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ABSTRACT: The analysis of biosamples, e.g., blood, is a ubiquitous task
of proteomics, genomics, and biosensing ﬁelds; yet, it still faces multiple
challenges, one of the greatest being the selective separation and detection
of target proteins from these complex biosamples. Here, we demonstrate
the development of an on-chip light-triggered reusable nanostructured
selective and quantitative protein separation and preconcentration
platform for the direct analysis of complex biosamples. The on-chip
selective separation of required protein analytes from raw biosamples is
performed using antibody−photoacid-modiﬁed Si nanopillars vertical
arrays (SiNPs) of ultralarge binding surface area and enormously high
binding aﬃnity, followed by the light-controlled rapid release of the tightly
bound target proteins in a controlled liquid media. Two important
experimental observations are presented: (1) the ﬁrst demonstration on
the control of biological reaction binding aﬃnity by the nanostructuring of
the capturing surface, leading to highly eﬃcient protein collection capabilities, and (2) the light-triggered switching of the highly
sticky binding surfaces into highly reﬂective nonbinding surfaces, leading to the rapid and quantitative release of the originally
tightly bound protein species. Both of these two novel behaviors were theoretically and experimentally investigated.
Importantly, this is the ﬁrst demonstration of a three-dimensional (3D) SiNPs on-chip ﬁlter with ultralarge binding surface area
and reversible light-controlled quantitative release of adsorbed biomolecules for direct puriﬁcation of blood samples, able to
selectively collect and separate speciﬁc low abundant proteins, while easily removing unwanted blood components (proteins,
cells) and achieving desalting results, without the requirement of time-consuming centrifugation steps, the use of desalting
membranes, or aﬃnity columns.
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■

INTRODUCTION

range of concentrations in an eﬃcient manner is not yet fully met
by conventional protein analysis techniques.
Conventional techniques for protein separation include
chromatography,6−8 electrophoresis9−12 centrifugation13,14
and ﬁltration.15,16 Chromatographic methods eﬃciently separate pure biomolecules but require long pretreatment processes
and large sample volumes. Electrophoresis could be performed
with smaller samples and in a timely fashion; however, it is able
to separate biomolecules only according to their charge-to-size
ratio.

Analyzing biosamples is a ubiquitous task of proteomics,
genomics, and biosensing ﬁelds; yet it still faces multiple
challenges, one of the greatest being the separation and
detection of target proteins from complex biosamples.1−4
Biosamples, such as blood and urine, are complex mixtures
primarily comprising numerous biomolecules and chemical
species, which represent a great practical challenge to any
analytical technique being applied. Blood samples typically
contain more than 10 000 diﬀerent proteins at a concentration
range varying over 10 orders of magnitude.5 This great diversity,
along with the concentration range, poses an enormous
challenge during sample analysis in proteomics. Thus, the
requirement to detect and diﬀerentiate proteins in this wide
© 2019 American Chemical Society

Received: March 31, 2019
Revised: July 15, 2019
Published: August 5, 2019
5868

DOI: 10.1021/acs.nanolett.9b01323
Nano Lett. 2019, 19, 5868−5878

Letter

Nano Letters
The use of ﬁltration methods, such as nanoporous materials,
requires controllable pore sizes, lengths, and surface chemistry.
To achieve highly selective separation and obtaining suﬃcient
analyte ﬂux, the pores must be of uniform diameter distribution
and with high abundance. Most of the commercially available
nanoporous materials are characterized by large size distributions and relatively large thicknesses.17−20 Moreover, these
techniques fall short in their integration on a single platform with
downstream technologies, such as sensing devices, highthroughput systems, lab-on-chip microﬂuidic devices, and
complementary metal−oxide−semiconductor fabrication
routes (CMOS).
Another well-established method is immunoprecipitation, in
which antibodies are immobilized to the surface of polystyrene
microbeads of high capacity and surface area that allow for
quantitative separation; however, this method requires a
repetitive multistep process of centrifugation and wash that is
very time-consuming. This also leads to precipitant loss, which
reduces the chance to separate low-abundant proteins in
physiological concentrations (pM-fM).
Improved protocols that include the use of magnetic beads
accelerate the separation process, reducing the time required to a
single hour. Still, this does not solve the need for a multistep
process, and it is not without faults, including a high percentage
of nonspeciﬁc adsorption and the ﬁnal use of a low-pH or
sodium dodecyl sulfate (SDS)-containing elution buﬀer, that
usually causes nonreversible denaturation of the antibody
capturing units and the eluted proteins.
Microﬂuidic-based separation devices have recently attracted
extensive research eﬀorts. In contrast to nanoporous materials,
these devices are mechanically and chemically more robust, are
readily integrated within microfabrication processes, can be
predesigned to yield improved separation performances, and
were already demonstrated to eﬃciently separate DNA
molecules, particles, and proteins in controlled ﬂuidic environments.21−24 These microﬂuidic devices have become increasingly popular in biological analyses by virtue of their minimal
reagent use, cost-eﬀectiveness, and automation.25,26 Most
microﬂuidic-based separation approaches commonly analyze
only a tiny fraction of a tested biosample, a fact limiting the
overall analysis sensitivity, especially when dealing with lowly
abundant protein species. In this context, several strategies were
developed for the preconcentration of liquid biosamples,
including ﬁeld-ampliﬁed sample stacking,27,28 isotachophoresis,29−31 micellar electrokinetic sweeping,32,33 isoelectric focusing,34−37 and dielectrophoresis.38,39 Nevertheless, these techniques are limited by buﬀer handling challenges, long preconcentration times, fabrication complexities making them diﬃcult to
integrate with lab-on-chip systems, and their incapability to
separate and concentrate speciﬁc target molecules from a
complex biosample selectively.40,41
In a previous work from our group,42 we showed the potential
of vertical Si nanopillars vertical arrays (SiNPs) as an eﬃcient
device to quickly separate target proteins from complex
biosamples, and their integration on one microchip to a sensing
device, to compose a lab-on-a-chip multitask system. The silicon
nanowire-based ﬁeld eﬀect transistor (SiNW-FET) proved to be
a reliable tool for label-free detection of various biomolecules.43,44 However, the intrinsic limitations of SiNW-FET
devices require an aqueous medium of a controlled low ionic
strength (due to the Debye screening length limitations of less
than ∼1 mM).45,46 Integrating SiNW-FET sensing devices
downstream to this separation array allowed for the quick and

label-free detection of analytes directly from complex biosamples.42
Here, we demonstrate the development of an on-chip lightcontrolled reusable nanostructured selective and quantitative
protein separation, desalting and preconcentration platform for
the direct analysis of complex biosamples. The on-chip selective
separation of required protein analytes from raw biosamples is
ﬁrst performed using antibody∼photoacid-modiﬁed SiNPs of
ultralarge binding surface area and enormously high binding
aﬃnity, followed by the light-controlled rapid release of the
tightly bound target proteins in a controlled liquid media.
Shortly, nanostructured SiNPs arrays create cavities in which
proteins experience limited diﬀusion, with a signiﬁcantly lower
mean-free path. Proteins delay inside the cavities while being
adsorbed to, and desorbed from, antibodies on the surface of the
pillars into the conﬁned interpillars space repeatedly, until
ultimately being released to the above medium. This repeatedly
occurring rebinding behavior of captured proteins inside the
interpillars aqueous space leads to extremely prolonged eﬀective
dissociation rates. When accounting for the high proteinantibody aﬃnity, the complete desorption process could take
days or longer.42 In order to control the dissociation rate, a
drastic pH change near the SiNPs surfaces, caused by a
covalently bonded photoacid-molecular monolayer, is applied.
Photoacids are aromatic organic molecules that display
properties of weak acids in their ground electronic state, but
exhibit acidity that is many orders of magnitude greater in their
ﬁrst excited electronic state. These materials have been widely
studied in several applications,47−51 including the light-triggered
“pH drop” caused by photoactivation of photoacid molecules
applied in SiNW-FET devices for the on-surface modulation of
protein aﬃnity to an antibody.52 The resulting on-surface
controlled pH drop immediately converts the highly “receptive”
SiNPs binding surface into a highly “reﬂective” antibinding
surface, because of the dissociation of antigen−antibody pairs
and the complete binding destabilization of the antibody units at
the light-triggered low “surface” pH. This light-triggered step
transforms the SiNPs protein collection surface into a fast
releasing unit, thus exploiting the best advantages from these
two worlds. Most notably, the pH change caused by the
photoactivation of photoacid molecules is triggerable, reversible,
and does not involve buﬀer handling limitations. Also, the
controlled surface density of photoacid molecules, along with
the applied light intensity, leads to the achievement of a
controlled “surface pH” and the subsequent rapid seconds-long
release of the tightly captured protein species from the interSiNPs cavity into the bulk solution. Importantly, this is the ﬁrst
demonstration of a three-dimensional (3D) SiNPs on-chip ﬁlter
with ultralarge binding surface area and reversible lightcontrolled quantitative release of adsorbed biomolecules for
direct puriﬁcation of blood samples, able to selectively collect
and separate speciﬁc low-abundant proteins, while easily
removing unwanted blood components (proteins, cells) and
achieving desalting results, without the requirement of timeconsuming centrifugation steps, the use of desalting membranes,
or aﬃnity columns.
Furthermore, this 3D SiNPs light-controlled separation
device can be easily integrated into a single platform with
downstream sensing technologies, which can be successfully
applied for the multiplex, real-time, and ultrasensitive detection
of biomarkers.
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Figure 1. SiNP array ﬁlter fabrication and modiﬁcation analysis using scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS). (a) Schematic representation of the process. (b) SEM image of the polystyrene bead monolayer deposited on a silicon wafer. (c) SEM image of
the polystyrene bead monolayer following oxygen plasma treatment. (d) SEM image of the porous SiNP array demonstrating high surface area formed
by the wet etching process. (e) Close-up view of the porous SiNP array presented in panel (d). (f) Schematic representation, and XPS-analyzed atomic
concentrations during each step of the HPTS and antibodies immobilization on the SiNPs surface.
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RESULTS AND DISCUSSION
SiNPs Array Preparation and Chemical Modiﬁcation.
SiNPs were fabricated by the deposition of a densely packed
monolayer of polystyrene beads, 500 nm in diameter, through a
spin coating step (see the Materials and Methods section in the
Supporting Information for details) on a silicon wafer53 (see
Figures 1a and 1b). The beads monolayer is later subjected to
plasma etching in order to reduce the diameter of the beads,
down to 250 nm, and to create a beads array interdistance of ca.
250 nm. Modulation of the plasma conditions allows the
diameter, morphology and surface roughness of the resulting
beads to be controlled. Then, beads are used as etching masks
for a metal-assisted wet etching step, leading to the formation of
the vertical SiNPs array, with a SiNP height of 3−20 μm, using a
metal silver ﬁlm as a catalyst and an HF/H2O2 mixture as the
etchant and oxidant, respectively.54 The rough morphology of
the etched bead mask elements dictates the ﬁnal shape and
roughness of resulting SiNPs (see Figures 1c and 1d). Clearly,
the use of bead masks of highly rough morphology is preferred
when a larger active surface for the binding of biomolecules is
required. Using this procedure, porous SiNPs arrays of tunable
surface areas up to ∼500 m2 g−1 and pore sizes up to 15 nm can
be simply achieved.42 TEM and AFM measurements demonstrated that SiNPs with roughness factors of up to 20 can be
obtained by modulation of the bead morphology and application
of the silicon etching conditions.42 Thus, a planar biomolecularcapturing device with a geometrical surface area of 1 cm2 can be
transformed to an improved capturing element of 1200 cm2 after
the etching of a SiNPs array consisting of SiNPs 20 μm in height
and 250 nm in diameter, with an inter-NPs distance of 250 and a
roughness factor of 16. This represents a dramatic increase of
more than 1200-fold in active surface area, in comparison to a
planar device of an identical geometrical area.
Higher SiNPs arrays displaying increased roughness will
further increase the active capturing area, and thus the ﬁnal
extent of captured biomolecules and preconcentration level
achievable.
Chemical modiﬁcation of the SiNPs array with 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and antibody units was
performed and XPS-analyzed following the steps outlined in
Figure 1e.52 First, the silicon substrate is modiﬁed with the silane
derivative (3-aminopropyl)-dimethyl-ethoxysilane (APDMES).
Then, a derivative of the HPTS molecule, 8-acetoxy-pyrene1,3,6-trisulfonyl chloride,51 is chemically linked to the surface of
amino-terminated SiNPs (see the Experimental Methods
section in the Supporting Information for detailed information).
HPTS is a water-soluble pH indicator with a pKa of ∼7.3 at the
ground state. Remarkably, the ﬁrst excited state of HPTS is
extremely more acidic than its ground state, with a pKa of ∼0.4,
and thus it is frequently applied as a light-triggered source of
protons in various studies.50−52,55−57 The modiﬁcation of the
SiNPs array with HPTS was veriﬁed by the use of ﬂuorescence
microscopy measurements, as well as by XPS spectroscopy (see
Figures S4 and S1 in the Supporting Information). In addition,
an APDMES surface coverage of ∼1.6 × 1014 molecules/cm2,
and an HPTS surface coverage in the range of (0.1−3) × 1013
molecules/cm2, depending on the period of time allowed for its
coupling to the surface-conﬁned amino groups, were determined by quartz crystal microbalance (QCM).50 Only 3%−15%
of the APDMES amino groups are linked to HPTS molecules;
thus, the resulting SiNPs contain free amino groups available for
the further chemical coupling of antibody receptors. Next, SiNPs

elements are chemically modiﬁed with a layer of IgG
monoclonal antibodies speciﬁc against a single protein marker
or multiple protein markers. Assuming SiNPs with a height of 5
μm, with a roughness factor of 10, a maximum density of 7.8 ×
1014 IgG molecules/cm2 (a 1 cm2 geometric ﬂat area converts to
∼200 cm2) can be theoretically expected (60% surface coverage
of 8 nm footprint IgG molecules). Experimentally, a surface
coverage of 2.6 × 1014 IgG molecules/cm2 was measured (using
the modiﬁed Bradford method for the determination of surfacebound protein).42 Higher antibody densities (per cm2 of
geometrical area) could be increased by using higher and
rougher SiNPs arrays. These 3D-SiNPs arrays will ultimately
boost the capturing capabilities of the resulting separation
device.
SiNPs Array Protein Collection and Release Eﬃciency.
The protein capturing eﬃciency of our antibody−photoacidmodiﬁed SiNPs arrays was tested through the separation of
several serum-like biosamples containing diﬀerent target
proteins, e.g., eGFP, hemoglobin, and CA-15.3. eGFP protein
is used as a model protein due to its strong emission at 509 nm,
which can be sensitively followed by simply measuring the
emission of the SiNPs array as a function of time. Protein
cocktails in a concentration range of 5 pM to 1 μM were applied
for testing the binding/collection capability of SiNPs arrays (see
Figures 2a−c). Notably, all proteins can be directly and
eﬀectively collected, and their binding to the antibody-modiﬁed
capturing array is observed to occur very fast, achieving a plateau
after only ca. 10−120 min of incubation for all tested proteins, at
a density of ca. 430 pmol/cm2 eGFP, close to 82% of the total
eGFP incubated amount (ca. 525 pmol eGFP in the 1 mL 0.525
μM eGFP sample). Importantly, incubation of protein samples
of lower concentrations, in the range of nanomolar to subpicomolar, leads to complete depletion of proteins from the
treated biosamples, since the antibody surface concentration is
ultrahigh in comparison to the protein sample concentration.
These results demonstrate the eﬀectiveness of our protein
collection device for the rapid and quantitative capturing and
preconcentration of speciﬁc proteins from complex biosamples.
In addition, the extent of nonspeciﬁc adsorption was also tested
by the interaction of an eGFP-containing sample with an
antihemoglobin IgG antibody, nonspeciﬁc to eGFP (Figure 2a,
red curve), showing that nonspeciﬁc adsorption is negligible in
the absence of speciﬁc capturing antibodies. This quantitative
capturing behavior can be directly explained by the large relative
excess of antibody capturing units on the large eﬀective surface
of the SiNPs array. For instance, 50 μL of 1 nM eGFP sample
contains only ca. 3 × 1010 eGFP molecules, while a SiNPs
capturing an array of 1 cm2 displays a 2000-fold higher number
of 5.1 × 1013 IgG molecules. This protein/antibody molar ratio
is responsible for the observed rapid and quantitative depletion
of proteins from the tested biosamples, even at high submicromolar concentrations.
Furthermore, we examined the temporal protein release
behavior of our SiNPs arrays following complete capture of the
three proteins eGFP, hemoglobin, and CA-15.3 (see Figure 3).
Notably, unlike the observed minutes-long rapid and
quantitative protein collection, only up to a ca.12% of the
collected protein molecules desorb from the antibody-modiﬁed
SiNPs arrays after a period of 2 h (with a dramatically long
eﬀective dissociation rate of Koff ≈ 2 × 10−3 %/min, thus the
time for quantitative release is 76 000 min or ∼53 days),
meaning that it would require more than an entire month for all
protein molecules to desorb from the capturing surface. We have
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maximum dissociation rate of Koff = 1 × 10−3−1 × 10−4 s−1,
thus expecting a full protein dissociation after tens of minutes.
Notably, we believe that the ﬁrst ca. 12% of fast-releasing
proteins originate from the tip sections of the NPs elements. At
these tip sections, protein molecules may release almost directly
to the bulk solution, without undergoing numerous reassociation events on the NP walls. Also, as shown previously, this slowrelease behavior cannot be accounted for by the potential
nonspeciﬁc adsorption of protein species to the surface of the
SiNPs array, as negligible nonspeciﬁc adsorption was previously
observed. Thus, another capturing mechanism must be
responsible for this observed days-long slow-release behavior.
In this context, we hypothesized that the nanostructured SiNPs
arrays create physically conﬁned nanocavities in which protein
molecules experience limited diﬀusion, with a signiﬁcantly lower
mean-free path. Proteins delay inside the cavities while being
adsorbed to, and desorbed from, antibodies on the surface of the
pillars into the conﬁned interpillars space repeatedly and
numerously, until ultimately being released to the above
medium. This behavior of captured proteins, repeatedly
rebinding inside the interpillars aqueous space, leads to
extremely prolonged eﬀective dissociation rates. When accounting for the high protein-antibody aﬃnity, the complete
desorption process could take days or longer as observed
experimentally. Thus, our highly receptive SiNPs arrays can
eﬀectively and very eﬃciently collect protein molecules from
bulk solutions, further preventing their release back to the bulk
by this novel nanoconﬁnement-related capturing mechanism.
Once a protein molecule binds to the walls inside the cavities of
the SiNPs arrays, it practically experiences numerous dissociation/association events inside the SiNPs cavity, thus preventing
its release into the bulk solution and dramatically prolonging its
observed eﬀective dissociation rate.
To examine this eﬀect theoretically, let us consider the
following problem. A particle diﬀuses along a channel of length L
and square cross-section b × b. The diﬀusion coeﬃcients along
and perpendicular to the channel axis are given by D∥ and D⊥,
respectively. The channel is closed on one end and open on the
other. Given the particle’s initial position, we are interested in N,
the mean number of collisions with the side walls before the
particle reaches the open end (the bulk solution). Unlike the
total time of the process, the number of collisions is not
dependent on the time that the particle spends bound to the
wall. Thus, we can consider the collisions to be instantaneous.
We assume that L ≫ b, such that the time scales of transverse
and axial motions (τ⊥ and τ∥, respectively) are well-separated
(τ⊥ ≪ τ∥).
The typical time of axial diﬀusion to the open end is τ∥ ≈ L2/
D∥. The typical time between collisions with the wall, however, is
not b2/D⊥, since these events are strongly correlated−if the
particle hits the wall, it remains in its vicinity and is likely to hit it
again. Therefore, the mean time between binding events is
governed by the diﬀusive mean ﬁrst passage time of a particle,
starting a distance δx away from a wall (having escaped the
binding site) and ending on a wall again, in the presence of a
second wall a distance b ≫ δx away. This mean ﬁrst-passage time
is deﬁned as τ⊥−1 ≈ bδx/D⊥. The mean number of collisions
until the particle reaches the open end is given by ∼τ∥/τ⊥. Thus,

Figure 2. Protein capturing capabilities of the multi-antibodiesmodiﬁed SiNPs light-controlled array. The nanoarray is modiﬁed
with anti-eGFP, antihemoglobin, and anti-CA 15.3 antibodies. (a)
Speciﬁc adsorption of eGFP to a SiNP light-controlled array modiﬁed
with anti-eGFP antibodies (black line) versus nonspeciﬁc adsorption of
eGFP to a SiNPs light-controlled array not modiﬁed with anti-eGFP
antibodies (red line). (b) Speciﬁc adsorption of hemoglobin to HPTSmodiﬁed SiNPs light-controlled array (black line) versus SiNP array
not modiﬁed with HPTS (red line). (c) Adsorption kinetics of lowabundant proteins, as demonstrated on a sample spiked with 5 pM of
CA-15.3.

ij D yzij L2 yz
zz
N = Ajjjj ⊥ zzzzjjj
j D zk bδx z{
k {

experimentally followed the dissociation of protein species from
a SiNPs array and found that all protein species would be
released from the platform after almost 50 days (Figure 3b).
This observation is unexpected, considering an antibody
5872
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Figure 3. Multi-antibodies-modiﬁed SiNP light-controlled array release performance in a controlled media. Desorption kinetics of (a) eGFP and (b)
hemoglobin under illumination at a wavelength of 400 nm light (black line) and under “dark” conditions (red line). (c) Desorption kinetics of the lowabundant protein CA-15.3 described in Figure 2c under illumination at a wavelength of 400 nm. (d) Long-term release proﬁle of eGFP protein
from antibody-modiﬁed SiNPs arrays in the absence of HPTS.

where A is a numerical prefactor of order 1, dependent on the
initial conditions. We have numerically conﬁrmed the scaling of
N with L, b, and δx, as predicted by eq 1, using a simple randomwalk simulation. If the particle’s initial position is taken
randomly anywhere inside the channel, we get A ≃ 0.50, within
a 10% error.
For b = 250 nm, L = 5 μm, D∥GFP = 87 μm2 s−1, δx = 1 nm, and
A = 0.50, a protein particle is expected to collide/rebind to the
cavity’s walls ca. 5 × 104 times before ﬁnally escaping the cavity
into the bulk solution. This should theoretically delay the
protein from escaping the interior of the cavity by a factor of 104,
compared to its bare dissociation rate. Even if only a small
fraction of these collisions leads to rebinding of the antigen to
the walls of the NPs array, then a dramatic inﬂuence on the
dissociation kinetics should be observed in accord to our
measurements. This mechanism accounts for the observed
superior collecting capabilities displayed by our antibodymodiﬁed SiNPs arrays. Notably, in the absence of high-aﬃnity
antibody units on the SiNPs surface, and based on basic
diﬀusion assumptions, the protein eGFP would escape from the
interpillar void volume in only 0.14 s.
Furthermore, we performed a series of experiments with
SiNPs arrays of controlled interpillar distance. SiNPs arrays with
an interpillars distance of 250, 450, 850, and 6000 nm, as well as
a control planar surface of the same geometrical area, were

experimentally tested for their protein dissociation behavior (see
Figure 4). These arrays were fabricated using a diﬀerent
approach, shown in Figure S3 in the Supporting Information, in
order to have full control over both the dimensions of the pillars
and the interpillar distance simultaneously.
Notably, increasing the interpillar distance leads to a clear
decrease in the observed protein dissociation rate, reaching a
plateau at an interpillars distance of >6000 nm. This clearly
indicates that cavities with smaller dimensions lead to prolonged
dissociation times, because of a larger number of potential
collisions inside the nanocavity, as predicted by eq 1. These
results demonstrate, for the ﬁrst time, the eﬀect of surface
nanostructuring on the eﬀective dissociation rate of biomolecules from the corresponding collecting device surface, and it is
not limited to SiNPs arrays, but may as well be achieved by
additional types of surface nanostructuring.
Also, for a 1 mm × 5 mm SiNPs array device, with an NP
height of 5 μm, we can expect an interpillars void volume of only
5 nL. The incubation of a 10 μL biosample will lead to the full
depletion of protein species and their preconcentration in the
interpillar void volume of 5 nL. This represents a preconcentration factor of 1000. The use of smaller capturing surface and
larger biosample volumes will further increase the preconcentration factors achievable.
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Figure 4. Eﬀect of the distance between SiNPs on the antigen release kinetics. (a−d) SEM images of SiNPs arrays fabricated using nanoimprint
lithography with controlled distances between the pillars: (a) 250 nm, (b) 450 nm, (c) 850 nm, and (d) 6000 nm. (e) Table summarizing the
desorption of eGFP from the various anti-eGFP modiﬁed SiNPs array presented in panels (a)−(d). The ﬁnal row corresponds to a ﬂat wafer surface,
representing the inﬁnite distance between the SiNPs elements.

Generally, this protein “delayed” release mechanism from
SiNPs arrays greatly contributes to the collection capabilities of
these devices, although it also strongly handicaps its subsequent
deployment in protein analysis and detection applications where
the release of the captured proteins is required. Thus, a
mechanism for the eﬀective switching from a highly sticky
nonreleasing state into a highly reﬂective fast-releasing state is
highly desirable.
Light-Triggered Rapid and Quantitative Release of
Proteins by SiNPs Arrays. Antibody−antigen binding
interactions are optimal in aqueous buﬀers at physiological pH
and ionic strength, such as in phosphate-buﬀered saline (PBS)
(pH 7). The light-triggered pH jump caused by photoactivation
of the surface-conﬁned photoacid molecules may be applied for
the on-surface activation of pH-dependent chemical and
biological processes, such as the dissociation of antigen−
antibody pairs.52 Irradiation at a wavelength of 400 nm brings
HPTS molecules to their excited state, where they display a
dramatic change in their pKa value, from 7.4 to ∼0.4, becoming
superacid molecules, which rapidly expel their phenolic protons.
The HPTS-modiﬁed SiNPs arrays are expected to experience a
dramatic “switching” eﬀect after light irradiation, as a result of

the fast deprotonation of protonated HPTS species, thus causing
dissociation of the surface-attached antibody−antigen pairs, by
decreasing the pH around and in the close vicinity of the SiNPs
surfaces.51,52 In conventional aﬃnity methods, proteins elution
can be accomplished by lowering the pH, or altering the ionic
state, to disrupt the antigen−antibody binding interaction.58 In
practice, elution buﬀers occasionally cause some loss of antibody
or antigen function, limiting the number of times aﬃnity support
can be reused. The most widely used elution buﬀer for aﬃnity
puriﬁcation of proteins is 0.1 M glycine HCl, pH 2.5−3.0. This
buﬀer is known to eﬀectively dissociate most protein−protein
and antibody−antigen binding interactions, preserving protein
structure and binding aﬃnity in most cases. Thus, based on our
hypothesis, on-surface pH jump caused by the photoexcitation
of surface-conﬁned HPTS molecules, are expected to decrease
the antibody−antigen binding interaction strength and bring to
their fast dissociation, along with impediment of their
reassociation under light irradiation.
Figure 3 demonstrates the eﬀect of light irradiation on the
protein dissociation from antibody∼photoacid-modiﬁed SiNPs
arrays. In contrast to the already described slow dissociation
behavior displayed by the SiNPs array under “dark” conditions,
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irradiation of light (50 mW/cm2) at a wavelength of 400 nm
(maximum HPTS absorbance) leads to the immediate fast
dissociation of protein molecules from the SiNPs capturing
surface. For most proteins, a rapid and complete quantitative
release into the bulk solution can be observed after only 2−5
min, in contrast to several days required for complete release
under “dark” conditions (see Movies 1 and 2 in the Supporting
Information, which demonstrate the eﬀect of light illumination
on the protein release kinetics). Light illumination at wavelengths other than those required for excitation of HPTS
molecules does not cause any change in the eﬀective dissociation
rates of proteins from the SiNPs array. This further corroborates
the key task of surface-conﬁned photoacid HPTS molecules in
the light-triggered surface-controlled pH modulation process.
Notably, the SiNPs collecting device can be switched from a
highly sticky state, in darkness, to a highly reﬂective state after
illumination at 400 nm for multiple cycles, without any
observable degradation of the collecting−releasing device
performance. These results directly imply that continuous
irradiation of the multifunctional antibody∼HPTS-modiﬁed
SiNPs devices at 400 nm causes a sharp “pH jump” in the close
surroundings of the NPs surfaces, because of deprotonation of
photoexcited photoacid molecules from a baseline pH of 7.0 to
an “eﬀective pH” value of probably <3.5, which is suitable for the
dissociation of antibody-protein pairs.
Next, optimization of the HPTS photoacid molecules surface
density was performed (see Figure 5). SiNPs arrays comprising

surface-anchored HPTS molecules, plausibly due to extremely
low pH values and the hydrolysis of surface-bound photoacid
molecules. Thus, the optimal surface density for achieving the
fastest protein dissociation rates, along with the best device
reusability, is 2 × 1013 molecules/cm2.
Furthermore, a calculation taking into consideration the
surface coverage of HPTS photoacid units and the intensity of
illuminated light, further validates that pH jumps of the
necessary extent, down to an eﬀective pH of ∼2.5, can be
achieved in the volume in close vicinity to the nanowire surface,
assuming that photoreleased protons are limited to diﬀuse
within a thin water layer with a thickness of 10 nm (for a detailed
calculation, please see the Materials and Methods section in the
Supporting Information). Furthermore, this approximate
calculation shows the capability to directly control the surface
“eﬀective pH” via a simple modulation of the surface density of
HPTS photoacid species (or alternatively by modulating the
intensity of the irradiated light source) (see Figure 5). In
addition, previous experiments showed that irradiation of HPTS
molecules brings a sharp decrease of pH near the surface of
nanowire elements and that the corresponding pH decrease is
dependent on the intensity of the irradiating light source.52
Thus, we can conﬁdently assume that a surface pH jump down
to pH ∼2.5 is experienced in close vicinity to the surface of the
SiNPs.
Notably, attempts to cause complete dissociation of protein−
antibody pairs through the incubation of the SiNPs arrays with a
glycine−HCl buﬀer (pH 2.5), and additional acidic solutions,
did not lead to the complete rapid removal of proteins from the
collecting device surface (see Figure S2 in the Supporting
Information), while causing fast degradation of both the released
protein as well as the binding capacity of the antibody-modiﬁed
SiNPs device. Taken together, these results pinpoint the
capability of modulating the binding aﬃnity of surface-conﬁned
pH-dependent biomolecular receptors, such as protein, antibodies, and DNA,59,60 by a light-triggered switching of pH
conditions caused by surface-conﬁned photoacid species.
Real-World Applications of SiNPs Biomolecular Capturing Devices. The selective capture of multiple proteins
simultaneously by a single separating device is a task of great
importance in the ﬁeld of proteomics and medical diagnostics.
Figure 6 demonstrates the selective multiple protein
separation and preconcentration capabilities of the proposed
antibody−photoacid-modiﬁed SiNPs arrays. Figure 6c shows
the results of SDS-PAGE performed on samples released from
our SiNPs array that is premodiﬁed with eGFP, GAPDH, and
HSC-70 antibodies HeLa whole cell lysate was spiked with
eGFP (25 μg/mL), while GAPDH and HSC-70 proteins were
native to the lysate. The sample was incubated with our
device, then washed, and the proteins eGFP, GAPDH, and
HSC-70 were allowed to release under illumination. Lysate
remains that were collected immediately after adsorption, and
samples of buﬀer that were collected following 1 min of
illumination, were analyzed on acrylamide gel. The gel image
indicates that while eGFP, GAPDH, and HSC-70 were released
from the SiNPs array following 1 min of ilumination, β-actin,
which is a protein native to the lysate that did not have a
corresponding antibody modiﬁcation, was present only in the
original lysate and was not released from the device. Notably,
cell lysate samples contain large amounts of foreign protein
species and represent a challenge for most separation techniques
in the analytical ﬁeld. These results demonstrate the excellent

Figure 5. Optimization of the SiNP array light-controlled release
performance by tuning the concentrations of the photoacid (HPTS)
modiﬁed on the SiNPs surface. The desorption kinetics of eGFP from
the SiNPs array modiﬁed with 36 μM HPTS (shown in black), 30 μM
HPTS (shown in green), 24 μM HPTS (shown in blue), and 18 μM
HPTS (shown in red) under illumination at a wavelength of 400 nm
light is presented.

diﬀerent concentrations of HPTS, from ∼5 × 1012 molecules/
cm2 to 4 × 1013 molecules/cm2, were prepared and tested in
protein collection−releasing experiments. Low surface densities
of the photoacid HPTS (5 × 1012 molecules/cm2) did not lead
to improved protein dissociation rates, while a density of 2 ×
1013 molecules/cm2 led to the optimal fastest dissociation rate
(see Figure 5, black curve) with complete dissociation of the
antibody-protein pairs after ca. 5 min of light illumination.
Higher HPTS surface densities of ca. 4 × 1013 molecules/cm2
led to the fast dissociation of protein molecules as well as
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Figure 6. Microﬂuidics-integrated SiNPs light-controlled device for fast biosample analysis. (a) The integrated system, including a 3D printed
microﬂuidic channel and a light source of 400 nm, 50 mW, at action. (Inset shows eGFP desorption from the SiNPs light-controlled array during
illumination.) (b) Capturing and release of 1.58 nmol eGFP from a blood sample by 2 cm × 2 cm SiNPs light-controlled wafer. (c) Estimation of the
puriﬁcation performance of the SiNPs light-controlled device by SDS-PAGE analysis. The cell lysate was spiked with eGFP (25 μg/mL) and incubated
with the SiNPs light-controlled array device, which was previously modiﬁed with anti-eGFP, anti- GAPDH and anti-HSC-70. GAPDH, HSC-70, and
β-actin are endogenic proteins in the tested lysate. Desorption fraction was diluted by a factor of ∼20, in comparison to original lysate solution.

■

CONCLUSIONS
We demonstrated, for the ﬁrst time, the development of an onchip light-controlled reusable nanostructured selective and
quantitative protein separation and preconcentration platform
for the direct analysis of complex biosamples. The on-chip
selective separation of required protein analytes from raw
biosamples is performed using antibody−photoacid-modiﬁed
SiNPs of ultralarge binding surface area and enormously high
binding aﬃnity, followed by the light-controlled rapid release of
the tightly bound target proteins in a controlled liquid media.
We found that SiNPs arrays create cavities in which proteins
experience limited diﬀusion, and thus, delay inside the cavities
while being adsorbed to, and desorbed from, antibodies on the
surface of the pillars into the conﬁned interpillars space
repeatedly. This repeatedly occurring rebinding behavior of
captured proteins inside the aqueous space of the interpillars

separation skills of our SiNPs arrays in the separation of speciﬁc
protein biomarkers from highly complex biosamples.
Also, we attempted the separation of protein biomarkers of
interest directly from whole blood samples (see Figures 6a and
6b). For this task, we designed and fabricated a 3D-printed
separation device that consisted of the light source, inlet, and
outlet ﬂuid valves and the antibody−photoacid-SiNPs capturing
array. This prototype device allows the easy and rapid separation
of speciﬁc protein markers from whole blood samples to be
performed within <10 min. Also, the separation platform is
shown to be reusable for tens of cycles without degradation in its
separation performance (see Figure S7 in the Supporting
Information).
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leads to extremely prolonged eﬀective dissociation rates. When
accounting for the high protein−antibody aﬃnity, the complete
desorption process could take days or longer. In order to
dramatically accelerate the protein desorption rate, a lighttriggered drastic pH change near the surfaces of the Si pillars
caused by a covalently bonded photoacid-molecular monolayer
is applied. The resulting on-surface controlled pH drop
immediately converts the highly “receptive” SiNPs binding
surface into a highly “reﬂective” antibinding surface, due to the
dissociation of antigen−antibody pairs and the complete
binding destabilization of the antibody units at the lighttriggered low “surface” pH. This light triggered step transforms
the SiNPs protein collection surface into a fast releasing element,
thus exploiting the best advantages from these two worlds.
Importantly, this is the ﬁrst demonstration of a 3D SiNPs onchip ﬁlter with an ultralarge binding surface area and reversible
light-controlled quantitative release of adsorbed biomolecules
for direct puriﬁcation of blood samples, that is able to selectively
collect and separate speciﬁc low-abundant proteins, while easily
removing unwanted blood components (proteins, cells) and
achieving desalting results, without the requirement of timeconsuming centrifugation steps, the use of desalting membranes,
or aﬃnity columns.

■
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Movie 1: Comparison of non-modiﬁed SiNPs array with a
anti-eGFP-HPTS-modiﬁed SiNPs array after collection of
eGFP (MP4)
Movie 2: Release after collection of eGFP by a anti-eGFPHPTS-modiﬁed SiNPs array (MP4)
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