto oxidized PS microcavities using real-time
reflectance spectroscopy. This technique detects small changes in
the effective refractive index of porous silicon devices through
quantitative spectra shifts. These changes can correlate with the
incorporation of protein in the porous matrix.

In order to analyze the results, a model that includes diffusion
rate in the pore and finite adsorption kinetics is presented. Two
characteristic times could be detected: one attributable to the diffu-
sion process and the other corresponding to the adsorption process
itself. These parameters are not only useful to characterize the mea-
surement system developed, but also to optimize the sensing time
and the use of reagents. The theoretical and practical system pro-
posed in this work could be applied to study bioaffinity interactions
between the biomolecules immobilized on the surface (that is, the
biological receptors) with specific analytes of interest present in
a sample. The application of such protein-modified devices could
lead to important contributions to relevant diagnostic problems
as early detection of pathogens, cancer and other diseases in real
biological samples.

2. Experimental details

Porous silicon samples were prepared from highly
doped (boron) p+ (100) silicon wafers with a resistivity of
0.002-0.004 m2 cm~!. The preparation method used was elec-
trochemical etching [26] at room temperature in a standard
Teflon etch cell using an electrolyte solution which contained
hydrofluoric acid (50%) and ethanol mixed in a ratio 1:2 (v/v).

PS microcavities centered in Ac ~ 730 nm alternating two types
oflayers were fabricated and the scheme of high (H) and low (L) cur-
rent density layers that was followed was: 5HL30H 4.5LH. All layers
had an optical thickness equal to A./4, except the central defect
which had 30A./4. The quality factor (Q) of the wet microcavities
was in the range from 50 to 70.

The optical parameters (physical thickness and porosity) needed
to design the optical microcavities were obtained by fitting the
reflectance spectra of PS single layers [27]. The set of current den-
sities chosen was 57.3 mA/cm? for high porosity layers (80%) and
12.7 mA/cm? for low porosity layers (60%).

The hydraulic radius of the pores was estimated from scanning
electron microscope (SEM) photomicrographs, and turned out to
be about 40 nm for 57.3 mA/cm? layers and 13 nm for 12.7 mA/cm?
layers [7].

The porosity of the layers had to be chosen in order to allow
the protein to enter the pores. Since the contrast of selected
porosity was not very high, a long central defect was chosen
to increase the quality factor of the resonance peak. A sharper
peak is more sensitive to small changes in the effective refrac-
tive index of the porous matrix. After the etching process and in
order to separate the porous silicon microcavities from the silicon
wafer, three pulses of 250 mA/cm? were applied using an etch-
ing solution of hydrofluoric acid and ethanol, mixed in a ratio

1:7 (v/v). Each self-supporting sample was rinsed with ethanol
and divided into 4 parts. Then, each piece of sample was trans-
ferred to a glass slide and dried under a stream of N, gas. All
samples were thermally oxidized. Dry thermal oxidation was con-
ducted in air atmosphere at 300°C for 120 min. For each series
of measurements different parts of the same microcavity were
taken to minimize the errors due to the variability of different
samples.

Both single layers and multilayers were characterized by
reflectance spectroscopy in the visible to near-infrared region
by using an Ocean Optics fiber optic spectrometer HR4000. The
porosity values of the PS single layers were estimated from the
reflectance spectra in the range of 200-1100 nm [7,27].

In this paper, glucose oxidase and horseradish peroxidase were
employed as model proteins for being well-characterized and
robust molecules as well as for their different molecular size. As
mentioned above, when working with biological macromolecules,
the molecular size is a critical parameter for the incorporation of
such molecules into the porous matrix. The glucose oxidase enzyme
(GOx)is aglobular glycoprotein containing approximately 16% neu-
tral sugar and 2% of amino sugars. It has an overall dimension of
6.0nm x 5.2nm x 7.7 nm [28], a molecular weight of 160 kDa, and
it is a dimer of two identical subunits. Its hydrodynamic radius
is equal to 4.3nm [29] and its isoelectric point is equal to 4.2
[30]. On the other hand, horseradish peroxidase enzyme (HRP)
is also a glycoprotein but in this case it contains 18% carbohy-
drate. It has a molecular weight of 44kDa, an isoelectric point
of 7.2 and a hydrodynamic radius equal to 2.5nm [31]. Differ-
ent amounts of each protein were dissolved in 2mM sodium
acetate buffer, pH 5, to obtain protein solutions between 0.25 and
3.00 mg/mL.

2.1. Measurement system

Fig. 1 shows the system employed to measure light reflection
from self-supporting PS microcavities during the protein adsorp-
tion process. The same optical fiber was used to illuminate the
sample with white light source and to collect the reflected light
over time. Reflectivity data were recorded in a CCD detector
(Ocean Optics spectrometer HR4000) in the wavelength range of
200-1100 nm. As the scheme shows, the process takes place in a
closed compartment and data are acquired illuminating the sample
through the glass slide. This configuration is advantageous when
working with hazardous samples.

A spectral acquisition time of 1 s and a typical average of 4 spec-
tral scans (4 s total integration time) were selected. After each set of
scans, a Gaussian fit of the resonant microcavity central peak was
performed to monitor its position as a function of time.

The procedure performed in all the experiments was as follows:
(1) pumping a solution of 70% of ethanol to clean the PS surface
and render it hydrophilic, (2) pumping acetate buffer to rinse and
prepare the PS surface, and (3) pumping the protein solution into
the flow cell at a flow rate of 50 wL/s using a peristaltic pump for
30s and then the output of the cell was closed to prevent further
movement of the liquid. Each adsorption was performed in differ-
ent pieces of the same microcavity and all the experiments were
carried out at a constant temperature.

2.2. Theoretical model

As we have shown in a previous paper, the PS spectrum of the
microcavity is altered only when the solution which penetrates
the porous structure reaches the region of the defect. In order
to reach the defect, the protein must diffuse through the frontal
Bragg mirror. This means that the protein solution suffers a
diffusion process through a porous media. Assuming that the pore
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Fig. 1. Scheme showing the set up used to measure protein adsorption onto PS self-supporting microcavities. The total volume of the cell is 50 p.L. The figure also shows a
400 nm side SEM photomicrograph corresponding to the microcavity defect. In the upper part of the figure it is shown the spectral shift which occurs when the device is

immersed in water or ethanol.

structure is predominantly unidimensional, the protein flux Jp can
be calculated by the Fick’s law [32] as:

ac
Jo= Deff&

where c is the protein concentration, t is the time, and x the length.
Here D¢ is an effective diffusion constant defined as [33]:

Ded
Der = —
where D is the diffusion constant of the protein in the buffer, T
the tortuosity, § the constriction factor, and ¢ the porosity. The
dimensionless constants 7, § and € depend on the particular porous
structure under consideration.

In order to model our data, we propose a simplified model for the
diffusion through the Bragg mirror. The simplification consists of
replacing the concentration gradient by the ratio Ac/Ax. In this way
we assume that the flux of protein entering the defect (Jp ) is directly
proportional to the difference between the protein concentration in
the solution outside the microcavity (cmax ) and the concentration of
unbound protein in the solution inside the defect region at a given
time (cy). This can be express as follows:

Cmax — €
Jo gDeff%xU (1)

where Ax is the width of the frontal Bragg mirror. The central defect
width of the cavity may be disregarded in comparison of the Bragg
mirror width, and the protein concentration in this region cy can

Microcavity Defect

be assumed as a constant that depends only on time. A schematic
diagram of the process is shown in Fig. 2.

The evolution of the protein concentration within the defect (ct)
volume will be:

der _JA_JA ] )
at V. o Ad d
In this expression A, V and d corresponds to the transversal area,
the volume and the length of the defect respectively. Once the pro-
teins are inside the cavity, the process of adsorption occurs. The
concentration cr represents the total protein concentration com-
posed by an unbound part cy and a bound portion cg attached to

the pore walls in the defect. Combining Egs. (1) and (2), we have

dor _ Degr
ot~ Axd

where the inverse of kg¢ represents a characteristic diffusion time
(tqie) of the protein through the porous structure.

Now consider what happens to the protein that enters the
defect. Part of it will be adsorbed and part will remain in solu-
tion, changing the protein concentration in the solution. The change
in the total protein concentration will produce a change in the
refractive index of the cavity pores. According to reference [34] the
dependence of the refractive index with the protein concentration
may be expressed as:

(cmax — cu) = kgifr(Cmax — Cu) (3)

An =nps —ns = ac (4)

where nps is the refractive index of the protein solution, ns is
the refractive index of the buffer solution, c is the concentration of
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Fig. 2. Scheme of the proposed model for protein adsorption onto PS. The protein content in the porous matrix is determined by the balance between a flux of protein filling

the pores and a flux of adsorption on the pore walls.
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protein in the solution, and « is the proportionality constant. The
reported value of o was around 0.002 (for ¢ expressed as g/100 cc)
for a broad range of proteins. Although it is not reported the value
of o for GOx, we considered this as an indicative value.

If the adsorption process is reversible, replacing the solution by
the corresponding buffer should produce desorption of the pro-
tein molecules. However, in general, when a protein solution in
contact with a solid phase is suddenly replaced by a buffer solu-
tion, only a small fraction of the adsorbed molecules are desorbed.
This is indicative of the irreversibility of the adsorption process. We
performed the experiments in order to check this point in our sys-
tem. For this purpose, as the saturation in the refractive index has
been reached during the adsorption process, the protein solution
was replaced by the corresponding buffer. As the buffer solution
enters the optical cavity, we recorded a relative variation in the
refractive index in the order of about 3 x 10~4. This number is in
agreement with the value expected considering that the GOx solu-
tion (1 mg/mL) has been replaced by the buffer, without producing
desorption of the bound protein (Eq. (4)). In other words, it means
that the adsorption process may be assumed to be irreversible.

The kinetics of the irreversible adsorption process, taking place
inside the microcavity, is represented by [35]

or

e kaacu(Lmax — 1) (5)
where I represents the number of active sites covered by protein
molecules per unit area. [ 'max is the maximum number of active
sites available and k,q is the adsorption constant. We assume that
each active site adsorbs only one molecule. Multiplying the volu-
metric specific surface area Sy of the microcavity defect by I" yields
the number of bound protein per unit volume, cg. Then Eq. (5) may
be written as:

ac;

= KaaCu(Comax — Cs) (6)

The initial conditions are cy =0 and cg =0, and the total amount
of protein reached in stationary conditions is ¢rmax = CBmax * Cmax. In
order to perform the fitting on the measured values is convenient
to express the concentration of protein in a non-dimensional way.
We use the value of crmax to obtain the non-dimensional values for
all concentration.

. c c

Cmax + CBmax  CTmax

The change in the refractive index produced by the protein in
solution (Eq. (4)) can be used to obtain the peak shift of the sys-
tem trough his sensitivity (S= AA/An). In this way we can calculate
the instantaneous peak shift as AA=SAn=Sact and in stationary
conditions AXmax = SaCrmax- Taking the ratio between these expres-
sions we obtain

AX cr
= =ck 7
AAmax  CTmax T )

Thus, the normalized peak shift AA/AAmax can be used to esti-
mate the also normalized total concentration of proteins in the
system.

The total change of unbound and bound proteins can be calcu-
lated respectively as:
dcfy Oy dcg

B 5 o * s« s«
9t~ ot - ﬁ = kdiff(cmax - Cu) - kadcu(1 — Cmax — CB)

C*
aitB = kadcil(‘1 - Cl*nax - CE)

The equation system was solved numerically using an adaptive
Runge-Kutta scheme. Experimental data were fitted by minimiz-

ing the mean square error using a Nelder-Mead simplex method.

In this method, the fitting parameters (k,q, kgier and ¢ .. ) are iter-
atively modified in order to optimize a merit function (the mean
square error in this case). Furthermore, we explore a wide region
in the space of parameters and check that the merit function is
smooth and have only one global minimum. In order to estimate
the confidence limits on the model parameters we use Monte Carlo
simulation of synthetic data sets [36].

3. Results and discussion
3.1. Device detection sensitivity

The wavelength shift sensitivity of the device was measured by
liquid infiltration, evaluating the spectral shift of the microcav-
ity (AA) by replacing the air in the pores with serial dilutions of
ethanol in water. The peak shift (A)X) was measured as a function
of the refractive index change of the solutions An. The sensitivity
of a measurement system is given by the slope of the calibration
curve. In this case, the slope represents the wavelength shift sen-
sitivity of the porous silicon device and its value was found to be
AM/An~350nm for a peak centered in 700 nm (numerical sim-
ulation predicts AA/An=320nm) [37]. The minimum detectable
peak shift was 5 x 10~3 nm. This means a detection limit of refrac-
tive index change of 1.4 x 10~> that is comparable to the obtained
in other experimental setups [38,39].

Fig. 3a and b shows the normalized peak shift during adsorp-
tion of glucose oxidase (the total shift was about 1.4nm) and
horseradish peroxidase (the total shift was about 1.3 nm) respec-
tively. In both figures, the triangles correspond to the experimental
data and the different curves represent the model: the dash-dotted
line is the contribution of protein molecules in solution (c;), the
dashed line is the contribution of protein adsorbed (cf), and the
black curve (the result from fitting the experimental points using
the proposed model) is the total protein content (¢}, ). The three
fitted parameters are shown in the figures.

As expected, the diffusion time (tgs) is longer for the largest
protein. The diffusion time of GOx was almost 4 times longer than
the diffusion time of HRP. The diffusion coefficients here reported
cannot be used to compare directly with those obtained in another
experimental setup. This is because this parameter depends not
only on the nature of the molecule but also on the characteristics
of the porous matrix used.

The adsorption constant (k,q) is smaller for HRP than for GOx
by a factor of 6. We cannot compare directly these values, since the
proteins used were different in sequence, size and net charge.

Nevertheless, k,q can be a useful parameter to compare the same
protein in different conditions as pH, temperature, or in a variety
of porous matrix characteristics. It has been reported that the ini-
tial adsorption rate is higher at a pH near the isoelectric point of
the protein than for other pH, which indicates a strong correlation
between the adsorption kinetics and the protein charge [40]. These
observations are consistent with the higher adsorption velocity of
glucose oxidase in the experiments taking into account the isoelec-
tric point of each protein, and the experimental conditions, GOx
molecules have a net charge close to zero, while HRP molecules are
positively charged at pH 5.

Fig. 4 shows the maximum peak shift resulting from the adsorp-
tion of GOx at 24 °C for different protein concentrations (adsorption
isotherm). The total peak shift (squares) corresponds to the contri-
bution of both: the protein in solution (circles) and the adsorbed
protein (triangles).

Although the resonance peak shift always increases with protein
concentration, the adsorbed protein (cg) calculated from the fit sat-
urates at concentrations of 1.00 mg/mL. For higher concentrations,
the peak shift rises only with the increase of protein content in the
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Fig. 3. (a) Normalized resonance shift during adsorption of 1 mg/mL GOx at 25.5°C,
2 mM sodium acetate buffer, at pH 5 (triangles). The curves represent the adsorption
model as explained in the text. (b) Normalized resonance shift during adsorption
of 0.3 mg/mL HRP at 24.2°C, 2mM sodium acetate buffer, at pH 5 (triangles). The
curves represent the adsorption model as explained in the text.

solution (cy). This indicates that 1.00 mg/mL is the concentration
that produces saturation of all available binding sites on the sur-
face. It is worth noticing that the adsorbed protein on the surface at
1.00mg/mL is 5 times larger than the free protein in the solution.

According to the literature, the specific surface area (SSA) of
a porous matrix similar to the one that forms the defect of the
microcavities (measured by nitrogen adsorption isotherms using
the Brunauer-Emmett-Teller (BET) method), is in the range of 150
to 200m?2/cm?3 [41]. The estimated SSA of the samples from SEM
photomicrographs (Fig. 1) is found to be about 110 m2/cm3. The
area per GOx molecule depends on the morphology of the adsorbed
molecule but can be estimated as approximately 58 nm? [42].

Considering that the material studied has a distribution of pore
dimensions (see Fig. 1) and that nitrogen molecules are smaller than
protein molecules, the first would have access to a wider range
of pore sizes than the second ones. In such a case, the SSA value
obtained by BET overestimates the SSA which is actually available
for protein adsorption.

The protein surface coverage can be evaluated considering the
relationship between the free and adsorbed molecules to be pro-
portional to the relative peak shift (cjj .../ Cimax)- Then, the number
of adsorbed proteins per unit volume can be calculated from the
free molecules in the voids of the microcavity, in accordance with
the solution concentration.
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Fig. 4. Relative shift of the microcavity peak at long times (saturation) for different
concentrations of GOX in a 2 mM sodium acetate buffer (pH 5), at 24.0 °C (squares).
It is also shown the decomposition in free (circles) and adsorbed (triangles) por-
tions obtained from the model fitting. The error bars come from the experimental
uncertainty of the total peak shift, in all cases, to which is added the error due to the
fitting process, in the case of the circles and triangles.

Considering these values, the level of PS surface coating turned
out to be about 1% of the total surface. This result suggests that a
high proportion of the surface is inaccessible due to size constraints.
Increasing the pore diameter, a higher coverage can be attained
which will improve the response. Conversely, in the case of larger
pores, some drawbacks could be expected such as decreases in the
specific area as well as in the response and in the quality of the
microcavity. Therefore, to maximize the response for each protein,
it is necessary to find the minimum value of pore size that allows
an optimal surface coverage.

4. Conclusions

Spectrometric measurements in the visible range using self-
sustaining porous silicon microcavities have proved to be a suitable
methodology for label-free detection of protein adsorption, in real
time. The resolution of the measurement system in terms of refrac-
tive index change, was about one part in 10°.

The proposed model allows to estimate key kinetic parameters
associated with the physical adsorption of proteins on porous sil-
icon surfaces. Analyzing the kinetics parameters associated with
the processes, it will be possible to make predictions of the phe-
nomenon which will be useful for future experimental designs. This
model analyzes the process of diffusion and adsorption occurring
on the surface of oxidized PS in contact with a protein solution
providing information about the kinetics of the adsorption, in par-
ticular, the relation between the free and adsorbed protein and the
characteristic time of each process. The adsorption of GOx is limited
by the protein diffusion velocity whereas the HRP is limited by the
adsorption velocity itself. It was found that the amount of adsorbed
molecules remains almost constant for GOx concentrations beyond
1 mg/mL. These results indicate that the saturation of the available
binding sites in the pores has been reached.
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