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Isothermal titration calorimetry (ITC) is a powerful and highly sensitive technique commonly used to study
interactions between biomolecules in dilute aqueous solutions, both from thermodynamic and kinetics points
of view. In this report, we show that ITC may be used to follow the binding of ligands such as amino acids
to the surface of inorganic materials such as gold nanoparticles. More specifically, we have studied the binding
of one basic amino acid, lysine, and an acidic amino acid, aspartic acid, with aqueous gold nanopatrticles at
physiological pH. Strong binding of aspartic acid with the gold nanoparticles under these conditions is indicated
by ITC, while weak binding was observed in the case of lysine. The differences in binding are attributed to
protonation of amine groups in lysine at physiological pH~{9.4) while they are not protonated for aspartic

acid (pl~ 2.77). That this is the likely mechanism is indicated by the ITC measurement of binding of lysine
with nanogold at pH 11 (when the amine groups are not protonated). The binding of the amino acids with
gold nanoparticles has been validated with other techniques such as gel electrophoresis and X-ray photoemission
spectroscopy.

Introduction Even though a number of ligands with various functionalities

There is much current interest in metal nanoparticles due to have been investigated for complexation with gold nanoparticles,
their interesting size-dependent optoelectronic and physico-t0 our knowledge there have been no attempts at directly
chemical propertiésand their potential applications in areas ©Xperimentally estimating the strength and nature of these
ranging from catalysisto electron microscopy markérso interactions. Isotherma_ll titration _c_alonmetr_y (ITC) is an ex-
plasmonic€. Gold nanoparticles, in particular, enjoy a long tremely poyverful and highly sensitive technlque'_[hat is ca_pabl_e
history dating back to Roman times and, more recently, to the Of measuring the heats of interaction of reacting species in
pioneering work of Faraday on the synthesis of stable aqueousselution and has hitherto been used with great success in the
dispersions of gold nanoparticles (gold hydrosdls)s of little study of interactions between blom_olecules in d_llute aqueous
surprise, therefore, that there are innumerable recipes in thesolutions, both from thermodynamic and kinetics points of
literature for the synthesis of gold nanoparticles both in vfater View.*° Inhibitor—substrate interactiort$,protein—protein in-
and in nonpolar organic solutios. tferactlonsl,8 p_rote_m—DNA |ntera_1ct|onsl,9 pr(_)tem—llpld_ Interac-

In parallel with the development of newer experimental tions?° protein-ligand interactions; protein-metal ion inter-
processes for the synthesis of gold nanoparticles of controlIable<'3‘§7'f'0r‘5212 and drqunzyme interactior$ are some_of the
size, monodispersity, and shape, the chemistry related to surfacdiomolecular recognition events that have been studied by ITC.
modification of gold nanoparticles has also evinced considerable N this report, we demonstrate the first application of ITC in
interest. The ability to modulate the surface chemistry of gold understanding the nature of binding of ligands with gold
nanoparticles by binding suitable ligands has important applica- nanopatrticles. More specifically, we have investigated the heats
tions in many areas such as novel organic reacfie)sors of reaction of one basic (lysine, inset, Figure 1Aa) and one acidic
(both inorganic and biological entities), biodiagnosfictug/ amino acid (aspartic acid, inset, Figure 1Ab) during titration
DNA delivery 1 and imaging:! While thiol-mediated binding against aqueous gold nanoparticles. Our principle observations
of ligands continues to be the chemistry of choice for gold are that extremely strong binding of aspartic acid with gold
nanoparticle surface modificati;1it is increasingly being ~ nanoparticles occurs at physiological pH while the binding is
recognized that amine groups can bind to gold nanoparticlesmuch weaker in the case of lysine (the interaction being
fairly strongly23 Indeed, the strong binding of alklyamines with predominantly electrostatic in this case). ITC studies show that
gold has been used to accomplish the phase transfer of aqueoulysine binds strongly to gold at pH 11 (above the pl of lysine),
gold nanoparticles to nonpolar organic solveidtsThe dem- thereby indicating that the amine group in the amino acids is
onstration that amine groups bind strongly to gold nanoparticles required to be unprotonated for strong binding to occur. The
has enabled surface modification of the nanoparticles with amino complexation of the different amino acids with the gold

acidd and protein® with important implications for biomedical ~ hanoparticles has independently been studied by X-ray photo-
applications of such hybrid materials. emission spectroscopy (XPS) and gel electrophoresis and
. : compared with the ITC results. These studies indicate that while
em*sTnocl";’:SOm all correspondence is to be addressed. E-mail: sastry@ |TC can be used to probe strong interactions of ligands with

t Nanoscience Group, Materials Chemistry Division. gold nanoparticles, the absence of ITC-sensitive signatures

* Organic Chemistry (Synthesis) Division. cannot be construed to indicate a lack of ligands on the surface.
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Figure 1. (A) UV —visible spectra recorded from dialyzed borohydride-reduced gold (curve 1), partially cappespijcurve 2), fully capped

Au—Asp (curve 3), Au-Lys pH 7 (curve 4), and AtLys pH 11 (curve 5). The inset shows the structural formulas of aspartic acid and lysine.
(B—E) Representative TEM images recorded from the as-prepared borohydride-reduced gold nanoparticles; aspartic acid-capped gold nanoparticles;
lysine-capped gold nanoparticles at pH 7 and lysine-capped gold nanoparticles at pH 11, respectively.

There is much current interest in interfacing inorganic nano- concentrated by rotavapping at 72 mm and@®rior to further

particles with biologicals such as amino acld3} proteins/ analysis in gel electrophoresis experiments.

antibodies;>* and DNA? for biodiagnostic and therapeutic Instrumental Methods and Characterization. The un-

applications, and developing methodologies for estimating capped and amino acid-capped gold hydrosols were character-

directly the strength and nature of interactions between aminojzed by UV-visible spectroscopy, transmission electron mi-

acids and gold nanoparticles represents an important first stepcroscopy (TEM), isothermal titration calorimetry (ITC), X-ray

in this direction. Presented below are details of the investigation. photoemission spectroscopy (XPS), and agarose gel electro-
phoresis. UV~visible spectra of the various colloidal gold

Experimental Section solutions were recorded on a Jasco dual-beam-MM—NIR
) o ) spectrophotometer (model V-570) operated at a resolution of 2
Reagents and MaterialsChloroauric acid (HAUG), sodium ~ nm, TEM images of drop-coated films of the as-prepared

borohydride, lysine, aspartic acid, agarose, Tris base, boric acid,horohydride-reduced gold nanoparticles and-Ays (at pH 7
and ethylenediamine tetraacetic acid (EDTA) were obtained and 11) and Au—Asp (pH 7) nanopartides on carbon-coated
from Aldrich Chemicals and used as-received. Dialysis mem- cy TEM grids were analyzed on a JEOL model 1200EX
brane (12 kDa cutoff), obtained from Aldrich Chemicals, was jnstrument operated at an accelerating voltage at 120 kV. ITC
used after bOI'Ing twice for 5 min followed by thOfOUgh WaShing experiments were performed using a Micro-Cal MPC
with deionized water. instrument at 4°C, wherein 300uL of a 102 M aqueous
Synthesis of Amino Acid-Capped Aqueous Gold Nano-  solution of lysine (pH 7), a 1& M aqueous solution of lysine
particles. In a typical experiment, aqueous gold nanoparticles (pH 11), and 10° M and 2 x 10-3 M aqueous solutions of
were synthesized by borohydride reduction of chloroauric acid aspartic acid (pH 7) were injected in equal steps of:lLanto
(1074 M of aqueous solution of HAuG) in a manner similar 1.47 mL of dialyzed borohydride-reduced gold hydrosol. Gel
to that described earli@f.This procedure results in a ruby-red electrophoresis experiments were conducted in which 1%
solution containing gold nanoparticles of dimensions#65 agarose gel was prepared in TBE buffer at pH 7.2 (Tris, 0.02
A. The colloidal gold solution was dialyzed for 24 h in deionized M; borate, 0.1 M; EDTA, 0.001 M). The concentrated solutions
water using dialysis membrane to remove the excess freeof dialyzed borohydride-reduced gold, Alys at pH 7 and
borohydride ions and unreduced chloroaurate ions present inll, and partially and fully capped AtAsp after rotavapping
the solution, if any. The dialyzed colloidal gold particles were were loaded in the gel wells. The samples were run under the
capped by addition of 5 mL of an aqueous solution of 3181 effect of electric field at 60 V in TBE buffer for 1 h, and the
lysine to 20 mL of the dialyzed gold hydrosol. After addition gel image was recorded. Samples for XPS were prepared by
of lysine and aging the colloidal gold solution for 12 h, this drop-coating films of Au-Asp (pH 7) and Au-Lys (pH 7 and
lysine-capped gold (AtLys) solution was again subjected to  11) solutions on Si(111) wafers and analyzing these films in a
dialysis to remove uncoordinated lysine molecules. In a similar VG MicroTech ESCA 3000 instrument at a pressure of better
way, Au—Lys at pH 11 (pH adjusted using NaOH) and aspartic than 1x 107° Torr. For the general scan, C 1s, Au 4f, and N
acid-capped colloidal gold solutions (A#\sp) were also 1s core level spectra were recorded with un-monochromatized
prepared. To prepare partially capped-Asp colloidal solu- Mg Ka radiation (photon energy 1253.6 eV) at a pass energy
tion, 1.5 mL of 103 M aspartic acid aqueous solution was added of 50 eV and electron takeoff angle (angle between electron
to 20 mL of the dialyzed gold hydrosol and volume was made emission direction and surface plane) of°60’he overall
up to 25 mL with deionized water. The borohydride-reduced resolution was-1 eV for the XPS measurements. The core level
gold solution and amino acid-capped gold solutions were spectra were background corrected using the Shirley algdthm
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and the chemically distinct species resolved using a nonlinea Wi i
L. . R . 0.0 NI TETTTYrs
least-squares fitting procedure. The core level binding energieg & ,, -
(BEs) were aligned with respect to the Aw/4binding energy 2 s Lo
of 84 eV. = 05 =
2 o3 12
Results and Discussion 0 2 30 40 50 ‘3 10 2 30 40 S0 ﬂ]?
Figure 1A shows the UV visible spectra recorded from the t (min) t (min)
partially and fully aspartic acid-capped gold hydrosols and o 0
lysine-capped gold hydrosol at various pH values. Curve 1 in|g ;500 S-1000
the figure corresponds to the spectrum of the gold colloidal | E1see E-”""
solution obtained by borohydride reduction of agueous chloro-|=-2000 i
auric acid; curves 2 and 3 are the spectra of gold coIIoidaIlUj:::: R © s000 D
solutions after partially and fully capping with aspartic acid, | -3se0 Y BT RELET TR u(i 6000 L
while curves 4 and 5 represent the spectra of lysine-capped gol|i Volume added (ul) Volume added (ul)

nanopa_rtlcl_es in water at pH 7 and_ 11, respectively. A strong Figure 2. ITC titration data describing the interaction of aspartic acid
absorption in curve 1 at ca. 527 nm is observed that correspondsyith gold nanoparticles at physiological pH. Panels A and B show the
to excitation of surface plasmon vibrations in the gold nano- raw calorimetric data obtained during injection of ¥@nd 2x 10~
particles. When the gold nanoparticles are capped with asparticM aqueous aspartic acid solutions into the calorimetric cell containing
acid or lysine, a broadening and red shift of the surface plasmon1.47 mL of 10“ M gold nanoparticles, respectively. Panels C and D
band is observed (curves-3), which indicates surface com-  Show the integrated data of the curves in panels A and B respectively
plexation of the amino acids and possibly some aggregation of plotted as a function of total volume of the amino acid solution added
. . .. to the reaction cell.
the gold nanoparticles consequent to surface modification.

Interestingly, the spectrum recorded from-Allys nanoparticles e
at pH 11 shows greater broadening and red shift when compareg g °2° Q y
with that of Au—Lys nanoparticles at pH 7. The interaction |2 .., i
between aqueous gold nanoparticles and the various amino acidrs =
thus appears to be quite complex. g0 g4

The TEM images recorded from the as-prepared borohydrideq{ .06 s L :: R N g
reduced gold nanopatrticles, Au-Asp (pH 7),-AlLys nanopar- t (min) t (min)
ticles (at pH 7 and 11) are shown in Figures-1B respectively.
A comparison of the images shows that while the average] 1791 - _ .
morphology of the particles is spherical and that the overall | -130 © _s000
size distribution is uniform in all the cases, the degree of E:;: . E-muoo
aggregation of the particles is different in each of the experi- |'5-1%9 P e R |rg-1900
ments. The as-prepared borohydride-reduced gold particles arf~-1so Lt C U':::ﬁ: ] D
in close contact after water evaporation (Figure 1B), as is to be] *° it o 50 100150200 350308
expected from the fact that they are not stabilized with an amino| Volume added (ul) Volume added (ul)

acid. The AU'ASP and Au—LyS_ (pH 7) nanOpamCIe_S appear Figure 3. ITC titration data describing the interaction of lysine with
to be assembled into open, string-like structures (Figure 1C,D) collpidal gold nanoparticles at various pH. Panels A and B show the
and would explain the broadening and shift in the surface raw calorimetric data obtained during injection of 30 and 102 M
plasmon band observed in the BVis measurements from these lysine solution into the calorimetric cell containing 1.47 mL of 10
samples (Figure 1A). The extent of aggregation is maximum M aqueous gold nanoparticles at pH 7 and 11, respectively. Panels C
for Au-Lys at pH 11 (Fgure 16), suggesting a high degree of 75,0 210 o fegrated o of e cunee 1 panes & o B
|nterpartlcle hy.drogen bonding in t.hIS case.  solution added to the reaction cell.

The interaction between aspartic acid (pl 2.77) and lysine
(p! 9.4) with gold nanoparticles was studied more directly using against a molar ratio involving the amino acid and gold.
isothermal titration calorimetry (ITC). Each negative peak shown Consequently, we have chosen to plot the binding isotherms
in the heat signal curves from AtAsp (Figure 2A,B) and Au against the total volume of amino acid added to the reaction
Lys (Figure 3A,B) represents an exothermic process, which cell and will merely use to the data to identify trends in the
denotes the heat released in one injection of the aqueous amin@mino acid binding behavior.
acid into the gold nanoparticle solution as a function of time.  The exothermicity of the calorimetry peaks in Figures 2A,B
While Figures 2A,B and 3A,B correspond to the raw calori- and 3A,B is believed to be due to the strong interaction between
metric data obtained during titration, Figures 2C,D and 3C,D the gold nanoparticles and the amino acids. As the sites available
are plots of the integrated heat response obtained from the rawon the surface of the gold nanoparticles become progressively
data plotted against the total volume of amino acid solution occupied during titration, the exothermicity of the peaks
added to the reaction vessel containing the aqueous golddecreases and eventually saturates. The weak endothermic
nanoparticles. Figures 2C,D and 3C,D would thus correspondresponse that is more clearly observed after saturation of the
to binding isotherms of the amino acid on the gold surface. gold nanoparticle surface with the amino acids (Figures 2B and
Unlike in studies on the binding of two reacting species in 3B) is believed to arise due to breaking of intermolecular bonds
solution (e.g. proteirsubstrate reaction), where the binding in the amino acids as a consequence of dilution during titrafion.
isotherm can be directly plotted against the molar ratio of Parts A and B of Figure 2 show the calorimetric data of reaction
reactants in solutioff the lack of accurate information on the of dialyzed borohydride-reduced colloidal gold nanoparticles
exact surface area of the nanoparticles (i.e., number of moleswith 10-2 and 2x 102 M aqueous solutions of aspartic acid,
of surface gold atoms) precludes plotting the binding isotherms respectively (solution pH 7 in both cases). In both cases, strong


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp048766z&iName=master.img-001.jpg&w=239&h=160
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp048766z&iName=master.img-002.jpg&w=237&h=162

11538 J. Phys. Chem. B, Vol. 108, No. 31, 2004 Joshi et al.

binding of aspartic acid with the gold nanoparticles is indicated
by the intense exothermic peaks during injection of the amino
acid. It is interesting to note that the number of injections
required for achieving saturation of the gold nanoparticle surface
by aspartic acid in the 16 M experiment is double that in the £
2 x 1073 M experiment, as would be expected on the basis of|’ B

the number of available sites for binding and the number of . Wy
binding molecules. This is more clearly illustrated in the binding

isotherms in Figure 2C,D, where the isotherm saturates at 7( 3

ul of aspartic acid in the 2 10-3 M experiment while it is L — — .
ca. 150uL for the 103 M experiment. These results clearly 80 82 84 86 88 90 92 282 284 286 288 290 292 396 398 400 402 404 406
show that while accurate quantitative information of the molar Binding energy (eV)

ratios of the reacting species is not known in these nanoparticleFigure 4. Au 4f (panel A), C 1s (panel B), and N 1s (panel C) core

i ; ; ; level spectra recorded from amino acid-capped colloidal gold nano-
inding experiments, the tren r i r nd, in
(t:])u:nti?a(taivge ents, the trends are quite accurate and, deedbarticles films grown on Si(111) substrates. Curves 1, 2, and 3 in all

the panels show spectra recorded from-Ays, pH 11 Au-Lys, pH
Figure 3 A shows the calorimetric response of gold nano- 7; and Au-Asp, pH 7, respectively. The resolved components are
particles during reaction with 18 M lysine at pH 7. The data shown as solid lines in the figure and are discussed in the text.
obtained show a great deal of scatter with no discernible trend,
this being more evident in the corresponding binding isotherm
plot (Figure 3C). A comparison of the heats evolved during
injection of lysine (Figure 3A) versus that obtained during
reaction of gold with aspartic acid (Figure 2A) shows that the
binding of lysine with nanogold at pH 7 is extremely weak. It
is well-known that amine functional groups bind extremely
strongly to gold© our studies indicating that the strength of
interaction is comparable to thiol binding with nanogéf@in
the comparison between aspartic acid and lysine binding at pH
7 with nanogold, the only difference that could be identified as
being responsible for the variation in the strength of binding of
the amino acid with gold is the fact that the amine groups would
be protonated in lysine at pH 7 (lysine pl 9.4) while they would
remain as—NH, for aspartic acid (aspartic acid pl 2.77).
Apparently, the amine groups bind strongly with gold only in
the unprotonated state. To test this hypothesis, an ITC measure
ment of lysine binding with gold nanoparticles at pH 11 was
carried out and the data obtained is shown in Figure 3B. At

Lhis d.pH, ;ti:ongl dexothermip lpegk; para]leling azpartic dafcid +3/+1 oxidation state and appears to a common feature in
Inding with gold nanoparticles in intensity are observed for aqueous borohydride-reduced nanogold formulati8ihe C
lysine reaction with gold underlining the strong interaction in 1s core level spectra recorded from ALys at pH 11, Au-

this case. The binding isotherm for the lysirgold reaction at Lys at pH 7, and Au-Asp (curves 1, 2, and 3 respectively in

pH 11 is shown in Figure 3D clearly showing saturation of the rjq,re 4B) could be decomposed into two peaks located at 285
gold surface with lysine after addition of 12Q. of lysine to and 288.4 eV BE and are assigned to hydrocarbons and

the reaction cell. At pH 11, the amine groups in lysine would - 5 hoyviate carbons, respectivélyThe N 1s spectra recorded
not be protonated and thereby, available for binding to gold ¢ Au—Lys at pH 11, Au-Lys at pH 7, and Ae-Asp are
nanoparticles. These measurements thus highlight an importanghOWn as curves 1, 2, and 3, respectively, in Figure 4C. The N
criterion for binding of amine-functionalized ligands with gold 14 signal in all the cases could be fit to two components, a strong
nanoparticles and establish firmly that the nature of interaction signal centered at 400.3 eV BE and a much weaker peak at ca.
with nanogold is quite strong. At this stage, it is not clear just 403 2 ev. The low BE peak is quite broad and is assigned to
what kind of bond is formed between the amine groups and the —NH, and—NHs" groups in the two amino acids. At this stage,
gold nanoparticles, but the nitrogen lone pair electrons are ye are unable to unequivocally assign the 403.2 eV signal. An
clearly involved. interesting observation is that the intensities of the N 1s signal
The ITC measurements indicate strong binding of aspartic in the Au—Lys samples at both pH 11 (curve 1) and pH 7 (curve
acid with gold nanoparticles at pH 7, while the interaction is 2) are quite similar and indeed quite comparable to the N 1s
considerably weaker for lysine under identical conditions. This signal recorded from the AuAsp film (curve 3). Even though
does not, however, rule out the presence of lysine on the surfacethe ITC studies indicated weak binding of lysine with gold
of the gold nanoparticles at pH 7 and it was therefore decided nanoparticles at pH 7, XPS measurements clearly show the
to estimate spectroscopically the relative amounts of aspartic presence of lysine on the gold nanoparticles at concentrations
acid and lysine present on the gold nanoparticles both at pH 7 comparable to that observed for lysine binding at pH 11 (and
and 11. This is conveniently done by X-ray photoemission aspartic acid binding at pH 7). A combination of information
spectroscopy analysis of films of the amino acid-capped from ITC and XPS clearly indicates that the interaction of lysine
nanoparticles, since XPS is a highly surface sensitive technique.at pH 7 is weak but nevertheless exists to the extent that
Solution-cast films of Au-Asp at pH 7 and Au-Lys at pH 7 considerable immobilization of lysine occurs under these
and 11 were formed on Si(111) substrates and analyzed by X-rayconditions. We believe that lysine is bound to the gold
photoemission spectroscopy. The general scan spectrum of thenanoparticles electrostatically at pH 7. It is known that boro-

C

Intensity (a.u.)

w [ ] L]
;??
Intensity (a.u.)
Intensity (a.u.)

e

films at room temperature showed the presence of C 1s, N 1s,
and Au 4f core levels with no evidence of impurities. For XPS
analysis, the different core level binding energies (BEs) were
calibrated with respect to the Au#f core binding energy of

84 eV. The films were sufficiently thick, and therefore, no signal
was measured from the substrate (Si 2p core level). Figure 4A
shows the Au 4f core level spectra recorded from-Ays at

pH 11 (curve 1) and at pH 7 (curve 2) and AAsp (curve 3).

The spectra have been background corrected using the Shirley
algorithn¥8 prior to curve resolution. The Au 4f spectrum could
be resolved into two spinorbit pairs (spir-orbit splitting~3.68

eV for Au—Asp, 3.708 eV for Au-Lys at pH 7, and 3.670 eV

for Au—Lys at pH 11) with the two chemically shifted
components having Au 4$ BEs of 84 and 85.73 eV for Ad

Asp, 84 and 85.78 eV for AdlLys at pH 7, and 84 and 85.70
eV for Au—Lys at pH 11. The low BE component may be
assigned to electron emission from %Awvhile the high BE
component is attributed to Aug€VAuCl,~ ions bound to the
surface of the gold nanoparticléln these ions, gold is in the
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Figure 5. Gel electrophoresis experiment showing the behavior of different charged gold nanoparticles under the effect of an electric field. Panel
A shows Au-Lys prepared at pH 11 (lane 1), AlLys prepared at pH 7 (lane 2), and borohydride-reduced gold nanopatrticles (lane 3) run through
the gel. Panel B shows partially capped-A&isp (lane 1), fully capped AdAsp (lane 2), and borohydride-reduced gold nanoparticles (lane 3) run
through the gel.

hydride-reduced gold nanoparticles are negatively charged atdifferent amino acid-capped gold nanoparticles at physiological
physiological pH due to surface-bound AyGAuUCI,~ ions and pH. The use of gel electrophoresis in nanoscience is relatively
that lysine, which would be charged positively at pH 7, could recent and has been applied to separate DNA-capped gold
complex electrostatically with the gold surface under these nanoparticle§?2 and protein-capped gold nanoparticiés.
conditions. Weak electrostatic interactions would not be detectedDuring gel electrophoresis, charged nanoparticles may be
by ITC, and hence, as shown in the case of lysine binding at separated on the basis of their mass and charge on their surface.
pH 7, caution must be exercised under conditions where When lysine-capped gold nanoparticles prepared at pH 7 and
interactions are ITC-silent. We would like to stress here that 11 were run through the gel along with borohydride-reduced
prior to XPS measurements of the Alys and Au-Asp films, gold (after thorough dialysis, Figure 5A), the Alys nano-
the solutions were thoroughly dialyzed to remove uncoordinated particles prepared at pH 11 (lane 1) showed significantly more
amino acid molecules that could interfere with the measure- mobility toward the anode than both the borohydride-reduced
ments. gold nanopatrticles (lane 3) and AlLys prepared at pH 7 (lane
Quantitative estimates of the N/Au ratios were made from 2). Indeed, there was little movement of the Alys pH 7
the XPS measurements. The values obtained (N/Au, after sample, indicating almost complete neutralization of the negative
correction for ionization cross section variation) for the-Au  surface charge by the electrostatically bound lysine molecules.
Lys (pH 11), Au-Lys (pH 7), and Au-Asp films are 0.08, The larger electrophoretic mobility of AtLys pH 11 sample
0.15, and 0.10, respectively. Please note that the first two ratios(lane 1) than the borohydride-reduced gold nanoparticles (lane
have been divided by two to account for the two amine groups 3) clearly indicates that the negative surface charge in the former
present in lysine as opposed to the one amine group in asparticcase is much higher and arises from the carboxylate ions of
acid (inset, Figure 1A). The amount of lysine bound at pH 7 is lysine, while the smaller negative charge on the borohydride-
in fact higher than at pH 11, even though the strength of reduced gold nanoparticles is due to surface bound Augid
interaction, determined by ITC, is lower at pH 7. As briefly AUCl>™ ions.
mentioned earlier, lysine is expected to electrostatically complex  Figure 5B shows the gel tracks obtained during electrophore-
with gold ions bound to the surface of gold nanoparticles. In sis of partially capped AtAsp (lane 1), fully capped Ad
the case of lysine binding at pH 11, the strength of the interaction Asp (lane 2), and as-prepared borohydride-reduced gold nano-
indicates that it is like a covalent/coordination bond, and particles (lane 3). The AduAsp and borohydride-reduced gold
therefore, it may be expected to be directional. This would nanoparticles move toward the anode, indicating that they are
impose steric constraints on lysine binding to the gold surface negatively charged. Furthermore, the fully capped-Asp
and therefore limit the coverage of lysine to less than optimum nanopatrticles have a larger electrophoretic mobility (lane 2) than
packing values. On the other hand, electrostatic interactionsthe partially capped sample (lane 1), as would be expected from
being isotropic would not suffer from such limitations and could the number of carboxylate ions in the amino acid bound to the
thus lead to higher coverages of lysine. This is at best a tentativesurface. Thus, differences in surface charge due to variation in
explanation, and more experiments are required to clarify this coverage of ionized species on nanoparticle surfaces may be
issue. The N/Au ratio in the AdLys (pH 11) and Au-Asp monitored quite easily in a standard gel electrophoresis setup.
nanoparticle films are quite similar to each other, indicating  To conclude, we have shown that isothermal titration calo-
roughly the same number of amino acid molecules bound to rimetry, a powerful technique normally employed to study
the surface in each case. biomolecular interactions in solution, may be used to monitor
If indeed lysine is bound to the surface of the gold nanopar- ligand—nanoparticle interactions. Our study of the binding of
ticles through electrostatic interactions at pH 7, then charge lysine and aspartic acid as a function of solution pH indicates
neutralization would occur. In a similar manner, controlling the that the amino acids bind to the gold particles extremely strongly
coverage of aspartic acid on the gold surface would result in provided the amine groups are unprotonated. Lack of ITC
an effective variation in surface charge. The ITC measurementssignatures of binding of the ligand to the gold surface should
of aspartic acid binding to gold nanoparticles indicate that it is not be construed to indicate a lack of binding of the ligand to
indeed possible to control the surface coverage by varying thethe surface-weak electrostatic interactions between lysine and
concentration of aspartic acid added to the reaction medium the gold nanoparticles at pH 7 not detected by ITC resulted in
(Figure 2A,B). These hypotheses may be easily tested by significant coverage of the nanoparticle surface by the amino
carrying out horizontal gel electrophoretic measurements of theacid. The potential for application of ITC in understanding
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phenomena such as ligand binding to nanoparticles and plac
exchange reactions on nanopartiéfds quite exciting, and we
hope this work will stimulate interest in this line of research.
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