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ABSTRACT: Whilst material specific peptide binding sequences have been identified using a combination of combinato-
rial methods and computational modelling tools, a deep molecular level understanding of the fundamental principles
through which these interactions occur and in some instances modify the morphology of inorganic materials is far from
being fully realized. Understanding the thermodynamic changes that occur during peptide-inorganic interactions and
correlating these to structural modifications of the inorganic materials could be the key to achieving and mastering con-
trol over material formation processes. This study is a detailed investigation applying isothermal titration calorimetry
(ITC) to directly probe thermodynamic changes that occur during interaction of ZnO binding peptides (ZnO-BPs) and
ZnO. The ZnO-BPs used are reported sequences G-12 (GLHVMHKVAPPR), GT-16 (GLHVMHKVAPPR-GGGC) and alanine
mutants of G-12 (G-12A6, G-12An and G-12A12) whose interaction with ZnO during solution synthesis studies have been
extensively investigated. The interactions of the ZnO-BPs with ZnO yielded biphasic isotherms comprising both an endo-
thermic and an exothermic event. Qualitative differences were observed in the isothermal profiles of the different pep-
tides and ZnO particles studied. Measured AG values were between -6 and -8.5 kcal/mol and high adsorption affinity val-
ues indicated the occurrence of favourable ZnO-BP-ZnO interactions. ITC has great potential in its use to understand
peptide-inorganic interactions and with continued development, the knowledge gained may be instrumental for simplifi-

cation of selection processes of organic molecules for the advancement of material synthesis and design.

INTRODUCTION

Following biomimetic strategies, there is an increasing
body of evidence demonstrating that combinatorially se-
lected material binding peptides such as those identified
using phage display (PD) and post selection tailored pep-
tides are able to control the morphology of non-biological
inorganic materials.** Peptides have also been shown to
act as stabilizers, reducing agents, catalysts or inhibitors
when incorporated in solution syntheses of inorganic ma-
terials.’>>3 Great prospects lie in the use of material bind-
ing peptides to improve artificial material formation pro-
cesses following more environmentally sustainable bio-
inspired methods. The specificity between inorganic crys-
tal surfaces and material binding peptides and the exact
mechanisms of their interaction are however not clearly
understood.>®# In biomineralization processes, where
minerals are produced by living organisms, it is thought
that biomolecules may control mineral formation by
modification of the energy barriers at the interface.>'s
Similarly, there may be a direct link between thermody-
namic changes that occur at the peptide-inorganic inter-
face and peptide-directed structural modification of inor-
ganic materials. Therefore, understanding the energetic
changes that occur during peptide-inorganic interactions
and correlating these to structural modifications of the
inorganic materials could be the key to advancing materi-
al synthesis/design and may also reveal key principles

through which material structure is controlled in na-
ture.’>"7

Of specific interest, in-house studies have been carried
out to understand the fundamental principles through
which ZnO binding peptides (ZnO-BPs) interact with and
modify ZnO growth process and morphology.5®® In a
recent contribution, the mechanisms through which spe-
cific ZnO binding peptides (ZnO-BPs) interact with and
modify the growth process and morphology of ZnO dur-
ing solution synthesis was described.® The peptides used
in the study were PD identified G-12 (GLHVMHKVAPPR)
peptide, its derivative GT-16 (GLHVMHKVAPPR-GGGC)
and alanine mutants of the G-12 peptide.”® The mutants
were selected on the basis of peptide stability calculated
in silico i.e., molecular dynamics (MD) simulations were
used to monitor the conformation and stability of mu-
tants generated by single point substitution of alanine
into each position in G-12 sequence.® The mutants select-
ed were G-12A6 (GLHVMAKVAPPR) and G-12An
(GLHVMHKVAPAR), determined to be more stable than
G-12 peptide and G-12A12 (GLHVMHKVAPPA) found to
be the most unstable sequence generated in solvated and
non-solvated states.® When incorporated in ZnO synthe-
sis using a reported Zn(NO,),-6H,O-HMTA method,' G-12,
G-12An and G-12A12 all adsorbed to ZnO rods decreasing
the aspect ratio of the crystals in comparison to rods
formed in the absence of peptide.® Uniquely, incorpora-



tion of G-12A6 peptide resulted in the formation of micro-
sphere structures.® Using a different synthesis method,
the ZnAc,-NH; system," in comparison to G-12A6, G-12
had a greater ability to inhibit ZnO formation by stabiliz-
ing the intermediate product layered basic zinc acetate
(LBZA) .2

Herein, to extend our understanding, isothermal titra-
tion calorimetry (ITC) has been employed to directly
probe thermodynamic changes during interaction of the
aforementioned ZnO-BPs with ZnO. Few studies have
kinetically and thermodynamically characterized the in-
teraction of ZnO-PBs with ZnO surfaces. Adsorption stud-
ies of fluorescent labelled EM-12 (EAHVMHKVAPRP)
peptide (as well as alanine mutants, random rotations and
short segments/truncations of the EM-12 sequence) to
ZnO have been reported.>>* Thermodynamic parameters
of interaction were estimated from Langmuir adsorption
isotherms and van‘t Hoff equations.>** In the study re-
ported by Yokoo and colleagues,* change in Gibbs free
energy (AG) values of tagged ZnO-BPs were estimated to
lie in-between -7.17 and -8.37 kcal/mol.>° Interactions
were seen to be enthalpy driven with the main contribu-
tion from AH values.?® The adsorption process was mainly
attributed to hydrogen bonding and electrostatic interac-
tions through charged residues of the peptides.>® Nuclear
magnetic resonance ("H NMR) has also been used to de-
termine the binding affinity of two phage display identi-
fied ZnO-BPs (HSSHHQPKGTNP and HHGHSPTSPQVR)
for ZnO particles by determining the line broadening ef-
fects during interaction of the peptides with different
concentrations of ZnO and assuming a 1.1 Langmuir bind-
ing model.> HHGHSPTSPQVR peptide was found to be
the stronger binder for the ZnO substrate used.?

The applications of ITC continue to evolve from con-
ventional biomolecular recognition reactions into diverse
areas of interest in the medical/academic fields and in-
dustrial sector. An example is the developing use of ITC
to study interactions between proteins/peptides and inor-
ganic nanoparticles for biomedical applications.'¢*2
Though the use of ITC to study biotic-abiotic interactions
is in its infancy it has great potential as it does not require
labelling or immobilization of the interacting components
and more exceptionally, it can directly measure molar
enthalpy of interaction and determine all thermodynamic
parameters (enthalpy change (AH), entropy change (AS),
K4 and AG) in a single experiment.?*?” Using ITC, the in-
teraction of the studied ZnO-BPs with ZnO is seen to be
an energetically favourable process and is described to
involve different events some of which may be occurring
simultaneously ie. peptide-solvent, substrate-solvent,
peptide-surface, possible conformation changes between
bound and free peptide states and peptide-peptide inter-
actions.

EXPERIMENTAL SECTION

Materials. Zinc nitrate hexahydrate (Zn(NOs)2-6H20)
and 1,3-hexamethylenetetramine (HMTA, C¢H,.N,) were
purchased from Sigma Aldrich for ZnO synthesis. Materi-
als for the synthesis of peptides were; Fmoc-protected
amino acids and  2-(1H-benzotriazole-i-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) pur-
chased from CEM Corporation, amino acid-preloaded
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Wang resins from Novabiochem , Piperazine, diisopropyl
ethylamine (DIEA), thioanisole (TIS, C7HS8S), trifluoroa-
cetic acid (TFA, C2HF302) and 3,6-dioxa-1,8-
octanedithiol (DODT, C6H1402S2) from Sigma Aldrich.
All materials were used without any further treatment.
Where required, distilled-deionized water (ddH,O) hav-
ing conductivity measurement of less than 1 puS cm™ at 25
°C was used.

Synthesis of Peptides and ZnO. The synthesis and
characterization of peptides and ZnO particles used in
this study has previously been described in detail.® Pep-
tides were synthesized via Fmoc chemistry using micro-
wave assisted solid phase peptide synthesis technique
(Libertyr instrument CEM Corporation).® Peptide purity
and molecular weight were ascertained using reverse
phase high performance liquid chromatography (Dionex
RP-HPLC) and  matrix-assisted  laser  desorp-
tion/ionization time-of-flight mass spectrometry (Bruker
Ultraflex III MALDI-TOF).® ZnO particles were synthe-
sized following a method using Zn(NO;),-6H,O and
HMTA to form elongated twinned rods and a modifica-
tion of the method incorporating GT-16 peptide to form
lower aspect ratio ZnO twinned platelets.*®® Synthesized
ZnO particles had been characterized using several tech-
niques; scanning electron microscopy (JEOL JSM-840A
SEM), Energy dispersive X-ray (EDX) analysis, X-ray dif-
fraction (X’Pert PRO XRD), Fourier transform infrared
spectroscopy (Nicolet Magna IR-750), and Thermogram-
ietric analysis (Mettler Toledo TGA/SDTA 8s1e).2 Herein,
additional characterization of the ZnO particles was car-
ried out before ITC experiments. Raman spectroscopy
(Nicolet iS50) was used to identify the functional groups
present in the ZnO particles, specifically to characterize
peptide adsorption to ZnO platelets. The surface chemical
constituents of the ZnO platelets were identified using X-
ray photoelectron spectroscopy (VG Scientific ESCALAB
Mkii XPS) as previously described.?® The surface area of
ZnO was determined using a Quantachrome Monosorb
nitrogen gas adsorption instrument and the single-point
Brunauer-Emmett-Teller (BET) method. The surface area
of the ZnO rods was determined to be 3.8 m?/g and the
surface area of ZnO platelets synthesized using GT-16 was
4.2 m?/g. A dissolution study was conducted to confirm
the reproducibility of ZnO sample preparation by Induc-
tively coupled plasma atomic emission spectroscopy (ICP-
OES, Perkin Elmer Optima 2100DV) quantification of the
amount of Zn* ions dissolved from ZnO suspensions pre-
pared for ITC experiments. The concentration of Zn>* ions
was determined to be 0.10 + 0.01 mM. There was no signif-
icant difference (ANOVA, p value > 0.05, n = 21) in the
amount of Zn?>* ions present between samples prepared.

ITC Studies of Interactions between ZnO-BPs and
ZnO. Thermodynamic binding experiments were carried
out using a MicroCal VP-ITC Northampton, MA instru-
ment by GE Healthcare. Interacting components were
prepared in filtered ddH,O. In each experiment, the pre-
pared peptide solution and the solution with suspended
ZnO were degassed for 7 min using a Thermovac before
loading in the ITC. Preliminary experiments were carried
out to optimize the experimental conditions. The parame-
ters chosen for the experiments were; temperature of 25



°C, a reference power of 15 pcal/sec, syringe stirring speed
of 394 rpm, a peptide concentration of 3.1 mM in a total
volume of 280 pl injected periodically in 10 pl aliquots
into the sample cell containing 1.4 ml ZnO suspension (0.1
mM Zn?*) At least 1000 sec was required in between injec-
tions to allow the baseline to return to equilibrium after
each injection. A spacing of 1200 sec was required for the
first 10 injections and a spacing of 1000 sec for the remain-
ing 18 injections. In some experiments with GT-16, the
spacing of the first 10 injections needed to be increased to
1600 sec. The heat effects measured in the peptide into
water dilution experiments performed under identical
timing of aliquot additions were subtracted from the heat
effects of interaction (titration of peptide into ZnO sus-
pension). Other dilution experiments performed were
dilution of water into the cell containing the ZnO parti-
cles and the dilution of water into water which produced
negligible heat measurements. Each experiment was at
least duplicated. Data analysis was conducted using
ORIGIN 7.0 software and fit using a non-linear least-
squares algorithm with one set of sites and two sets of
independent sites model from MicroCal.?®

RESULTS AND DISCUSSION

ITC experiments were carried out to measure heat ef-
fects taking place during the interaction of peptide with
ZnO particles. The interactions were studied in aqueous
media as in the synthesis studies."®® Further information
in support of the choice of media for ITC experiments is
given in S1 of supporting information (SI). ITC experi-
ments were designed to; (i) monitor heat effects of inter-
action between ZnO and the ZnO-BPs and identify the
driving forces of interaction, (ii) determine if alanine mu-
tants of G-12 had different thermodynamic signatures in
their adsorption process compared to the original se-
quence, (iii) determine if differences in adsorption char-
acteristics could be detected for different peptides with a
single crystal morphology and an individual peptide with
different crystal morphologies and (iv) possibly identify a
direct link between thermodynamic changes that occur at
the peptide-inorganic interface and the observed peptide
directed structural modifications of ZnO.

ITC Study of Interactions of G-12 and its Alanine
Mutants with ZnO Rods. ZnO solution synthesis studies
with peptide had demonstrated that a single point muta-
tion in G-12 sequence to form G-12A6 resulted in a drastic
change in ZnO morphology, unlike with G-12An and G-
12A12 (Figure 1).2 Synthesis studies also showed that ZnO-
BPs could strongly/irreversibly adsorb to ZnO.8 Here, ITC
was used to directly monitor the interaction of ZnO rods
(48-hr precipitates obtained from synthesis using
Zn(NO;),-6H,O and HMTA) with G-12 and its alanine
mutants (G-12A6, G-12Au and G -12A12). The interactions
produced measurable heat effects (Figure 1). With each
peptide, two binding events occurred, an endothermic
event followed by an exothermic event evidenced by posi-
tive and negative changes in differential power (Dp) re-
spectively. Peptide sequence dependent qualitative differ-
ences in the shapes of the isothermal profiles were ob-
served.

Determination of surface coverage is important for
quantification of binding potency and is also an indicator
of whether monolayers or multilayers were formed.?53° In
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Figure 1. (a) SEM micrographs ZnO twinned rods, L/D = 8.92
+ 3.26 collected after 48 hrs of synthesis using the
Zn(NO,),.6H,O and HMTA system, (b) schematic represen-
tation of possible modes of interaction of peptide with ZnO
surface (c-f) ITC isotherms showing heat effects measured in
titration of G-12 and its alanine mutants G-12A6, G-12An and
G-12A12 (3.1 mM) into suspensions of ZnO rods (0.1 mM bulk
concentration). Dilution heat effect of titrating each peptide
into water is also shown.

all the measured interactions, at least 100 pl (at least 10
injections) of 3.1 mM peptide was needed to reach satura-
tion. From estimation of the size of peptide molecules
using molecular dynamics (MD) software, the theoretical
maximum number of peptide molecules needed to form
monolayer coverage (assuming that the peptides ad-
sorbed to the ZnO surfaces end-on/upright for maximum
possible monolayer coverage) on the total surface area of
ZnO rods present in an ITC experiment (based on BET
analysis), was less than the amount of peptide experimen-
tally needed to attain saturation in ITC experiments. For
example, the number of unit molecules of G-12 estimated
to fill a monolayer was 8.91 x 10 and the amount needed
to reach saturation in ITC experiments was 2.46 x 107. In
all the interactions, the amount of peptide needed to ob-
tain saturation was in great excess of the amount required



to form monolayer coverage suggesting that dense pep-
tide multilayers were formed on ZnO. It is for this reason

that normalized heat effects in kcal/mole of injectant
were plotted against the molar ratio

Table 1. Thermodynamic parameters obtained from ITC measurements of interaction of G-12 and its alanine mutants
G-12A6, G-12A11 and G-12A12 (3.1 mM) with ZnO rods (0.1 mM bulk concentration). Temperature of 298 K was main-
tained throughout each experiment. AS and AG were calculated from AH - TAS = -RTInK, = AG.

Peptide and ZnO Dp Ka (M)

G-12 - ZnO +ve 1.40 X 10° + 0.33 X 10°
-ve 0.01 X 104 + 0.32 X 104

G-12A6 - ZnO +ve 2.65 X 105 * 0.52 X 105
-ve 6.79 X 104 + 0.62 X 104

G-12A1 - ZnO +ve 3.86 X105 + 2.14 X 105 *
-ve 4.51 X 104 + 0.47 X 104

G-12A12 - ZnO +ve 4.47 X 105 + 0.76 X 105
-ve 8.58 x 104 £ 0.18 x 104

AH (Kcal mol™) TAS (Kcal mol?) AG (Kcal mol?)
2.36 + 0.68 10.73 £ 0.55 -8.37+0.13
-7.55 + 1.09 -0.79 +1.06 -6.76 + 0.02
5.47 +3.12 12.86 + 3.22 -7.39 = 0.10
-15.69 + 8.41 -9.09 £ 5.79 -6.60 £ 0.02
419 £ 2.07* 1.80 * -7.61*

-6.69 *1.22 -0.34 £1.28 -6.34 £ 0.06
5.74 £ 0.76 13.42 £ 0.86 -7.69 * 0.10
-6.91+ 0.78 -0.55 + 0.25 -6.36 £ 0.53

(+ve) endothermic, (-ve) exothermic, (*) designates parameters determined from one experiment, other parameters

are an average of two measurements.

of the peptide concentration and the bulk concentration
of ZnO determined from the dissolution study (per-
formed using ICP- OES) even though the peptide would
only interact with the surface of particles. It has been re-
ported that the effective concentration of surface sites
available for interaction (M;) on particles can be estimat-
ed from adsorption studies (Langmuir adsorption iso-
therms) and BET determined surface area of the parti-
cles.3*32 However, this may not be applicable in instances
such as in this study where multilayer formation occurs
with heat effects produced not only during monolayer
adsorption. For the adsorption of G-12 and the selected
alanine mutants to ZnO, the value M, would represent
both the surface sites available on ZnO as well as the pep-
tide binding sites that allow intermolecular interaction.

To determine the thermodynamic parameters of inter-
action, the heat effects of diluting peptide into water were
first subtracted from the global observed heat effects
(AHops) obtained during titration of the peptide into ZnO
particles. Isotherms were then fitted using the two sets of
independent binding sites model provided by MicroCal
on the basis of the shape of the isotherm having two sepa-
rate saturation events (Table 1). According to literature,
the accuracy of determining the concentration of the sy-
ringe component in ITC experiments directly affects the
accuracy of determining the parameters K4, molar bind-
ing ratio (n) and AH whereas the accuracy of determining
the concentration of the sample cell component only af-
fects n.33 As peptide concentration was known, K4 and AH
could be estimated but n was not defined because of the
uncertainty of determining the concentration of surface
binding sites on ZnO.

The interactions of the peptides with the different ZnO
morphologies were favourable; based on the high (> 10*
M")213435 affinity values obtained and negative values of
AG which were estimated to lie in between -6 and -8.5
kcal/mol. These values were similar to those reported for
the adsorption of fluorescent tagged EM-12 (and trunca-
tions of the sequence) to ZnO.>° ITC is however a faster
method that can directly probe thermodynamic parame-
ters of interaction without the requirement for labelling
or carrying out experiments at different concentrations or
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temperatures to estimate thermodynamic parameters. In
this study, the values of AH and AS were positive in all
endothermic processes of the biphasic isotherms. The
surfaces of many metal oxides like ZnO become hydrox-
ylated in aqueous solution. The polar hydroxylated ZnO
surface attracts and adsorbs water molecules which can
either be chemisorbed or physisorbed.’® As peptides
moved towards the ZnO surface, peptide conformational
changes as well as incorporation or displacement of water
molecules may have occurred producing an endothermic
heat effects with the largest contribution from positive
values of AS. Negative AH values for the exothermic pro-
cess indicated the occurrence of non-covalent interac-
tions like hydrogen bonding, van der Waals forces or elec-
trostatic interactions.?®?737 Although determination of
changes in non-covalent interactions (Ki, AH, AS) may
not rigorously define interactions at an atomic scale, the
information obtained may be a guideline towards under-
standing binding/adsorption processes.?’” As the amount
of adsorbed peptide was greater than that needed to form
monolayer coverage, the observed exothermic heat effect
was attributed to contributions from both peptide-surface
adsorption as well as peptide-peptide interactions. Two
saturation events could have taken place; peptide satura-
tion of the ZnO surface and peptide binding to peptide
until peptide-peptide binding site saturation was
achieved. The size of peptide molecules in solution meas-
ured using dynamic light scattering (DLS) (S2 of SI) sug-
gests that a majority of the peptide molecules were in
aggregated form in solution therefore peptide-peptide
interactions could have already occurred and peptides
could have adsorbed to the ZnO surface as aggregated
entities. Therefore, it is possible that initial peptide-
surface interaction could have also contributed to the
observed endothermic heat effect together with confor-
mational changes between free and bound peptide. Fur-
ther peptide-peptide interaction could have then oc-
curred characterised by the exothermic heat effect. There
was therefore no stepwise process where a monolayer was
first completed before multilayer formation; both pro-
cesses would continue to occur simultaneously once fur-
ther peptide-peptide interaction on peptide bound to



ZnO surface was initiated until saturation was reached.
This may explain why stepwise saturation events usually
associated with sequential multilayer adsorption was not
observed. In support of this explanation, Lindman and co-
workers reported multilayer adsorption of human serum
albumin (HSA) to copolymer nanoparticles using ITC and
similarly did not observe step-wise saturation events in
isothermal profiles.?

The interaction of G-12A6, G-12A11 and G-12A12 with
ZnO suggests that the respective alanine substitutions in
G-12 sequence may have only caused localized changes in
peptide structure which did not completely suppress
binding potency. This may also suggests that interaction
may be mediated by ‘hot spot’ regions rather than by a
single amino acid. Unlike the other three peptides, dilu-
tion of G-12A6 into water resulted in a low heat signal
which may be attributed to dissociation of peptide mole-
cule aggregates that may have been present at higher pep-
tide concentration in the syringe. This may be linked to
the peptide’s reported ability to template isotropic growth
of ZnO in solution synthesis forming microspheres.® The
concentration of G-12A11 needed to attain saturation was
greater than the other three peptides. In G-12An
(GLHVMHKVAPAR), P,, of the original G-12 sequence was
replaced with A,. The amino acid proline is known to
have a restricted backbone conformation because its
functional group is cyclised back against the backbone
amide position.3® G-12A11 was the only sequence without a
proline-proline dipeptide at position 10 and 1 which may
have significantly altered its conformation and packing
density at saturation. The determined enthalpy change of
the interaction of G-12 and mutants G-12A6, G-12A11 and
G-12A12 with ZnO were similar but G-12 has a slightly
greater affinity for the ZnO surface compared to the mu-
tant sequences.

ITC Study of Interactions of G-12 and GT-16 with
ZnO Rods and Platelets. ITC was also used to study the
interaction of G-12 and GT-16 with two different mor-
phologies of ZnO crystals; The 48-hr ZnO twinned rods
from synthesis using the Zn(NO,),-6H,O-HMTA system
and ZnO twinned platelets similarly synthesized but also
incorporating GT-16 peptide (Figure 2a, b). In comparison
to ZnO rods, ZnO platelets had a greater surface area of
the (0ooo1) plane which GT-16 had been reported to pref-
erentially adsorb to.® Previous studies using FTIR report-
ed that the intermediate layered basic zinc nitrate (LBZN)
was still present in the ZnO rods chosen for this study.?
Here, using Raman spectroscopy, the symmetric N-O
stretching vibration band at 1053 cm™ for NO5™ in LBZN
was detected (Figure 2c). The LBZN in ZnO rods had been
quantified using TGA to be 1.6 + 0.2% of the total
weight.?® This amount was below XPS detection limit as
nitrogen (N 1s peak) was not detected the in spectra of the
ZnO rods (Figure 2d). The calculated relation of Zn/O was
greater than 1 (Table 2) suggesting the presence of oxygen
vacancies on the surface.?®3 The amount of LBZN and
peptide adsorbed to ZnO platelets was quantified (TGA)
to be 7.5 + 0.5%.2 The strong adsorption of GT-16 to
washed ZnO platelets was further confirmed from its Ra-
man spectra by the presence of amide I (~1670 cm™) band,
amide III (~1300 cm™) band and a peak arising from the

amino acid valine (~713 cm™), all of which were also pre-
sent in the spectra of GT-16 peptide (Figure 2c). XPS anal-
ysis confirmed the presence of GT-16 peptide on the sur-
face of ZnO platelets by the detection of N 1s peak (Figure
2e, Table 2). The higher amount
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Figure 2. SEM micrographs (a) ZnO twinned rods, L/D =
8.92 £ 3.26 and (b) ZnO twinned platelets L/D = 0.69 + 0.21
with schematic representations of the morphologies. (c) Ra-
man spectra of the rods, platelets and GT-16 peptide. (d, e)
XPS survey spectrum of the ZnO rods and platelets respec-
tively.

Table 2. XPS determined Atomic Percentage of C 1s, N 1s,
Zn 2p3/2 and O 1s peaks and the Relative Ratio of Zn/O

ZnO Sample %C %N %Zn %O Zn/O
Rods 7.1 - 48.6 44.3 11



Platelets 39.1 1.1 20.8 29.0 - Zn/O ratio for platelets not calculated as adsorbed peptide
Rods calcined 8.4 - 52.3 39.3 13 molecules contributed to the atomic percentage of O
Platelets calcined 15.6 - 43.2 41.2 1.0
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Figure 3. ITC isotherms representing heat effects of interaction measured in the titration of 3.1 mM G-12 and GT-16 into suspen-
sions of ZnO rods (0.1 mM bulk concentration). ZnO morphologies have been designated; (R) rods, (RC) rods calcined, (P) plate-
lets, (PC) platelets calcined. Titration of peptides into water to measure dilution heats is also shown.

Table 3. Thermodynamic parameters obtained from ITC measurements of interactions between 3.1 mM G-12 and GT-16
and o.1 mM (bulk concentration) ZnO twinned rods/platelets. A constant cell temperature of 298 K was maintained.
Entropy change and Gibbs free energy were calculated using the equation; AH - TAS = -RTInK, = AG.

Peptide and ZnO
G-12 - ZnO (R)

GT-16 - ZnO (R)
G-12 - ZnO (RC)
GT-16 - ZnO (RC)
G-12 - ZnO (P)
GT-16 - ZnO (P)

G-12 - ZnO (PC)

GT-16 - ZnO (PC)

Model Dp
2 +ve
-ve

2 +ve
-ve

1 -ve
1 -ve
2 +ve
-ve

2 +ve
-ve

2 +ve
-ve

2 +ve
-ve

Ky (M)
1.40 X 10° £ 0.33 X 10°
0.01 X 104 + 0.32 X 104

1.37 X 105 + 2.52 X 105 *
3.65 X104+ 3.12 X 103 *
1.77 X 105 + 0.33 X 105
1.31 X 105 + 0.36 X 105
9.94 X 105+ 2.98 X 105
1.45 X 105 * 0.21 X 105
7.88 X 105 £ 2.93 X 105
6.32 X 104 £ 0.97 X 104

1.14 X 105 * 0.13 X 105

1.26 X 105 + 0.04 X 105

AH (Kcal mol™)
2.36 £ 0.68
-7.55 £ 1.09
3.01 + 4.16*
-3.06 £ 0.21 *
-3.07 £ 0.21
-5.54 * 0.27
582 +2.4*
-6.18 + 0.16
3.48 £1.13
-9.42 £ 0.16
-4.76 £ 0.36

-8.23 £ 0.44

TAS (Kcal mol™)

10.73 + 0.55
-0.79 +=1.06

10.01%

3.16 *

4.08 + 0.34
1.44 * 0.44

14.01*

0.85 + 0.25

11.49 * 0.91

-2.87 £ 0.24

2.14 + 0.28

-1.27 * 0.41

AG (Kcal mol?)
-8.37+0.13
-6.76 *+ 0.02

-7.00 *
-6.22 %

-7.16 + 0.12
-6.97 + 0.17
-8.19 *
-7.04 + 0.09
-8.01 £ 0.22
-6.55 + 0.08

-6.89 * 0.07

-6.95 + 0.02

R) rods, (RC) rods calcined, (P) platelets, (PC) platelets calcined, (+ve) endothermic, (-ve) exothermic, (1) one set of sites
model, (2) two sets of sites model. Data is an average of at least two measurements, however in some experiments designated
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(*), only one experiment gave reasonable values after fitting, (-) values not calculated as very few data points were obtained in

the particular region needed for analysis.

of Carbon (C 1s peak) detected in ZnO platelets in com-
parison to that in ZnO rods could also be attributed to
peptide adsorption rather than adventitious carbon (Ta-
ble 2). There was no evidence of peptide incorporation
into the lattice of ZnO platelets by a comparison of d-
spacing values (XRD) for the (10i0) plane (for growth
along the a-axis) and the (0ooo1) plane (for growth along c-
axis) of ZnO rods against the platelets.® Thus adsorption
studies with ZnO platelets would be characterizing a pep-
tide-peptide adsorption process. ITC experiments were
therefore carried out with the particle as directly obtained
from solution synthesis and after calcination to g9oo °C to
remove adsorbed molecules (chemisorbed water, LBZN
and peptide where present). XPS survey spectra of cal-
cined ZnO rods and platelets in shown in Figure S3 of SI
and the atomic percentages of C 1s, Zn 2p3/2 and O 1s
peaks as well as the relative ratio of Zn/O in Table 2.

Qualitative differences in binding isotherms could be
identified when interactions of both peptides (G-12 and
GT-16) with the same particles (either rods or platelets,
calcined or non-calcined) or the same peptide with differ-
ent particles was compared (Figure 3). Interestingly, long-
er time spacing in between injections was needed with
GT-16 for the heat effect per injection to return to thermal
equilibrium (back to the baseline) compared to G-12. GT-
16 may have required longer time to attain its stable bind-
ing conformation. This was observed with all the particles
except the non-calcined ZnO rods. More injections, hence
higher peptide concentration was required to saturate the
same mass of ZnO platelets compared to ZnO rods which
had a lower surface area available for interaction. Calcina-
tion of ZnO caused physico-chemical changes on the sur-
face i.e. removal of chemisorbed water and peptide. These
differences are reflected in the changes in the isothermal
profiles; the characteristic endothermic and exothermic
heat effect of the interaction were still observed but a
shift of the isotherm to the right demonstrated that calci-
nation caused changes to the ZnO surface, affecting inter-
actions at the interface that could be distinguished by the
instrument. Depending on the shape of the isotherm, data
was fit using either the one or two sets of binding sites
model provided by MicroCal (Table 3). Once again, the
endothermic process, supported by positive values of AS
and AH, was attributed to displacement of water, peptide
conformational changes and possibly also initial peptide-
surface interaction. The exothermic process was attribut-
ed to the occurrence of peptide-surface as well as peptide-
peptide interactions driven by non-covalent forces. The
affinity of G-12 for non-calcined ZnO rods and platelets
appeared to be slightly greater than the affinity of GT-16
however for the calcined crystals the peptides had similar
affinity. It was difficult to establish a clear difference in
the interaction of GT-16 with the two crystal morpholo-
gies that could directly be correlated to the preferential
adsorption of GT-16 to (ooo1) plane. Here, the peptides
were exposed to interaction with whole crystals as op-
posed to single crystalline films as in the previous study
demonstrating preferential adsorption of GT-16 to (0oo1)
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plane.® With whole crystals, GT-16 adsorbs to the (ooo1)
plane but is also able to adsorb to the (1010) plane of ZnO.
The likely simultaneous occurrence of peptide-surface
and peptide-peptide interactions and the formation of
multilayers could have also masked detection of differ-
ences in adsorption thermodynamics of the ZnO-BPs ex-
amined with the same or different crystal morpholo-
gies/surfaces. It has been reported that where peptide-
peptide interactions take place forming multilayers, ad-
sorption energies of single peptides can greatly be dimin-
ished.#° Thus, for this system a direct link between ther-
modynamic changes and the differences observed in
morphology modification in the presence of peptides was
difficult to obtain. However, ITC allowed direct character-
ization of ZnO-ZnO-BP interactions and the quantifica-
tion of energetic changes occurring during the adsorption
process.

It is interesting to note that for the phage display iden-
tified peptides, when bound to phages during selection,
their ability to form intermolecular interactions and ag-
gregate is restricted. Conversely, artificially synthesized
peptides free in solution are able to aggregate through
peptide-peptide interactions depending on the amino
acid residues present and solution conditions. Neverthe-
less, these artificially synthesized peptides are still able to
interact with the material they were selected against in
phage display experiments, though there may be some
differences in their interaction. For single chain peptides
or aggregated peptides, their interaction with the target
surface is dependent on whether they are in a confor-
mation such that the active binding site/important resi-
due (or group of residues), in the ‘hot spot’ for interaction
is available for interaction. Further studies are needed to
fully understand the structure of the peptides (single
chains, aggregated forms and the effects of the extent of
aggregation). More information is needed to define the
binding sites on the peptide and the inorganic surface to
account for conformational changes including de-
aggregation of peptide in order to build models that are
more representative of the interaction process. In using
the one set of identical sites model and two sets of inde-
pendent sites model, our objective was to fit the data with
preferably the fewest adjustable parameters which is syn-
onymous to selecting the simplest binding model that can
be used to describe the process.++ Nevertheless, there are
practical difficulties in using these models to fit data for
such complex systems as demonstrated in Figure S4 and
Ss of SI. More representative and standardized mathe-
matical models can be formulated if additional similar
studies are carried out on different material and peptide
combinations.

Moreover, as combinatorial methods such as phage
display technique have known intrinsic biases associated
with their use, development of other complementary ap-
proaches for identification and selection of specific mate-
rial binding peptides are to be encouraged.#4 Molecular
simulation techniques allow for theoretical investigation
of the behaviour of complex systems at a molecular level



beyond what can presently be achieved experimental-
ly.+647 Information obtained from ITC studies can be used
to improve computational simulation strategies and vali-
date the design of force fields to more accurately describe
peptide-peptide and peptide-inorganic interactions. Fur-
thermore, we propose the use of ITC as a screening meth-
od to distinguish between strong and weak binders by
determining peptide affinity for target substrates. This
may be particularly clear where adsorption processes are
saturated within or close to monolayer coverage. Much
progress is needed to accelerate the rationale used to
identify inorganic binding peptides with integrated prop-
erties and functionality.
CONCLUSIONS

Using ITC, the interaction of ZnO and ZnO-BPs has
been shown to occur through a biphasic process involving
and endothermic and exothermic event. High adsorption
affinity values indicated the occurrence of favourable in-
teractions with AG values between -6 and -8.5 kcal/mol.
The adsorption of the ZnO-BPs was seen to be a process
involving simultaneous interactions i.e. peptide-solvent,
substrate-solvent, peptide-surface, possible conformation
changes between bound and free peptide states and pep-
tide-peptide interactions. The wider use of ITC to study
other peptide-inorganic interaction systems, in combina-
tion with other conventional techniques used to kinetical-
ly/thermodynamically  characterize peptide-inorganic
interactions may collectively build knowledge that can
enable control over material formation processes to be
achieved, mastered and exploited to advance material
design processes. Though the use of ITC to monitor bio-
tic-abiotic interactions has its challenges, with continued
improvements in instrumentation, methodology and
binding models, its development for novel applications is
far from being exhausted.
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