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M
olecular recognition and interac-
tions at the interface between
biomolecules and inorganic mate-

rials determine important phenomena such
as protein adsorption, cell adhesion to bio-
materials, or the selective response of bio-
sensors. In this context, silica is a material
with great commercial value and extensive
technological use among both materials
and biotechnology communities. Extensive
experimental and computational studies per-
formed on silica particles interacting with
amino acids,1�3 peptides,4�6 and proteins7,8

have identified electrostatic interactions
as the principal driving force for binding.
However, at the molecular level, mineral�
biomolecule systems are very complex, and
there are multiple parameters that might
affect binding. Although considerable effort
has been directed toward a general under-
standing of proteins binding to solids, a deep
understanding of the mechanistic aspects of
binding and recognition at the molecular or
atomic scale is far from being achieved.9 As a
complement to information obtained from
experimental studies, molecular dynamic si-
mulations can be used to study inorganic�
biomolecule interfaces with previous studies
focusing on the validation and application of
force fields for quartz (or other crystalline
phases)�water interfaces.10,11 Amorphous si-
lica is, however, a very challengingmaterial to
model, due to the topographic and acidic
heterogeneity of its surface.11 The force fields
available for thismaterial are basedonparam-
eters describing bulk properties and have
not been validated for biomolecule adsorp-
tion applications.12,13Although significant im-
provements have beenmade,12�14 a credible
force field for the amorphous silica�aqueous
interface is yet to be developed and corrobo-
rated by empirical experimentally derived
evidence.
Mineral-binding sequences are commonly

identified using phage display libraries

throughan in vivo reiterativebinding�elution
process called biopanning,15,16 originally de-
veloped for screening of biological targets.
However, the complexity of the peptide�
inorganic interface and the wide number of
possible variables involved in the binding
mechanism are reflected by the lack of con-
vergencebetweenbindingsequences selected
for materials of chemically homogeneous
composition. It has recently been shown that
even slight changes in the surface chemistry of
a mineral can dramatically affect the peptides
binding to it.17 In the specific case of silicon

* Address correspondence to
carole.perry@ntu.ac.uk.

Received for review April 27, 2012
and accepted June 24, 2012.

Published online
10.1021/nn301866q

ABSTRACT Molecular recognition and interac-

tions at the interface between biomolecules and

inorganic materials determine important phenom-

ena such as protein adsorption, cell adhesion to

biomaterials, or the selective response of biosen-

sors. Events occurring at the biomolecule�inor-

ganic interface, despite their importance, are still

poorly understood, thus limiting control of interfacial properties and response. In this

contribution, using well-characterized silica nanoparticles and a series of peptides having

heterogeneous physicochemical properties (S1: KLPGWSG, S2: AFILPTG, and S3: LDHSLHS)

identified from biopanning against the same particles, we identify the driving forces that

govern peptide�silica binding. Binding isotherms obtained by fluorimetric assay under different

pH conditions allowed us to demonstrate the impact of binding environment (pH) on adsorption

behavior of a given peptide�surface silica nanoparticle. Our experimental data suggest a

multistep adsorption mechanism leading to the formation of multilayers on silica, in which the

prevailing interactions (i.e., electrostatic or hydrophobic/hydrogen bonding) and their relative

contribution to the binding event are governed by the identity of the peptide itself, the

substrate's surface functionality (hydrophilic or hydrophobic), and the peptide bulk concentration

and solution bulk pH. Our studies show how it is possible to modulate peptide uptake on silica, or

in fact on any particle, by changing either the surface properties or, more simply, the binding

environment. In addition, the data reveal an intrinsic bias toward positively charged sequences in

the elution conditions used in the biopanning protocol with much information about strong

binder sequence diversity being lost during panning.

KEYWORDS: silica . peptide adsorption . hydrophobic interactions .
molecular recognition . phage display
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dioxide, biopanning by different authors4�6,18 identi-
fied nonunique pools of binders whose affinity for
silica was correlated with amino acid sequence and
composition albeit with very limited information on
the target surface structural and chemical properties
being provided. As an example, Naik and colleagues4

reported a series of 12-mer peptides rich in histidine
that specifically bind “biogenic” silica (silica synthe-
sized using the silaffin-derived peptide R5) and
found that the peptides could also promote miner-
alization; Eteshola and co-workers5 studied the im-
portance of histidine at the first and sixth amino acid
in peptides binding to thermally grown silicon diox-
ide, and Oren and colleagues used sequences iso-
lated by biopanning against quartz powder as a
starting point in a bioinformatics approach to under-
stand sequence requirements for binding.6 The silica
substrates used in these studies (biogenic silica,
thermally grown silica, and quartz), although identi-
fiable as silicon dioxide, present different surface
chemistries. Further, Patwardhan and colleagues,18

in a recent contribution, have shown that peptides
with highly dissimilar sequences bind to silica nano-
particles of apparent homogeneous synthetic origin
and composition (amorphous Stöber particles) due
to variations in the degree of surface ionization on
particles of different size, thereby showcasing the
high recognition potential of peptides for subtle
differences in silica surface chemistry. Taking all of
this information together, it is clear that ambiguity or
limited information about the exact nature of the
mineral and its surface characteristics can present a
serious limitation when trying to rationalize experi-
mental and modeling data to understand the bind-
ing mechanism at a molecular level. The poor
understanding of the forces involved in binding is
reflected in the difficulty to predict and control
interfacial properties and response, thus limiting
their technological applications.
Herein, we propose, on the basis of experimental

evidence (using a well-characterized peptide�mineral
model system), a binding model that rationalizes
the contribution of electrostatic and nonelectrostatic
forces. We demonstrate experimentally, for the first
time, that once a comprehensive understanding of
the possible events occurring at the interface is
known, binding-dependent parameters can be in-
tentionally manipulated to provide interfaces with a
specific response or characteristics. Our approach
also allowed us to highlight an intrinsic bias in the
biopanning selection process toward the isolation of
sequences that bind preferentially via electrostatic
interactions, but also opens up the possibility of
tuning the contribution of each distinct interaction
type by choosing the environmental binding condi-
tions to selectively favor (or avoid) specific interfacial
events.

RESULTS AND DISCUSSION

In order to avoid any inconsistencies caused by
changes in the material properties, a well-character-
ized batch of 82 ( 4 nm Stöber silica nanoparticles
was used in this study (Table 1) as the target during
biopanning and the subsequent adsorption assays.
The nanoparticle's surface was analyzed by X-ray
photoelectron spectroscopy (XPS) to rule out the pre-
sence of any contaminant that could affect the peptide
adsorption. Only a low level (atomic % = 1%) of
contamination from hydrocarbons (C 1s binding en-
ergy: 287 eV), which may be due to prolonged expo-
sure of the sample to the atmosphere, was detected
(Figure S2 in SI).
In the biopanning experiment five rounds of selec-

tion were performed, and after the third round a
progressive enrichment in clones displaying peptides
S1 (KLPGWSG) and S2 (AFILPTG) was observed, S1
being the consensus sequence after five rounds (see
Supporting Information Tables S1�S3). These two
sequences were chosen and compared with a further
peptide, S3 (LDHSLHS), which was isolated in a sepa-
rate phage display experiment (Table S4) on the same
silica target.18

The peptides selected do not display any sequence
similarity and cover a range of physicochemical prop-
erties, among which is a different net charge at pH 7.4,
the pH used for the panning experiments (Table 2).
In vitro silica affinity under the same conditions

employed during biopanning (i.e., buffered environ-
ment at pH 7.4 and the same 82 nm SiO2 nanoparticles)
was tested on the sequences prepared by solid phase
synthesis (SPS). Evidence of peptide adsorption on the
silica surface in the case of S3 was also given by the
recorded C 1s (284.4 eV) and N 1s (399.4 eV) core level
spectra at values of binding energy typical of peptides
and proteins (Figure S3 and Table S5 in SI).21 Adsorp-
tion isothermswere obtained by a fluorimetric method
based on the use of fluorescamine,18,22 which allows
direct quantification of the unbound peptide and
calculation of the amount of bound peptide. The
adsorption experiments confirmed the affinity for silica
of all three sequences isolatedbyphagedisplay, Figure 1A.
The measured adsorption appears to correlate inver-
sely with the basicity of the peptide: the positively
charged S1 is the “best” binder, reflecting the fact that
it was isolated as the consensus sequence in the
biopanning process, while neutral S2, isolated earlier

TABLE 1. Structural Properties of SiO2 Nanoparticles

size nm BET SA,a m2/g pore vol,b cm3/g #OH/nm2c ξpH7.4, mV pzcd

82 ( 4 64 ( 2 0.30 4.5 �38 ∼2

a Specific surface area determined using BET method in the range 0.05 < P/P0 <
0.35. b BJH desorption pore volume calculated between 2 and 300 nm. c Determined
from TGA measurements. d Point of zero charge.
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in the selection process, and negatively charged S3
show lower uptake levels.
The isotherms fit the Freundlich model (R2 > 0.98;

Figure 1B), a commonly used empirical equation for
processes of the form

qe ¼ KFCe
1=n

where parameter KF is a measure of the affinity and the
factor n in the exponential accounts for the intensity of
the adsorption.23 The Freundlich model is associated
with multilayer adsorption,24 with the data obtained
suggesting the formation of peptide multilayers on
the silica surface. This proposal was supported by
calculated estimates of the peptide concentration
required for monolayer coverage (based on silica
particle BET surface area and the van der Waals
surface of the peptides). The values required ranged
from 0.05 to 0.2 μM depending on peptide orienta-
tion (flat or end on). As all adsorption experiments
were carried out at concentrations that exceeded
that required for monolayer coverage, strong evi-
dence for multilayer formation on the silica surface
was provided.

A different adsorption behavior at low peptide bulk
concentration was found for the three peptides. S1
adsorbs on silica at concentrations as low as 0.06 mM,
while S2 and S3 need to reach a threshold pepthr of
ca. 0.3 and 0.4 mM, respectively, before adsorption can
be observed. (Note: a concentration of bound peptide
as small as 50 nM can be detected using the fluoresca-
mine assay.) Multilayer formation and the presence of
an adsorption “lag” phase have been recently reported
for isotherms on similar peptide�mineral systems.18

In light of data obtained from previous studies,
the isolation and binding behavior of peptide S1
(KLPGWSG) is not surprising: biomolecules and poly-
mers containing positively charged residues have been
found to have high affinity for silica surfaces that
display a negative surface charge at neutral pH due
to the presence of deprotonated hydroxyl groups on
the surface.5,7,21 Such adsorption on the surface is
entropically driven due to the release of water molec-
ules and sodium ions from the surface.25 However,
sequences S2 (AFILPTG) and S3 (LDHSLHS) show a
significant binding affinity to the silica surface despite
being overall neutral (S2) and negatively charged (S3)
under the conditions of the assay, indicating that
different mechanisms are involved in adsorption of
these peptides to the silica surface. These data support
the general trend previously observed on the same
substrate indicating electrostatic interactions respon-
sible for binding of cationic peptides and nonelec-
trostatic and hydrogen bonds for the noncationic
sequences.18

To probe the role of Coulomb interactions for the
three silica�peptide systems, adsorption isotherms
were investigated in the pH range 2.0�8.5 (Figure 2).
Higher pH values were not included due to the high
solubility of silica at pH values greater than 9.0. By
modifying the pH of the binding environment both
surface charge and net peptide charge can be tuned,
thus allowing us tomonitor towhat extent electrostatic
interactions contribute to binding of cationic S1, neu-
tral S2, and anionic S3 peptides. The silica surface
charge was evaluated experimentally by means of its
zeta potential (ξ) in the pH range 2.0�9.0 (Figure 2),
while for the peptides the charge was evaluated by
taking into account the pKa and dissociation ratio of
the carboxyl and amino termini and of the functiona-
lized side chains, then adding the single amino acid
contributions.26,27

TABLE 2. Properties of Isolated Silica-Binding Peptides

peptide sequence pIa net charge @pH 7.4 average hydrophilicitya KF n effect of increasing pH on binding

S1 KLPGWSG 10.1 1 �0.3 8.89 0.55 v

S2 AFILPTG 6 0 �1 1.59 0.33 =
S3 LDHSLHS 6 �1 �0.1 0.78 0.26 V

a Calculated from http://www.innovagen.se/custom-peptide-synthesis/peptide-property-calculator/peptide-property-calculator.asp.

Figure 1. (A) Adsorption behavior of (O) S1 (KLPGWSG), (Δ)
S2 (AFILPTG), and (0) S3 (LDHSLHS) on SiO2 (82 nm). Inset:
Adsorption behavior at low peptide concentration. Dotted
line is theoretical 100% adsorption. (B) Freundlich fitting of
isotherms for the three peptides.

A
RTIC

LE



PUDDU AND PERRY VOL. 6 ’ NO. 7 ’ 6356–6363 ’ 2012

www.acsnano.org

6359

The pH dependence of adsorption on silica was
found to be sequence dependent (Figure 2) and sub-
ject to the peptide charge (Table 1). Sequence S1
(KLPGWSG) with a pI of 10.1 (mainly due to the
presence of the lysine side chain containing a proto-
nated basic amino group (pKa = 10.4), which confers a
constant þ1 net charge to the peptide over the whole
pH range studied) shows an adsorption increase with
increasing pH, confirming the role of electrostatic
forces in binding. The binding event at the molecular
level most likely involves an ion-pairing mechanism18

in which the positively charged sites on the peptide (N
terminus and the lysine side chain) coordinate depro-
tonated silanol sites on the silica surface.
However, at conditions where Coulomb interactions

are minimal, (i.e., pH 3.0, where pH ≈ SiO2 pzc) a signi-
ficant uptake of S1 is observed, enabled by nonelec-
trostatic interactions. For binding of S1 to occur on the
uncharged surface, binding forces other than electro-
static must be present. This result is important, as it
shows that even the adsorption of a positively charged
sequence is in fact the result of both an electrostatic
and nonelectrostatic contribution, the contributions
varying according to the precise experimental con-
ditions.
Sequence S2 (AFILPTG) has a pI of 6 and is mainly

constituted by nonpolar amino acids, resulting in an
overall hydrophobic character. The adsorption of neu-
tral and mainly hydrophobic S2 is essentially not pH
dependent. In this case, Coulomb interactions can be
excluded, and a completely nonelectrostatic mecha-
nism between the hydrophobic domains on S2 and the
silica surface (i.e., siloxane bridges) is likely to occur.
The dehydration of hydrophobic areas resulting from
binding and the entropy gain associated with it lower
the Gibbs energy of the system, driving the adsorption

process.28�30 Hydrophobic interactions are confirmed
by the adsorption behavior in the low initial peptide
concentration window, where a lower pepthr is ob-
served for low pH values (Figure 2B). This means that
the silica�S2 interactions are favored when the silica
surface is close to its pzc (i.e., more hydrophobic).
Peptide S3 (LDHSLHS) has a pI very similar to that

of S2, but due to the presence of the aspartic acid
carboxylic acid side chain (pKa 3.9) and two basic
imidazole side chains (pKa= 6) from histidine, the net
charge of the peptide varies fromþ2 to�1 depending
on the bulk solution pH (Figure 2C). The adsorption
behavior of sequence S3 as a function of pH shows a
gradual reduction of adsorption with increasing pH.
The highest uptake is observed at pH ≈ SiO2 pzc, and
lower but substantial S3 binding is also observed in
conditions of electrostatic repulsions (pH > 6.0). An
increase in pH also results in a higher pepthr. In the case
of S3, at low peptide concentrations, negative electro-
static interactions prevent binding. This is supported
by the increase of pepthr, which is observed on increas-
ing the pH of reaction (increasing the extent of the
electrostatic repulsion in the peptide�silica system).
Once pepthr is reached, the main contribution to S3
peptide binding does not arise from electrostatic
forces, but similarly to what was observed for S2, must
arise from hydrophobic interactions and hydrogen
bonding. At S3 > S3thr the binding observed can be
attributed to a combination of nonelectrostatic events
that overcome the electrostatic repulsion existing
between the peptide and silica under these specific
pH conditions.
In order to understand more about what is happen-

ing in solution before and during peptide binding,
solutions were studied by dynamic light scattering
(DLS). Measurements showed that all three peptide

Figure 2. Adsorption isotherms at different pH values of (A) S1(KLPGWSG); (B) S2 (AFILPTG); and (C) S3 (LDHSLHS). Symbols
indicate pH 3 (Δ); pH 5 (O); pH 7.4 (0); pH 8.5 (]). The insets show the adsorption behavior at low [pep]i. The charge variation
as a function of pH for silica (zeta potential measurement) and the peptides (calculated values) is reported in the plots below
the adsorption isotherms for each peptide.
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sequences form aggregates with hydrodynamic diam-
eters of ca. 250�300 nm when present in phosphate-
buffered saline, independent of initial peptide concen-
tration (Figure S1 in Supporting Information, SI). Amino
acid and peptide self-association is commonly encoun-
tered in solution and is due to intermolecular H bonds,
electrostatic interactions, and backbone�backbone
interactions.31,32 In the presence of silica nanoparticles,
surface�peptide interactions are in competition with
interactions between peptide molecules that lead to
the formation of the assemblies. In a situation where
the peptide surface interaction is favored, adsorption
might occur through destruction of the aggregates
with single peptides adsorbing on the surface or
through the adsorption of the whole peptide cluster.
In the case of peptides S2 and S3, the “lag” phase
observed during the silica�peptide adsorption studies
at low peptide concentration indicates that the aggre-
gates stay in solution until a certain concentration is
reached. In these cases, the interactionwith the surface
is driven by nonelectrostatic interactions and is driven
largely by changes in the state of hydration of the
surface and the peptides.

The above experimental results clearly reveal the
contributions of hydrophobic interactions in the re-
cognition and adsorption of differently charged pep-
tide binders on silica at various pH conditions: for
positively charged S1 when the silica surface is non-
charged and for S3 in conditions of electrostatic repul-
sion. In particular, they are the only forces responsible
for the binding of the neutral sequence S2.
The peptide silica binding event is very complex, and

as emphasized in this study it depends on the many
variables of the interfacial system. On the basis of our
experimental results we propose a bonding model, for
each sequence, shown in Scheme 1. This experimental
model is strongly supported by observation from
molecular dynamic simulations18 obtained on a silica�
water interface with Q3 silica surfaces with ∼4.7/nm2

silanol and Q3 with siloxane groups only, representing
suitable models for our interfaces at pH 7.4 and 3.0,
respectively. The formation of ion pairs for cationic
peptides, with contribution from hydrogen bonding,
polar and van derWaals interactionswere identified for
the simulated environment at pH 7.4, while simulations
at pH 3 show only nonelectrostatic contributions to

Scheme 1. Binding mechanism of a cationic S1 (KLPGWSG), neutral S2 (AFILPTG), and anionic peptide S3 (LDHSLHS) on
amorphous silica nanoparticles as a function of peptide concentration and pH. Multilayers of peptides are formed in all cases
due to peptide�peptide interactions.
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the interactions. Our experiments clearly confirm this
trend and allow us to extend this approach and predict
a binding mechanism based on hydrophobic interac-
tions for the neutral peptide S2 and anionic peptide S3.
Although van der Waals forces have been demon-

strated to control the interactions between nanoparti-
cles and nanotubes,33 they are generally overlooked
when trying tounderstand thebehavior ofbiomolecule�
mineral interfaces. To further validate the significance
of hydrophobic interactions at the peptide silica inter-
face, we prepared a silica surface with comparable
properties but a highly hydrophobic character. Such
a surface was obtained by thermal treatment of the
82 nm nanoparticles at 600 �C for 1 h, causing the loss
of hydroxyl groups, as verified by FT-IR (Figure 3A),
which shows the disappearance of Si�OH peaks at 950
and 3000�3500 cm�1. Other properties such as surface
area (BET surface area: 53 m2/g) were comparable with
those of the untreated material. We tested the adsorp-
tion behavior of both S2 and S1 on the heat-treated
particles (hydrophobic surface). On the basis of the
proposed mechanism, our assumption is that if a non-
electrostatic mechanism is responsible for the S2 adsorp-
tion process on the untreated particles (hydrophilic
surface), peptide S2 uptake should be conserved if not
improved on a comparable surface with greater hydro-
phobic character. As predicted, an increase in the adsorp-
tion capacity was observed, Figure 3B. Moreover, on the
heat-treated particles (hydrophobic surface), S2 uptake
is observed even at very low initial concentrations, while
on untreated particles (hydrophilic surface) a threshold
concentration had to be reached before absorption was
observed to occur.
The improvement in absorption on heat-treated

silica probably arises from the presence of a smaller
hydration layer around the particles, thus allowing
peptide molecules to more closely approach the sur-
face and establish short-range hydrophobic interac-
tions. Conversely, the adsorption of S1 at pH 7.4 was
drastically lower on heat-treated silica, with a value

comparable to that observed on untreated silica par-
ticles at pH 3.0 (hydrophobic surface) (Figure 3C).
The results presented above have important impli-

cations for the phage display protocol used for identi-
fication of binding sequences. In the commonly
followed protocol, sequence selection is carried out at
a buffered pHof 7.4, and after a series of washing cycles
an elution step at pH 2.2 by Gly-HCl is performed.
Under these conditions we can expect that sequences
binding through electrostatic forces will efficiently be
desorbed and will constitute the “tight binders” pool
that will be reintroduced into the panning cycle.
We have shown that at pH 7.4 sequences bind to the

silica surface by different mechanisms in a sequence-
and charge-specific manner. The drop in pH used for
elution disrupts the electrostatic binding interactions,
allowing efficient desorption of sequences binding
through electrostatic forces, but not those strong
binders that are attached largely by means of hydro-
phobic or other non-Coulombic interactions (like S2).
These considerations highlight an intrinsic bias toward
positively charged sequences in the elution conditions
used in the biopanning protocol with much informa-
tion about strong binder sequence diversity being lost
during panning (Scheme 2).

Figure 3. (A) FT-IR of 82 nm silica before (full line) and after (dotted line) heat treatment. (B) Adsorption isotherms of S2
(AFILPTG) on silica 82 nm particles before (empty symbols) and after heat treatment (filled symbols) at pH 7.4, showing a
decrease of adsorption on heat-treated particles and changing of adsorption behavior at low S2 (inset). (C) Adsorption
isotherms of S1 (KLPGWSG) on silica 82 nm particles before (empty symbols) and after heat treatment (filled symbols) at
pH 7.4. Note that the adsorption after heat treatment is comparable with that on untreated silica particles at pH 3 (half-filled
symbols).

Scheme 2. Intrinsic bias of the biopanning protocol during
the elution step. Silica binders interacting via electrostatic
interactions are successfully eluted at pH 2.1, while binders
interacting via nonelectrostatic interactions are held on the
surface and resist detection.
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In light of these results, there is a necessity to
develop specific elution conditions for different inor-
ganic substrates. Further, for a given library�inorganic
substrate system, the fundamental importance of the
binding environment can be exploited to direct and
tune specific interactions through optimization of the
adsorption conditions.

CONCLUSIONS

In summary, we have shown and quantified the
impact of pH on the binding behavior of differently
charged peptides on amorphous silica. We have also
demonstrated how the adsorption behavior of a given
peptide�surface silica couple is highly sensitive to the
binding environment (pH). Our experimental data
suggest a multistep adsorption mechanism leading
to the formation of multilayers on silica, in which the
prevailing interactions (i.e., electrostatic or hydropho-
bic/hydrogen bonding) are a function of both the
binder and the substrate's surface properties as well
as the peptide bulk concentration and solution bulk
pH. Our studies have also shown how it is possible to
modulate peptide uptake on silica, or in fact on any
particle, by changing either the surface properties or,
more simply, the binding environment (Figure 3C).

In this study we have studied a small number of
specific sequences, and there is further work to be
done exploring the role of sequence position as well as
conformational effects that such changes might in-
duce on peptide binding.18 Such changes can be
monitored bymolecular simulations and together with
experimental binding data will provide valuable infor-
mation about the binding event(s).18 The combined
application of experimental and computational tech-
niques will undoubtedly play a crucial role in providing
a coherent picture of the effect of sequence position
in these short peptides and is currently under investi-
gation.
The outcomes of this study represent an impor-

tant achievement in the establishment of general
rules for binding behavior that can be extended to
other systems. A further natural development of this
study is the application of the same systematic
approach to the study of other well-characterized
interfaces.
Once a comprehensive understanding of the possi-

ble events occurring at the interface is known, binding-
dependent parameters can be intentionally manipu-
lated to provide interfaces with a specific response or
characteristics.

EXPERIMENTAL SECTION

Materials and Methods. Silica nanoparticles were synthesized
by a modified Stöber method.8,19 Particle size was measured by
transmission electronmicroscopy and averaged for 40 particles.
Surface area and porosity were measured by nitrogen adsorp-
tion analysis using a Quantochrome Nova3200 on samples
degassed overnight at 120 �C. Surface chemistry was analyzed
by infrared spectroscopy using a Nicolet Magna IR 750 spectro-
meter, recording spectra at 4 cm�1 resolution and averaging
256 scans. ξ potential measurement were carried out on a
Malvern Zetasizer Nano using a capillary cell. Thermogravi-
metric analysis was carried out on a Mettler Toledo TGA/
SDTA851 and used to estimate the hydroxyl surface coverage
of the particles on the basis of water loss at T > 160 �C.20 X-ray
photoelectron spectroscopy was performed on acid (HCl)-
washed samples using a Surface Instruments M-probe instru-
ment with a Al KR source (1486.6 eV) operated at a base
pressure of 3 � 10�7 Pa using step sizes of 0.01 eV (for high-
resolution XPS analysis) and 1 eV (for a general XPS survey).

Biopanning. A Ph.D.-7 phage peptide display kit (New
England Biolabs) was used to perform biopanning against
amorphous 82 ( 4 nm SiO2 particles following the manufac-
turer's instructions. Peptides identified by phage display were
prepared in-house bymicrowave-assisted solid phase synthesis
(Discover SPS microwave peptide synthesizer) as previously
described elsewhere.4

Fluorimetric Assay. Suspensions of silica (1 mg/mL) in phos-
phate-buffered saline (100 mM phosphate, 150 mM NaCl) were
sonicated for 1 h, suitable amounts of peptide were added in
order to achieve the desired initial peptide concentration, and
themixtures were shaken vigorously. The suspensionwas left to
equilibrate for 1 h at room temperature and then centrifuged
(13 000 rpm for 5 min). The amount of peptide left in solution
was quantified by fluorimetric assay. In a typical assay, 20 μL
of fluorescamine (5 mg/mL in acetone) was added to a 180 μL
aliquot of the supernatant in a 96-well plate, and the

fluorescence intensity wasmeasured using a Tecan Spectrafluor
XFLUOR4 plate reader equipped with a 360 nm excitation
filter and a 465 nm absorption filter. The concentration of
each specific peptide was calculated using a peptide-specific
calibration curve, and the amount of peptide adsorbed was
calculated by difference from the initial peptide concentration.
All assays were repeated three times in order to guarantee their
repeatability.
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