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Introduction

Protein-surface recognition features prominently in applica-
tions in broad fields of science and technology, such as con-
trol of cellular processes,[1,2] construction of biological sen-
sors,[3] and creation of hybrid materials.[4] To date, various
strategies to target protein–protein interactions have been
proposed.[5] Macromolecules such as functionalized macro-
cyclic compounds,[6] polymers,[7] and dendrimers[8] have been
used as artificial receptors in protein surface recognition,
showing varying levels of ability to modulate the structures
and functions of their protein targets.

Monolayer-protected nanoparticles (NPs) provide attrac-
tive scaffolds for the creation of protein surface receptors,
since multiple functionalities could readily be introduced
onto the convex NP surface to provide a versatile platform
for biomacromolecule binding.[9] For example, multiple man-
nose-encapsulated gold NPs show affinities to concanavali-
n A 10–100 times higher than those of monovalent mannose
ligands, due to the cooperativity of the adjacent ligands.[10]

Our recent investigations have demonstrated that monolay-
er-protected NPs can bind to protein surfaces through
simple charge-complementary interactions.[11] For instance,

amino acid-functionalized gold NPs have shown tunable in-
hibition and stabilization/denaturation of a-chymotrypsin
(ChT).[12,13] These preliminary results revealed that increas-
ing the hydrophobicity of the NP ligands increases their
binding affinity and the stability of the protein adsorbed on
the NP surface,[12] a result substantiated in our recent calori-
metric studies of nanoparticle–protein interactions.[14] In all
cases there was little evidence for structural control of affin-
ity, an important prerequisite for the specific recognition re-
quired for therapeutic applications.

Recent studies have shown that the surface chirality plays
an important role in the interactions of proteins with solid
surfaces.[15] In similar fashion, the use of enantiomeric and
diastereotopic ligands on the surfaces of nanoparticles
should provide a direct probe for examination of the role of
side-chain structure on particle–protein interactions. To this
end, we have fabricated a series of functionalized gold NPs
featuring amino acid- and dipeptide-terminated monolayers
displaying hydrophobic leucine and/or phenylalanine resi-
dues in their d and l forms.

ChT and cytochrome c (CytC) were chosen as target pro-
teins. These two proteins feature positive surface charges
(pI=8.75 for ChT and pI 10.7 for CytC) but different sur-
face characteristics. As shown in Figure 1, the ChT surface
features hydrophobic “hot spots”, while the CytC surface
mainly consists of charged and uncharged hydrophilic resi-
dues. In this investigation we have explored the hydrophobic
and chiral effects of the end-groups on complex formation.
These studies demonstrate that subtle structural changes in
the end-groups lead to substantial alterations in the particle
affinity, with up to 20-fold differences observed between
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particles with side-chains of identical hydrophobicity. These
results demonstrate the feasibility of engineering nanoparti-
cle–protein interfaces through use of the control provided
through organic synthesis.

Results and Discussion

Synthesis of ligands and fabrication of nanoparticles : Dipep-
tide-functionalized gold NPs were prepared in a straightfor-
ward fashion as shown in Scheme 1. In these ligands, the
alkyl chain (C11) enhances the NP stability, and the tetra-
ACHTUNGTRENNUNG(ethylene glycol) (TEG) linker improves both the water sol-
ubility and the biocompatibility of the resultant NPs.[16] Di-

peptides 2 were synthesized by coupling of tert-butoxycar-
bonyl-protected amino acids and amino acid methyl or ethyl
esters in the presence of dicyclohexylcarbodiimide (DCC).
Trityl-protected thiol ligands 3 were then obtained in good
yields (�70%) through the use of combinations of 1,1,1-tri-
phenyl-14,17,20,23,26-pentaoxa-2-thiaoctacosan-28-oic acid
(1) and dipeptides 2, with activation by 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide (EDC), N-hydroxybenzotria-
zole (HOBT), and diisopropylethylamine (DIPEA). Subse-
quently, treatment of compounds 3 with lithium hydroxide
followed by trifluoroacetic acid (TFA) and triisopropylsilane
(TIPS) led to the desired ligands (4) with both thiol anchor
group and free carboxylic acid functionality. d-Amino acid-
functionalized thiol ligands were also synthesized by a simi-
lar procedure (for synthetic details and characterization, see
Supporting Information).

Thiol ligands 4 were subjected to place-exchange reaction
with pentane-1-thiol-coated gold NPs (C5-AuNP, d
�2 nm)[17] in dichloromethane to afford the target NPs. Al-
though ligands 4 and C5-AuNP are highly soluble in CH2Cl2,
the ligand-exchanged NPs precipitated from the solution,
due to the presence of multiple carboxylate end-groups on
the particle peripheries. Consequently, the target NPs could
readily be collected by centrifugation followed by thorough
rinsing with CH2Cl2. After drying under vacuum, the NPs
were well dispersed in water. UV/Vis investigation revealed
that their absorption features are consistent with their C5-
AuNP precursor and that no noteworthy surface plasma res-
onance band is present, indicating that no aggregation took
place during the ligand exchange. The 1H NMR spectra of
the NPs display the proton signals of the corresponding li-
gands, but with significant broadening (see Supporting Infor-
mation), typical for ligands anchored on NP surfaces. No
proton signal for methyl groups is observed in C5-AuNP, in-
dicating that the place-exchange proceeded almost quantita-
tively.

Circular dichroism of nanoparticles : Circular dichroism
(CD) spectra were recorded in order to evaluate the ar-
rangement of amino acid and dipeptide functionalities on
the NP surfaces. The aliphatic amino acid-/dipeptide-func-
tionalized gold NPs show essentially no CD signal in the
region from 600 to 190 nm. It has been demonstrated that
the immediate attachment of chiral molecules onto metallic
NPs can induce the corresponding CD responses in the par-
ticles.[18] In our case, however, the chiral centers of the
amino acids are far away from the NP surface, and as a
result do not affect the electron transitions of the gold cores.
The CD results likewise indicate that no substantial interac-
tion exists between the adjacent amino acid/dipeptide li-
gands, as a uniform arrangement of the amino acids organ-
ized through hydrogen bonding would be expected to gener-
ate CD signals in the far-UV region, as observed for mi-
celles formed by amphiphilic amino acid ligands.[19]

The above conclusion is also supported by the CD spectra
of aromatic amino acid-functionalized gold NPs: that is,
phenylalanine-containing NPs. As shown in Figure 2, NP_

Figure 1. a) Surface structural features of ChT and CytC. b) Chemical
structures of amino acid- and dipeptide-functionalized gold NPs.

Scheme 1. Synthesis of dipeptide-functionalized thiol ligands and fabrica-
tion of the corresponding gold NPs: a) EDC, HOBT, DIPEA, CH2Cl2,
RT, 36 h, 70%; b) LiOH, THF/H2O, RT, 2 h, 100%; c) TFA, TIPS,
CH2Cl2, RT, 12 h, 50–75%; d) C5-AuNP, CH2Cl2, 2 d, quantitative.
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d-Phe and NP_l-Phe exhibit essentially the same CD spec-
tra as their small molecular counterparts Boc-d-Phe and
Boc-l-Phe, respectively, displaying a perfect mirror profile.
As no new Cotton effect was observed, the amino acid func-
tionalities on NP surfaces must have been behaving inde-
pendently. From Figure 2 it can also be noted that the ellip-
ticity (q) of 0.5 mm NP_d-Phe (or NP_l-Phe) is about twice
that of 25 mm Boc_d-Phe (or Boc_l-Phe). If the observed el-
lipticity is treated as the sum of the ellipticities of individual
amino acids, it can be estimated that there are ca. 100
amino acid ligands on each NP, which agrees well with the
previous conclusion that the ligand exchange is achieved
quantitatively.[20] Dipeptide-functionalized NPs also exhibit
mirror CD signals for the enantiomers, indicating that the
same amounts of enantiometric ligands are loaded onto the
respective NPs.

Isothermal titration calorimetry and binding stoichiometries :
Isothermal titration calorimetry (ITC) can directly deter-
mine three thermodynamic quantities (i.e., DG, DH, and
DS) through a single titration experiment. It has found ex-
tensive applications in evaluation of the energetics of bio-
molecular recognition.[21,22] Recently, ITC has been exploit-
ed to investigate the binding of amino acids and DNA bases
to bare gold NPs[23] and in our preliminary studies of the in-
teraction of amino acid-functionalized NPs with proteins.[14]

In our current ITC experiments, aliquots of the protein solu-
tion were titrated into the sample cell containing NPs, and
the heat change after each addition was recorded according-
ly. A representative heat change profile for the complexa-
tion of ChT with NP_l-Phe-d-Phe is depicted in Figure 3a.
It can be seen that a monotonic decrease in the exothermic
heat of binding occurs with successive injections until satu-
ration is reached. After subtraction of the heat of protein di-
lution, integration of the corresponding heat changes over
time generated a typical sigmoidal titration curve as shown
in Figure 3b. The ITC titration curve could be fitted into a
model of a single set of identical binding sites by nonlinear

least-squares regression, with the dissociation constants (KD)
and enthalpy changes (DH) simultaneously determined from
the curve-fitting analysis. The Gibbs free energy changes
(DG) and entropy changes (DS) were calculated from the
experimentally determined KD and DH values by use of
classical thermodynamic equations (Table 1).

The titration of CytC solution into NPs generated heat
output profiles drastically different from those obtained
with ChT. When CytC is added to NP_l-Leu-l-Leu an endo-
thermic process takes place, reaching a limiting value
(Figure 4). An exothermic binding event is subsequently ob-
served, approaching the second plateau. Models both of a
single set and of two sets of binding sites were used in
curve-fitting, but only the latter produces acceptable results.
For the CytC-NP_l-Leu-l-Leu complexation, one binding
event has a binding stoichiometry of 2.2, while the other
binding event possesses a binding stoichiometry of 19.4. The
thermodynamic quantities and the binding stoichiometries
are compiled in Table 1.

In contrast with the single set of equivalent binding fea-
tures for NP–ChT interactions, the complexation of CytC
with the NPs studied featured two binding events: one is a
stronger interaction with binding stoichiometries of 1.6–2.9,
while the other is relatively weaker, with binding stoichio-
metries from 9.6 to 23.6. The origin of this bimodal binding
is not currently known, but could arise either from the po-
tential anisotropicity of the particle,[24] or through variation

Figure 2. CD spectra of amino acid- and dipeptide-functionalized gold
NPs containing d- or l-phenylalanine residues (0.5 mm) in sodium phos-
phate buffer (pH 7.4, 5 mm) at 25 8C (10 mm quartz cuvette). CD spectra
of tert-butoxycarbonyl-protected d/l-phenylalanine (25 mm) are also de-
picted for comparison.

Figure 3. Isothermal titration calorimetry measuring the binding of ChT
to NP_l-Phe-d-Phe: a) the heat change when ChT (400 mm) is titrated
into NP_l-Phe-d-Phe (2.5 mm), and b) the integrated data (&) and the
best fit to a nonlinear function with the assumption of a single type of
binding sites (c).
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of the CytC binding geometry due to the possible protein–
protein interactions on the NP surface.[25]

The role of hydrophobicity in NP–protein complexation : In
our previous studies on amino acid-functionalized nanopar-
ticles, we observed a roughly linear correlation between the
free energy (DG) of the ChT–nanoparticle binding and the
hydrophobicity indices of the head-groups.[12] In the current
case, varying degrees of correlation were observed between
DG for the NP–protein interactions and the predicted octa-
nol/water partition coefficients (log P) of the dipeptides.[26]

A rough correlation between the free energy changes of
NP–ChT interactions and log P is observed, with the com-
plex stability increasing substantially with increasing hydro-
phobicity of the amino acid/peptide head-groups (Figure 5a).
In the case of CytC, however, there was little correlation be-
tween hydrophobicity and affinity. The Gibbs free energy
changes for the first binding event between CytC and NPs
range from �35.7 to �45.5 kJmol�1 (DDGmax=9.8 kJmol�1)
with essentially no correlation with log P values. For the
second binding event, the free energy changes vary less
(from �32.0 to �35.4 kJmol�1), but there is once again little
correlation between hydrophobicity and affinity.

The varying role of hydrophobicity in determining affinity
can be explained by the difference in the surface features of

ChT and CytC (Figure 1). ChT has 17 positively charged res-
idues (14 Lys and 3 Arg) and some hydrophobic “hot spots”
on the surface. The complexation between ChT and NPs is
therefore driven by multivalent electrostatic interactions
coupled with the assistance of hydrophobic interactions.
CytC is a smaller protein that possesses more positively
charged residues (i.e., 19 Lys and 2 Arg), with little surface
hydrophobicity. The complexation between CytC and NPs is
dominated by electrostatic interactions, with the contribu-
tion of hydrophobic interactions being less pronounced.

It is interesting to note that the complexation of ChT with
all NPs is enthalpy-driven, with various levels of entropic
loss observed. In contrast, the complex formation between
CytC and NPs is dominated by the entropic contribution,
which is attenuated by unfavorable enthalpy changes. Gen-
erally, it is believed that hydrophobic interactions are driven
by entropy.[27,28] The complexation of ChT with NPs affords
negative entropy changes, explicitly indicating that hydro-
phobic interaction acts as an accessory binding force. The
thermodynamic contribution of this interaction is masked by
other operations such as conformational restriction and sol-
vation/desolvation. The former case leads to entropy loss,
while desolvation is related to an entropy increase process.
Therefore, the observed thermodynamic parameters merely
reflect the overall outcomes of such compensatory effects.

Table 1. Dissociation constant (KD), thermodynamic parameters (in kJmol�1), and binding stoichiometry (n) for the complexation of ChT and CytC with
various nanoparticles in phosphate buffer (pH 7.4, 5 mm) at 30 8C.

Protein Nanoparticle[b] First binding event Second binding event
KD

1 [mm] DG DH TDS n KD
2 [mm] DG DH TDS n

ChT[a]

NP_Gly-Gly 2.14�0.20 �32.9 �37.1�1.9 �4.2 11.6 –
NP_l-Leu 2.45�0.34 �32.6 �46.6�2.5 �14.0 8.8 –
NP_d-Leu 1.38�0.07 �34.0 �47.0�0.3 �13.0 9.2 –
NP_l-Phe 2.29�0.05 �32.7 �54.9�2.8 �22.2 13.2 –
NP_d-Phe 1.12�0.16 �34.5 �59.3�0.9 �24.7 17.2 –
NP_l-Leu-l-Leu 1.32�0.12 �34.1 �36.0�0.6 �1.9 15.2 –
NP_l-Leu-d-Leu 1.05�0.12 �34.7 �47.6�1.6 �12.9 12.8 –
NP_l-Leu-l-Phe 0.81�0.02 �35.3 �56.0�1.0 �20.7 18.0 –
NP_l-Leu-d-Phe 0.58�0.05 �36.2 �49.1�0.5 �12.9 20.0 –
NP_l-Phe-d-Phe 0.82�0.07 �35.3 �55.1�1.6 �19.8 17.0 –
NP_d-Phe-l-Phe 1.17�0.15 �34.5 �46.9�3.6 �12.4 11.2 –
NP_d-Phe-d-Phe 0.44�0.05 �36.9 �44.4�1.3 �7.6 22.8 –

CytC

NP_Gly-Gly 0.023�0.004 �44.3 12.3�2.0 56.6 1.8 1.78�0.34 �33.4 4.9�1.2 38.2 13.6
NP_l-Leu 0.251�0.012 �38.3 189.6�3.0 227.9 2.0 1.95�0.09 �33.1 2.3�0.2 35.4 18.2
NP_d-Leu 0.044�0.008 �42.7 116.0�0.1 158.5 1.6 1.12�0.31 �34.5 6.6�0.6 41.2 11.8
NP_l-Phe 0.068�0.006 �41.6 28.8�0.1 70.4 2.2 1.51�0.21 �33.8 13.1�1.0 46.9 9.6
NP_d-Phe 0.015�0.005 �45.5 55.0�4.5 100.6 2.6 3.02�0.98 �32.0 13.8�0.5 45.8 14.6
NP_l-Leu-l-Leu 0.107�0.015 �40.4 59.1�1.6 99.5 2.2 1.29�0.42 �34.2 25.5�0.8 59.7 19.4
NP_l-Leu-d-Leu 0.692�0.034 �35.7 31.4�1.6 67.2 1.8 1.74�0.24 �33.4 21.7�0.2 55.2 13.6
NP_l-Leu-l-Phe 0.025�0.003 �44.2 34.8�0.7 78.9 2.9 1.62�0.22 �33.6 24.6�0.9 58.2 10.6
NP_l-Leu-d-Phe 0.525�0.097 �36.4 34.9�0.7 71.4 2.0 1.48�0.41 �33.8 21.2�0.2 55.1 23.6
NP_l-Phe-d-Phe 0.251�0.077 �38.3 49.2�3.2 87.6 2.2 0.98�0.23 �34.9 25.7�1.7 60.6 15.8
NP_d-Phe-l-Phe 0.245�0.114 �38.4 40.7�4.7 79.1 1.8 1.00�0.28 �34.8 21.2�0.2 56.0 18.6
NP_d-Phe-d-Phe 0.022�0.004 �44.4 36.0�2.6 80.3 2.6 0.79�0.26 �35.4 21.7�0.3 57.1 15.0

[a] The binding constants between ChT and NP_l-Leu or NP_l-Phe determined by ITC are smaller than the previously reported values, which were de-
termined through enzyme activity assays (ref. [12]). The deviation most likely arises from the difference between these two systems. In enzyme activity
assays, the solutions contained 8% v/v of ethanol/DMSO (90:10) in the 5 mm phosphate buffer used to dissolve the substrate. Moreover, N-succinyl-l-
phenylalanine p-nitroanilide (SPNA, 2 mm), which may interfere in the NP–protein interactions, was added in the latter case to serve as the enzyme sub-
strate. [b] The NP concentrations were determined on the basis of their average molecular weights by considering the size dispersion of the gold cores.
The binding stoichiometries between ChT and NP_l-Leu and NP_l-Phe are somewhat different from the previously reported values, where the NP con-
centrations were obtained according to the UV absorbance of 2 nm gold cores.

www.chemeurj.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 143 – 150146

V. M. Rotello et al.

www.chemeurj.org


Isomeric effects in the NP–protein interactions : Isomeric
systems, in particular enantiomers and diastereomers, pro-
vide excellent tools for discerning specific and nonspecific
interactions in complex systems.[29] From Table 1 and
Figure 5, it can be seen that the NPs presenting enantiomer-
ic or diastereoisomeric functionalities exhibit distinctly dif-
ferent binding affinities toward the proteins. For example,
NPs bearing d-amino acids generally afford more stable
complexes with ChT than their l isomer counterparts. The
molecular selectivities of NP_d-Leu/NP_l-Leu and NP_
d-Phe/NP_l-Phe are 1.8 and 2.0, respectively. An even
higher value of 2.5 is observed for the NP_d-Phe-d-Phe and
NP_d-Phe-l-Phe couple. The first binding event of NP–
CytC interactions displays a stronger isomeric dependence
on the NP functionalities. The highest selectivity of 21.4 is
obtained for the NP_l-Leu-l-Phe/NP_l-Leu-d-Phe couple,
while the second binding event of NP–CytC interactions af-
fords a less pronounced isomeric effect, exhibiting the high-
est selectivity of 2.0 for NP_l-Phe/NP_d-Phe.

The drastically different isomeric effect on the first and
the second binding events with CytC suggests that different
binding modes might be involved in these processes. We
have demonstrated that the NPs provide multivalent electro-
static interaction sites with the protein to form the supra-
molecular complexes, and that electrostatic forces govern
the complex formation. In this context, the isomeric selectiv-
ity may arise from the matter of whether or not the complex

formation is preferred with respect to the multiple electro-
static interactions. It is well documented that CytC can pro-
vide different binding domains upon complexation with its
native and artificial partners.[25, 30] It is thus reasonable to
propose that CytC molecules adopt different orientations on
different NP surfaces, in which the chiral amino acid side-
chains play an important role in control over the orientation
through steric repulsion and/or van der Waals attraction. In
other words, the amino acid side-chain acts as a modulator
to afford the isomeric selectivity.

It is interesting to compare the complex stabilities of en-
antiomers NP_l-Phe-d-Phe and NP_d-Phe-l-Phe with those
of proteins, as the functionalities of these two NPs possess
the same amino acid composition but inversed sequence.
For the complexation with ChT, the former exhibits 1.4-fold
higher binding affinity than the latter. This difference stems
from the greater enthalpy gain during the complexation of
NP_l-Phe-d-Phe. Upon binding to CytC, however, both NPs
afford apparently identical binding affinities for either the
first or the second binding events. In spite of the same
Gibbs free energy changes, the enthalpy and entropy
changes for these two NPs are completely different. That is,
the complexation of CytC with NP_l-Phe-d-Phe exhibits a

Figure 4. Isothermal titration calorimetry measuring the binding of CytC
to NP_l-Leu-l-Leu: a) the heat change when CytC (1.0 mm) is titrated
into NP_l-Leu-l-Leu (5 mm), and b) the integrated data (&) and the best
fit to a nonlinear function with the assumption of two sets of binding
sites (c). Figure 5. Correlation between Gibbs free energy changes (DG) for the

NP–protein interactions and the logarithms of the octanol/water partition
coefficient (log P) of NP functionalities. a) NP–ChT systems, b) first bind-
ing event for NP–CytC systems, and c) second binding event for NP–
CytC systems.
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more favorable entropy contribution, which is attenuated by
unfavorable enthalpy gain.

Isomeric effects and enthalpy–entropy compensation : From
the above discussion, it is clear that a compensatory rela-
tionship between enthalpy and entropy exists, a common
phenomenon that has been found in various complexation
processes.[27,31] Although the basis of such extrathermody-
namic relationships is still under debate,[27] some efforts
have been devoted to clarifying their physical signifi-
cance.[32,33] In Figure 6a, the TDS values for the NP–protein

interactions have been plotted against the DH values. An
excellent linear correlation (r=0.998) was obtained, leading
to a slope of 1.04 and an intercept of 36.1 kJmol�1, essential-
ly identical to the values observed with amino acid-function-
alized nanoparticles.[14] These coefficients can be taken as
quantitative measurements of conformational changes and
desolvation effects, respectively, during complex forma-
tion.[33] In our case, the near unit slope and the high value of
the intercept in enthalpy–entropy compensation indicate
that the system undergoes large conformational changes and
extensive desolvation, which is significantly different from

the “small” host–guest systems.[27,33] Thermodynamically, the
unit slope also reflects that the contribution of the enthalpic
gain by the system variation to the free energy change has
been fully eliminated by the accompanying entropic loss.

Moreover, it can be noted that nanoparticles bearing en-
antiomeric end-groups display completely different enthalpy
and entropy changes upon complexation with the same pro-
tein (i.e. , DH

d
¼6 DH

l
and TDS

d
¼6 TDS

l
) (Table 1). An impor-

tant question arises: how do the thermodynamic quantities
contribute to the isomeric selectivity over NP–protein inter-
actions? The isomeric selectivity is defined as the differen-
tial Gibbs free energy changes for enantiomeric (or diaste-
reoisomeric) NPs; a thermodynamic relationship can be
readily established by using Equation (1):

dðDGÞ
d=l ¼ DG

d
�DG

l
¼ dðDHÞ

d=l�TdðDSÞ
d=l ð1Þ

The physical meaning of isomeric selectivity is the exchange
efficiency of proteins from l isomer-functionalized NPs to
their d isomer counterparts, which can be expressed as
Equation (2):[34]

½NP
l
	 protein
þNP

d
Ð ½NP

d
	 protein
þNP

l
ð2Þ

In this expression, structural features other than the chirality
of the NP functionalities are cancelled, leaving only the con-
tribution arising from structural (i.e. , isomeric) differences.
According to Equation (1), the isomeric selectivity lies in
the compensation between d(DH)

d/l and Td(DS)
d/l. In the

case of a perfect compensation between these two parame-
ters, the value of d(DG)

d/l would be equal to zero, resulting
in no isomeric discrimination. Figure 6b shows the compen-
sation plot for the enantiomeric exchange enthalpy (d(DH)

d/l)
and entropy (Td(DS)

d/l). A linear correlation plot (Fig-
ure 6b) is obtained for these data points with a unit slope
and a small value of intercept (Td(DS)0=0.5 kJmol�1).

In comparison with the common enthalpy–entropy plot
(Figure 6a), an obviously more significant deviation from
linearity is observed for the first binding event of NP–CytC
interactions (Figure 6b), indicating that the large isomeric
effect for this interaction arises from the unmatched enthal-
py and entropy changes. In contrast, the smaller enthalpy–
entropy compensation for NP–ChT and the second binding
event of NP–CytC interactions lead to a reduced isomeric
effect. As we have proposed, the spatial arrangement of
CytC on the NP surface is different for the first and the
second binding events. Therefore, the orientations of the
proteins on the surface of NPs determine how the enantio-
meric thermodynamics are shaped. On the other hand, the
nanoparticles experience significant conformational changes,
as revealed by enthalpy–entropy compensation analysis. Ob-
viously, this process does not favor isomeric selectivity. In
this regard, appropriate reduction of ligand freedom either
by shortening the ligand length or by fastening the ligand
position should provide better isomeric selectivity, as well as
enhancement of the complex stability from the viewpoint of
enthalpy–entropy compensation.

Figure 6. a) Compensation plot of entropy (TDS) versus enthalpy (DH)
for NP–protein interactions. b) Compensation plot for the differential en-
tropy change (Td(DS)

d/l) against the differential enthalpy change
(d(DH)

d/l) upon complexation of NPs bearing enantiomeric (diastereo-
topic) end-groups with proteins. &: NP-ChT, *: NP-CytC (1); ~: NP-
CytC (2).
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Conclusion

In summary, we have prepared a series of functional gold
NPs bearing phenylalanine and/or leucine residues and have
investigated their interactions with ChT and CytC. It has
been demonstrated that the introduction of additional hy-
drophobic interaction sites can enhance the binding affinity
to the protein that bears surface hydrophobic “hot spots”
(ChT), with less pronounced effects on association with the
highly charged protein (i.e., CytC). ITC investigation re-
vealed that the NPs bearing enantiomeric and diastereoiso-
meric end-groups afford distinctly different binding affinities
toward protein targets. This isomeric control of protein rec-
ognition comes from the noncompensatory enthalpy and en-
tropy contributions. Clearly, the incorporation of chiral mol-
ecules onto monolayer-protected NPs through chemical ap-
proaches provides new opportunities for achieving specifici-
ty in the recognition of protein surfaces.

Experimental Section

Materials : a-Chymotrypsin (ChT, type I-S from bovine pancreas), cyto-
chrome c (CytC, from horse heart), tert-butoxycarbonyl-amino acids, and
amino acid methyl (or ethyl) esters were purchased from Sigma and used
as received. All other chemicals were obtained from Aldrich or Fisher.
Amino acid- and dipeptide-functionalized gold NPs were synthesized by
the procedures depicted in Scheme 1, and detailed reaction conditions
and characterization of the products can be found in the Supporting In-
formation. Disodium hydrogen and sodium dihydrogen phosphate were
dissolved in deionized, distilled water to make a phosphate buffer solu-
tion (5 mm) of pH 7.4, which was used as solvent in optical studies and
isothermal titration calorimetry.

Circular dichroism : The circular dichroism (CD) spectra of NPs (0.5 mm)
were measured on a JASCO J-720 spectropolarimeter with conventional
quartz cuvettes (light path length=10 mm) at 25 8C. The spectra were re-
corded as averages of three scans at a rate of 20 nmmin�1. The phosphate
buffer background was subtracted from the raw spectra to give the final
spectra.

Isothermal titration calorimetry : Microcalorimetric titrations were per-
formed at 30 8C on a Microcal VP-ITC microcalorimeter. Each microca-
lorimetric titration experiment consisted of 30 or 45 successive injections
of a constant volume (6 mL per injection) of ChT solution (400 mm) or
CytC solution (1 mm) into a reaction cell (1.4 mL) charged with a NP so-
lution (2.5 mm for ChT and 5.0 mm for CytC) in sodium phosphate buffer
(5 mm, pH 7.4). The dilution heat of the protein solution upon addition
to the buffer solution in the absence of NPs was determined in each run,
with use of the same number of injections and concentration of ChT or
CytC as in the titration experiments. The dilution enthalpies determined
in these control experiments were subtracted from the enthalpies mea-
sured in the titration experiments. The ORIGIN program (version 7.0)
supplied by Microcal Inc. was used to calculate the binding constants
(KD) and molar enthalpy changes (DH) of reaction from the titration
curve by use of a model of a single set of identical sites (for ChT) or two
sets of binding sites (for CytC). The molar Gibbs free energy changes
(DG) and entropy changes (DS) of reaction were calculated from the ex-
perimentally determined K and DH values by use of the thermodynamic
relationship of DG=RTln KD=DH�TDS. The reported thermodynamic
quantities are averages of two parallel titration experiments.
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