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Abstract

This paper reports on biosensors made with a matrix of polylactic acid (PLA) fibers, which
are suitable for immobilization of the anti-p53 active layer for detection of p53 biomarker.
The PLA fibers were produced with solution blow spinning, a method that is advantageous
for its simplicity and possibility to tune the fiber properties. For the biosensors, the optimized
time to deposit the fibers was 60 s, with which detection of p53 could be achieved with the
limit of detection of 11 pg/mL using electrical impedance spectroscopy. This sensitivity is
also sufficient to detect the p53 biomarker in patient samples, which was confirmed by
distinguishing samples from cell lines with distinct p53 concentrations in a plot where the
impedance spectra were visualized with the interactive document mapping (IDMAP)

technique. The high sensitivity and selectivity of the biosensors may be attributed to the



specific interaction between the active layer and p53 modeled with a Langmuir-Freundlich
and Freundlich isotherms and inferred from the analysis of the vibrational bands at 1550,
1650 and 1757 cm™ using polarization-modulated infrared reflection absorption spectroscopy
(PM-IRRAS). The successful immobilization of the active layer is evidence that the approach

based on solution blown spun fibers may be replicated to other types of biosensors.
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1) Introduction

The concept of nanoarchitectonics’ has become increasingly popular for it encompasses
many ways of controlling molecular architectures in materials where synergy is sought to
enhance properties for specific applications*. Biosensing, for instance, is now mostly based on
layered architectures with tuning of composition in both the active layer and its underlying
matrix*®. Though only a few techniques are employed to build the nanostructured films
comprising the biosensors, e.g. the Langmuir-Blodgett (LB)®, layer-by-layer (LbL)" and self-
assembled monolayer (SAM)®° methods, the variety of materials and possible architectures is
immense'®. The key features for choosing the molecular architectures are the ability to
preserve activity of the biomolecules in the active layer and increase the sensing signal, which
may be optical, electrical and mechanical, depending on the principle of detection.

One challenging application for biosensors is the early diagnosis of diseases such as
cancers, normally done by detecting biomarkers in body fluids and tissues 2. The rationale
for using these biosensors is to replace the expensive, time-consuming methods based on
molecular techniques such as polymerase chain reaction (PCR), especially for screening the
population considered at risk. Many examples exist of immunosensors used to detect

biomarkers, whose overexpression denotes possible development of cancer®®. While the



composition of the active layer is defined by the intended antigen-antibody interaction, the
choice of the matrix onto which the active layer is to be adsorbed can vary widely. There is no
general rule as to which material makes the most suitable matrix, but evidence has been
gathered that some renewable materials and nanomaterials are excellent in biosensing. These
include chitosan*’, chondroitin sulfate’, carbon nanotubes®, graphene®’ and others. In many
cases, in addition to preserving the activity of the biomolecules the matrix helps enhance the
signal, as with the use of metallic nanoparticles in electrochemical sensors™®*°.

Among the many matrices used in biosensors, those obtained with electrospun
nanofibers® have provided high performance. These fibers are advantageous because they
form three-dimensional platforms that offer an electroactive biocompatible surface which
assist in the active layer immobilization with suitable conformation and biological activity®.
In fact, the fabrication can be even simpler if the fibers are deposited using solution blow
spinning (SBS)** %*. This technique is a low-cost method to produce polymeric fibers, similar
to electrospinning but not requiring sophisticated equipment, providing continuous fiber
production with large surface area and high porosity®*. Surprisingly, we were unable to find
fibers matrices constructed with SB-Spinning technique for immunosensors.

In this paper, we report on immunosensors made with SB-Spinning matrices of
polylactic acid (PLA) fibers with active layers of anti-p53 antibodies. The choice of p53 as
the analyte was motivated by the availability of biosensing results in the literature to compare
with the present work, and by the paramount role of p53 in tumorigenesis®. Indeed, p53 is a
tumor suppressor gene located on the chromosome 17.2, whose inactivation results in
mutations that cause various types of cancers, including breast, lung, skin and lymphomas?.
Herein, detection of p53 is carried out using electrical impedance spectroscopy in commercial
protein samples and cell line lysates. In order to optimize film fabrication conditions and

establish a generic platform for the manufacture of other cancer biosensors, multidimensional



projection techniques along with specific surface analysis techniques were used to achieve

high sensitivity and selectivity.

2) Experimental Section

2.1. Functionalization of Gold Interdigitated Electrodes with PLA Fibers

Gold interdigitated electrodes with 50 pairs of 10 pm wide electrodes, 10 um apart
from each other®, were functionalized with poly(latic acid) (PLA) fibers (Mw = 76,000 g/mol,

Sigma Aldrich). The fibers were deposited with the solution blow spinning method®** i

na
setup comprising a syringe pump (New Era Syringe Pump) that injects the polymer into a
system with internal and external nozzles. The feed rate of 7 mL/h is obtained by connecting
these nozzles to an air compressor with 100-200 kPa pressure, which assists in drying and
forming the fibers, depositing them on the electrodes attached to a cylindrical collector
positioned horizontally (18 cm) from the nozzles. The collector rotates at 180 rpm, and in this
work the deposition times used were 15, 30, 60 and 90s. The carboxylic acid groups of the
deposited PLA fibers were activated by incubation in a solution 0.1 M of 1-ethyl-3- (3-
dimethylaminopropyl)  carbodiimide  (Mw=155.24 g/mol) (EDC)/0.1 M N-
hydroxysuccinimide (NHS) (Mw = 115.09 g / mol) for 30 min®, and then coated with an
active layer of anti-p53 antibodies adsorbed during 40 min. The final procedure to prepare the
biosensor is the immersion into a 1% bovine serum albumin (BSA) solution for 30 min to

block non-specific sites*°. Figure 1 shows a schematic drawing of interdigitated electrodes

coated with PLA fibers functionalized with antibodies to detect the p53 protein.



Figure 1: Preparation of interdigitated electrodes with PLA fibers functionalized with
antibodies to detect the p53 protein

2.2. p53 Detection.

Measurements of electrical impedance spectroscopy were carried out using a Solartron
model SI 1260 A, in the frequency range from 1 to 10°Hz. The biosensors were exposed for
10 min in a p53 biomarker aqueous solution at various concentrations (0.05, 0.1, 0.6, 1.1, 1.6
and 3 ng/mL). This adsorption process was followed by washing the biosensor with PBS to
remove poorly adsorbed molecules. The same procedure was used to evaluate the biosensor
efficiency in detecting cell lysates from MCF7 breast cancer cell line (p53 expressing) with
different concentrations (0.01, 0.1, 1, 10, 100, 500 and 1000 Ucell/mL), in addition to p53-
null cells (Saos-2 osteosarcoma cell line) as negative controls. The capacitance spectra were
used to construct calibration curves and calculate analytical parameters of the biosensors, such
as the limit of detection, and to obtain visualization maps for distinguishing the different types

of samples.

2.3. Data Analysis with Information Visualization Techniques



The capacitance spectra were analyzed using the software Projection Explorer Sensors

(PEx-Sensors)®’, which generates interactive document maps (IDMAP)?"?

and permits
analysis using the parallel coordinate (PC) technique®. In IDMAP the Euclidean distance is
calculated between the signal of samples X={xi, X2, ..., xn} in the original space, as

dissimilarity functions between two any samples. These data are projected into a lower space

dimension, where Y={y1, 2, ..., ¥n) is the position of the visual elements and d(y;,Yy;) is the

function of the Euclidean distance between two elements of Y. These projections are injective

functions f: XY that minimize the term ‘5<X"Xi)_d(f(xi)_ f(xi))‘vxi’xi e X, and is

given by eq. 1.

) Xir X; _5min
S|DMAP:(5+)5_d(yi'yj) (1)

max min

where 6, and &, are the maximum and minimum Euclidean between the data points

3. Results and Discussion
3.1. Characterization of PLA fibers

Polymer fibers made with SB-Spinning are advantageous to form a biosensor matrix
because of the versatility in choosing deposition parameters, such as the time, which may
permit tuning surface properties and facilitate adsorption of analytes. Herein, two
characterization techniques were used to optimize the manufacturing conditions of PLA
fibers. The scanning electron microscopy (SEM) images in Figures S1-A, S1-B and S1-C
(Supporting Information) illustrate the increase in fiber concentration per unit area with
deposition time, which produces a homogeneous film under optimized conditions on the

surface of Au electrodes. These fibers have diameters of 274-688 nm in films produced within



15s, but become more uniform with deposition time. For the films obtained within 60 s, PLA
fibers had diameters of 247-297 nm. As will be shown later on, the biosensing performance is
related to the uniformity of the fibers which contributes to enhancing the analytical
parameters with the increased availability of sites for adsorption of anti-p53 antibodies.

The adsorption of PLA fibers on interdigitated electrodes and the study of adsorption
time are corroborated by Polarization-Modulation Infrared Reflection-Absorption
Spectroscopy (PM-IRRAS), which confirms the intended functionalization of the electrodes.
Figure 2A shows the characteristic bands of poly(lactic acid) (PLA) at 1215 cm™ (—O-C-O
stretching), 1269 cm™ (-C=O deformation), 1358 cm™ (symmetrical and asymmetric
deformation of C-H) and 1757 cm™ (-C=0 carboxylic acid stretching)®. The intensity of these
bands increases with deposition time, especially for the 1757 cm™ band whose increase is
depicted in Figure 2B. The increased amount of adsorbed material with the time of deposition

may be important for the sensor characteristics, such as selectivity and sensitivity.
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Figure 2: (a) PM-IRRAS spectra of PLA fibers deposited during 15, 30 and 60s; (b) Changes of the
band area of C=0 with increasing deposition time.

3.2. p53 Biomarker Detection in Commercial Samples
Electrical impedance spectroscopy was applied to detect p53 biomarker using the
sensing units made with a matrix of PLA fibers described in Section 2.1. Figures 3a, 3b, 3c

and 3d show the capacitance spectra for sensing units whose matrices were built with 15, 30,



60 and 90s, respectively. Changes in the capacitance spectra are best observed at frequencies
below 10,000 Hz, where the electrical response is dominated by effects on the electrical
double layer and changes in nanostructured films, induced by interaction mechanisms
between antibodies and antigens®**2. The inserts in Figure 3 show the calibration curves from
the capacitance values at 100, 215 and 1000 Hz for the sensors from PLA nanofibers
deposited during 15, 30, 60 and 90s. These frequencies were chosen based on an analysis of
biosensing performance employing the parallel coordinate technique to visualize the
capacitance spectra, as discussed later on. The limits of detection (LoD) were calculated using
IUPAC recommendation’. The number of available active sites tends to zero with the p53
concentration, because the AB-AG interaction was irreversible®, thus yielding maximum
detectable concentrations of ca. 1.6 ng/mL for sensors A, B and C, and 0.6 ng/mL for sensor
D. The biosensors had LoD between 11 and 72.3 pg/mL, depending on the frequency and
deposition time for the PLA fibers. LOD for the optimized biosensor built with a PLA matrix
deposited during 60s is competitive with others in the literature®, being sufficient to detect
p53 in blood samples, since reference values are 30 pg/mL for lymphoma, 50 pg/mL for
Hodgkin's lymphoma/bladder cancer/colon cancer/lung cancer and 200 pg/mL for ovarian
cancer®. These sensors built with solution blow spun fibers of poly(Lactic Acid) have a much
wider working range than the sensors built with electrically spun fibers?®.For
PAG6/PAH/MWCNT and PA6/PAH/AUNP sensors, the saturation of active sites occurs at a
concentration up to 1.6x the reference value for detection of pancreatic cancer®. In contrast,
with SB-Spinning sensors saturation occurs at a concentration up to 53x the reference values
for detecting p53.

Optimized performance was observed for PLA fiber deposition of 60s because a more
effective antibody anchoring occurred with increasing deposition time, as confirmed with

PM-IRRAS data to be presented in Section 3.1. It should be noted, however, that above 60s



fiber deposition is not homogenous and the films make the surface nonconductive, thus
hampering sensing performance. This should be expected from the literature since there is an
optimized film thickness for biosensing performance, which is due to the competition
between having more active materials to enhance biosensing and the reduced charge transport

as the thickness increases®. The results are summarized in Table 1.
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Figure 3: Capacitance spectra of biosensors constructed from PLA fibers, deposited during (A) 15s
(biosensor A), (B) 30s (biosensor B), (C) 60s (biosensor C) and (D) 90s (biosensor D), immersed in
PBS solution with different concentrations of p53 biomarker.

Table 1: Limits of detection (LoD) and working range for biosensors made with PLA fibers
for 15, 30, 60 and 90s. Results are presented for capacitance measurements at 3 frequencies
selected as the most suitable for distinction of the samples, according to the analysis using
parallel coordinates and the silhouette coefficients.

Biosensor Time of Angular LoD Range
Label Deposition for Frequency (pg/mL) (ng/mL)
the PLA Matrix (Hz2)
100 72.3
A 15s 215 71.1 0-1.6
1000 59.1
100 28.6 0-1.6
B 30s 215 28.8 0-1.6
1000 44.3 >3
100 18.1
C 60s 215 14.2 0-1.6
1000 11.0
100
D 90s 215 0-0.6
1000

The optimization of biosensor performance is critical to high-performance devices.
We utilized two information visualization techniques to compare the performance of the
biosensors. The first technique, referred to as Interactive Document Maps (IDMAP), converts
the capacitance spectra into 2-D visualization maps, preserving the similarity of the original
multidimensional space on a 2D space. The second technique permits one to evaluate the
distinction ability based on capacitance values. A visual analysis of the map in Figure 4 shows

that biosensor C has higher selectivity and sensitivity, with clear distinction among different



concentrations of p53 (orange region). For the other biosensors, distinction is not as clear,
particularly for Biosensor D built with a PLA matrix deposited during 90s, where the data

points are not positioned according to increasing p53 concentration.

B oribers Film 15s
[——_1 PLAFibers Film 30s
[ rLAFibers Film 60s

B .- ribers Film 90s

Figure 4: IDMAP plot with data from the commercial protein samples p53 for the biosensors A (blue),
B (yellow), C (orange) and D (red). Each point represents a capacitance spectrum for each p53
concentration. The axes are not labeled because IDMAP calculates the relative Euclidean distance
between the data points.

This selectivity can be quantified by the silhouette coefficient (S)%°, calculated using
equation 2, where P is the number of samples, a; is the average distance calculated between
the i capacitance x frequency projection and the remaining capacitance x frequency curves
projections and b; is the minimum distance of the i projection and projections of other

clusters with different concentrations®.

s-Lly (b-a)

P4 max(b,,a,) @)

The value of the silhouette coefficient varies between -1 and 1 and is calculated

individually at each frequency of the capacitance spectra projected on the parallel coordinate



graphs of Figure 5. These values are represented by blue, red and white boxes indicating,
respectively, high coefficient (i.e, the capacitance at that frequency is useful for distinguishing
the samples, with S ~ 1), low silhouette coefficient (S ~ -1, with data hindering distinction)
and S ~ 0 (i.e. using the data is indifferent for distinction). For PLA fiber films, the average
silhouette coefficients for sensors A, B, C and D were 0.725, 0.779, 0.942 and 0.804,
respectively. This confirms that Sensor C made with fibers produced during 60s is more
efficient to distinguish among the p53 samples, which reflects the larger number of blue
boxes among the four biosensors. From the parallel coordinates, the frequencies 100, 215 and

1000 Hz were selected to construct calibration curves and study the adsorption processes.
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Figure 5: Parallel coordinate (PC) plots for the biosensors A (T=15s), B (T=30s), C (T=60s) and D
(T=90s) with silhouette coefficients 0.725, 0.779, 0.942 and 0.804, respectively. The X axis
corresponds to frequency while Y corresponds to capacitance values

3.3. Electric Impedance Measurements in Cell Samples with p53 Biomarker

The biosensor efficiency and selectivity for p53 antigen was tested with two types of
cell lines, MCF7 and Saos-2, which are p53 positive and negative expressing controls,
respectively. IDMAP plots from the capacitance spectra of 6 MCF7 cell concentrations (O;
0.01; 0.1; 1; 10; 100; 500 and 1000 Ucell/mL) were used to evaluate which biosensor was
more efficient in detecting p53. In the dimensional projections of Figure 6 and Figure S2
(Supporting Information) there are two behaviors: for biosensor A, there is no distinction
between positive and negative samples, i.e. distinct clusters are not formed. This means that
Biosensor A cannot be used for p53 detection in cell samples. In biosensors B and C, well-
defined clusters are present in multidimensional projections, in which the concentration of

cells with p53 increases from left to right of the projection, while the concentration of



negative cells is not organized with increasing cell concentrations. There is good distinction
between positive and negative samples for both sensors, but for Biosensor B the samples from
cells with 100 Ucell/mL show electrical signals similar to p53 null cells. Thus, biosensor C

had the highest p53 detection efficiency in cell samples, making it ideal for future clinical trial

applications.
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Figure 6: IDMAP plot for the capacitance spectra obtained with biosensor C (Time=60s) for cell
culture lysates with (MCF7) or without p53 protein expression (Saos-2). Two clusters were formed on
the projection, with negative samples located on the red region and the positive samples on the blue
region

3.4. Adsorption Processes Responsible for Biosensing

Adsorption processes in biosensing can be studied theoretically from calibration
curves modeled using Freundlich and Langmuir-Freudlich®®3*% isotherms. One may be

surprised by the success of such simple models to fit data from complicated systems with



large interacting molecules. It seems that the specific interaction between antigens and
antibodies is sufficiently strong to dominate the overall behavior entirely, in a way that the
concentration dependence for the adsorbate is the same as in the adsorption of gas molecules
for which these isotherms were proposed. A key feature is the saturation of the available sites,
which appears to always occurs in these types of biosensors. The data are normally not fitted
with a pure Langmuir isotherm; indeed, one should not expect adsorption to occur as in a
monolayer. Since the number of papers describing these adsorption processes for biosensors
in the literature is rather limited”***%®, it has not been possible to establish a general rule to
predict which model will be the most appropriate for a given biosensor. Figure 7 illustrates
the fitting of calibration curves for biosensors A, B and C at the frequencies with the lowest
LODs, with the parameters used for fitting the data being given in the inserts. Biosensor D
was not used here because its performance was worse than the others, as already discussed.
The concentration dependence was fitted with a Freundlich isotherm for the biosensor
containing the PLA fiber matrix deposited during 15 s (Biosensor A), probably owing to the
poor homogeneity of the film morphology. For the more homogeneous matrices in Biosensors

B and C the data could be fitted with Langmuir-Freundlich isotherms.
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Figure 7: Calibration curves modeled with Freundlich isotherm for (A) biosensor A and
Langmuir-Freundlich isotherm for biosensor (B) B and (C) C. From the theoretical values, the
capacitance saturation close to 36 nF and the heterogeneity index indicates that this biosensor
has a multilayer-forming surface. Biosensor C is more homogeneous than biosensors A and
B.

The biosensors reported in this work detect changes in the electrical and optical
signals arising from interactions between the active layer immobilized on PLA fibers and the
p53 biomarker. The nature of such interactions, which are ultimately responsible for the
biosensor performance, can be determined using PM-IRRAS. Figure 8 show PM-IRRAS
spectra for films made with PLA fibers during deposition times of 15, 30 and 60s. Three well-
defined bands at 1550 cm™, 1650 cm™ and 1760 cm™ are assigned to amide 11 (N-H and C-N
groups) in p53, amide | group (C=0 from p53) and C=0 from PLA fibers,

respectively*®3%%"38 The intensity of the carbonyl band from PLA carboxylic acid changes



with p53 concentration, probably due to changes in orientation. The amide bands I and II,
related to p53, have their area/intensity decreased from the adsorption on PLA carboxylic
acid, thus demonstrating that the AB-AG interaction mechanism is governed by specific

interactions.
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Figure 8: Normalized PM-IRRAS spectra of biosensors constructed from PLA fibers deposited during
(A) 15, (B) 30 and (C) 60s. Changes in the molecular orientation of C=0 dipole are observed by the
decrease in band intensity at 1650 cm™ due to biorecognition between the active layer and the p53
biomarker. The baseline was taken as the clean gold (Au) electrode spectrum.

4. Conclusion

Biosensors constructed from PLA fiber matrices exhibited high sensitivity and

selectivity, which depended on the fiber deposition time. The optimized time according to



electrical impedance measurements is 60 s, with superior biosensing performance compared
to films built with 15, 30 and 90s. The limit of detection (LoD) could be as low as 11 pg/mL,
which is sufficient to detect the p53 biomarker in patient samples, whether in cells or body
fluids. Multidimensional projections of the impedance data confirmed the selectivity,
especially for biosensor C which was optimized. Using solution blown spun fibers as a matrix
for detecting biomarkers represents a low cost, scalable approach that may allow for future

dissemination of diagnostic Kits in hospitals and even for point-of-care diagnosis.
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Highlights

* Low-cost biosensors fabricated with PLA fibers used for detecting p53 biomarker.
* Fibers produced by SB-Spinning explored for the first time as biosensor matrices.

* Optimized performance for fibers deposited during 60 s on interdigitated electrodes.
* Biosensors sensitive to p53, with Limit of Detection of 11pM.



