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Switching specific biomolecular interactions on
surfaces under complex biological conditionst

Minhaj Lashkor,® Frankie J. Rawson,” Jon A. Preece® and Paula M. Mendes*®

Herein, electrically switchable mixed self-assembled monolayers based on oligopeptides have been
developed and investigated for their suitability in achieving control over biomolecular interactions in the
presence of complex biological conditions. Our model system, a biotinylated oligopeptide tethered to
gold within a background of tri(ethylene glycol) undecanethiol, is ubiquitous in both switching specific
protein interactions in highly fouling media while still offering the non-specific protein-resistance to the
surface. Furthermore, the work demonstrated that the performance of the switching on the electro-
switchable oligopeptide is sensitive to the characteristics of the media, and in particular, its protein
concentration and buffer composition, and thus such aspects should be considered and addressed to
assure maximum switching performance. This study lays the foundation for developing more realistic
dynamic extracellular matrix models and is certainly applicable in a wide variety of biological and medical

www.rsc.org/analyst applications.

Introduction

Stimuli-responsive surfaces that can regulate bimolecular
interactions on-demand are enabling novel functionalities and
new device designs for a variety of biological and medical
applications.”” These responsive surfaces offer intriguing
possibilities in the development of highly sensitive biosen-
sors,>® novel drug delivery systems’® and highly functional
microfluidic, bioanalysis, and bioseparation systems.'*** Addi-
tionally, dynamic, synthetic surfaces that can control the
presentation of regulatory signals to a cell are expected to have a
significant impact in the field of tissue engineering and
regenerative medicine, and to provide unprecedented oppor-
tunities in fundamental studies of cell biology.****

A key challenge yet to be fulfilled by switchable surfaces is to
regulate, and understand, specific biomolecular interactions
that are driven by external stimuli in complex biological
conditions. This will ensure that biological information and
control generated through such tools mimic the natural bio-
logical environment. Biological systems are typically a complex
mixture of inorganic salts, inorganic complexes, amino acids,
peptides, and proteins.’® The majority of studies on stimuli-
responsive surfaces reported to date either rely on controlling
non-specific interactions (i.e., hydrophobic/hydrophilic and
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electrostatic) of the biomolecules with the active surface,”>* or

have focused on demonstrating modulation of specific biomo-
lecular interactions under simple biological conditions, typi-
cally water or buffer solutions.””?* For instance, temperature
control over specific interactions in water have been achieved by
using a two-component mixed self-assembled monolayer (SAM)
on gold comprising oligo(ethylene glycol) (OEG) thiol molecules
and shorter disulfides carrying biotin end-groups.*> The OEG
thiols were able to switch in response to a change in tempera-
ture below and above their lower critical solution temperature
(LCST = 37 °C). At 23 °C the structure of the OEG molecules was
fully extended hindering the shorter biotin disulfide compo-
nents. On the contrary, at 45 °C the OEG backbone collapsed,
thus allowing the specific interaction between the biotin
molecule on the surface and the protein streptavidin in
solution.

In our recent work,> we have demonstrated that oligopep-
tides, which bear at one extremity a functional group able to
anchor to a substrate and a bioactive molecular moiety at the
other extremity, can act as functional components on switch-
able surfaces for controlling specific biomolecular interactions.
The system is based upon the conformational switching of
positively charged oligolysine peptides which are tethered to a
gold surface, such that bioactive molecular moieties incorpo-
rated on the oligolysines can be reversibly exposed (bio-active
state) or concealed (bio-inactive state) on demand, as a function
of surface potential.***”

Previously,” we have tested the operation of switchable oli-
gopeptides on mixed SAMs on gold surfaces to control biomo-
lecular interactions under only very limited biological
conditions (ie. phosphate buffer saline - PBS) using an

This journal is © The Royal Society of Chemistry 2014
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electrical potential as the actuator. These SAMs have been
shown to regulate the binding between the biotin ligand on the
surface and neutravidin from solution. Switchable SAMs used to
control biomolecular interactions via an electrical stimulus are
particularly appealing because of their fast response times, ease
of creating multiple individually addressable switchable regions
on the same surface, as well as low-drive voltage and electric
fields, which are compatible with biological systems.*® These
inherent properties, along with the diversity of bioactive
molecular entities which can be chemically attached to the
oligopeptide, make these oligopeptide SAMs excellent candi-
dates to realize high performance electrically switchable
surfaces for complex biological conditions.

Although development of surfaces with switching functions
under complex biological conditions is highly desirable from
the standpoint of biomedical applications, studies to such
effect are scarce®*> and more investigations are clearly needed
to understand and develop molecular-based platforms to
address solutions within the biomedical field. To address the
challenge of developing and understanding new switchable
surfaces, in this paper we have conducted a detailed study,
using electrochemical surface plasmon resonance (SPR) spec-
troscopy, on the influence of the characteristics of complex
biological medium (both its chemical and protein composition
and its inherent physicochemical properties) on the switchable
properties of a oligopeptide SAM model system (Fig. 1).

The switchable oligopeptide SAM model system was
composed of two molecular components: (i) a positively charged
4-mer of lysine (K) that is functionalized at one end with biotin,
which recognises the neutravidin protein, and at the other end
with a cysteine (C) for binding to gold substrates via the thiol
group (biotin-4KC), and (ii) an ethylene glycol-terminated thiol
(C11TEG). The interaction of the neutravidin protein to a
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Fig. 1 Schematic of the dynamic oligopeptide SAM proposed for
controlling specific biomolecular interactions under complex biolog-
ical conditions. Below: chemical structures of the oligopeptide (biotin-
4KC) and oligo(ethylene glycol) thiols (C3TEG and C11TEG) used for
SAM preparation.
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surface appended biotin ligand was chosen for these studies
presented here because it can be easily monitored and quanti-
fied by SPR, allowing for facile evaluation of the switching
performance under various biological conditions. Aiming at
cellular applications, which require complex culture media, we
have then evaluated the switching properties in three different
commonly used media for cell and tissue culture, namely Dul-
becco's Modified Eagle Medium (DMEM), DMEM containing
10% fetal bovine serum (DMEM-FBS), with protein levels of
approximately 3.2 mg ml~!, and DMEM-FBS with 24 mM (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES buffer
(DMEM-FBS-HEPES). Note that DMEM contains a mixture of
inorganic salts, amino acids, glucose and vitamins.

Experimental
Chemicals and materials

Commercially available chemicals and solvents were purchased
from Aldrich Chemicals and Fisher Chemicals and were used as
received. The oligopeptide biotin-4KC was synthesised by
Peptide Protein Research Ltd. (Wickham, UK) to >95% purity
and verified by HPLC and mass spectrometry. The (3-mercap-
topropyl)tri(ethylene glycol) (C3TEG) was prepared as previously
described.”® The (11-mercaptoundecyl)tri(ethylene glycol)
(C11TEG), fetal bovine serum (FBS) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (1 M) were
purchased from Sigma Aldrich and used as received. Neu-
travidin and DMEM were obtained from Invitrogen Life Tech-
nologies. Phosphate buffered saline (PBS) solution was
prepared from a 10x concentrate PBS solution (1.37 M sodium
chloride, 0.027 M potassium chloride, and 0.119 M phosphate
buffer) from Fisher BioReagents. DMEM-FBS contains DMEM
with 10% (v/v) FBS. DMEM-FBS-HEPES contains 10% FBS and
24 mM HEPES. Polycrystalline gold substrates were purchased
from George Albert PVD, Germany and consisted either of a 50
nm gold layer deposited onto glass covered with a thin layer of
chromium as the adhesion layer (used for contact angle and XPS
analysis) or 100 nm gold layer on 100-4 inch-silicon wafer,
precoated with titanium as the adhesion layer (for ellipsometry
analysis). SPR gold chips were purchased from Reichert Tech-
nologies, US.

Preparation of mixed self-assembled monolayers (SAMs)

The Au substrates were cleaned by immersion in piranha
solution (3:1, H,SO4: 30% H,0,) at room temperature for 10
min, rinsing with Ultra High Pure (UHP) H,O and then HPLC
grade EtOH thoroughly for 1 min. (Caution: Piranha solution
reacts violently with all organic compounds and should be handled
with care). For the preparation of the biotin-4KC:C3TEG or
biotin-4KC:C11TEG, mixed SAMs, solutions of the oligopeptide
(0.1 mM) and either C3TEG or C11TEG (0.1 mM) were prepared
in HPLC EtOH containing 3% (v/v) N(CH,CH3);, and mixed at
the volume ratio of 1 : 40. Subsequently, the clean Au substrates
were immersed in the mixed solutions for 24 h to form the
mixed SAMs on the Au surfaces. The substrates were rinsed with
HPLC EtOH, an ethanolic solution containing 10% (v/v)
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CH;COOH, and UHP H,O. Note that the mixed SAMs were
deposited in the presence of N(CH,CHj;); to prevent the
formation of hydrogen bonds between the NH, functional
groups of the bound thiolate peptide on the Au surface and that
of free thiol peptide in the bulk solution.** The pure C3TEG or
C11TEG SAMs were prepared by immersing the clean gold
substrates in ethanolic 0.1 mM solution of the respective
ethylene glycol thiols for 24 h, followed by rinsing with HPLC
EtOH.

X-ray photoelectron spectroscopy (XPS). XPS spectra were
obtained on the VG Escalab 250 instrument based at University
of Leeds EPSRC Nanoscience and Nanotechnology Facility, UK.
XPS experiments were carried out using a monochromatic Al Ka
X-ray source (1486.7 eV) and a take-off angle of 15°. High-reso-
lution scans of N 1s and S 2p were recorded using a pass energy
of 150 eV at a step size of 0.05 eV. Fitting of XPS peaks was
performed using the Avantage V 2.2 processing software.
Sensitivity factors used in this study were: S 2p, 2.08; N 1s, 1.73;
C 1s, 1.00; O 1s, 2.8; Au, 4f,;,, 9.58 and Au, 4f;;,, 7.54. The
averages and standard errors reported were determined from
four different XPS measurements.

Ellipsometry. The thickness of the deposited monolayers was
determined by spectroscopic ellipsometry. A Jobin-Yvon UVISEL
ellipsometer with a xenon light source was used for the
measurements. The angle of incidence was fixed at 70°. A
wavelength range of 280-820 nm was used. The DeltaPsi soft-
ware was employed to determine the thickness values and the
calculations were based on a three-phase ambient/SAM/Au
model, in which the SAM was assumed to be isotropic and
assigned a refractive index of 1.50. The thickness reported is the
average of six measurements, with the errors reported as stan-
dard deviation.

Contact angle. Contact angles were determined using a
home-built contact angle apparatus, equipped with a charged
coupled device (CCD) KP-M1E/K camera (Hitachi) that was
attached to a personal recorded as a micro-syringe was used to
quasi-statically add water to or remove water from the drop. The
drop was shown as a live video image on the PC screen and the
acquisition rate was 4 frames per second. FTA Video Analysis
software v1.96 (First Ten Angstroms) was used for the analysis of
the contact angle of a droplet of UHP H,O at the three-phase
intersection. The averages and standard errors of contact angles
were determined from five different measurements made for
each type of SAM.

Surface plasmon resonance (SPR). SPR switching experi-
ments were performed with a Reichert SR7000DC Dual Channel
Spectrometer (Buffalo, NY, USA) at 25 °C using a three-electrode
electrochemical cell and a Gamry PCI4/G300 potentiostat. The
SAMs prepared on Reichert Au sensor chips served as the
working electrode, the counter electrode was a Pt wire, and a
standard calomel electrode (SCE) was used as the reference
electrode. Prior to the binding studies, the sensor chips were
equilibrated with degassed PBS, followed by application of —0.4
V or open circuit conditions for 10 min while passing degassed
PBS through the electrochemical cell at a flow rate of 50 ul
min~". While still applying a potential, neutravidin (500 pl, 54.4
ug ml™") or neutravidin with DMEM, DMEM-FBS or DMEM-
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FBS-HEPES were injected over the sensor chip surface for 10 s at
1500 pl min~" and then 30 min at 8 pl min~" (the decrease in
flow rate from 1500 to 8 ul min~" ensures that sufficient expo-
sure time is provided for binding to occur between the biotin on
the surface and neutravidin in solution). In order to remove any
unbound material, the sensor chips were washed with degassed
PBS for 10 s at a flow rate of 1500 pl min~*, followed by 10 min at
a flow rate of 50 pl min~" while still applying a potential to the
chips. The same procedure was used for OC experiments
without applying a potential.

Results and discussion

In our previous studies,” the electrically switchable oligopep-
tide surfaces were based on a two component mixed SAM
formed from biotin-4KC and a short tri(ethylene glycol)-termi-
nated thiol - (3-mercaptopropyl)tri(ethylene glycol) (C3TEG)
(Fig. 1). The C3TEG was utilized to ensure sufficient spatial
freedom for molecular reorientation of the surface bound bio-
tinylated peptide as well as to stop non-specific protein
adsorption to the surface. Initial investigations in this paper
were performed to elucidate the interactions of the different
complex media - DMEM, DMEM-FBS, and DMEM-FBS-HEPES
- with the biotin-4KC:C3TEG mixed SAM. We assessed the non-
specific adsorption from three different media on the biotin-
4KC:C3TEG (Fig. 2a) mixed SAMs and the C3TEG (Fig. 2b) and
C11TEG (Fig. 2c) pure SAMs and analysed the adsorption
response by SPR. The characterization of these SAMs by contact
angle and ellipsometry are outlined in detail in the ESI, Table
S1.7 In the SPR experiments, the SAMs were exposed to an
initial flow of PBS solution, to establish the baseline, followed
by an injection (first arrow on left in Fig. 2a—c) of either DMEM,
DMEM-FBS or DMEM-FBS-HEPES media into the SPR flow cell
for 1800 s (i.e. 30 min) at a flow rate of 8 ul min~". The SPR flow
cell was then flushed with PBS to remove any physisorbed
material, at ¢ = 1800 s (second arrow in Fig. 2a-c).

Upon initial injection of the three different media over all
three surfaces, there was a rapid response due to differences in
the refractive indices of the PBS buffer and three media solu-
tions, followed by a slower increase for C3TEG containing SAMs
(Fig. 2a and b) as proteins adsorb to the surface, or no further
increase for C11TEG containing SAMs (Fig. 2c) over the time
frame ¢ = 10 s to t = 1000 s. This result suggests that the
C11TEG is more resistant to protein adsorption than the shorter
C3TEG. Between ¢t = 1000 s and injection of the PBS buffer there
is a decline in the SPR signal for the C3TEG containing SAMs
(Fig. 2a and b) and the pure C11TEG SAM (Fig. 2c), which
suggest that initial adsorption of material is reversing, or a
reorganization of the adsorbed proteins is occurring. On
washing with PBS buffer (¢ = 1800 s, arrow on the right in
Fig. 2a—-c) into the flow cell, there was an immediate drop in the
SPR signal due to the change in the bulk refractive index, for all
SAMs. However, the signals remained elevated compared to the
original baseline at ¢t = 0, but with the smallest elevation for the
C11TEG containing SAMs, which were about a 33% of the
C3TEG containing SAMs.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SPR sensorgram traces for the interaction of (a) biotin-4KC:C3TEG, (b) C3TEG and (c) C11TEG SAMs with different complex media —
DMEM, DMEM-FBS, and DMEM-FBS—HEPES. The two arrows in the graphs indicate the point of injection of media and PBS washing buffer,

respectively.

The surface plasmon resonance (SPR) results indicate that
the biotin-4KC:C3TEG mixed SAM is not inert to non-specific
serum adsorption, which is expected to be detrimental to the
specificity and efficiency of the switching system. Furthermore,
the nonspecific response would hinder the evaluation of the
switching performance since the adsorption of serum on the
SAM surface would lead to a non-specific SPR response, which
would be difficult to distinguish from the response resulting
from the specific biomolecular interactions.

It is believed that oligo(ethylene glycol) (OEG)-terminated
alkanethiolate SAMs resist protein adsorption from solution via
two possible mechanisms:**® (i) steric repulsion, resulting
from compression of OEG chains as protein approaches the
surface and (ii) water barrier due to the formation of strong
hydrogen bonds between the oxygen atoms in the ethylene
oxide units and the hydrogen atoms in the water molecules.
From these two proposed mechanisms, and as demonstrated by
previous studies,*®* the molecular conformation and spatial
arrangement of the OEG moieties, as well as OEG surface
density play an important role in imparting protein resistance.
For instance, OEG SAMs have been shown to adsorb proteins
when their surface OEG densities were too high or too low, yet
non-fouling at appropriate OEG densities.** From these
previous reports, it seems reasonable to infer that the presence
of a short alkyl chain (i.e. C3 (propyl)) between the thiol group
and the TEG moiety give disordered low density structures on
the gold surface, which allow serum to adsorb to the surface.
This is perhaps not surprising, as previous studies*® have shown
that the structure of short-chain n-alkyl thiol assemblies is more
disordered than that of the longer chain (above C9) assemblies.
Thus, a longer alkyl chain between the thiol group and the TEG
moiety was utilized (C11TEG, Fig. 1) in this study to achieve a
higher density SAM, relative to C3TEG to inhibit serum
adsorption. The more ordered C11TEG SAM was verified by the
contact angle hysteresis experiments as discussed in the ESL.}

The biotin-4KC : C11TEG mixed SAMs were formed from a
solution ratio of 1:40 over 24 hours and characterized by
contact angle, ellipsometry (outlined in detail in the ESI{) and
X-ray photoelectron spectroscopy (XPS). XPS analysis revealed

This journal is © The Royal Society of Chemistry 2014

the presence of the elemental species S, N, C and O on the
biotin-4KC:C11TEG SAM (Fig. 3), confirming thus the formation
of the mixed SAM.

The S 2p spectrum (Fig. 3a) consists of two doublet peaks,
with one doublet peak at 163.2 eV (S 2p,/,) and 162.0 eV (S 2ps,),
indicating that the sulphur is chemisorbed on the gold
surface.** The second doublet peak can be observed at 163.8 eV
and 165.0 eV, which is assignable to the S-C bond in the biotin
moiety.*>** The N 1s spectrum (Fig. 3b) can be deconvoluted
into two peaks, which support the presence of the peptide on
the surface. The first peak centred at 400.5 eV is attributed to
amino (NH,) and amide (CONH) moieties. The second peak
centred at 402.3 eV is ascribed to protonated amino groups.*
Note that no nitrogen peak was observed for pure C11TEG SAMs
(Fig. S17). The C 1s spectrum (Fig. 3¢) can be deconvoluted into
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Fig. 3 XPS spectra of the (a) S 2p, (b) N 1s, (c) C 1s and (d) O 1s peak
regions of biotin-4KC : C11TEG mixed SAMs at a 1 : 40 solution ratio.
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three peaks, which are attributed to five different binding
environments. The peak at 285.1 eV is attributed to C-C
bonds,* while the peak at 286.4 eV corresponds to C 1s of the
three binding environments of C-S, C-N and C-0.** The third
and smaller peak (288.7 eV) is assigned to the C 1s photoelec-
tron of the carbonyl moiety, C=0.* The O 1s spectrum (Fig. 3d)
is de-convoluted into two different peaks, corresponding to two
different binding environments, arising from the C-O (533.2 eV)
and C=0 (532.0 eV) bonds.* Furthermore, from integrating the
area of the S 2p and N 1s peaks and taking into consideration
that the biotin-4KC oligopeptide consists of 11 N atoms and 2 S
atoms and C11TEG has no N and 1 S atom only, it was possible
to infer that the ratio of biotin-4KC : C11TEG on the surface is
1:8+4.

At this stage, it was important to assess if the biotin-
4KC:C11TEG was inert to non-specific binding events while
capable of maximum specific binding to neutravidin. We began
our inquiry by looking at the resistance of the mixed SAMs to
non-specific adsorption by exposing them to the three media,
DMEM, DMEM-FBS, and DMEM-FBS-HEPES and analysed the
adsorption response by SPR. In the SPR experiments, the SAMs
were exposed to an initial flow of PBS solution, to establish the
baseline, followed by an injection (first arrow on left in Fig. 4a)
of either DMEM, DMEM-FBS or DMEM-FBS-HEPES media into
the SPR flow cell for 1800 s (i.e. 30 min) at a flow rate of 8 ul
min~". The SPR flow cell was then flushed with PBS to remove
any physisorbed material, at = 1800 s (second arrow in Fig. 4a).
Upon initial injection of the three different media over the
biotin-4KC:C11TEG, there was a rapid response due to differ-
ences in the refractive indices of the PBS buffer and three media
solutions, followed by smaller changes over the 30 min expo-
sure to media. On washing with PBS buffer (¢ = 1800 s, arrow on
the right in Fig. 4a) into the flow cell, there was an immediate
drop in the SPR signal due to the change in the bulk refractive
index. The biotin-4KC:C11TEG monolayer exhibits high resis-
tance to non-specific adsorption from all three media, with SPR
responses of less than 230 response units (RU). These levels of
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non-specific binding on biotin-4KC:C11TEG SAMs are equiva-
lent to less than 23 ng cm™> of adsorbed proteins, which
compares well with those seen on other anti-fouling SAM
systems.>®

To demonstrate the ‘uninhibited’ binding capacity (i.e. the
binding capacity of the surface without proteins, amino acids,
glucose and vitamins in the subphase) of biotin-4KC:C11TEG
SAM to neutravidin, SPR experiments were performed by
injecting the neutravidin in PBS (arrow on left in Fig. 4b) to the
mixed SAM, and monitoring the SPR response for 1800 s (OC
trace), before washing with PBS (arrow on right in Fig. 4b),
noting only a small drop in the SPR signal upon washing. The
binding capacity is defined as the difference in the SPR
response units between the beginning of injection of protein
and the end of washing with PBS. As highlighted in Fig. 4b (OC
trace), specific binding of neutravidin to the biotin-
4KC:C11TEG SAM resulted in a binding capacity of ~2700 RU.
These results indicate that the longer C11TEG shielding
component does not interfere with the binding capacity of the
biotin ligand.

In addition, the switching efficiency was assessed in terms of
the biotin-4KC:C11TEG mixed SAM ability to control the
binding between the surface-appended biotin and the neu-
travidin from the ‘uninhibited’ PBS solution after the SAM
surface had been preconditioned with a —0.4 V potential.
Previously, we have demonstrated that the bio-inactive “OFF”
state can be effected by application of —0.4 V, while not
affecting the SAM integrity.”® The neutravidin in PBS was
injected (arrow on left in Fig. 4b —0.4 V trace) with the —0.4 V
potential being applied for 30 min, after which the surface was
rinsed with PBS (again noting the small drop in SPR response
after PBS washing). The switching efficiency (Sgf) was defined as
the percent difference between the binding capacity at open
circuit conditions (BCo¢) and the binding capacity at —0.4 V
(BC_.4 v) divided by BCo:
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Fig. 4 SPR sensorgram traces for (a) the interaction of biotin-4KC:C11TEG SAMs with different complex media - DMEM, DMEM-FBS, and
DMEM-FBS—-HEPES; (b and c) the binding of neutravidin (Nav) to the biotin-4KC:C11TEG mixed SAMs. (b) The mixed SAMs were exposed to
neutravidin under OC conditions and an applied negative potential (—0.4 V). (c) The mixed SAMs were exposed to neutravidin in either DMEM,
DMEM-FBS or DMEM—-FBS—HEPES. After neutravidin binding for 30 min, the surfaces were washed with PBS for 10 min to remove any non-
specifically adsorbed material. The two arrows in the graphs indicate the point of injection of neutravidin either in PBS or media and PBS washing

buffer, respectively.
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Thus, given the binding capacity of 2700 RU was observed
under OC conditions, whereas a negative potential of —0.4 V
induced a large reduction in binding affinity, with the SPR
response decreasing to 800 RU, the switching efficiency of the
biotin-4KC:C11TEG mixed SAMs in PBS was ~70%, thereby
demonstrating the suitability of the biotin-4KC:C11TEG mixed
SAM for further experiments.

In order to evaluate the binding capacity of the biotin-
4KC:C11TEG mixed SAM under complex biological conditions,
neutravidin binding to the biotin ligand on the mixed SAM was
monitored in the presence of the three media (Fig. 4c, open
circuit conditions). In the SPR experiments, the mixed SAMs
were exposed to a flow of PBS, to establish the baseline, followed
by an injection of neutravidin in either DMEM, DMEM-FBS or
DMEM-FBS-HEPES into the SPR flow cell for 30 min. The SPR
flow cell was then flushed with PBS to leave only the specifically
bound neutravidin on the biotinylated mixed SAM. Following
rinsing with PBS, the final SPR signal associated with neu-
travidin and DMEM (2500 RU) and neutravidin and DMEM-
FBS-HEPES (2600 RU) was comparable to the response associ-
ated with neutravidin in PBS (2700 RU), whereas a decrease in
neutravidin binding was observed when the mixed SAM was
exposed to neutravidin in DMEM-FBS (1800 RU) (Fig. 4c).

The differences observed in the representative SPR sensor-
grams suggest that the presence of FBS to some extent inter-
fered with the binding of neutravidin. The serum proteins are
most likely non-specifically adsorbing to the surface alongside
the specific adsorption of the neutravidin, and hence block
some of the biotin moieties, not allowing them to bind to the
neutravidin. Interestingly, the presence of HEPES surfactant in
the DMEM-FBS-HEPES solution allowed more neutravidin to
bind to the biotinylated surface, which correlates well with the
earlier reports which state that protein adsorption depends
upon, among other factors, the medium in which the protein is
found.*® In this case, the HEPES may be coating the serum
proteins in the FBS, which in turn is inhibiting them from
binding to the surface, and hence not blocking the biotin
moieties from binding to the neutravidin.

The biotin-4KC:C11TEG mixed SAMs were further studied
with respect to the switching efficiency in the presence of the
three different media (undiluted medium is termed 100% in
Fig. 5). Similar efficiency to PBS was reached when DMEM was
employed as the control media (67%), whereas the presence of
DMEM-FBS and DMEM-FBS-HEPES during the switching
process had induced a drop off in efficiency to values close to
45%.

In order to adequately represent the factors influencing the
switching ability, the oligopeptide mixed SAMs were tested
using the three media (i.e. DMEM, DMEM-FBS and DMEM-
FBS-HEPES) at different dilutions in PBS buffer (Fig. 5). Inter-
estingly, a dilution in PBS to 10% of the different media had no
effect on the switching efficiency of DMEM, while it had
improved the efficiency of the DMEM-FBS and DMEM-FBS-

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Switching efficiency, as determined by SPR analysis under OC
conditions and an applied negative potential (—0.4 V), on biotin-
4KC:C11TEG mixed SAMs which were exposed to neutravidin in (a)
DMEM, DMEM-FBS, DMEM-FBS—HEPES. The switching efficiency of
the different media was tested at different dilutions in PBS buffer. Error
bars show standard deviations among three different substrates.

HEPES systems at different rates. As seen in Fig. 5, switching
efficiency increased roughly 35% as the DMEM-FBS concen-
tration decreases from 100% (undiluted medium) to 10%,
whereas the same decrease in concentration for the DMEM-
FBS-HEPES has led to no differences in efficiency within the
error. The analysis of the effect of concentration on the
switching efficiency of the biotin-4KC:C11TEG mixed SAMs also
indicate that 1% media solutions have negligible effect on the
switching efficiency, with all three media showing values
similar to those observed for PBS, i.e. of approximately 70%. At
this point, it should be stressed that even though the switching
is partly compromised when compared to very diluted media
(i.e. 1%) or pure bulffer, the level of switching in 10% and 100%
media is still relatively high and in all instances is higher than
45%.

Also relevant, these dilutions studies indicate that FBS and
HEPES might have distinct effects in the switching ability of the
electrically switchable SAM surface. Thus, in order to further
delineate the respective roles of FBS and HEPES in the switch-
ing process, SPR switching studies were performed with these
two individual components. FBS and HEPES solutions in PBS
were used at the same concentration as in the DMEM-FBS and
DMEM-FBS-HEPES (i.e. 10% FBS and 24 mM HEPES). As
before, the baseline for the biotin-4KC:C11TEG mixed SAM-
modified gold chip was established using PBS, following which
the neutravidin in either of the solutions mentioned above (i.e.
10% FBS and 24 mM HEPES) was introduced for 30 min.
Subsequently, the surfaces were washed in PBS. These SPR
experiments were conducted under OC conditions and —0.4 V
in order to calculate the binding switching efficiency as
described above, eqn (1). The binding switching efficiencies of
the biotin-4KC:C11TEG mixed SAM in the presence of these
10% FBS or 24 mM HEPES are summarised in Fig. 6.

Interestingly, the switching behavior of the mixed SAM on
10% FBS has led to efficiencies around 15%, indicating that the
switching effect was largely absent. Remarkably, this value can
be significantly enhanced, rising to 45%, if the switching is
performed using such FBS concentrations in the presence of
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Fig. 6 Switching efficiency, as determined by SPR analysis under OC
conditions and an applied negative potential (—0.4 V), on biotin-
4KC:C11TEG mixed SAMs which were exposed to neutravidin in FBS
and HEPES. The switching efficiency of the different media was tested
at different dilutions in PBS buffer. Error bars show standard deviations
among three different substrates.

HEPES as shown in Fig. 5. Nevertheless, it is clear that the
presence of a significant amount of protein results in the partial
inhibition of the switching process. This behaviour might be
attributed to the interference of the FBS with the conformation
changes in the oligopeptide. This reasoning is in line with the
decreased specific binding capacity when the biotin-
4KC:C11TEG mixed SAM was exposed to neutravidin in the
presence of DMEM-FBS (Fig. 4c), showing that non-specific
interactions between FBS and the oligopeptide mixed SAM
caused interference with the specific binding between neu-
travidin and the surface-appended biotin.

From the HEPES experiments, some valuable information
can also be gathered. The switching efficiency is also affected by
the presence of HEPES, which has led to efficiencies values of
40%. HEPES contains both a very strong acid (sulfonic acid) and

View Article Online
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a relatively weak base (amine) and they are particularly prone to
the formation of hydrogen bonds and electrostatic interactions
with proteins as is seen in several protein crystal structures.*”**
From the aforementioned results, and on the basis of the
previous literature of the interactions of the zwitterionic HEPES
with proteins, we suggest that the ability of the HEPES molecule
to form stable intermolecular interactions with the peptide
might restrict the oligopeptide from electrostatically interacting
with the negatively charged gold surface and change its
conformation, resulting in a decrease in switching efficiency.
The noted protein-HEPES interactions can also explain the
reduction in non-specific FBS adsorption (Fig. 4c) when HEPES
was present in the media. HEPES interactions with FBS might
prevent non-specific interactions between FBS and biotin-
4KC:C11TEG mixed SAM.

Dilution studies were also carried out using FBS and HEPES
solutions. FBS and HEPES solutions in PBS were diluted to 10%
and 1% of the original concentrations. The FBS solutions are
designated as 1% FBS and 0.1% FBS, while the HEPES solutions
are denominated as 2.4 mM and 0.24 mM HEPES (Fig. 6).
Interestingly, the switching behavior of the mixed SAM on 1%
and 0.1% FBS differed strikingly from that observed on 10%
FBS. Switching efficiency was pronounced for 1% and 0.1% FBS,
with values in the range of 60-65%, which are comparable to
those observed for PBS. The HEPES dilutions experiments have
also shown that the switching efficiency is strongly dependent
on the concentration of HEPES, which by decreasing from 24
mM to 0.24 mM has led to a marked augmentation in switching
efficiency from 35% to more than 75% (Fig. 6). No major
differences were found between 24 mM and 2.4 mM HEPES,
which remained in the range of 35-45%. Taken together, these
results clearly show the importance of selecting a buffer that has
a minimal impact on the switching ability of the oligopeptide or
any other switchable surface system that bases its switching
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Fig. 7 Schematic showing that the characteristics of the media influence the performance of the switching of the electro-switchable oligo-
peptides. DMEM exhibits similar switching behaviour as PBS, whereas DMEM—-FBS—HEPES induces a drop in switching efficiency. However, the
switching ability is higher than when only FBS is used. We propose that the presence of HEPES in the DMEM-FBS—HEPES media allows the
formation of hydrogen bonds and electrostatic interactions between HEPES and the serum proteins, leading to a decrease in the interactions
between the serum proteins and the switchable surface. High concentrations of HEPES also inhibit to a certain extent the switching of the
oligopeptides likely as a result of intermolecular interactions between HEPES and the oligopeptides. Not to scale (see Fig. 1 for the description of
the cartoons). The oligo(ethylene glycol) thiols have been removed for clarity.
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mechanism on a charged molecular backbone or end group.
Careful control of the media composition ensures that the
switching based on the oligopeptide can achieve levels of effi-
ciency as high as 70%.

Conclusions

While substantial attention has been directed to construction
and performance of biological switchable surfaces in simple
biological systems, less effort has been directed to developing
and understanding surfaces capable of switching under more
realistic biological environments. To the best of our knowledge,
this is the first study to investigate and address such scientific
issues and challenges associated with the underpinnings of
biological switchable surfaces. In this work, we merged an
approach for producing well-defined SAMs that prevent non-
specific binding with the ability to electrically switch the SAM to
allow control over biomolecular interactions under complex
biological matrixes. Particularly, this SAM system can be
dynamically modulated by an electrical potential under
different commonly used biological media, ranging from
DMEM to DMEM supplemented with FBS and HEPES. The work
demonstrated that the performance of the switching on the
electro-switchable oligopeptide is sensitive to the characteris-
tics of the media, and in particular, its protein concentration
and buffer composition (Fig. 7). The design of an electrical
stimuli-responsive surfaces and their operation under complex
biological conditions must properly take these issues into
account to ensure maximum switching performance. This study
will no doubt be useful in developing more realistic dynamic
extracellular matrix models and is certainly applicable in a wide
variety of biological and medical applications.

Acknowledgements

The authors acknowledge financial support of this work by the
Wellcome Trust (WT091285MA), Leverhulme Trust (F/00094/
AW and ECF/2013-603) and EPSRC (EP/K027263/1). Also, we
acknowledge the University of Leeds EPSRC Nanoscience and
Nanotechnology Facility (LENNF) for access to the XPS. This
research was in part supported through Birmingham Science
City: Innovative Uses for Advanced Materials in the Modern
World (West Midlands Centre for Advanced Materials Project 2),
supported by Advantage West Midlands (AWM) and part funded
by the European Regional Development Fund (ERDF).

Notes and references

1 P. M. Mendes, Chem. Soc. Rev., 2008, 37, 2512-2529.

2 P. M. Mendes, Chem. Soc. Rev., 2013, 42, 9207-9218.

3 F. Ricci, R. Y. Lai, A. J. Heeger, K. W. Plaxco and J. J. Sumner,
Langmuir, 2007, 23, 6827-6834.

4 U. Rant, K. Arinaga, S. Scherer, E. Pringsheim, S. Fujita,
N. Yokoyama, M. Tornow and G. Abstreiter, Proc. Natl.
Acad. Sci. U. S. A., 2007, 104, 17364-17369.

5 C. E.Immoos, S. J. Lee and M. W. Grinstaff, J. Am. Chem. Soc.,
2004, 126, 10814-10815.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Analyst

6 Y. Xiao, A. A. Lubin, B. R. Baker, K. W. Plaxco and
A. J. Heeger, Proc. Natl. Acad. Sci. U. S. A., 2006, 103,
16677-16680.

7 P. M. George, D. A. LaVan, J. A. Burdick, C. Y. Chen, E. Liang
and R. Langer, Adv. Mater., 2006, 18, 577-581.

8 M. Pyo, G. Maeder, R. T. Kennedy and J. R. Reynolds, J.
Electroanal. Chem., 1994, 368, 329-332.

9 J. M. Pernaut and J. R. Reynolds, J. Phys. Chem. B, 2000, 104,
4080-4090.

10 D. L. Huber, R. P. Manginell, M. A. Samara, B. I. Kim and
B. C. Bunker, Science, 2003, 301, 352-354.

11 H. Yamanaka, K. Yoshizako, Y. Akiyama, H. Sota,
Y. Hasegawa, Y. Shinohara, A. Kikuchi and T. Okano, Anal.
Chem., 2003, 75, 1658-1663.

12 K. Yoshizako, Y. Akiyama, H. Yamanaka, Y. Shinohara,
Y. Hasegawa, E. Carredano, A. Kikuchi and T. Okano, Anal.
Chem., 2002, 74, 4160-4166.

13 K. Nagase, ]. Kobayashi, A. Kikuchi, Y. Akiyama,
H. Kanazawa and T. Okano, Langmuir, 2007, 23, 9409-9415.

14 M. P. Lutolf, J. L. Lauer-Fields, H. G. Schmoekel,
A. T. Metters, F. E. Weber, G. B. Fields and ]J. A. Hubbell,
Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 5413-5418.

15 M. P. Lutolf and J. A. Hubbell, Nat. Biotechnol., 2005, 23, 47—
55.

16 O. R. Bolduc and ].-F. Masson, Langmuir, 2008, 24, 12085-
12091.

17 W. Frey, D. E. Meyer and A. Chilkoti, Langmuir, 2003, 19,
1641-1653.

18 N. Nath and A. Chilkoti, Anal. Chem., 2003, 75, 709-715.

19 J. Hyun, W. K. Lee, N. Nath, A. Chilkoti and S. Zauscher, J.
Am. Chem. Soc., 2004, 126, 7330-7335.

20 A. Kushida, M. Yamato, C. Konno, A. Kikuchi, Y. Sakurai and
T. Okano, J. Biomed. Mater. Res., 1999, 45, 355-362.

21 L. L. Miller and Q. X. Zhou, Macromolecules, 1987, 20, 1594—
1597.

22 H. M. Zareie, C. Boyer, V. Bulmus, E. Nateghi and T. P. Davis,
ACS Nano, 2008, 2, 757-765.

23 J. Nakanishi, H. Nakayama, K. Yamaguchi, A. J. Garcia and
Y. Horiike, Sci. Technol. Adv. Mater., 2011, 12, 044608.

24 Z. Cao, L. Mi, J. Mendiola, J.-R. Ella-Menye, L. Zhang, H. Xue
and S. Jiang, Angew. Chem., Int. Ed., 2012, 51, 2602-2605.

25 C. L. Yeung, P. Igbal, M. Allan, M. Lashkor, J. A. Preece and
P. M. Mendes, Adv. Funct. Mater., 2010, 20, 2657-2663.

26 C. L. Yeung, X. Wang, M. Lashkor, E. Cantini, F. J. Rawson,
P. Igbal, J. A. Preece, J. Ma and P. M. Mendes, Adv. Mater.
Interfaces, 2014, 1, 1300085.

27 A. Pranzetti, M. Davis, C. L. Yeung, J. A. Preece, P. Koelsch
and P. M. Mendes, Adv. Mater. Interfaces, 2014, 1, 1400026.

28 C. C. A. Ng, A. Magenau, S. H. Ngalim, S. Ciampi,
M. Chockalingham, J. B. Harper, K. Gaus and
J. J. Gooding, Angew. Chem., Int. Ed., 2012, 51, 7706-7710.

29 J. Auernheimer, C. Dahmen, U. Hersel, A. Bausch and
H. Kessler, J. Am. Chem. Soc., 2005, 127, 16107-16110.

30 Q. An, J. Brinkmann, J. Huskens, S. Krabbenborg, J. de Boer
and P. Jonkheijm, Angew. Chem., Int. Ed., 2012, 51, 12233~
12237.

Analyst, 2014, 139, 5400-5408 | 5407


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4an01225a

Open Access Article. Published on 21 August 2014. Downloaded on 11/1/2025 7:01:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

31 C. C. A. Ng, A. Magenau, S. H. Ngalim, S. Ciampi,
M. Chockalingham, J. B. Harper, K. Gaus and
J. J. Gooding, Angew. Chem., Int. Ed., 2012, 51, 7706-7710.

32 D.B. Liu, Y. Y. Xie, H. W. Shao and X. Y. Jiang, Angew. Chem.,
Int. Ed., 2009, 48, 4406-4408.

33 H. Wang, S. F. Chen, L. Y. Li and S. Y. Jiang, Langmuir, 2005,
21, 2633-2636.

34 J. Zheng, L. Y. Li, H. K. Tsao, Y. J. Sheng, S. F. Chen and
S. Y. Jiang, Biophys. J., 2005, 89, 158-166.

35 R. L. C. Wang, H. J. Kreuzer and M. Grunze, Phys. Chem.
Chem. Phys., 2000, 2, 3613-3622.

36 R. L. C. Wang, H. J. Kreuzer and M. Grunze, J. Phys. Chem. B,
1997, 101, 9767-9773.

37 A. ]. Pertsin, M. Grunze, H. J. Kreuzer and R. L. C. Wang,
Phys. Chem. Chem. Phys., 2000, 2, 1729-1733.

38 L. Li, L. Zhang, ]J. Fan, K. Greenberg, S. Desiderio,
F. V. Rassool and D. Small, Blood, 2011, 117, 3131-3139.

39 L. Y. Li, S. F. Chen, J. Zheng, B. D. Ratner and S. Y. Jiang, J.
Phys. Chem. B, 2005, 109, 2934-2941.

40 M. D. Porter, T. B. Bright, D. L. Allara and C. E. D. Chidsey, J.
Am. Chem. Soc., 1987, 109, 3559-3568.

5408 | Analyst, 2014, 139, 5400-5408

View Article Online

Paper

41 T. Weidner, F. Bretthauer, N. Ballav, H. Motschmann,
H. Orendi, C. Bruhn, U. Siemeling and M. Zharnikov,
Langmuir, 2008, 24, 11691-11700.

42 C. M. Pradier, M. Salmain, L. Zheng and G. Jaouen, Surf. Sct.,
2002, 502, 193-202.

43 C. M. Yam, C. M. Pradier, M. Salmain, P. Marcus and
G. Jaouen, J. Colloid Interface Sci., 2001, 235, 183-189.

44 A. E. Hooper, D. Werho, T. Hopson and O. Palmer, Surf.
Interface Anal., 2001, 31, 809-814.

45 J. F. Moulder, W. F. Stickle, P. E. Sobol and K. D. Bomben,
Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer
Corp, Eden Prairie, MN, USA, 1992.

46 J. F. Masson, T. M. Battaglia, ]J. Cramer, S. Beaudoin,
M. Sierks and K. S. Booksh, Anal. Bioanal. Chem., 2006,
386, 1951-1959.

47 M. H. Godsey, G. Minasov, L. Shuvalova, ]J. S. Brunzelle,
1. I. Vorontsov, F. R. Collart and W. F. Anderson, Protein
Sci., 2007, 16, 1285-1293.

48 P. Sledza, R. Kaminski, M. Chruszcz, M. D. Zimmerman,
W. Minor and K. Wozniak, Acta Crystallogr., 2010, 66, 482
492.

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4an01225a

	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a

	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a
	Switching specific biomolecular interactions on surfaces under complex biological conditionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c4an01225a


