Open Access Article. Published on 09 September 2025. Downloaded on 3/15/2026 3:15:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Horizons

W) Check for updates ‘

Cite this: Nanoscale Horiz., 2025,
10, 3072

to cells

Received 10th July 2025,
Accepted 8th September 2025

and Ester Segal (&) *?
DOI: 10.1039/d5nh00478k

rsc.li/nanoscale-horizons

Porous silicon (PSi)-based biosensors are promising platforms for
label-free biomarker detection in complex environments, including
potential in vivo applications, but their use remains limited due to
their susceptibility to biofouling caused by their high surface area.
Here, we address this challenge by covalently immobilizing zwitter-
ionic peptides with glutamic acid (E) and lysine (K) repeating motifs
onto PSi thin films. Systematic screening identified a specific
sequence, EKEKEKEKEKGGC, which exhibited superior antibiofoul-
ing properties compared to conventional polyethylene glycol (PEG)
coatings. This peptide effectively prevented nonspecific adsorption
of biomolecules from complex biofluids, including gastrointestinal
(GI) fluid and bacterial lysate. Applying this strategy to a PSi-based
aptasensor for lactoferrin detection, we achieved more than one

“ Department of Biotechnology and Food Engineering, Technion - Israel Institute of
Technology, 3200003 Haifa, Israel. E-mail: esegal@technion.ac.il

b Institute of Physics, University of Augsburg, 86159 Augsburg, Germany

¢ Centre for Advanced Analytics and Predictive Sciences (CAAPS), University of
Augsburg, 86159 Augsburg, Germany

I have served on the Nanoscale
Horizons Advisory Board since
2020 and published my first paper
in the journal in 2022. This work
focuses on nanostructured materials
for biosensors, while my group also
develops responsive delivery systems
and hybrid materials to address
global  challenges. ~ What I
particularly value about Nanoscale
Horizons is its emphasis on new
concepts, making it a unique
platform for advancing the field.
My warmest congratulations on

and to many more exciting

Ester Segal

the journal’s 10th anniversary,
studies ahead.

3072 | Nanoscale Horiz., 2025, 10, 3072-3084

Kayan Awawdeh,? Xin Jiang,? Lisa Dahan,® Matan Atias,” Janina Bahnemann

ROYAL SOCIETY

»
PP OF CHEMISTRY

Porous silicon biosensors meet zwitterionic
peptides: tackling biofouling from proteins
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New concepts

This work presents the first application of zwitterionic peptides specifi-
cally tailored for porous silicon (PSi), enabling the development of a high-
performance aptasensor capable of operating in complex biological
fluids. Unlike conventional antibiofouling strategies, the short zwitter-
ionic peptide forms a stable, charge-neutral hydration layer that effec-
tively resists non-specific adsorption while preserving the surface
functionality required for selective aptamer coupling. Beyond protein
fouling, the peptide provides broad-spectrum resistance to cellular adhe-
sion, including biofilm-forming bacteria and mammalian cells. By
demonstrating reliable, label-free sensing performance in highly challen-
ging media, this platform introduces a new strategy for surface engineer-
ing of PSi biosensors and expands their applicability to clinically relevant
environments and implantable devices.

order of magnitude improvement in both the limit of detection and
(LOD) and signal to noise ratio over PEG-passivated sensors,
enabling sensitive detection in clinically relevant concentration
ranges. The peptide's antibiofouling performance was also
extended to biofilm-forming bacteria and adherent mammalian
cells, underscoring its broad-spectrum protection against both
molecular and cellular contamination. This universal strategy
enhances the reliability of PSi biosensors by addressing a key cause
of sensor failure in real-world applications.

Introduction

The phenomenon of biofouling poses a significant challenge within
biosensors, since it generates elevated background signals that are
difficult to distinguish from specific binding signals." Accordingly,
when developing a biosensor, it is essential to ensure that it can
effectively concentrate the target analyte from the solution onto its
surface without evoking non-specific interactions with interfering
biomolecules present in the biological fluid, as these background
signals compromise the biosensor’s dynamic detection range, limit
of detection (LOD), and reproducibility.®

This journal is © The Royal Society of Chemistry 2025
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Porous silicon (PSi)-based biosensors have gained signifi-
cant attention in recent years due to their high surface area,
tunable pore size, and ability to facilitate label-free optical and
electrochemical sensing;* however, the porous nature of these
structures also increases their susceptibility to biofouling,
particularly with respect to complex biological media, such as
body fluids and cell lysates.’”® The extent of this phenomenon
in PSi biosensors is governed by the interplay between the
transducer’s pore size and surface chemistry, and the physico-
chemical properties of both the target and interfering
molecules.”'® While small pores increase the surface area, they
can serve as effective molecular filters, preventing the infiltra-
tion of large biomolecules and as such reduce non-specific
binding. Large pores despite offering a reduced surface area are
comparatively more prone to fouling."*°

Since protein biomarkers are the most common clinically
relevant targets,'”'® understanding their adsorption on biosen-
sor surfaces is crucial for minimizing non-specific binding and
improving sensor performance. Protein adsorption at inter-
faces involves complex and dynamic interactions that are
influenced by environmental conditions such as pH, ionic
strength, and temperature.">"*?° In solution, proteins rotate
freely and can adapt their orientation based on surface
properties,”>'%?? and they tend to expose hydrophilic regions
to hydrophilic surfaces and hydrophobic regions to hydropho-
bic surfaces.>?° Similarly, proteins can also orient their charged
regions to interact with oppositely charged surfaces, allowing
net positively or negatively charged proteins to adsorb to
surfaces with similar overall charges.">'*°

In order to overcome non-specific adsorption and minimize
biofouling in PSi biosensors, several strategies have been
employed.”*"** These strategies primarily involve the use of
inert blocking agents, which operate through either physical
adsorption or covalent binding. After the immobilization of the
capture probe, a blocking step is typically carried out to prevent
the non-specific binding of undesired non-target biomolecules.
The most common blocking strategies deployed with respect to
PSi surfaces rely on the conjugation of small hydrophilic
passivation molecules, like ethanolamine®® and Tris,*** in
addition to the use of polyethylene glycol (PEG) of varying
molecular weights,*>® gelatin,>® or bovine serum albumin
(BSA).® These molecules can tightly bind water via hydrogen
and/or electrostatic interactions forming a strong hydration layer
that acts as a physical and energetic barrier to adsorption.”” PEG
has long served as the ‘“‘gold-standard” and been extensively
studied - yet PEG molecules are prone to oxidative degradation
in biological media. Hyperbranched polyglycerol (HPG), an
analog to PEG with a hyperbranched architecture, has also been
studied on PSi surfaces®® as a promising alternative. It offers
superior thermal and oxidative stability compared to PEG, along
with enhanced hydrophilicity and surface coverage due to its
three-dimensional, multi-terminal hydroxyl group structure.*?”
Yet, despite these advantages, the polymerization process of
HPGs is difficult to control, due to increased viscosity during
polymerization.>® Another promising strategy relies on thermal
carbonization of porous silicon (TCPSi), resulting in the
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formation of a Si-C layer.*** The latter improves the stability
and functionality of the biosensor in Dbiological
environments.**** TCPSi surfaces can also be functionalized
with standard coatings, such as PEG derivatives, to further
enhance antifouling properties.>® Yet, excessive carbonization
can lead to black carbonaceous deposits that diminish optical
interference fringes, cause pore blockages and reduce porosity,
impairing biosensing performance.*

Zwitterionic materials, possessing both positive and nega-
tive residues, are net-neutral and highly effective for surface
passivation of biosensors.***” Their antibiofouling properties arise
from two key features: the net-neutral surface minimizes electro-
static interactions with biomolecules, while the opposing charges
tightly bind water molecules to form a strong hydration layer.**”
This layer, stabilized by both hydrogen and electrostatic bonding,
serves as an effective barrier against non-specific adsorption, offer-
ing superior antifouling performance over PEG.>”*® Zwitterionic
materials have been widely studied in the context of porous
scaffolds.®® For example, zwitterionic phospholipids have been
incorporated into nanoporous gold substrates,”® and zwitterionic
polymers have been grafted onto thermally hydrosilylated PSi for
the first time to address hydrolysis and fouling issues.*!

Among zwitterionic materials, zwitterionic peptides have
emerged as particularly promising candidates for preventing bio-
fouling and enabling reliable detection of biomarkers.”*™*> Beside
their biocompatibility and bioinert nature, they offer several advan-
tages: they can be commercially synthesized, and their sequence
and length can be easily controlled and tuned to optimize surface
passivation and enhance biosensor performance.*®™*®

The most studied zwitterionic peptides consist of lysine and
glutamic acid (EK) amino acid repetitions with a cysteine end
allowing for their facile conjugation onto different surfaces, with
the zwitterionic structure facing toward the bulk solution.*”*®
Moreover, zwitterionic peptides have demonstrated significant
potential not only in preventing protein adsorption, but also with
respect to both bacterial and mammalian cell adhesion.?” #3951

Here, we investigate the use of surface-tethered zwitterionic
peptides containing EK motifs for minimizing non-specific binding
in PSi-based aptasensors. We systematically evaluate the efficacy of
different zwitterionic peptide sequences in preventing protein and
biofluid adsorption. The most effective sequence is employed in an
aptasensor for the detection of lactoferrin (LF), a protein biomarker
for gastrointestinal (GI) inflammatory disorders, in GI fluids. This
allows us to investigate how peptide influences both antifouling
performance and biosensing functionality. We further explore the
broader potential of this zwitterionic peptide in preventing biofoul-
ing with model microorganisms and mammalian cells onto PSi.
This work bridges surface chemistry optimization and biosensor
design, addressing critical challenges in real-world applications,
such as biomarker detection in complex physiological fluids.

Results and discussion

The antibiofouling properties of five different amino acid
sequences, as summarized in Table 1, were characterized. Each
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Table 1 Characteristics of the studied peptides in terms of sequence,
molecular weight, and isoelectric point

Number Sequence Molecular weight (Da) Isoelectric point

1 EKEKEKEKEKGGC 1563 6.7
2 EEKKEEKKEKGGC 1563 6.7
3 ERERERERERGGC 1589 6.7
4 KSESKSESKEGGC 1396 6.54
5 TSTSTSTSTSGGC 1217 n/a

peptide consists of three elements: (i) an antifouling segment,
(ii) a spacer composed of two glycine (G) residues, and (iii) a
terminal cysteine (C), that serves as an anchoring group,
enabling facile conjugation onto the PSi surface in an appro-
priate orientation with the antifouling segment facing outward.
Among these, three peptides (1, 2, and 4) were designed with
repeating motifs of glutamic acid (E) and lysine (K), which carry
negative and positive charges, respectively, at physiological pH,
arranged in different sequence patterns. Specifically, peptide 1
consists of alternating EK repeats; peptide 2 consists of block-
charged E,K, repeats; and peptide 4 incorporates hydrophilic
serine (S) residues as spacers between each E and K, forming
ESKS repeats. The design of these sequences was based on
previous studies showing that peptides composed of repeating
E and K amino acids exhibit enhanced resistance to non-
specific adsorption, owing to their strong interaction with water
molecules, as well as their neutrality, which minimizes electro-
static interactions with the surface.’®>* In addition, we eval-
uated peptide 3, which features alternating E and arginine (R),
a positively charged amino acid at physiological pH, as an
alternative to lysine. For comparison, an uncharged, hydrophi-
lic peptide (peptide 5) composed of threonine (T) and serine (S)
residues, as well as the “gold standard” PEG molecules (750 Da,
comparable in length to the peptides), were included.

Characterization of peptide conjugation onto the PSi surface

The peptides were conjugated to the nanostructured PSi scaf-
folds (see Fig. S1 for the corresponding SEM images, SI) via a
maleimide-NHS crosslinking reaction as illustrated in Fig. 1A.
The cysteine thiol group of the peptide covalently binds to the
amino-silanized PSi surface. This process was characterized
using Fourier transform infrared (FTIR) spectroscopy, with
spectra recorded after each step (Fig. 1B). Following amino-
silanization of the oxidized PSi, a peak at 1634 cm™ ", attributed
to primary amines, was observed.** Subsequent activation of
the surface with the EMCS crosslinker introduced two new
peaks at 1552 and 1654 cm ', corresponding to amide II
and amide I bonds, respectively, along with a new peak at
1706 cm ™, assigned to the C=O stretching vibrations of mal-
eimide groups.** After peptide conjugation, the intensity of the
peaks of both amide I and II bonds was observed to increase due
to the amide bonds in the backbone of the immobilized peptides.
In addition, to further characterize the peptide conjugation
process, FAM6-labeled peptide 1 was robotically microspotted
onto three different substrates: (i) EMCS-activated surface, (ii)
amino-silanized PSi omitting EMCS activation, and (iii) bare
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Fig. 1 Characterization of peptide conjugation on the PSi surface. (A)
Schematic illustration of zwitterionic peptide immobilization onto the PSi
surface. Created with https://BioRender.com. (B) ATR-FTIR spectra. (C)
CLSM projection images of the PSi film conjugated with a FAM6-labeled
peptide in the following cases: (i) full conjugation chemistry, (ii) control
experiment with no activation of the silanized surface with the coupling
agent EMCS and (iii) bare oxidized PSi. Data represented as means =+ SD,
n = 3. (D) The static water contact angle measurement on the different
modified surfaces; oxidized PSi, zwitterionic peptides and uncharged
peptides modified surfaces.

oxidized PSi. The peptide was incubated for 1 h and thoroughly
washed with PBS to remove unbound peptides. Fluorescence
micrographs of the resulting surfaces are shown in Fig. 1C. When
the full peptide conjugation process was employed (as depicted in
Fig. 1A), a strong fluorescence signal was observed within the
spotted area (~ 300 um in diameter; Fig. 1C-i), indicating covalent
immobilization of the peptide via an EMCS crosslinker.>™” In
contrast, the control lacking EMCS activation exhibited only weak
fluorescence (Fig. 1C-ii), which we attribute to non-specific
adsorption of the FAMS6 labeling dye onto the silanized PSi
surface, possibly due to electrostatic interactions between the
negatively charged FAM label and the protonated amines on the
APTES-modified PSi surface (at neutral pH). No detectable
fluorescence was observed on bare oxidized PSi (Fig. 1C-iii),
thereby confirming that surface functionalization is required for
covalent and effective peptide immobilization onto the PSi
nanostructure.

We also measured the water contact angle of the peptide-
immobilized PSi, and the results are depicted in Fig. 1D.
Conjugation of the zwitterionic peptide (peptide 1) significantly
increased (by ~4-fold) the contact angle compared to the neat
PSi, confirming successful peptide immobilization. The mea-
sured contact angle of 35° indicates that the surface remained
highly hydrophilic, consistent with previously reported values
for zwitterionic peptide-modified surfaces.**>® For comparison,
PSi conjugated with an uncharged hydrophilic peptide (peptide

This journal is © The Royal Society of Chemistry 2025
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5) exhibited a statistically higher contact angle of 38°, attrib-
uted to the absence of charged amino acid residues. Successful
conjugation was further confirmed by monitoring changes in
the reflectivity spectra of PSi during peptide immobilization
(see Fig. S2, SI). Additionally, peptide surface density within the
PSi nanostructure was determined via fluorescence-based clea-
vage assay using FAM-labeled peptides, yielding a calculated
surface density of 3.16 x 10" molecules cm 2, indicative of
efficient immobilization within the porous nanostructures
(Table S1, SI).

Protein adsorption

Protein adsorption on the modified PSi was evaluated using
reflective interferometric Fourier transform spectroscopy (RIFTS),
which enables real-time monitoring of surface interactions. In
this method, the reflectivity spectra of PSi were recorded, and the
corresponding effective optical signal (EOT) values were calcu-
lated. The latter correlates with changes in the refractive index of
the porous structure, where increases in EOT indicate an increase
in the refractive index, which is proportional to the amount of
accumulated biomolecules within the porous structure. To assess
the antibiofouling performance of the different peptide
sequences, the modified surfaces were exposed to 1 mg mL ™"
solutions of three different proteins: LF, anterior gradient
homolog-2 (AGR2), and BSA. These proteins were selected for
their diverse structural properties, varying molecular sizes (ran-
ging from 22 to 87 kDa), and charges at neutral pH. An initial
baseline was established in PBS, followed by 1-hour incubation
with protein solutions and a PBS wash to remove loosely bound
proteins. The results are presented as the net relative EOT changes
(AEOT/EOT,) and are summarized in Fig. 2A.

The oxidized PSi exhibited high levels of protein adsorption,
with AEOT/EOT, values reaching ~30 x 10> for both LF and
AGR2, attributed to electrostatic interactions between the posi-
tively charged proteins and the negatively charged oxidized PSi
surface.’® The adsorption of BSA, which carries a net negative
charge at neutral pH, was significantly lower (~5 x 10™2), likely
due to localized positively charged regions of the protein that
can interact with the surface.”® All peptide-immobilized sur-
faces showed significant reduction in protein adsorption com-
pared to the bare oxidized PSi. Among the studied peptides,
peptide 1-immoblized PSi was resistant to protein adsorption,
as shown in Fig. 24, attributed to the formation of a strong
hydration layer and an overall net-neutral surface charge.’*>’
Notably, peptide 1 outperformed the “gold standard” PEG-
modified surface, underscoring the importance of both surface
charge neutrality and hydration layer formation in achieving
superior antifouling performance. Peptide 2, containing block-
charged E,K, repeats, exhibited negligible LF and BSA (posi-
tively and negatively charged proteins, respectively) adsorption,
ascribed to reduced electrostatic interactions and overall sur-
face neutrality. In the case of AGR2 (22 kDa, positively charged),
adsorption was observed, although profoundly lower compared
to oxidized PSi, indicating poor resistance to this protein. This
may be attributed to the charge distribution of peptide 2, which
likely promotes looped rather than linear conformations (as

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Protein and bio-fluid adsorption: (A) net relative EOT changes of
the modified PSi films after incubation with the different proteins (lacto-
ferrin, AGR2, and BSA, each at a concentration of 1 mg mL™). The inset
shows a representative real-time EOT curve and the corresponding net
EOT changes. (B) Real-time EOT changes and (C) average net relative EOT
changes upon exposure of the modified surface to the Gl fluid (a total
protein concentration of 10 mg mL™Y). (D) Real-time EQOT changes and (E)
average net relative EOT changes upon exposure of the modified surface
to the bacterial lysate (a total protein concentration of 2.5 mg mL™?).
(** indicates statistical significance; t-test, n > 3, p < 0.05).

peptide 1), thereby reducing the density of the hydration layer
and rendering the surface more susceptible to adsorption of
small proteins like AGR2.>%*%°*%° peptide 3-immobilized PSi
remained prone to adsorption of all three proteins, despite
reducing overall adsorption compared to oxidized PSi. This is
likely due to arginine’s guanidinium group, which forms a
weaker hydration layer and promotes interactions with other
amino acids, particularly hydrophobic residues.*®** Peptide 4
exhibited similar performance to peptide 3, with no statistical
significance, which may arise from disrupted charge uniformity
and a weaker hydration/electrostatic barrier.®" Peptide 5, an
uncharged hydrophilic peptide, exhibited antibiofouling per-
formance comparable to PEG-modified PSi, attributed to its
ability to form a hydration layer. However, similar to PEG, the
absence of charged residues limits electrostatic repulsion,
leaving it susceptible to non-specific interactions.®> The

Nanoscale Horiz., 2025, 10, 3072-3084 | 3075
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immobilized zwitterionic peptides exhibited superior antibio-
fouling performance compared to PEG-amine and Tris, both of
which were similarly grafted onto the PSi surface via conven-
tional carbodiimide coupling (NHS/EDC), widely used in PSi-
based biosensors®>*>*>%* (Fig. S3, SI).

The superior antibiofouling behaviour of peptide 1 was also
demonstrated on planar silicon oxide surfaces by quartz crystal
microbalance (QCM) measurements. The peptide was immobi-
lized onto the silicon oxide sensors and exposed to 1 mg mL ™"
LF in PBS (Fig. S4, SI). No LF adsorption was detected on the
peptide 1-immoblized sensor; whereas for peptide 5- and PEG-
immobilized sensors comparable LF adsorption levels were
attained. In contrast, the bare oxidized silicon displayed signifi-
cantly higher adsorption. These results are consistent with
those observed for the porous surfaces.

To provide a molecular-level insight, we predicted the secondary
structures of the studied peptides using AlphaFold 3% software
(Fig. S5, SI). Peptides 1-3 adopted o-helical conformations, whereas
peptides 4 and 5 are more disordered. The o-helical arrangement
allows for tighter molecular packing, resulting in enhanced steric
repulsion to prevent biofouling.’***%*® To further examine the
peptide-water interactions, we calculated the solvent-accessible
surface area (SASA) values, using ChimeraX software,”” represent-
ing the surface available for solvent contact.®**® Peptide 1 is found
to exhibit the largest solvent-exposed area (1766.5 A%), compared to
~1610-1726 A for the other peptides (results presented in Table
S2, SI). Although the SASA value does not directly quantify hydra-
tion strength, the greater solvent exposure of the helical zwitterionic
peptides supports their ability to form dense hydration shells,
thereby suppressing biofouling. These observations align with
our experimental results, which show that peptide 1 exhibits the
strongest antibiofouling activity.

Next, the antibiofouling behavior of peptide 1-immobilized
PSi was characterized upon exposure to complex biological media.
We used real GI fluids and bacterial lysates, having protein con-
tents of 10 mg mL ' and 2.5 mg mL ", respectively. Unlike buffer-
based assays, these tests reflect biologically relevant conditions that
better mimic real-world biosensing environments. Fig. 2B shows a
representative real-time EOT response for peptide-immobilized and
bare oxidized PSi surfaces upon exposure to the GI fluid with the
corresponding net EOT changes summarized in Fig. 2C. Upon the
introduction of the GI fluid, an increase in the EOT signal was
observed in both cases. However, after PBS washing, the EOT signal
for the peptide-modified surface decreased significantly, inducing
only a negligible signal. Similarly, Fig. 2D and E present the real-
time and net EOT changes, respectively, upon exposure to bacterial
lysate. In this case, no increase in the EOT signal was observed for
the peptide-modified surface throughout the measurement. These
results demonstrate the effectiveness of peptide 1 in resisting non-
specific adsorption in complex biological media. Hence, it was
employed as the antifouling agent in the biosensor construction
and all subsequent experiments.

Aptasensor construction and biosensing performance

For biosensor construction, the PSi surface was first amino-
silanized and subsequently activated with EMCS, as we
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previously described. Thiol-terminated Lac 9-2”° aptamers (spe-
cific for LF detection) were conjugated onto the modified PSi,
followed by peptide 1 immobilization as illustrated in Fig. 3A.
This process was monitored in real time using RIFTS and the
results are depicted in Fig. 3B. After establishing a baseline
with PBS on the aminated PSi, the introduction of EMCS
induced a rapid increase in EOT, corresponding to the covalent
attachment of the crosslinker within the porous layer. Subse-
quent addition of the aptamer and peptide 1 each led to a
further increase in EOT. After each step, the modified surface
was thoroughly washed with PBS to remove unbound mole-
cules; notably, no decrease in the EOT signal was observed,
confirming the successful covalent attachment to PSi. More-
over, aptamer conjugation was characterized by confocal laser
scanning microscopy (CLSM), where z-stack images were
acquired over a depth of ~3 um (corresponding to the PSi
thickness according to SEM measurements, see Fig. S1, SI).
Cy5-labeled aptamers were conjugated to the PSi surface, and
the resulting 3D projection of the PSi films are shown in
Fig. 3C. A uniform fluorescence signal is observed throughout
the porous layer (Fig. 3C-ii), when the full chemistry of the
labeled aptamer was utilized. In contrast, no fluorescence
signal is detected on the control surface, where the APTES-
modified PSi was incubated with the labeled aptamer without
prior EMCS activation (Fig. 3C-i).

The selectivity of the resulting aptasensor was studied upon
exposure to various protein solutions (90 pg mL ™" in selection
buffer, SB), as shown in Fig. 4A. The aptasensor exhibited no
measurable response to clinically relevant non-target proteins,
including AGR2, BSA, and trypsin, confirming negligible non-
specific adsorption. In contrast, exposure to the target protein,
LF, resulted in a distinct and significant increase in EOT,
indicating a strong and specific interaction with the immobi-
lized aptamers. Compared to our previously reported aptasensor
in which carbodiimide chemistry was employed for the immo-
bilization of the Lac 9-2 aptamer with PEG passivation,® the
current biosensor design demonstrated a substantially improved
signal-to-noise ratio (SNR). While maintaining comparable EOT
signal levels, the new aptasensor achieved an SNR of 40 for LF,
versus 0.4-1.7 for non-target proteins. This improvement under-
scores the zwitterionic layer’s function in reducing non-specific
adsorption, resulting in improved selectivity.

To evaluate the biosensing performance in physiologically
relevant complex media, experiments were conducted in the GI
fluid, a heterogeneous mixture containing high concentrations
of non-target biomolecules (Fig. 4B). Initially, the aptasensor
was first incubated in the neat GI fluid to establish a stable
baseline, followed by exposure to the GI fluid spiked with the
target molecule (LF, 1 uM) for 1 h. Subsequently, the sensor was
washed with fresh GI fluid to remove unbound LF. Fig. 4B
shows that the net relative EOT change achieved with the
aptasensor exceeds that of the previously reported PEG-
passivated counterpart.’® Importantly, exposure to the neat GI
fluid induced only negligible EOT changes, demonstrating the
biosensor’s superior resistance to biofouling compared to the
PEG-passivated sensor (Fig. 4B).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Biosensor construction: (A) schematic illustration of thiol-
terminated aptamer and zwitterionic peptide immobilization onto the PSi
surface. Created with https://BioRender.com. (B) Relative EOT changes of
the PSi film following the immobilization of peptides: amino-silanization
with APTES, activation with EMCS, immobilization of thiol-terminated
aptamers and passivation with the peptides. (C) CLSM projection images
of the PSi film conjugated with a Cy5-labeled aptamer in the following
cases: (i) control experiment with no activation of the silanized surface
with the coupling agent EMCS and (ii) full conjugation chemistry. The top
row represents the fluorescence signal of the Cy5-labeled aptamer, the
middle row represents the PL of the PSi nanostructure, and the bottom
row is the merged view of the top and middle rows.

The zwitterionic layer also contributed to reducing the back-
ground noise in the GI fluid, as evidenced by the baseline
relative EOT changes presented in Fig. 4C. As a result, the
biosensor’s characteristic SNR increased by more than an order
of magnitude compared to the PEG-passivated aptasensor.
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Fig. 4 Biosensor performance: (A) real-time relative EOT changes upon
introduction of the target protein LF (90 pg mL™?, equivalent to 1 uM) and
other non-target proteins (AGR2, BSA and trypsin) at a similar concen-
tration in buffer. (B) Net relative EOT changes in response to the LF-spiked
Gl fluid (1 pM) comparing the zwitterionic peptide-modified aptasensor
with the PEG-passivated biosensor. (C) Baseline comparison in the neat Gl
fluid. (D) LF binding curve in the Gl fluid over a concentration range of 0.05
to 1 uM (n = 3). (E) lllustration of the micro-impeller system, consisting of a
mixing chamber for the impeller and a measurement zone with a height of
1 mm. (F) Characteristic real-time EOT changes for the micro-impeller
system upon introduction of the LF-spiked Gl sample at concentrations of
10 and 50 nM LF.

Fig. 4D shows the biosensor binding curve in the GI fluid,
revealing a linear correlation between the net EOT change
signal and the LF concentration within the range of 0.05 to
1 uM (R = 0.9609). The LOD was calculated to be 49 nM, more
than one order of magnitude lower than that of the previously
reported PEG-passivated aptasensor.’® In fact, this LOD is
comparable to that of the PEG-passivated sensor in buffer,
underscoring the crucial impact of zwitterionic peptide mod-
ification in enhancing overall biosensor performance in
complex media and enabling reliable detection of target ana-
Iytes in complex clinical samples.

To further enhance the LF-biosensor sensitivity towards
clinically relevant concentrations (>10 nM, as reported for
patients’*~”®), the biosensor was integrated into a microfluidic
device incorporating a micro-impeller (Fig. 4E), previously
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developed in our lab,"® enabling active mixing, reduced deple-
tion zones, and improved mass transport and detection perfor-
mance. The integrated biosensor was exposed to low
concentrations of LF (10 and 50 nM), with real-time EOT
changes presented in Fig. 4F, demonstrating a clear significant
signal increase at both levels. This confirms the successful and
reliable detection of clinically relevant LF concentrations in
complex media. Note that despite the enhanced flux induced by
this micro-impeller design, the signal upon exposure to the
neat GI fluid (Fig. 4F) remained stable, indicating effective
suppression of non-specific adsorption even under active mix-
ing conditions.

Cellular biofouling resistance

Cellular biofouling is a major challenge for PSi biosensors, both
for in vivo use and when analyzing clinical samples containing
non-target cells (bacterial or mammalian), where unintended
cell adhesion may impair sensor performance and
reliability.%”®”” Hence, we studied the antibiofouling perfor-
mance of zwitterionic peptide-immobilized PSi in rich bacterial
suspensions and mammalian cell cultures.

To assess bacterial attachment and colonization, the zwit-
terionic PSi films were incubated for 24 hours at 37 °C with two
model bacteria, Escherichia coli (E. coli) and Staphylococcus
saprophyticus (S. saprophyticus). These species represent clini-
cally relevant Gram-negative and Gram-positive bacteria com-
monly associated with biofilm formation on implantable
medical devices.”*®' Following incubation, films were washed
to remove loosely bound bacteria, stained with the Syto9 dye
and imaged by fluorescence microscopy (Fig. 5). Both strains
adhered strongly to bare oxidized PSi, with E. coli forming a
highly dense bacterial layer (Fig. 5A), likely due to the differ-
ences in their membrane composition and structure.?” Lipopo-
lysaccharides, abundant in the outer membrane of Gram-
negative bacteria, were shown to assist in their adhesion to
negatively charged surfaces, such as oxidized PSi.>*** In con-
trast, the zwitterionic peptide-modified PSi surfaces displayed
remarkable resistance to bacterial attachment, where only few
E. coli cells were observed and none for S. saprophyticus (Fig. 5C
and D, respectively).

We next evaluated the ability of the zwitterionic PSi surfaces
to resist mammalian cell adhesion. In these experiments, PSi
chips with 20 nm pore diameters were selected (see Fig. S1, SI),
as their surface roughness is known to promote mammalian
cell attachment.*® Two cell lines, MRC5 (human lung fibro-
blasts) and BxPC-3 (human pancreatic cancer cells), were
selected for their known tendency to adhere strongly to various
surfaces, making them suitable models for assessing cellular
biofouling. MRC5 and BxPC-3 were incubated on peptide-
modified chips for 24 hours at 37 °C. After incubation, the
chips were washed, and the adhered cells were immunostained.
Fig. 6C and D depicts representative fluorescence images of the
zwitterionic peptide-modified PSi, where no fluorescence is
observed for both MRC5 and BxPC-3 cells. In contrast, these
cells are observed to strongly adhere to the bare oxidized PSi
surface (Fig. 6A and B).
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E. coli

S. saprophyticus

Oxidized PSi

Zwitterionic Peptide

Fig. 5 Attachment and colonization of E. coli and S. saprophyticus
bacteria to (A) and (B) bare oxidized PSi, and (C) and (D) zwitterionic
peptide-immobilized PSi. Representative fluorescence microscopy images
of the different surfaces following Syto9 staining.

Overall, the zwitterionic peptide-modified PSi surfaces
demonstrated strong resistance to biofouling by both bacterial
and mammalian cells. These findings confirm the broad-
spectrum antibiofouling properties of the zwitterionic peptide
coating, underscoring its potential to improve the performance
and reliability of PSi-based biosensors in complex biological
environments and implantable medical applications.

MRC5 BxPC-3

Oxidized PSi

Zwitterionic Peptide

Fig. 6 Mammalian cell (MRC5 and BxPC-3) adhesion to (A) and (B) bare
oxidized PSi, and (C) and (D) zwitterionic peptide-immobilized PSi. Repre-
sentative fluorescence microscopy images of MRC5 stained with the Alexa
fluor 647-conjugated anti-vimentin antibody (red, cytoskeleton) and
counterstained with DAPI (blue, nuclei), and BxPC-3 cells stained with
FITC-conjugated anti-EpCAM antibody (green, membrane marker) and
DAPI.
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Conclusions

This work demonstrates the potential of zwitterionic peptides
with EK repeating motifs as an effective strategy for mitigating
biofouling in PSi-based biosensors. Among the studied
sequences, peptide 1 (EKEKEKEKEKGGC)-immobilized PSi
exhibited superior resistance to protein adsorption, outper-
forming other peptides and conventional PEG modifications.
The superior antibiofouling performance of peptide 1 was also
demonstrated in complex biofluids such as bacterial lysate and
GI fluids, where non-specific adsorption was effectively
minimized.

Building on this strategy, we integrated the zwitterionic
peptide as a passivation layer into a PSi-based aptasensor for
lactoferrin detection and confirmed that aptamer functionality
remained fully intact. In buffer, the peptide-modified aptasen-
sor preserved the signal response seen with PEG passivation,
while in complex GI fluids, it achieved substantially improved
analytical performance. Specifically, the peptide-modified bio-
sensor demonstrated an enhancement of more than an order of
magnitude in both the LOD (49 vs. 600) and the SNR (40 vs. 0.4-
1.7) values over the over the PEG-based design. This improve-
ment enabled reliable detection of lactoferrin at clinically
relevant concentrations, even under complex, interference-
rich conditions.

Beyond protein resistance, zwitterionic peptides demon-
strated strong potential in minimizing adhesion of bacteria
and mammalian cells. Peptide 1 was tested against Gram-
positive (S. saprophyticus) and Gram-negative (E. coli) bacteria
after 24 hours of incubation on PSi surfaces. Bacterial adhesion
was significantly reduced on the peptide-modified surface.
Similarly, for mammalian cells, two different cell lines (MRC5
and BxPC-3) were tested, and in both cases, peptide 1 comple-
tely prevented cell adhesion.

These results underscore the potential of zwitterionic pep-
tides with EK repeating motifs for mitigating biofouling across
a range of targets, from small biomolecules and complex
biofluids to bacterial and mammalian cells, and for enabling
the development of sensitive, reliable PSi-based biosensors.

Experimental
Materials

Si wafers (highly doped p-type, (100)-oriented, with a charac-
teristic resistivity of ~0.95 mQ cm) were obtained from Sil’-
tronix Silicon Technologies (Archamps, France). Absolute
ethanol was provided by Bio-Lab Ltd (Jerusalem, Israel). Aqu-
eous hydrofluoric acid (HF) 48%, N-hydroxysuccinimide (NHS),
N-ethyldiisopropylamine (EDIPA), (3-aminopropyl) triethoxysi-
lane (APTES), methoxypolyethylene glycol amine 750 Da
(mPEG-NH,), succinic anhydride, acetonitrile (ACN), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), 2-(n-morpolino) ethanesulfonic acid (MES), MES sodium
salt, Tris base, dithiothreitol (DTT), lactoferrin from bovine
milk, trypsin, bovine serum albumin (BSA), Eagle’s minimal
essential medium (MEM) Earle’s salts, fetal bovine serum
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(FBS), penicillin streptomycin, sodium pyruvate, MEM non-
essential amino acid solution, r-glutamine, Roswell Park Mem-
orial Institute (RPMI) 1640 medium, Dulbecco’s phosphate
buffered saline (DPBS), Triton X100, 4',6-diamidino-2-
phenylindole (DAPI), Syto9 dye, and buffer salts were supplied
by Sigma-Aldrich Chemicals (Rehovot, Israel). Methoxypo-
lyethylene glycol thiol 750 Da (mPEG-SH) was obtained from
Biopharma PEG Scientific Inc. (USA). Brain heart infusion (BHI)
broth was supplied by Difco (USA). Paraformaldehyde (PFA) and
the TrypLE express enzyme were supplied by Rhenium (Israel).
The rabbit monoclonal Alexa fluor 647-labeled anti-vimentin
antibody was generously supplied by Prof. Amit Zeisel, Tech-
nion. Mouse monoclonal anti-EpCAM was purchased from Bio-
Rad (USA) and FITC-labeled anti-mouse antibodies were
obtained from Jackson ImmunoResearch (USA). All peptides
and FAMe6-labeled peptides were obtained from PepMic (Suz-
hou, China); peptides were purchased with an acetylated N-
terminus and an amidated C-terminus. Sulfo-N-e-
maleimidocaproyl-oxysulfosuccinimide ester (sulfo-EMCS) was
supplied by Tzamal D-Chem Laboratories (Petach-Tikva, Israel).
3’-Thiol modified anti-LF aptamer Lac 9-2”° (5'-CA GGC AGG
ACA CCG TAA CCG GTG CAT CTA TGG CTA CTA GCT CTT CCT
GCC TAT TTT TTT TTT-3') was purchased from Integrated DNA
Technologies (Coralville, USA).

Buffers. Phosphate buffered saline (PBS, pH 7.4) consisting
of NaCl (137 mM), Na,HPO, (10 mM), KCl (2.7 mM), and
KH,PO, (2 mM) was used. Selection buffer (SB, pH 7.4) was
prepared by dissolving MgCl, in PBS (pH 7.4) to a concentration
of 1 mM. Motility buffer (MB, pH 6.85) consisted of K,HPO,
(6.2 mM), KH,PO, (3.8 mM), NaCl (67 mM), EDTA (0.1 mM),
t-methionine (1 mM), and sodium lactate (10 mM). All
buffer solutions were prepared using Milli-Q water (ddH,O,
18.2 MQ cm).

Cell lines. Human pancreatic cancer BXxPC-3 cell line, human
lung fibroblast MRC5 cell line, Staphylococcus saprophyticus (S.
saprophyticus) ATCC 15305, and Escherichia coli (E. coli) ATCC
25922 were obtained from the American Type Culture Collec-
tion (ATCC).

Biofluids. Gastrointestinal (GI) fluids were supplied by Given
Imaging Ltd. The GI fluids were obtained from domestic pigs,
Sus scrofa domesticus (large White mixed with Landrace, aged
5.5 months and weighing 90 kg) from Lahav Research Institute
according to ethic approval IL-17-8-290 (The Israel National
Ethic Committee). E. coli lysates were prepared as previously
described.®

PSi fabrication

Silicon anodization. PSi films were fabricated via anodiza-
tion in an HF solution and ethanol, as previously described.®**”
Two anodization conditions were used to produce PSi films: (1)
applying a current density of 75 mA ecm ™2 for 70 s using a 1:1
(v/v) HF/ethanol solution, to produce films with 80-nm dia-
meter pores and a layer thickness of 3 pm; (2) applying a
current density of 15 mA ecm™> for 225 s using a 3:1 (v/v) HF/
ethanol solution, resulting in films with 20-nm diameter pores
and 2.5 um thick. Following anodization, all films were
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thermally oxidized at 800 °C for 1 h in a tube furnace (Lindberg/
Blue M 1200 °C Split-Hinge, Thermo Scientific, USA).

Peptide immobilization

Oxidized PSi films were first amino silanized by incubation in
APTES (1% v/v) and EDIPA (1% v/v) solution in ddH,O for 1 h,
followed by extensive rinsing with ddH,O and ethanol. Subse-
quently, annealing was performed at 100 °C for 15 min. Once
cooled down to room temperature, the amino-silanized PSi was
incubated in a solution of EMCS (5 mg mL™") in PBS for 1 h.
The PSi films were then thoroughly washed with PBS and
incubated for 1 h with the respective peptide solution in PBS
at a concentration of 1.3 mM (equivalent to 1 mg mL ™" PEG).
Finally, the films were treated with cysteine (50 mM in PBS) for
15 min. Table 1 lists the studied peptides and their character-
istics in terms of molecular weight and isoelectric point values.
PEG-terminated PSi films served as control, where following the
EMCS activation the films were incubated in a solution of 1 mg
mL " thiol-PEG (750 Da) for 1 h.

Characterization of peptide conjugation to the PSi surface

Fourier transform infrared (FTIR) spectroscopy. The syn-
thetic steps followed for the peptide immobilization onto the
PSi surface were characterized using attenuated total reflec-
tance FTIR spectroscopy (Thermo 6700 FTIR equipped with a
Smart iTR diamond ATR).

Water contact angle. Contact angle values of water droplets
(7 uL) on the various modified PSi were measured using an
Attension Theta Lite optical tensiometer (Biolin Scientific,
Sweden). Digital images of the droplets on each substrate were
acquired using a CCD camera and the respective contact angle
was calculated using OneAttension Software using the Young-
Laplace equation.

Confocal laser scanning microscopy (CLSM). FAM6-labeled
peptide 1 was robotically spotted onto the PSi surface using an
iTWO-300P microspotter device (M2-automation, Germany)
equipped with a PDMD micro-dispenser. Spotting was per-
formed at a voltage of 56 V, a peak duration of 59 ps and a
frequency of 80 Hz, yielding droplets of ~200 pL and a spot
diameter of ~300 pum. The spots were characterized by imaging
using a confocal laser scanning microscope (LSM 880, Carl
Zeiss, Inc.) linked to a Zeiss inverted microscope that was
equipped with a Zeiss X63 oil immersion objective. FAM6-
labeled peptides were excited with a laser line of 488 nm.

Protein and bio-fluid adsorption

The RIFTS method®® was employed to evaluate protein adsorp-
tion in both buffer and biofluids on the different modified PSi
films in real time. The PSi films are fixed in a custom flow cell,
as described previously,'® and the effective optical thickness
(EOT) shifts due to biomolecule adsorption were monitored by
fast Fourier transformation (FFT) analysis of reflectance spectra
(in the wavelength range of 450-900 nm) acquired every 15 s.
In these experiments, PBS was first introduced for 30 min to
acquire a stable baseline. Then, different protein solutions were
introduced (BSA, LF, and AGR2 at a concentration of
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1 mg mL™"), as well as complex biofluids (GI fluids at
10 mg mL ™" and bacteria lysate at 2.5 mg mL™") and incubated
for 1 h. Finally, the chips were washed with PBS for 30 min to
remove unbound proteins and biomolecules.

The results are presented as the relative change in EOT
(AEOT/EOT,), calculated using the following equation:

AEOT, EOT, — EOT,
EOT, EOT,

where EOT, is the average EOT value during the PBS baseline,
and EOT;, is the EOT value at a given time point.

The antibiofouling properties of peptide 1 were also studied
using a Quartz crystal microbalance (QCM-D). QCM SiO, sen-
sors were purchased from (RenLux Crystal Ltd, China) and
served as substrates for the protein adsorption assay. The
sensors were functionalized similarly to PSi films (as described
in the previous sections). In this set of experiments, a baseline
was established with PBS for 30 min, followed by exposure to LF
protein solutions at a concentration of 1 mg mL ™" for 1 h.
Subsequently, the sensors were washed with PBS for 30 min to
remove loosely bound proteins. All QCM experiments were

conducted at a flow rate of 20 pl min ™.

Biosensing experiments for the detection of lactoferrin

PSi functionalization with aptamers. APTES-modified PSi
surfaces were first activated with the EMCS crosslinker
(5 mg mL™" in PBS) for 1 h. After washing, the surfaces were
incubated with 3'-thiol-modified anti-LF aptamer Lac 9-2”°
(30 pM in PBS) for 1 h. Remaining EMCS groups were then
deactivated by incubation with zwitterionic peptides, as
described in the peptide conjugation section.

Characterization of aptamer conjugation. The RIFTS
method, described before, was employed to confirm aptamer
conjugation to the amino-silanized PSi. PBS was first intro-
duced to establish a stable baseline, after which the different
chemical solutions were introduced and incubated according to
the conjugation protocol. After each step, the sample was
thoroughly washed with PBS to remove unbound molecules.

In addition, Cy5-labeled aptamers were immobilized on the
PSi surface, followed by imaging using a CLSM (LSM 880, Carl
Zeiss, Inc.) coupled to a Zeiss inverted microscope equipped
with a X63 oil immersion objective. PSi photoluminescence (PL)
and Cy5 fluorescence were excited at 405 nm and 639 nm,
respectively. To generate a 3D projection of the porous struc-
ture, z-stack images were acquired at 0.3 pm intervals over a
depth of ~3 pm. Image processing and analysis were per-
formed using Imaris Bitplane scientific software.

Biosensing experiments. Biosensing experiments were per-
formed as described previously." Briefly, the aptasensor was
mounted in a custom-made flow cell, and the reflectivity
spectra were recorded every 15 s. For buffer experiments,
aptamers were unfolded with elution buffer, refolded in selec-
tion buffer (SB), followed by incubation with protein solution
and washing in SB. For GI fluid experiments, sensors were pre-
equilibrated in SB and then exposed to neat and spiked GI
fluids, with incubations and washes at 37 °C. The binding curve
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in the GI fluid was obtained using separate PSi aptasensors for
each LF concentration. The results are presented as a relative
AEOT.

Signal-to-noise ratio (SNR) values were determined by calcu-
lating the ratio of the net relative EOT signal to the standard
deviation (o) of the baseline signal prior to protein introduc-
tion. The limit of detection (LOD) was defined as the concen-
tration corresponding to a signal equal to three times the
baseline standard deviation (30).

Bacterial attachment

Bacterial cell cultures. E. coli and S. saprophyticus were
retrieved from —80 °C stocks by streaking onto BHI agar plates
separately and then incubated overnight at 37 °C. A single
formed colony of each bacterial strain was transferred to 5 mL
BHI medium and grown overnight at 37 °C with spinning,
followed by sub-culturing in a 1:100 dilution in fresh BHI
medium for 3 hours. Bacterial cells were harvested by centri-
fugation at 2580 x g for 5 min at room temperature, washed
twice with PBS, and then resuspended in PBS in order to
achieve an optical density measured of 0.1, corresponding to
10" CFU mL™".

Bacterial adhesion assay. PSi chips anodized at 75 mA cm™
for 70 s were sterilized prior to the experiment. Bacterial
suspensions were then introduced and incubated for 24 h at
37 °C. Post-incubation chips were gently rinsed three times
with PBS, followed by 30 min of shaking to remove loosely
adhered cells. Adhered bacteria were stained with the 0.1% (v/v)
Syto9 dye in PBS, by incubating the PSi in the dye solution for
1 h at room temperature in the dark. The samples were washed
with PBS and dried under nitrogen steam prior to characteriza-
tion by fluorescence microscopy (Zeiss Axioscope 7, Germany,
equipped with Objective EC Epiplan X20/0.4 and Objective EC
Epiplan X50/0.7 objective), and the excitation wavelength was
488 nm for Syto9.

2

Mammalian cell adhesion

Cell culture and harvest. BxPC-3 and MRC5 cells were
cultured in T-75 flasks (Thermo-Fisher) at 37 °C in a humidified
atmosphere of 5% CO,. BxPC-3 was cultured in RPMI medium
containing 10% FBS and 1% penicillin streptomycin. MRC5
was cultured in MEM medium supplemented with 10% FBS,
1% penicillin streptomycin, 1 mM sodium pyruvate, 1% MEM
non-essential amino acid solution, and 4 mM tr-glutamine
solution. Cells were harvested for experiments once they
reached 90% confluency. First, adhered cells were harvested
using TrypLE and then resuspended in DPBS to achieve a final
concentration of 2 x 10> cells mL ™.

Cell adhesion assay. PSi chips anodized at 15 mA cm ™ for
225 s were UV-treated for 30 min, incubated in DPBS, and
seeded with cells. After 24 h incubation at 37 °C and 5% CO,,
chips were gently rinsed with DPBS to remove loosely adhered
cells. Adhered cells were fixed with 4% PFA solution for 10 min,
permeabilized with 0.2% Triton X100 in DPBS for 2 min and
blocked with 5% BSA for 1 h. BXPC-3 cells were stained with the
anti-EpCAM primary antibody for 2 h at room temperature,
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followed by the FITC-labeled secondary antibody for 1 h. MRC5
cells were stained overnight at 4 °C with the Alexa fluor 647-
labeled anti-vimentin antibody, followed by counterstaining
with DAPI (1 ug mL™ ') for 15 min. Finally, the chips were
mounted using a ProLong mountant for further examination
under the microscope. The adhered cells on the PSi chips were
examined under a microscope (Zeiss Axioscope 7, Germany,
equipped with a Zeiss X20/0.4 objective). Excitation wave-
lengths were 353 nm for DAPI, 488 nm for FITC, and 653 nm
for Alexa fluor 647.

Statistical analysis

All experiments were repeated at least three times. The data are
presented as the mean (n > 3) with the standard deviation. For
statistical analysis, an unpaired ¢-test with two-tailed distribu-
tion and unequal variance was used. A p-value of less than 0.05
was considered statistically significant.
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