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Abstract: The adsorption characteristics of two different organomercaptan adsorbates, 5-((2-(and-3)-S-
(acetylmercapto)succinoyl)amino)fluorescein (SAMSA) and the peptide Cys-Lys-Trp-Ala-Lys-Trp-Ala-Trp
(CKWAKWAK), on colloidal Au were studied, and the conjugates produced were characterized by UV—vis
spectroscopy, transmission electron microscopy, and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). Fluorescence difference measurements of free thiols in solution were used to
assemble surface adsorption isotherms on Au colloid revealing surface coverages of 1.0 x 10'* molecules
cm~2 for SAMSA and 3.1 x 10'* molecules cm~2 for CKWAKWAK. The free energies of adsorption were
calculated to be —48.4 kJ/mol for SAMSA and —49.2 kJ/mol for CKWAKWAK. UV—visible absorption
spectroscopy and transmission electron microscopy reveal that the thiol/colloid conjugates flocculate under
conditions where the net charge per colloid is small or neutral and that flocculated colloids can be
resuspended by a change in pH to more basic for the acidic SAMSA/Au conjugates or to more acidic for
the basic CKWAKWAKI/Au conjugates. The reversible flocculation allows the conjugates to be readily
separated from free adsorbate in solution and thereby prepared for further characterization. CKWAKWAK/
colloid conjugates were analyzed by MALDI-MS, and the mass spectra show (M + H)*, (M + Na)*, and (M
+ K)* ions attributable to the peptide. The manipulations studied here constitute a powerful complement
to microfluidic-based separation and analysis methods. Conjugating mass-limited analytes to Au colloids
makes it possible to sequester and transfer small quantities of analytes with high efficiency.

Introduction tion of specific DNA sequences via DNA-linked colloid
assemblie§310 In these applications, the propensity of Au
colloids to change their optical properties based on their size,
shape, and state of aggregation is utilized to couple molecular
binding at the surface of the colloid to a readout, e.g., color
change.

One application not yet exploited is the use of colloids to

apolicatio . nochemical tagam@atalvsis?® and capture and manipulate target species present in mass-limited
pplications as immunoc : ggmgsatalysis,” an samples. Mass-limited samples present a particularly important

&Zﬁ?'ﬁis zg%ggggnlﬁ:l :ﬁgigﬁ?f l:&%i%?gﬁn;?fg; (;ﬁgtcro- problem in con_temporary sensing gnd chgmical aljalysis, arising
molecular conjugates at the colloid surface. For example, Helm in arenas as dlver_se as the detection of V|r_ule_nt plothreat agents
and co-workers have studied the effect .of surface—ad'sorbeda.nd the characterization of r_nolec_ular trafficking in subcellular

. ) ) signaling processéd:12 Working with samples such as these,
biopolymers on the optical properties of gold collofdand

Mirki d kers h tensively i tigated the det in which the target compounds may only be present in the
Irkin and co-workers have extensively investigated the detec- zeptomole to attomole range, presents a panoply of challenges.

Interfacial adsorption, in particular, is a vexing problem for

Surface-modified Au colloids have drawn much attention
recently for the vast potential they have as a new class of
biomaterials, resulting from their interesting physical and
chemical properties. The properties of the colloid can be tuned
by changing the identity of a surface modifier appended to the
colloid surface. They therefore lend themselves well to such

(1) Hayat, M. A. Colloidal Gold: Principles, Methods, and Applicatigns

Academic Press: San Diego, 1989. mass-limited samples, inasmuch as the large surface areas
(2) Ingram, R. S.; Murray, R. WLangmuir1998 14, 4115-4121. P i i i ihili
(3) LI He- LUk, Y.-Y.: Mrisich, M. Langmuir 1999 15, 40574959, encountered even in microfluidic stryctures and the irreversibility
(4) Grabar, K. C.; Freeman, R. G.; Hommer, M. B.; Natan, MAral. Chem. of many macromolecular adsorption phenomena can lead to

1995 67, 735-743.
(5) Sun, Y.; Xia, Y.Anal. Chem2002 74, 5297-5305. (9) Storhoff, J. J.; Elghanian, R.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R. L.
(6) Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin, C. A. J. Am. Chem. S0d.998 120, 1959-1964.

Sciencel997 277, 1078-1080. (10) Storhoff, J. J.; Lazarides, A. A.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R.
(7) Maxwell, D. J.; Taylor, J. R.; Nie, S. Am. Chem. So2002 124, 9606~ L.; Schatz, G. CJ. Am. Chem. SoQ00Q 122, 4640-4650.

9612. (11) Neiman, B.; Grushka, E.; Lev, @nal. Chem2001, 73, 5220-5227.
(8) Eck, D.; Helm, C. A.; Wagner, N. J.; Vaynberg, K. Bangmuir2001, 17, (12) Page, J. S.; Rubakhin, S. S.; Sweedler, JANal. Chem2002 74, 497—

957-960. 503.
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irreversible deletion of the target species from the fluid phase. Conjugation. SAMSA or CKWAKWAK was conjugated to col-
One strategy that can be used to circumvent these problems idoidal Au by simple mixing of the thiol and gold colloid. SAMSA/
to arrange for the adsorption to occur on the surface of a carrier,colloid conjugation was typically carried out in 10mM borate, and
which can subsequently be purposefully manipulated. For CKWAKWAK/colloid _conjugatl_on_ was carr_led out in 1BM tris(2-
example, after being captured on the surface of colloidal Au, carquygthyl)phosphme to optimize copd|t|ons for fluoresce_nce char-
Lewis base-containing species can be manipulated, transportedactenzatlon. The self-assembly of the thiol onto the gold colloid surface

. . S " Wwas allowed to proceed at room temperaturelfdr in thedark prior
and purified, all while maintaining the stability of the Au- any measurement or analysis.

adsorbate Conjugatéﬁ‘..l‘:’ The colloid conjugates can sub- Adsorption Isotherm Measurements.Excess thiol was separated
sequently be characterized by a number of analytical methodsfrom the conjugated thiol/colloid solutions by centrifugation at 11 000
to identify the species bound to the surface of the colt6id® g for 20 min using a Biofuge 17R centrifuge (Baxter Scientific). The

This is of particular interest in transfer of material from supernatant solution was removed, without disturbing the colloid
microfluidic and nanofluidic devices, because the volumes and conjugate precipitate, and its fluorescence was measured using an SPEX
sample masses are typically quite small. The promise of Fluorolog-2 with a 450 W Xe lamp to determine the concentration of
microfluidic-based chemical instrumentation will be optimally ~€Xcess thiol. This concentratiqn was used to calculate the amount of
realized when sequential chemical manipulations, e.g., Separa_thlol adsorbed to the gold colloid by difference. Fluorescence measure-

. . . . P - .. ments on SAMSA used an excitation wavelength of 491 nm and an
tion, ta_gglr_lg, detectlon., |dent|f|cat|0n,_ can be carried out within emission wavelength of 513 nm. Measurements of CKWAKWAK used
the microinstrument, in analogy with the complex sample

) ) an excitation wavelength of 299 nm and an emission wavelength of
workup protocols used for macroscopic samples. For instance,zg4 nm.

if the small amounts of sample from electrophoretic separations  conjugate Characterization. UV/visible absorption spectra were
could be isolated and then transferred to characterization andobtained using a Cary 3 UWis—NIR Spectrophotometer. All spectra
identification instruments, it would greatly enhance the useful- were taken with a spectral bandwidth of 1.5 nm at 0.5 nm data intervals
ness of microfluidic analysis. and a signal averaging time of 0.1 s. To prepare samples for TEM
Here, we detail a strategy for capturing and manipulating characterization, Si@coated copper TEM grids obtained from Ted
Organomercaptans of Varying molecular size on colloidal Au. Pella, Inc. were placed on tOp of a small drop of colloid Conjugate
The optimal use of this strategy is based on an understandingsomtion on Parafilm and a_IIowed to _sit for 30 min. The grids were
of the binding of organothiols to Au colloids, knowledge of removed, and excess solut!on was \{\/.ICked away with f|It.er.paper. The
the conditions under which the colloids may be aggregated, samples were analyzed using a Philips CM200 transmission electron

. . dnicroscope operated at a 120 kV accelerating voltage.
separated (centrifuged, filtered), and subsequently resuspended, Matrix-Assisted Laser Desorption/lonization Mass Spectrometry.

and finally how the composition of the colloid adsorbates may samples were prepared by mixing 50 of 40 nM conjugate solution

be determined. The organomercaptans studied here represent gith 50 4L of acetone and then pipettingd spots onto a MALDI
wide range of potential targets: from small molecules to larger plate. A matrix of 40 mg/mL 2,5-dihydroxybenzoic acid (DHB) was
biomolecules, such as peptides, from primarily acidic to prepared in 85% acetone, 15% water, and 0.3% trifluoroacetic acid. A
predominantly basic compounds, and from synthetic to biologi- 1 uL aliquot of the DHB matrix solution was pipetted onto the sample
cally derived targets. In addition to characterizing the Au- spots and allowed to dry. The samples were mass profiled using a
adsorbate chemistry for both small and intermediate molecular Voyager DE STR time-of-flight mass spectrometer with delayed ion
weight adsorbates, the mass spectrometric analysis of a peptid&*traction (Applied Biosystems). Mass spectra were excited with an
bound to the surface of gold colloids is reported using matrix N: laser (3_37_nm) as the dgsorpnonhomzat_mn source. The instrument
assisted laser desorption/ionization time-of-flight (MALDI-TOF) was used in linear mode with an acceleration voltage of 20 kV and a

. e delayed extraction of 350 ns. The grid voltage was set at 95%, and the
mass spectrometry, a powerful method for identifying larger guide wire voltage, at 0.1% of the acceleration voltage. The mass spectra

biological molecules that are potential targets. acquired were the average of 200 laser shots. Prior to sample analysis,

an external mass calibration was performed using a peptide standard

containing aru-bag cell peptide, an acidic peptide, and bovine insulin,
Materials. The peptide, BN-Cys-Lys-Trp-Ala-Lys-Trp-Ala-Trp- similar to mass calibration used by Page et4l..

CO:NH, (CKWAKWAK) was synthesized and purified by the Protein

Sciences Facility at the University of Illinois at Urbana-Champaign. Results and Discussion

The carboxy-terminus was amidated to ease synthesis as well as to  ganSsA/Colloid Surface Adsorption Isotherm. SAMSA is
eliminate the carboxylic acid, thereby shifting the pl of the peptide. of interest as a model target because it is (a) acidic, (b)

5-((2-(and-3)S-(acetylmercapto)-succinoyl)amino)fluorescein (SAM- . ) :
fluorescent, and (c) of small molecular weight. The first task in

SA) was purchased from Molecular Probes and was prepared by . - .

removal of the acetyl protecting group with NaOH prior to use. Colloids dPTtermlnln.g the Ut'l'ty_ of _the Au Co'_lo'd_ capture strategy fo_r

were purchased from British Biocell International and were sized to this targetis to determine its adsorption isotherm on the colloid.

an average diameter of 23 nm by transmission electron microscopy Since the fluorescence of molecules close to metallic surfaces

(TEM). is strongly quenchetf;2°the surface coverage of SAMSA must

be determined indirectly through a difference measurement,

Experimental Section

(13) Crumbliss, A. L.; Stonehuerner, J.; Henkens, R. W.; O'Daly, J. P.; Zhao,
J.New J. Chem1994 18, 327-339. [S [3 [ﬂ (l)
(14) Novak, J. P.; Nickerson, C.; Franzen, S.; Feldheim, DAhal. Chem. = —
2001, 73, 5758-5761. bound 0 free
(15) de la Fuente, J. M.; Barrientos, A. G.; Rojas, T. C.; Rojo, J.; Canada, J.;
Fernandez, A.; Penades,Agew. Chem., Intl. EQ001, 40, 2258-2261. i i P
(16) Zhang. H.-L. Evans, S D.: Henderson, J. R+ Milés. R E: Shed, T, where Ho is the total concentration of SAMSA added originally,
Phys. Chem. 2003 107, 6087-6095.
(17) Kumar, A.; Mandal, S.; Selvakannan, P. R.; Pasricha, R.; Mandale, A. B.; (19) Lakowicz, J. R.; Shen, Y.; D'Auria, S.; Malicka, J.; Fang, J.; Gryczynski,

Sastry, M.Langmuir2003 19, 6277-6282. Z.; Gryczynski, I.Anal. Biochem2002 301, 261-277.
(18) Kim, H. S.; Lee, S. J.; Kim, N. H.; Yoon, J. K; Park, H. K.; Kim, K. (20) Templeton, A. C.; Cliffel, D. E.; Murray, R. WI. Am. Chem. S0d.999
Langmuir2003 19, 6701-6710. 121, 7081-7089.
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16 data in Figure 1 to eq 3 yieldEmax = (1.0 £ 0.1) x 10"
molecules cm? andK_ = (5.84+ 1.1) x 106 ML,

The free energy of adsorptioNG,4s can be obtained from
{ K. through the relationship,

KL
0.8 - AGads: —RTIn— (4)
t Vi

0.6 +

T (x1014 molecules/cm2)
H
H
—

whereR is the gas constant, is the temperature (297 K), and
Vn, is the molar volume of the solutich.Because the SAMSA
concentrations used are small, the molar volume of water, 18.0
00 ¢ : : : : | x 1073 M1, can be used fov,. From eq 4, the free energy of
0 1 2 3 4 5 adsorption of SAMSA to gold colloid is-48.4+ 0.5 kJ/mol.
Equiliorium SAMSA Concentration (M) This measurement for the adsorption of the small molecule
Figure 1. Plot of the number density of surface adsorbed SAMSA on 23 gdsorbate SAMSA may be Compared to adsorption free energies

nm Au colloid as a function of equilibrium solution concentration, - -
determined by difference fluorimetry. The solid line is a fit to a Langmuir for alkanethiols. For example, Karpovich and Blanchard report

isotherm, eq 3, and the error bars represent one standard deviation obtained\Gads = —22.3 kJ/mol for adsorption of 1-octadecanethiol from
from >4 replicate measurements. cyclohexane onto a planar microcrystalline gold surf&cene

adsorption free energy contains a contribution from the solvation
; . ) . energy of the adsorbate, and this is likely responsible at least
conjugation, and Yuoung is the bound thiol. The surface in part for the enhancedGags for SAMSA from H,0. As an
adsorbate densityhoung IS _calculated u;ing t_he equilibrium example of macromolecular adsorption, Yang and co-workers
bound SA,SMA concgntratlorl aftgr conju.gatloﬂb[,und the found that thiol-derivatized 718 base pair double-stranded DNA
concentratlo'n of colloid partmles n SOll.mO”’\I]EO"’ and '.[he, adsorbed from aqueous solution onto a planar gold surface with
average ra_dlus,, of the collou_:i as determined by transmission AGags= —35.1 kJ/moP3 Of course, as a polyelectrolyte, the
electron microscopy, according to adsorption of DNA is intimately tied to the ionic strength of
the adsorbing solution, and intermolecular Coulomb repulsion
5 (2) plays a large role in determiningGaqs The difficulties in
A7t N o interpreting measurements AfG,gs and sticking probabilities

. ) from kinetic data have been thoroughly discussed by Jung and
Because the measurement is based on the difference betweeg;mnpell in the context of the adsorption of alkanethiols of

concentrations of SAMSA before and after conjugation, this varying chain length from ethanol onto planar AuThe
difference must be significant to minimize experimental error. principal point here is that th&Gagsmeasured from the isotherm
The concentration difference is controlled by two factors: the ¢, samsA adsorption onto Au is comparable to results for
concentration of colloid in and the total volume of the organomercaptan adsorption onto planar Au. K@agsvalues
conjugation solution. Larger amounts of colloid in solution result ;514 not necessarily be expected to agree with those for the
in larger amounts of SAMSA adsorbed from solution and, thus, 5re commonly encountered alkanethiols on planar Au, given
a Iqrger 'dlfference in fluorescence intensity before and after gigterances between (1) the initial surface chemistry presented
CanUQat'on'_ Clearly smaller VOIl_JmeS also lead to larger by stabilized Au colloids and that of planar Au films, (2)
differences in SAMSA concentration for the same mass ad- golvents (aqueous buffer vs ethanol or hexane), and (3) the
sorbed from solution. Thus, to account properly for the arbitrary packing of a saturated layer of the aromatic SAMSA on a
number of colloid.al .particles in solu.tion. and the total solution spherical particle vs the well-ordered packing of alkanethiols
volume when building the adsorption isotherms, the surface on planar Aw?528 The other important point regarding the
coveragelboung is plotted vs the equilibrium concentration of  igstherm is that it establishes the solution conditions, iSed

0.4+

0.2+

[Stee is the concentration of free thiol in solution after

[ﬂ bound

bound

thiol after conjugation, Hree > 2 uM, under which it is possible to achieve saturation
Figure 1 shows the accumulated surface coverabgsng coverage on the Au colloid.
for different equilibrium bulk solution concentrations of SAM- SAMSA/Colloid UV —visible Absorption. The underivatized

SA. Saturation of'boungis Observed at equilibrium concentra-  qyi5iq in solution is red, and this color does not change after
tions Sliree = 2 «M. The data shown in Figure 1 are well-fit  coniygation of the colloid with SAMSA. The Uwvisible

by a Langmuir adsorption isotherm, absorption spectrum of a SAMSA/colloid conjugate assembled
T KIS from a solution containing 320 pM Au colloid and 1M
— _max 1 "Thee (3) SAMSA is shown in Figure 2 and is very similar to that of
1+ K [Sfree bare gold colloid (not shown). SAMSA/colloid conjugates are

. . . susceptible to flocculation from changes in pH as is evident
where I'nax is the maximum coverage an€ is a constant

representing the inverse of the bulk solution concentration of (22) Karpovich, D. S.; Blanchard, G. langmuir1994 10, 3315-3322.
adsorbate required to reach half of the maximum surface (23) Yang, M. Yau, H. C. M.; Chan, H. LLangmuir 1998 14, 6121-6129.

3)
1 Cipgi . . . 24) Jung, L. S.; Campbell, C. D. Phys. Chem. BR00Q 104, 11168-11178.
coverage’! Fitting was weighted with the standard deviation (25) Camillone, N., IIl; Chidsey, C.; Liu, G. Y.; Putvinski, T.; Scoles, &.
)
)
)

; ; ; Chem. Phys1991, 94, 8493.
of repllcate measurements for each data pomt. The fit of the (26) Fenter, P.; Eisenberger, P.; Li, J.; Camillone, N.; Bernasek, S.; Scoles, G.;

Ramanarayanan, T. A.; Liang, K. Sangmuir1991, 7, 2013.
Poirier, G. E.; Tarlov, M. JLangmuir1994 10, 2853-2856.

5
(21) Lyklema, J.; Leeuwen, H. P. vaRundamentals of Interface and Colloid 27
(28) Poirier, G.; Pylant, ESciencel996 272 1145.

Science Academic Press: San Diego, CA, 1991.
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Figure 2. UV —visible absorption spectra of 320 pM SAMSA/colloid  Figure 3. Plot of the number density of surface adsorbed CKWAKWAK
conjugates under various pH conditions:)(in 0.5 mM borate, pH 8; (- - on 23 nm Au colloid as a function of equilibrium solution concentration,
-) with 2 mM HCI added, pH 2; and- ¢ -) with 4 mM NaOH added, pH determined by difference fluorimetry. The solid line is a fit to a Langmuir
10. isotherm, eq 3, and the error bars represent one standard deviation obtained

from four replicate measurements.

from Figure 2. When the conjugate is formed in the presence | the conjugate experiments, the ease with which the colloid
of HCI (pH = 2), the characteristic strong absorbance at 522 ¢onjugate could be resuspended after centrifugation was strongly
nm decreases significantly, and a broad feature to the low energycorelated with the state of flocculation prior to centrifugation.
side, characteristic of multi-colloid aggregates, appears. TheseConjugates that were dispersed, i.e., red in color, were easily
spectral changes, thus, indicate flocculation of the conjugatesresuspended with the simple shaking of the centrifuge tube.
in acidic media®?Furthermore, because there is little remain-  gjocculated, i.e., purplish-gray, colloid adhered to the walls of
ing absorption at 522 nm, itis likely that the preponderance of the centrifuge tube after centrifugation and was not resuspended,
colloids are tied up in aggregates, with litle unaggregated eyen after extended sonication. Hence, the initial flocculation

population remaﬁning. _ _ state of the colloid conjugates was important to the success of
When NaOH is added to these conjugates flocculated with ysing centrifugation to purify the conjugates for MALDI mass
HCI in sufficient amount to shift the solution basic (pH10), spectrometry.

the spectral changes observed upon acidification are reversed. CKWAKWAK/Colloid Surface Adsorption Isotherm. The
The red-shifted feature at700 nm disappears, and the strong adsorption of CKWAKWAK onto colloidal Au was measured
absorbance at ca. 522 nm returns. This reversible behavior Upomsing the fluorescence difference measurement protoc0| de-
sequential exposure to acid, then base, is consistent with thescribed above. Figure 3 shows the isotherm for adsorption of
presence of the carboxylic acid-containing SAMSA at the Au CKWAKWAK onto colloidal Au at various equilibrium con-
colloid surface inferred in the surface adsorption measurements.centrations of CKWAKWAK, Bliee The surface coverage of
The reversion of the colloid conjugate spectrum to the original CKWAKWAK reaches a saturation coverage beyond an equi-
unflocculated state upon treatment with base, and subsequenfiprium concentration, [CKWAKWAK]= 0.5 M, a factor of
deprotonation of the carboxylic acid surface moieties, indicates 4 Jower concentration than that of SAMSA. Fitting the adsorp-
that the dispersion of these colloids in solution can be controlled, tion data to a Langmuir adsorption isotherm, shown in Figure
at least in part, by the surface charge density. 3, yieldsI'max= (3.1+ 0.1) x 10" molecules cm? andK, =

It is well-documented that changes in solution conditions, (8.0 & 1.2) x 10° M~L. The free energy of adsorption for
such as temperature and pH, can cause flocculation in colloid CKWAKWAK obtained from eq 4 givesAGags = —49.2 +
conjugates? Flocculation caused by such environmental changes 0.4 kJ/mol, similar to the adsorption energy 6#8.4 kJ/mol
is not always reversible. While reversible flocculation of Au obtained for SAMSA on Au colloid. The behavior of CKWAK-
colloids has been shown in some systems to be controllable byWAK indicates that it is a reasonably surface active molecule,
temperature changé$,coordination chemistr§t and lectin certainly more surface active from aqueous solution than
chemistry3? reports of pH-reversible aggregation are r&rgor SAMSA. Stringent precautions were taken to guard against
example, Sastry and co-workers observed that while flocculation multilayer formation which would skew the saturation coverage
of modified Ag colloids derivatized witlp-carboxythiophenol to larger apparent values. Despite this, the saturation surface
is semireversibl&* Au colloids modified with the same thiol  coverageI'max iS Somewhat larger than expected. Part of the

do not flocculate reversibly upon changing pH. surface coverage may be due to the physisorption of the peptide
to the colloid. However, control experiments, in which 1% SDS

(29) ggggfg%gr C. S.; Merritt, M. V.; Whitesides, G. Mangmuir1996 12, was utilized to block physisorption, yielded the same coverages

(30) Nath, N.: Chilkoti, A.J. Am. Chem. SoQ001, 123 8197-8202. within experimental error. Ultimately, the utility of the Au

(31) Templeton, A. C.; Zamborini, F. P.; Wuelfing, W. P.; Murray, R. W.  colloid-carrier strate depends on being able to capture
Langmuir200Q 16, 6682-6688. 9y p. . 9 K P
(32) Otsuka, H.; Akiyama, Y.; Nagasaki, Y.; Kataoka, X.Am. Chem. Soc. macromolecular targets efficiently, and the isotherm data

2001, 123 8226-8230. indi ; ; ;
(33) Li, G.; Lauer, M.; Schulz, A.; Boettcher, C.; Li, F.; Fuhrhop, J Eidngmuir |n(_j|c§1te that the AeCKWAKWAK ConquateS SatISfy this
2003 19, 6483-6491. A criterion.
(34) Sasty, o+ Mayya. K. S.; Bandyopadhyay, Golloids Surt., 1997 127, CKWAKWAK/Colloid UV —visible Absorption. When
(35) Mayya, K. S.; Patil, V.; Sastry, M.angmuir 1997, 13, 3944-3947. CKWAKWAK is conjugated to bare Au colloid, the initial red
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Figure 4. UV —visible absorption spectra of 2 nM CKWAKWAK(/colloid
conjugates under different conditions:=) unbuffered (pH 5), € - —) in

1 mM NaOH (pH 9), {(--) in 1 mM HCI (pH 2), and (- - -) colloid
conjugates from the pH 9 solution centrifuged, decanted, and then
resuspended in 1 mM HCI solution (pH 2).

solution color changes to purple. This color is illustrated by
the absorption spectrunf @ 2 nM colloid solution conjugated
with 20uM CKWAKWAK shown in Figure 4. The unbuffered
CKWAKWAK/colloid conjugate exhibits unresolved absorption
maxima at ca. 530 and 620 nm, while the acidified conjugate
displayed a single well-resolved absorption maximum at 525
nm. This suggests that in unbuffered solution the colloid is
present in a state of intermediate flocculation with a significant
population still present as dispersed individual particles and that
the pH-controlled charge state of the adsorbate plays a deciding
role in determining the state of aggregation. The addition of 1
mM NaOH to the unbuffered conjugate solution removes the
large spectral features, resulting in a spectrum with no discern-
ible features, characteristic of flocculated colloid. However,
when this basic solution is centrifuged and decanted and 1 mM
HCIl is added, the large absorption peak reappears at 528 nm,
indicating dispersion of the colloid conjugate.

A crucial feature of any strategy for manipulating mass-
limited samples is the ability to physically isolate the target
compound and to transfer it quantitatively. Certainly the ability
to bind, separate, and then resuspend the BKWAKWAK
colloid conjugates satisfies this demand. Thus, these observa-
tions open the door for the use of Au colloids as carriers with
which to manipulate small quantities of peptides, especially for
those peptides that contain significant numbers of ionizable
moieties whose charge state can be controlled to direct floc-
culation.

CKWAKWAK/Colloid Transmission Electron Micros-
copy. The optical absorption spectra presented in Figure 4
strongly suggest that AHCKWAKWAK colloid conjugates in
acidic media are dominated by well-separated single particles.
To address the aggregation state definitively, electron micro-
graphs of CKWAKWAK/colloid conjugates produced under
various conditions were obtained and are shown in Figure 5.
Also shown with each TEM micrograph is the corresponding

1 T T T T 1
9 W W W & B W W
Neares! Neighioor Cestance {rmi]

@ 1 0 W & 50 @ N
Posdres] Neighbor Distance {mmi]

@ 10 2 30 & S B0 70
Maares| Neighbor Distance (nm)

histogram of measured nearest neighbor distances betweerrigure 5. Transmission electron micrographs and nearest neighbor distance
colloidal particles. Electron micrographs of dry colloid on the histograms of (a) unbuffered CKWAKWAK/colloid conjugates, (b) CK-

surface of a TEM grid are not completely accurate representa-

may occur as the solvent evaporates. However, the electron

WAKWAK/colloid conjugates in 1 mM HCI, and (¢) CKWAKWAK/colloid

. . . L. . ; . conjugates prepared initially in 1 mM NaOH and then centrifuged, decanted,
tions of the inter-colloid spacing in solution, since flocculation anqd resuspended in 1 mM HCI.

micrographs should present a lower limit on the solution expected to disperse upon solvent evaporation. Thus, TEM
interparticle spacing, since flocculated colloid would not be micrographs showing highly dispersed colloids on the surface
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of the TEM grid can be interpreted to result from highly that the same repulsive forces are present between individual
dispersed colloids in solution. colloids in both acidic solutions.

Figure 5a shows the unbuffered CKWAKWAK/colloid The TEM micrographs allow the absorption spectra of Figure
conjugate. Single colloids, as well as clusters of colloids, are 4 to be interpreted in a more subtle way. Because the absorption
present in the image. The presence of single colloids in addition spectrum for flocculated colloids results in a broad featureless
to small clusters of flocculated colloid is consistent with the low-intensity absorption, the absorption spectra can be inter-
observation of two peaks in the UWisible absorption spectrum  preted to result principally from the dispersed fraction of the
of this solution. The presence of single colloids can explain the colloid population. Thus, the presence of a single band at 525
existence of the significant absorption-a630 nm, a feature ~ nm for the CKWAKWAK—Au colloid conjugate in acidic
characteristic of dispersed colloid, while the presence of solution is indicative of a solution in which single well-dispersed
flocculated colloid is likely responsible for the red-shifted colloidal particles are the dominant, not the sole, feature.
absorption feature near630 nm, since absorption in this red- CKWAKWAK/Colloid MALDI-MS.  To prepare CKWAK-
shifted region has been assigned to chains of flocculated WAK/colloid conjugate for MALDI-MS, the assembled con-
colloids ¢ The presence of both absorption features is also seenjugate solution was purified from excess CKWAKWAK by
in the spectra of Au nanorods, where the two absorption featurescentrifuging, decanting, and resuspending multiple times. Each
are attributed to the orthogonal resonances of surface plasmongentrifuge-decant-resuspend cycle dilutes the excess CK-
of the Au along the short and long axes of the nandfcthe WAKWAK solution by a factor of 20. Because the peptide
short and long axes would correspond here to individual and target is selectively bound to the Au colloid, other impurities
aggregated colloids, respectively. in the sample, e.g., salts and other matrix interferences, can be

The micrograph in Figure 5b shows CKWAKWAK/colloid  effectively removed by centrifugation followed by decanting
conjugate deposited from 1 mM HCI solution. Most of the the supernatant. This procedure is similar, in the ease of
colloids present in the image are single colloids, with only a purification and handling of low-level analytes, to the work done
small fraction of the colloids present in clusters. The histogram by Capriol® and Tome?® with chromatographic beads. In the
of interparticle distances shows that the majority of the Au conjugate work here, however, the analyte is directly bound
population is present in the single particle band with a mean to the colloid and is not removed prior to MALDI analysis of
interparticle spacing) = 32 nm. Because the settling of colloids  the conjugate.
onto the surface of the TEM grid is controlled by the same  Each conjugate solution was cycled 7 times so that the free
repulsive electrostatic forces that keep the conjugates dispersegolution concentration of CKWAKWAK, which was originally
when in solution and because solvent evaporation is expected20 uM (preconjugation), was estimated to be present at less
to increase the state of flocculation, these data confirm that thethan 16 fM in the solution used to prepare the MALDI samples.
colloid conjugates in acidic solution are well-separated. The Control experiments were performed on (1) MALDI samples
straightforward interpretation is that at low pH the large fraction prepared from colloid without CKWAKWAK and (2) samples
of protonated amines produces a large net positive charge onof CKWAKWAK without colloid that had undergone the same
the nanoparticles, which results in a well-dispersed collection number of centrifuge decant-resuspend cycles. Neither control
of particles. sample showed any mass spectral peaks above the background

Figure 5c shows a CKWAKWAK/colloid conjugate which  in the molecular ion region. Control experiment 1 indicates that
was initially flocculated in basic solution (1 mM NaOH), then the mass spectral peaks observed in the range ¥0i¥z <
separated from that solution and resuspended in 1 mM HCI. 1058 are authentic CKWAKWAK peaks, and control experi-
Both individual colloids and small clusters are present. Interest- ment 2 shows that nonadsorbed CKWAKWAK is removed to
ingly the interparticle spacing in the single particle band is very levels below the MALDI detection limit by the centrifuge
close to the value for the colloids deposited from acidic media, decant-resuspend cycles.
shown in Figure 5b, although the width of the single particle ~ Approximately 6x 10-17 mol of Au—CKWAKWAK/colloid
band is slightly larger in Figure 5c. This is significantly different conjugate particles was sampled per spot. Since the surface
than TEM micrographs of conjugates in 1 mM NaOH, which adsorption measurements put the average CKWAKWAK load-
only exhibit clusters of conjugates (images not shown). The ing at~4500 molecules/colloid, the number of CKWAKWAK
conjugates in Figure 5¢ have evidently been redispersed, at leasmolecules sampled is estimated a 302 mol of CKWAK-
partially, by the change to lower pH. However, a small number WAK. A typical MALDI-MS of CKWAKWAK/colloid con-
of clusters remain, as signified by the relative magnitude of the jugate is shown in Figure 6. The molecular weight of CKWAK-
small spacing peak in the histogram of Figure 5, compared to WAK is 1018.5 Da; thus the peak atz of 1019.8 is assigned
Figure 5b. Such clusters may result, either because they wereas (M + H)™, and the peaks at 1041.7 and 1053, being
not redispersed completely by the charging of the conjugate ~23 and 39 Da larger than the molecular weight, are assigned
surfaces, or they may simply have flocculated as the concentra-to (M + Na)t and (M + K)*, respectively. The mass spectral
tion of the conjugates increased during solvent evaporation. In signal was observed after a series of serial dilutions, such that
either case the dominant behavior, consistent with the absorptionthe estimated mass sampled was 401® mol of CKWAK-
spectra, is redispersion of flocculated CKWAKWAK/Au col- WAK.
loids, upon lowering the pH. Furthermore, the interparticle  There have been numerous attempts to characterize thiol/
distance histograms of Figure 5b and c are similar, suggestingcolloid conjugates by mass spectrometry with mixed results.

(36) Lazarides, A. A.; Schatz, G. @. Phys. Chem. B00Q 104, 460-467. (38) Zhang, H.; Andren, P. E.; Caprioli, R. M. Mass Spectronl995 30,
(37) Yu, Y.-Y,; Chang, S.-S.; Lee, C.-L.; Wang, C. R. £.Phys. Chem. B 1768-1771.
1997 101, 6661-6664. (39) Papac, D. I.; Hoyes, J.; Tomer, K. Bnal. Chem1994 66, 2609-2613.
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1.2x10° - expedient of mixing a buffered colloid solution with adsorbate

117 under pH conditions designed to keep the colloidal particles

1.0 charged, and thus well-dispersed. Clearly optimization of the
o108 physical isolation process can be expected to enhance the yield

08 1o of single nanoparticles and, thereby, improve the limit of

detection of peptide, pushing peptide identification to the levels

0.6 — ..
needed for mass-limited samples.

Intensity (a.u.)

0.4 Conclusions

Characterization of mass-limited samples is a challenging
problem that lies ahead of progress on questions as diverse as
understanding subcellular signal trafficking to identification of
000 oo w00 1080 1100 1150 1200 biothreat agents. To bring the full armamentarium of modern
miz chemical analysis to bear on these issues, it is necessary to
Figure 6. Expanded molecular ion region of the MALDI mass spectrum develop protocols for handling these samples in such a way
of CKWAKWAK/colloid conjugate prepared in 20 mg/mL 2,5-dihydroxy-  that they can be transferred between instruments and manipula-
benzoic acid. . . .
tive experiments without loss. The results presented here address
the possibility of exploiting Au-thiol chemistry, through agency
result either in the detection of the entire colloid conjuéatt of A.U'CO".O'd conjugates, to'accompllsh these transfer§ and
manipulations. The first requirement of such a strategy is that

or in the cleavage of the €S bond*?~4> Thermal desorption the A loids b ble of efficient ; t the t t
has been used to prepare ions from colloid conjugates for mass € Au colloids be capable of ellicient capture of the targe

spectrometry*$47 however, this method is limited to smaller ?:p}fvc\lliiv-{liis,&macﬁ ggsorpnontlsogherms ftor tth?hSAlf\/fl_SA e;nd
alkanethiols that are readily thermally desorbed and is not u cofloid conjugates demonstrate the etficien

relevant to larger biomolecules. Inductively coupled plasma capture by Au colloids in the range of AM for these two

sources have been used for analyzing conjug&tut this aQsorbates. U¥visible absorptiqn spectroscopy and TEM
method is destructive of the entire conjugate and therefore microscopy have been used to identify how these conjugates

eliminates the prospect of positively identifying the ligands. can be manipulated, through Ch’?‘”ges in pH, to system_atlf:ally
Jordan and co-workers have used MALDI to characterize purify and concentrate colloid conjugates. The proof-of-principle

polymerization at the surface of gold colloids by etching the expgnments were carrled. out W'th. a small moleculgr welghF
gold core with NaCN® However, the etching step requires 16 acidic adsorbate anql an |ntermed|§te molecular weight basic
h to complete followed by an organic phase extraction of the adsorbate, so there is reason to_b_eh_e.zve that the approach may
ligand. In contrast, definitive molecular ion information is t_>e ge_n_eral f_or adsorbates coqta|n|ng iEstEd amd/_base func-
obtained from the At CKWAKWAK conjugates by the simple tionalities. Elnally, a key requwe_ment fpr th? ultimate use of
such a carrier strategy is the ability to identify the adsorbates
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Direct routes to molecular identification by laser desorption
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(42) Hicks, J. F.; Templeton, A. C.; Chen, S.; Sheran, K. M.; Jasti, R.; Murray, (M + H) _Ion’ I_n_ addition to (M+ Na) and (M + K) lons,
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