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Abstract: The adsorption of calf thymus DNA to 45 A nanoparticles of Cd(ll)-rich CdS has been examined
by photoluminescence spectroscopy as a function of temperature. The resulting van't Hoff plot suggests that
the driving force for adsorption is entropy, and the enthalpic contribution to BslAface binding is slightly
unfavorable. A likely source of the increase in entropy upon binding is release of solvent and/or counterions
from the interface, analogous to what has been observed for nonspecific pibiéMinteractions. Reverse

salt titrations suggest that counterion release is a substantial component of the nanefi&lateraction.

Introduction the temperature-dependent and salt-dependent binding of DNA
to nominally cationic particles to estimate the enthalpy and
entropy changes associated with the adsorption process. Reverse
salt titrations support the notion of counterion release as a
n(Elominant mechanism in the DNAnanoparticle interaction.

Semiconductor quantum dots, long of interest for their
physical and materials properties, are becoming favored for
robust luminescent probes in biological applicatidnsin our
laboratory we have deployed these nanomaterials as luminesce
probes of intrinsic DNA structure and/or flexibilify2 These
materials are in the size range of proteins, and their surfaces
can b_e modified to present hydrophilic, hYdfophO_b'Q cationic, Materials. All common chemicals were obtained from commercial
anionic, or neutral faces to the surrounding environment. To g4 rces. Calf thymus DNA (sodium salt, Sigma) was purified by
gain insight into sequence-directed DNA structure, we have phenol-chloroform extraction. The DNA was dissolved in buffer (5
considered the quantum dots to be generic curved surfaces thagnm Tris, 5 mM NaCl, pH 7.2) and concentrations were determined
the DNA can wrap about, with any specificity in the binding  spectrophotometrically using260 nm)= 6600 M- cm™* (nucleotide).
process coming from the DNA: Thus, the nanoparticles can  CdS nanoparticles, size-stabilized by sodium polyphosphate and surface-
be thought of as inorganic nonspecific DNA-binding “proteins” enriched with Cd(ll), were prepared as described in ref 1 to yield
in this biophysical application. solutions that were-1 4M in nanoparticles. During the course of the

The working model we have had of these DNAanoparticle activation, NaOH was added to achieve a basic solution; overall, the
interactions has been one in which electrostatic forces betweenconcentration of Nain the nanoparticle solution wasé mM.
negatively charged phosphate groups from the DNA backbone In_strumentation. Electronic a_bsorpt_ion spectra were obtained on a
and the cationic nanoparticle surface dominated the binding Perklr_1-EImer Lambda 14 ultraV|o}et_/|S|bIe spectrophotqmeter. Pho-
process. This has been suggested by titration experiments intolumlnescence spectra yvere gcquwed ona S_LM-Amlnco 8100_ spec-
which the binding constants of certain DNAS to net cationic 40 Uofluorometer. CdS particle size was determined from transmission
A particles were found to be higher by roughly a factor of 4 electron microscopic data acquired on a Hitachi H-8000 instrument.

compared to net neutral 40 A particle$. Here we examine Circular dichroism data were taken on a JASCO system courtesy of J.
P P : H. Dawson (USC). Temperature control for the optical spectra was

provided by a Lauda circulating water bath that was calibrated in the

Experimental Section
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guenching observed with DNA. Sodium nitrate was preferred to sodium " ‘ ‘ " T
chloride because of the tendency of Cd(lIl) to make complex ions with
Cl~ (e.g., [CdCJ]?"). Sufficiently high salt concentrations caused
precipitation of the nanoparticles.

Fractional changes in luminescence as a function of DNA concentra-
tion were fit to the FrischEirich—Simha (FES) adsorption isothetin
to extract relative binding constants at each temperature §25C):

[0 exp(XK,0))/(L — ) = (KC)™ 1)

where 6, the fractional surface coverage, was equated to fractional
change in luminescencé & (PL — PLiit)/(PLsinat — PLinit), where PL
is the intensity of photoluminescence at an arbitrary point in the titration,
PLini is the initial photoluminescence intensity before DNA is added,
and Plgna is the photoluminescence intensity at which no further
changes take place as DNA is added)s the DNA concentration in
nucleotidesK; is a constant that is a function of the interaction of 450 500 550 600 650 700
adsorbed polymer segments (set equal to 0.5 here, which we have
empirically found to give best fits to the datd;is the equilibrium Wavelength (nm)
constant for binding; and is the average number of segments attached
to the surface. The FrisetEirich—Simha model was originally derived
for adsorption of a long polymer in short segments on a locally flat
surface. Our definition ob implicitly assumes a two-state model for
the nanoparticle DNA interaction; the nanoparticle is either bound to
DNA (and emits with intensity Pk: to PLina depending on DNA
concentration) or free of DNA (and emits with intensity ). For activating Cd(ll) ions by ion-exchange with the adsorbing DNA.
extracting equilibrium constants asa function of salt at room temper- However, because the same quenching effects are observed even
ature at constant DNA concentrati@ 6 was calculated from the hen th f ; inall tPake f the hvbothesi
emission spectra as described above, andwids set to the room when gsur acels hominally neu € favor e. ypothesis
temperature value from the FES adsorption isotherm. _that I_umlnesce_,nce guenching (or _enhancement in some cases)
is a signal of simple adduct formation between the polymer and

Results and Discussion the colloid?®

Fractional changes in luminescence as a function of DNA
concentration were fit to the FrisetEirich—Simha adsorption
isotherm! to extract relative binding constants at each temper-
ature (25-50 °C). Our data were corrected for any changes in
the emission spectrum of CdS alone at each temperature with

surface-enriched with Cd(ID. The photoluminescence of these & buffer blank. The correlation coefficient of the adsorption
u : wi ( ) P umi isotherm curve fit to the data points is 0.94 at a minimum, more
agueous nanoparticle solutions was monitored to ensure com-,

lete activation; activation results in a high-energy band centeredtypically greater than 0.96. Equilibrium constants-ofG> M~
P AR g 9y B .~ (nucleotide) were obtained, similar to those found for “straight”
at~480 nm that is significantly more intense than the “defect

emission at~600 nm, as previously observBCalf thymus oligonucleotides for this particle size and surfaddsing the

DNA (CT DNA; ~10000 base pairs long) was used for the {Elatlon,SAG"bs_ ~RTIn KopsandAGops = AH — TASyields
. . - e van't Hoff equation
temperature study because of its higher thermal stability
compared to oligonucleotides. One possible difficulty with In K= —(AH/RT) + (ASR) 2)
temperature experiments is that the nanoparticles may aggregate
or dissolve as a function of temperature unless they are WhereAH is the standard enthalpy change for the react®n,
covalently capped. As judged by electronic absorption spec- is the gas constant; is temperature, andS is the standard
troscopy, the particle size change upon temperature increase€ntropy change for the reaction. This equation assumes that
was small; the average size of the Cd(ll)-capped CdS nanopar-enthalpy and entropy themselves are temperature independent
ticles was reduced by10% from room temperature to 50°C, ~over the temperature range examined.
slightly less than the inherent size distribution of the particles  Figure 2 shows the van't Hoff plot. From the best-fit straight
at room temperature. line (correlation coefficient 0.992AH ~ + 30 kJ mot?* and
Binding of the DNA to the cationic quantum dots was AS~ +150 J mot? K1 Thus, the binding of DNA to the

monitored by luminescence spectroscopy. Figure 1 shows acationic, curved, protein-sized surface costs about two hydrogen
representative raw data set; the DNA quenches the emission ofoonds worth of enthalpy, and is entropically favorable.
the nanoparticle solution. While the origin of the quenching is A complicating feature of our system is the presence of the
debatabl®, it is nonetheless a useful empirical signal of Ppolyphosphate stabilizing agent, necessary to prevent particle
adsorption of molecular species to the quantum dot surface. Onegrowth. For DNA to bind to the nanoparticles, it must
trivial reason for luminescence quenching is removal of the out-compete any polyphosphate associated with the nanopar-

. - . - ticles. Thus, replacing polyphosphate with DNA is essentially
195(3’) 15(5’5‘”5h6e‘{é'j" Haase, M.; Weller, H., Henglein, AAm. Chem. Soc. oy shanging one set of phosphatation interactions for another.

(9) (@) Eychrriller, A.; Hasselbarth, A.; Katsikas, L.; Weller, HBer. This implies that the enthalpic portion of the free energy change
Bunsenges. Phys. Chefi291, 95, 79. upon DNA binding ought to be small and that entropy is
(10) Murphy, C. J; Lisensky, G. C.; Leung, L. K.; Kowach, G. R.; Ellis,  fayorable for DNA binding.

A.B. J. Am. Chem. S0d.99Q 112, 8344. . . . ;
(11) Simha, R.; Frisch, ,_? L.;ZEirich, F. R. Phys. Chem1953 57, Circular Dichroism Studies. Release of solvent and coun-

584, terions are probable mechanisms of increased entropy in our

Intensity (au)

Figure 1. Photoluminescence spectra of 45 A Cd(ll)-rich CdS
nanoparticles (2 1074 M based on Cdy~1 «M nanoparticles) upon
addition of (from the top) 0, 200, 400, 600, 800, and 1Q0@
nucleotide calf thymus DNA (5 mM Tris, 5 mM NacCl, pH 7.2) at 30
°C.

Temperature Studies. CdS nanoparticles 45 5 A in
diameter were prepared as previously described, and character
ized by transmission electron microscopy and electronic absorp-
tion spectroscopy. Addition of excess Cd(ll) was performed to
“activate” the particled. This procedure results in particles
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Figure 2. Van't Hoff plot for the adsorption of calf thymus DNAto  Eigyre 3. Salt dependence of calf thymus DNAanoparticle binding.

45 A Cd(ll)-rich CdS nanoparticles. Inverse temperature is given in The circles and diamonds represent the data for two separate reverse-
inverse Kelvins. The points represent the average equilibrium constantsgayt titration experiments. The correlation coefficients of the least-
from three separate temperature runs with three fresh batches Ofsquares best-fit lines are 0.99.

nanopatrticles. The error bars atene standard deviation in equilibrium

constant. present in the DNA solution, the sodium polyphosphate, and

from the NaOH step in the activation of the nanopatrticles; we
estimate~6 mM Na' for the initial [Na"]. From the slope of
the lines in Figure 3, there are 1.2 counterions released per

: : . : phosphate upon DNA binding to the Cd(ll)-rich CdS nanopar-
by the nanoparticles is relatively soft, and the softer nitrogens icles: the net charge per site on the nanoparticle is thid.

of the bases may be preferred coordination partners comparei

system (see below for salt studies). DNA melting is another
process that might contribute to a net increase in entropy in
our system. The nominal Cd(ll) surface presented to the DNA

to the harder phosphate oxygens. To accommodate base bindin his m;mber |sdr$1aso_nal_)fl_e, given tTe hetherogeneo?shgat%re of
to the nanoparticle, which is far larger than a molecule, DNA boengf” ﬁﬁg q[gxt:)oeoilggsltli(r:r?gtte?\:ﬁz;nik?e al;?)ﬁt;:]o 'i[ﬁ\/lf:
melting may be necessary. To test the hypothesis that the dOUble'semiéonductors is 5060% covalentd Thus the ?esumed
helical structure of DNA was perturbed upon adsorption to the . S P -
nanoparticles, circular dichroism (CD) spectra were acquired Cd(In S”Fface site for phosphate adsorption C(.)u'd readily have
at room temperature. At concentrations comparable to the endan_r?]ffectlvle (I:hargcla ot1.4 |n.sbtea.1d of thehnomlnaikﬁ. b d
of a titration experiment (2« 1074 M CdS in [Cd], 700uM _'he polye ectrolyte ant” ution to the overall observe
nucleotide DNA), the adsorbed DNA CD signal was marginally binding AGos Can be estimated from

perturbed in magnitude but not in shape compared to free DNA

in solution. Local melting events, however, will be masked in AGge.= SK(RT) In[Na'] (4)

this experiment.

Salt-Dependent StudiesPreviously published data from our  at a given salt concentration, and the nonelectrostatic contribu-
laboratory—3 suggest that electrostatics are important for DNA  tion can be calculated by differen&g!3We find that~65% of
binding to nanoparticles; for the same size nanoparticle, DNA the binding of the DNA to the nanoparticle is due to this
adsorbs with significantly higher binding constants to cationic polyelectrolyte effect through the range of salt concentrations
nanoparticles compared to nominally neutral nanoparticles. in Figure 3. The nonelectrostatic portion, still a significant

We have now performed reverse-salt titrations to extract the component of the binding, is likely to be a combination of water
electrostatic contribution to the free energy change upon release and van der Waals interactions, possibly between DNA
binding!?13 The data are plotted in Figure 3. From polyelec- bases and the nanoparticle surface.

trolyte theory, the slope of the best-fit line for a plot of &g Comparison to Nonspecific Protein-DNA Interactions.
vs log[Na] is related to counterion release: There is ample precedent in the literature for entropy driving
nonspecific proteir DNA interactions via release of solvent
SK = ¢ log K/6 Iog[Na+] = -7y 3) and counterions from the interfaée!>16The numerical results

for enthalpy and entropy from such studies are the same order
whereSK is equivalent to the number of counterions released of magnitude that we obtain from our data. A specific example
upon binding of the nanoparticle to the DNA,is the charge is given by the Cro protetnDNA interaction; Cro can bind
on the nanopatrticle per DNA phosphate binding site, @#hid DNA specifically, but pulsed-flow microcalorimetry experiments
the fraction of counterions associated with each DNA phosphate under nonspecific binding conditions fieH ~ +20 kJ mot?®
(= 0.88 for double-stranded B-form DNA}:13The initial [Na'] andAS~ +200 J mol! K~1,17 very similar to what we observe
level at the beginning of the titration is not zero, since"N& here.

(12) (a) Anderson, C. F.; Record, M. T., &nnu. Re. Phys. Chem. (14) Huheey, J. Hnorganic Chemistry3rd ed.; Harper and Row: New
1995 46, 657. (b) Record, M. T., Jr.; Spolar, R. S. The Biology of York, 1983.
Nonspecific DNA-Protein InteractionsRezvin, A., Ed.; CRC Press: Boca (15) Manning, G. SQ. Re. Biophys.1978 11, 179.
Raton, FL, 1990. (16) Spolar, R. S.; Record, M. T., Jsciencel994 263 777.

(13) Hagq, |.; Lincoln, P.; Suh, D.; Norden, B.; Chowdhry, B. Z.; Chaires, (17) Takeda, Y.; Ross, P. D.; Mudd, C.Proc. Natl. Acad. Sci. U.S.A.
J. B.J. Am. Chem. S0d.995 117, 4788. 1992 89, 8180.
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Another example is the nonspecific binding of the Sac7d over a much narrower range, support the notion that binding of
protein to double-stranded DNA&The salt dependence of the  oligonucleotides to cationic nanoparticles is also entropically
Sac7d-DNA binding constants is consistent with the polyelec- favorable. However, there are additional subtle effects such as
trolyte effect as a primary component (70%) of the overall ion clustering within sequence-directed structures of oligonucle-
driving force; the remaining 30% of the driving force was otide DNA2 and cation-induced bending of DNAthat make
considered to be due to favorable interactions between DNA a “shape alone” comparison more ambiguous. Other workers
bases and the protein’s tryptophan®Zhe 70% figure is very have noted the base composition dependence of BNA
similar to the one we calculate for our inorganic nanoparticles. nanoparticle interactior’?. Another complicating feature of

Oligonucleotides Compared to Long CT DNA Previously, oligonucleotide-nanopatrticle binding is that the polyelectrolyte
we have observed shape-selective binding of oligonucleotideseffect may not be equivalent for oligoelectrolytes; for example,
to neutral and cationic nanoparticles, in which intrinsically an oligolysine oligocation«8 charge) binds to single-stranded
curved DNAs adsorbed more strongly to the curved nano- poly(dT) with higher affinity per site and has a more pronounced
particle surfacé:? In comparing 40 A nanoparticles with a  salt dependence than its analogous binding to the decaanion
—SCH,CH,OH surface to those with Cd(ll) on the surface, we dT(pdT)o?® Detailed salt and hydration studies should be
noted that a “kinked” oligonucleotide had a 4-fold decrease in conducted with oligonucleotidenanoparticle systems to sort
affinity for the alcoholic surface, compared to the cationic out the details.
surfacel? Crudely, then, we could estimate that the binding of
the oligonucleotide to the curved inorganic surface wa$%
electrostatic and 25% “other”. This estimate agrees surprisingly  In summary, the adsorption of long calf thymus DNA to
well with the salt-dependent data we present here for long DNA. nominally cationic CdS nanoparticles appears to be entropically

The degree to which the nanoparticle surface area is contactedavorable, not net enthalpically favorable due to electrostatic
by the DNA surely influences the number of solvent molecules interactions, based on the temperature dependence of the binding
and counterions that may be expelled at the interface, which is constants. Reverse-salt titrations suggest that the polyelectrolyte
a probable function of the static shape and/or flexibility of the effect is largely responsible for this observation. Entropically
DNA.29 Preliminary temperature studies in our laboratory, albeit driven nonspecific binding is frequently observed for protein

(18) McAfee, J. G., Edmondson, S. P.; Zegar, I.. Shriver, 3. w. DNA interactions, and thus the inorganic nanoparticles in this
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