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We describe the design of new ligands made by coupling commercially available poly(ethylene glycol)

methyl ether (mPEG, HO-PEG-OCH3) and thioctic acid (TA) via a stable amide bond to form

TA-PEG-OCH3 molecules. The ligands were obtained by a simple transformation of the hydroxyl

group on the mPEG into an amine group, followed by attachment of TA via N,N0-

dicyclohexylcarbodiimide (DCC) coupling. Following ring opening of the 1,2-dithiolane on the

TA-PEG-OCH3 to form a dihydrolipoic acid (DHLA) group, DHLA-PEG-OCH3 was obtained. Cap

exchange of nanoparticles with DHLA-PEG-OCH3 provided dispersions in buffer solutions that were

stable over a broad pH range (from 3 to 13 for CdSe-ZnS QDs and 2–13 for Au nanoparticles). Using

DHLA-PEG-OCH3 either neat or mixed with amine- or carboxyl-terminated ligands (DHLA-

PEG-NH2 or DHLA-PEG-COOH) allowed tuning of the surface functionalities of these nanoparticles.

Microinjection of the ligand-exchanged QDs into live cells indicated that the newly capped QDs were

stable and well dispersed in the cell cytosol for up to 32 h following delivery. The fluorescence

distribution and its evolution over time of these DHLA-PEG-OCH3-QDs indicate improved

intracellular stability and reduced non-specific interactions compared to nanocrystals capped with

DHLA-PEG-OH.
Introduction

Semiconductor nanocrystals (or quantum dots, QDs) and

metallic nanoparticles have generated much interest in the past

decade, due to their unique, tunable, spectroscopic properties

and the ever-expanding range of potential applications.1–10

Biological use of these nanoparticles (e.g., QDs as fluorescent

tags and Au nanoparticles as scattering labels) is particularly

promising both for in vivo imaging of tissues and cells and for in

vitro clinical diagnostics. Luminescent QDs, such as CdSe–ZnS

core–shell nanocrystals, exhibit high photoluminescence

quantum yields, large extinction coefficients, and strong resis-

tance to photo- and chemical degradation.6,8 Although there

have been reports of QD synthesis in aqueous media (e.g.,

growth in micelles), the highest quality materials are routinely

synthesized by reacting organometallic precursors at high

temperature in coordinating solvents consisting of mixtures of

trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) and

alkyl amines.11–16 Consequently, as-synthesized QDs are capped

with hydrophobic ligands and are not dispersible in aqueous
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solutions. Since a large fraction of the total atoms are distributed

on or near the nanoparticle surfaces, resulting in large surface-

to-volume ratios, the capping ligands play a critical role in

controlling their reactivity, as well as their chemical and colloidal

stability. For QDs, it is also important to properly passivate the

nanocrystals’ surfaces in order to maintain their photo-

luminescence efficiency. Rendering these nanoparticles dispers-

ible and stable in aqueous buffer solutions, while maintaining

their optical properties, is critical for using them to develop

biological applications.

Several strategies that yield aqueous dispersions of QDs have

been reported in the past decade.3,8 These methods can be

grouped into two categories: (1) exchange of the native TOP/

TOPO with hydrophilic ligands, usually comprised of anchor

group(s) for binding to the nanocrystal surface at one end and

hydrophilic groups at the other end, to promote solubility in

aqueous solutions;17–20 (2) encapsulating the as-synthesized QDs

with amphiphilic molecules such as lipids or block co-poly-

mers.21–23 Surface ligand cap exchange can provide high quality

water-soluble nanocrystals that are functional and more impor-

tantly, small in size. We have previously reported the design of

hydrophilic ligands consisting of thioctic acid (TA) chemically

coupled to a tunable poly(ethylene glycol) (PEG) segment via an

esterification reaction. With this simple coupling chemistry, a set

of hydroxy-terminated TA-PEG ligands was generated.17 We

found that following ring opening of the terminal dithiolane to

produce a dithiol group, the resulting dihydrolipoic acid-

appended ligands (DHLA-PEG-OH) allowed effective cap

exchange of the QDs. Hydrophilic luminescent nanocrystals that

are stable over a relatively broad range of pH values were thus
J. Mater. Chem., 2008, 18, 4949–4958 | 4949
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prepared. We have further expanded this synthetic design to

make TA-based and DHLA-based PEG ligands that contain an

amide linkage and specific functional end groups, including

-NH2, -COOH, and -biotin.18 In that work, a short poly(ethylene

glycol) segment (PEG400, MW �400 Da) was used due to ease of

implementation and purification. These ligands enable the use of

common bioconjugation methods such as 1-ethyl-3-(3-dimethy-

laminopropyl)carbodiimide (EDC) coupling to attach biomole-

cules to QDs. The density of functional groups on the QD surface

was tailored by incorporating a fraction of ligands that have an

‘‘inert’’ terminal end group. This was achieved by mixing

hydroxy-terminated ligands (namely, DHLA-PEG600-OH as

the majority ligand) with ligands having the desired end group to

tune the functional valency of the QDs.18 This is crucial as it

allows potential control of the reactivity of the nanocrystal and

the ligand valence of the final conjugate. Similar results were

recently reported by the Bawendi group.19

However, while the hydroxy-terminated DHLA-PEG ligands

have been effective in promoting water dispersion of CdSe–ZnS

core–shell QDs, we have found that the necessary reduction step of

the 1,2-dithiolane ring (using sodium borohydride, NaBH4) to

transform TA-PEG-OH to DHLA-PEG-OH can decompose the

TA-PEG-OH if excess NaBH4 is used, presumably due to the labile

ester bond. In addition, the hydroxy group, while often assumed to

be relatively inert, can react with certain functional groups

commonly used for bioconjugation (e.g., isocyanate).24 For this

reason, it would be advantageous to improve the design and

prepare a robust alternative ligand that utilizes an amide linkage,

rather than an ester, and presents an inert terminal function.

In this study, we address the above limitations and report the

synthesis of a new bidentate ligand that is also based on the TA

and PEG motifs. In this modified design, the ligands feature an

amide bond, instead of an ester, to couple TA to poly(ethylene

glycol) methyl ether and form TA-PEG-OCH3, as shown in

Fig. 1.25 The poly(ethylene glycol) methyl ether (mPEG), which is
Fig. 1 Chemical structures and synthetic scheme of ligands described in this st

NaHCO3, (b) PPh3, H2O, THF, (c) DCC, DMAP, CH2Cl2, (d) NaBH4, MeOH

final products in comparison to DHLA-PEG-OH reported in ref. 17. The este

Ligands 5 and 6, DHLA-PEG600 ligands with amine and carboxyl terminal

4950 | J. Mater. Chem., 2008, 18, 4949–4958
commercially available, is terminated with a hydroxy group on

one end and a methoxy group on the other. Since the mPEG

precursor presents only one hydroxy group instead of two as in

references 17 and 18, the synthetic scheme was also substantially

improved and the purification steps readily simplified. Following

synthesis and purification, we found that reduction of TA-PEG-

OCH3 to produce DHLA-PEG-OCH3 (see Fig. 1) was unaf-

fected by the concentration of NaBH4 used (from 1 to 4 times

molar excess). Furthermore, the presence of a methoxy terminal

group instead of a hydroxy can potentially mitigate non-specific

interactions, an issue of great importance in biological

systems.26,27 We also describe the preparation and purification of

amine- and carboxyl-functionalized DHLA-PEG600 ligands,

with additional improvements on the procedures as reported in

reference 18. We found that QDs capped with these new ligands

were stable over a broad range of pH values (from 3 to 13). Side-

by-side comparison of intracellular microinjection of QDs cap-

ped with DHLA-PEG-OCH3 and DHLA-PEG-OH indicated

improvement in the dispersions of QDs capped with the new

ligands inside the cell cytoplasm. The utility of the new ligands

was further demonstrated with gold nanoparticles (AuNPs).

AuNPs capped with these ligands were stable even at high salt

concentrations and over a broad range of pH values (2–13).

Experimental

1. Materials and instrumentation

All air-sensitive materials were handled in a glovebox (MBraun

Labmaster 130, Stratham, NH) and standard Schlenk techniques

were used in the manipulation of air-sensitive materials. The

syntheses were carried out under N2 that passed through an O2

scrubbing tower, unless otherwise stated. Poly(ethylene glycol)

(average molecular weight 600 Da, PEG600), triphenylphos-

phine, thioctic acid, 4-(N,N-dimethylamino)pyridine, triethyl-

amine, and N,N0-dicyclohexylcarbodiimide were purchased from
udy. Reactions used: (top) (a) (i) CH3SO2Cl, Et3N, THF; (ii) H2O, NaN3,

, H2O. Note the new methoxy terminal group and the amide bond in the

r bond highlighted in red is labile during reduction of the 1,2 dithiolane.

groups, respectively, are also illustrated (bottom).

This journal is ª The Royal Society of Chemistry 2008
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Acros Organics (Morris Plains, NJ). Poly(ethylene glycol) methyl

ether (mPEG, average molecular weights 550 and 750 Da),

reagent grade celite, thin layer column chromatography (TLC)

plates (silica gel matrix with aluminium support) and all solvents

were purchased from Sigma Aldrich. Sodium azide was purchased

from Alfa Aesar (Ward Hill, MA). Methanesulfonyl chloride was

purchased from GFS Chemicals (Powell, OH). Sodium borohy-

dride (NaBH4) was purchased from Strem Chemicals (New-

buryport, MA). Citrate-stabilized colloidal gold (15 nm in

diameter) solutions were purchased from Ted Pella, Inc.

(Reading, CA). Low-EEO agarose and 10� Tris borate EDTA

buffer were purchased from Fisher Scientific. Tetrahydrofuran

(THF) was dried over basic alumina before use. Column chro-

matography was performed using silica gel (Bodman Industries,

Aston, PA; 60 Å, 230–400 mesh). Deuterated chloroform (CDCl3)

for NMR measurements was used as received.
1H NMR spectra were recorded on a Bruker SpectroSpin 400

MHz spectrometer, and chemical shifts for 1H NMR spectra

were reported relative to tetramethylsilane (TMS) signal in the

deuterated solvent (TMS, d ¼ 0.00 ppm). All J values are

reported in Hertz. Fourier transform infrared (FT-IR) spectra

were measured on a Nicolet Nexus 870 FT-IR spectrometer

(Thermo Fisher Scientific, Inc., Waltham, MA). UV-Vis

absorption spectra were collected using an HP 8453 diode array

spectrophotometer (Agilent technologies, Santa Clara, CA),

while the fluorescence spectra were collected using a Spex

Fluorolog-3 spectrophotometer (Jobin Yvon Inc, Edison, NJ)

equipped with a red-sensitive R2658 Hamamatsu PMT detector.
2. Synthesis and design

The synthesis of DHLA-PEG-OCH3 ligands used for cap

exchange with the nanocrystals can be summarized in four main

reaction steps: (1) azide transformation of the hydroxy group at

the end of mPEG using methanesulfonyl chloride and sodium

azide, (2) transformation of the azide group to an amine by

reduction with triphenylphosphine, (3) coupling of the amine on

the mPEG to TA, via N,N0-dicyclohexylcarbodiimide (DCC)

coupling to make TA-PEG-OCH3 and (4) ring opening of the

1,2-dithiolane end group (via sodium borohydride reduction) to

make the final DHLA-PEG-OCH3 ligand. The synthetic scheme

described below equally applies to the preparation of ligands

having various PEG molecular weights. In the present study,

details of the synthesis, purification and use for nanoparticle

functionalization will be limited to ligands having mPEG average

molecular weights of 550 and 750 Da. We will refer to ligands

having PEG750 throughout the manuscript, unless otherwise

stated. We also synthesized DHLA-PEG ligands that have amine

and carboxyl terminal groups using PEG600.

Synthesis of N3-PEG750-OCH3 (1). Poly(ethylene glycol)

methyl ether (MW � 750 Da) (60.0 g, �8.0 � 10�2 mol) and

methanesulfonyl chloride (11.95 g, 0.104 mol) were first dissolved

in 100 mL of THF in a 500 mL round-bottom flask and the

solution was cooled to �0 �C under N2 using an ice-bath. Tri-

ethylamine (16.2 mL, 0.12 mol) was added dropwise to the

reaction flask using an addition funnel. The reaction mixture was

then gradually warmed to room temperature and left stirring

overnight. To this mixture, a solution of NaHCO3 (7.0 g, 8.33 �
This journal is ª The Royal Society of Chemistry 2008
10�2 mol) in 125 mL of H2O was added, followed by sodium

azide (8.33 g, 0.128 mol) while stirring. The content was then

heated to distill off the THF and refluxed for 7 h. After cooling,

the reaction mixture was extracted three times with ethyl acetate.

The combined organic layers were dried over Na2SO4, filtered

and the solvent was evaporated to obtain the product (�75%

yield). The product was a waxy solid at room temperature. TLC

of the product was carried out using a 10 : 1 (v/v) CH2Cl2 :

methanol (MeOH) eluent resulting in Rf � 0.53. 1H NMR (400

MHz, in CDCl3): d 3.62–3.71 (m), 3.53–3.57 (m, 2H), 3.39 (t, 2H,

J ¼ 5.2 Hz), 3.38 (s, 3H).

Synthesis of NH2-PEG750-OCH3 (2). N3-PEG750-OCH3

(46.5 g, �6.0 � 10�2 mol) and triphenylphosphine (21.9 g, 8.35 �
10�2 mol) were mixed in a 500 mL round-bottom flask, dissolved

in 400 mL THF and left to stir for 30 min. Then, H2O (10 mL,

0.54 mol) was added and the solution further stirred for 4 h under

N2 at room temperature. The THF was evaporated and 400 mL

of a 1 M HCl solution was added to the mixture. The reaction

mixture was then extracted with ethyl acetate (3 times), which

allowed removal of a fast moving by-product as shown by TLC.

The reaction mixture was basified by saturating with NaHCO3,

then with NaCl, and extracted with CH2Cl2. The organic layers

were combined and dried over Na2SO4, filtered, and evaporated

to obtain the product (�97% yield), which was a waxy solid at

room temperature. TLC of the product using a 5 : 1 (v/v) CH2Cl2
: MeOH eluent resulted in Rf � 0.47. 1H NMR (400 MHz, in

CDCl3): d 3.62–3.71 (m), 3.53–3.57 (m, 2H), 3.51(t, 2H, J ¼ 5.2

Hz), 3.38 (s, 3H), 2.87 (t, 2H, J ¼ 5.2 Hz).

Synthesis of TA-PEG750-OCH3 (3). NH2-PEG750-OCH3

(32.8 g, �4.46 � 10�2 mol), 4-(N,N-dimethylamino)pyridine (1.10

g, 9.0 � 10�3 mol), N,N0-dicyclohexylcarbodiimide (9.26 g, 4.49

� 10�2 mol) and 150 mL of CH2Cl2 were mixed in a 500 mL

round-bottom flask. The content was stirred under N2 and

cooled to 0 �C using an ice-bath. Thioctic acid (9.20 g, 4.46 �
10�2 mol), dissolved in 50 mL of CH2Cl2, was slowly dripped into

the reaction using an addition funnel. The reaction mixture was

left stirring for 2 h at 0 �C, then slowly warmed to room

temperature and left to stir overnight under N2. The mixture was

filtered through celite, rinsed with ethyl acetate, and the solvent

was evaporated from the filtrate. After evaporating the solvent,

the reaction mixture was diluted with 200 mL of H2O and

extracted with ether to remove a fast moving by-product as

shown by TLC. Then the aqueous solution was saturated with

NaHCO3 and the crude product was extracted with CH2Cl2. The

combined extracted CH2Cl2 layers were dried over Na2SO4,

filtered and the solvent was evaporated. The crude product was

chromatographed on silica gel with 10 : 1 (v/v) CH2Cl2 : MeOH

as the eluent to obtain the product (�70% yield), which was

a yellow waxy solid at room temperature. TLC of the product

using a 10 : 1(v/v) CH2Cl2 : MeOH eluent resulted in Rf � 0.46.
1H NMR (400 MHz, in CDCl3): d 6.29 (br s, 1H), 3.62–3.71 (m),

3.53–3.57 (m, 4H), 3.46 (t, 2H, J ¼ 5.2 Hz), 3.38 (br s, 3H), 3.08–

3.22 (m, 2H), 2.42–2.52 (m, 1H), 2.19 (t, 2H, J ¼ 7.2 Hz), 1.86–

1.96 (m, 1H), 1.59–1.78 (m, 4H), 1.40–1.55 (m, 2H).

Synthesis of DHLA-PEG750-OCH3 (4). TA-PEG750-OCH3

(0.33 g, 3.46 � 10�4 mol) was dispersed in a mixture of 1 mL of
J. Mater. Chem., 2008, 18, 4949–4958 | 4951
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MeOH and 2 mL of H2O; the container was sealed, purged with

N2 and cooled to �0 �C using an ice-bath. NaBH4 (2.7 � 10�2 g,

7.14 � 10�4 mol) dissolved in 2 mL of H2O was slowly injected

into the reaction mixture, and the solution was left stirring for an

additional 2 h at 0 �C. The reaction mixture was then warmed to

room temperature and left to stir overnight. The content was

diluted with 15 mL of brine, and extracted with CH2Cl2. The

combined organic phase was dried over Na2SO4, filtered and the

solvent evaporated to obtain the product (a yield of �97%), as

a white waxy solid at room temperature. TLC of the reduced

ligand (DHLA-PEG750-OCH3) co-spotted with TA-PEG750-

OCH3 and eluted using 10 : 1 (v/v) CH2Cl2 : MeOH showed

similar positions, but DHLA-PEG750-OCH3 exhibited a band

with a longer tail. 1H NMR (400 MHz, in CDCl3): d 6.29 (br s,

1H), 3.62–3.71 (m), 3.53–3.57 (m, 4H), 3.46 (t, 2H, J ¼ 5.2 Hz),

3.38 (s, 3H), 2.92 (m, 1H), 2.6–2.8 (m, 2H), 2.20 (t, 2H, J ¼ 7.2

Hz), 1.85–1.95 (m, 1H), 1.40–1.80 (m, 7H), 1.36 (t, 1H, J ¼ 8.0

Hz), 1.31 (d, 1H, J ¼ 7.6 Hz).

Synthesis of DHLA-PEG600-NH2 (5) and DHLA-PEG600-

COOH (6). These ligands were synthesized using a similar

procedure as reported in reference 18, with a few necessary

changes made as a result of the longer PEG chain (PEG400 was

used in ref. 18). The most important improvement pertained to

the synthesis of NH2-PEG600-N3, which is the intermediate

required for DCC coupling to TA. The detailed synthetic

procedure of all the intermediates and final compounds is

provided in the ESI.†
3. Quantum dot synthesis and cap exchange

QDs used in this study were CdSe–ZnS core–shell nanocrystals

synthesized stepwise in our laboratory using high temperature

reaction of organometallic precursors (e.g., trioctylphosphine

selenium (TOP : Se), cadmium acetylacetonate, diethylzinc and

hexamethyldisilathiane) in a hot coordinating mixture of TOP/

TOPO and hexadecylamine, as described in the literature.13–16

Cap exchange of the TOP/TOPO-capped QDs with neat DHLA-

PEG750-OCH3 or a mixture of DHLA-PEG750-OCH3 and

amine-terminated or carboxyl-terminated DHLA-PEG (DHLA-

PEG600-NH2 or DHLA-PEG600-COOH, respectively) was

carried out following the procedure we previously detailed.17,18 In

a typical cap exchange preparation, �0.5 mL of as-prepared

hydrophobic QDs dispersed in a mixture of hexane–toluene–

butanol (�20–40 mM in QD concentration) was first precipitated

by adding �10 mL of ethanol. The mixture was then centrifuged

and the supernatant decanted. 5 mL of ethanol were added to the

precipitate and the mixture was briefly sonicated to break up the

pellet. The dispersion was centrifuged again, and the supernatant

decanted. 0.5 mL (�5 � 10�4 mol) of the ligand was added to the

precipitated QDs, and the vial was sealed and purged with N2. In

general a large excess of ligands (25000–50000 ligands per QD) is

used to allow effective cap exchange, because the process is

driven by mass action. Ethanol (0.5 mL) was then injected via

a syringe into the vial, and the mixture was stirred for several

hours at 60–80 �C. As the sample homogenized, it became clear,

which is indicative of effective cap exchange. The solution was

cooled to room temperature and then precipitated with a mixture

of hexane, ethanol, and CH2Cl2 (roughly in a mixing ratio of 1.0 :
4952 | J. Mater. Chem., 2008, 18, 4949–4958
1.2 : 0.1). The sample was then centrifuged; the supernatant

discarded and residual solvents were evaporated over flowing N2.

The relatively dry and newly capped QDs were re-dispersed in

deionized water to form a clear dispersion of nanoparticles. The

dispersion was subsequently filtered through a 0.45 mm hydro-

philic membrane (Millipore). Excess free solubilized ligands were

removed from the final dispersion by exchanging the solvent with

fresh DI water 2–3 times (�15 mL per cycle) using a centrifugal

filtration device (Millipore, MW cutoff of 50 kDa). The cap-

exchanged QDs were characterized using absorption, fluores-

cence, and FT-IR spectroscopy. The QD concentrations were

determined from UV-Vis absorption measurements following

the procedure reported by Leatherdale et al.28
4. Ligand cap exchange on gold nanoparticles

Cap exchange of gold nanoparticles (AuNPs) with the new

ligands was performed on commercially available citrate-stabi-

lized colloidal gold solutions (Ted Pella, Inc., Reading, CA).29

We also found that both 1,2-dithiolane- and dithiol-terminated

ligands provided effective cap exchange with AuNPs, a clearly

different result from what we have observed for QDs; for the

latter, ring opening of the 1,2-dithiolane is required. TA-PEG-

OCH3 or DHLA-PEG-OCH3 was diluted in 1 mL of DI water

(35 mg, �3.7 � 10�5 mol) and the solution pH was adjusted to 10

by adding a drop of 0.5 M NaOH. The ligand solution was added

to citrate-stabilized AuNPs (4 mL, �1.4 � 1012 particles mL�1)

and the dispersion stirred overnight (�18 h) at room tempera-

ture. For cap exchange on AuNPs we used an excess of 4 � 106

ligands per nanocrystal, which corresponds to 400 ligands per

surface atom, assuming that a 15 nm AuNP has �10 000 surface

atoms.7 The mixture was then filtered through a 0.45 mm

hydrophilic membrane, and excess ligand was removed by

washing with water (2–3 times, �15 mL each cycle) using

a centrifugal filtration device (Millipore, MW cutoff of 50 kDa),

as described above. The cap-exchanged AuNPs were character-

ized by FT-IR and absorption spectroscopy. The extinction

coefficient of the 15 nm AuNPs (as-received concentration of

�1.4 � 1012 particles mL�1) was determined to be �4.2 � 108 M�1

cm�1 at their plasmon peak of 524 nm. The measured extinction

coefficient is consistent with literature values and was used to

determine the concentration of the AuNPs after cap

exchange.30,31
5. pH Stability of cap-exchanged nanoparticles

After cap exchange, the stability of the nanoparticles (QDs and

AuNPs) in both acidic and basic conditions was monitored over

time. For comparison, commercially purchased polymer coated

carboxyl QDs (Invitrogen, CA) were also tested. As provided

these QDs are stored in 50 mM borate buffer, which was

exchanged with DI water using a centrifugal filtration device

(Millipore, MW cutoff of 50 kDa). Buffers of varying pH were

prepared by adding 2 M HCl or NaOH to 1� phosphate buffered

saline (PBS). The samples were monitored over time and

photographs were taken at various time intervals under UV or

white light illumination for QDs and AuNPs, respectively.
This journal is ª The Royal Society of Chemistry 2008
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6. Gel electrophoresis

Gel electrophoresis experiments were conducted using QDs that

were cap-exchanged with either a homogeneous (using one type

of ligand) or a heterogeneous surface cap (using mixtures of

either DHLA-PEG-OCH3 and DHLA-PEG600-NH2 or DHLA-

PEG-OCH3 and DHLA-PEG600-COOH). The nanocrystal

dispersions were run on 1% agarose gel using tris borate EDTA

buffer (TBE, 89 mM tris borate, 2 mM EDTA) that was adjusted

to pH 6.9 by adding diluted HCl. QD samples were diluted to

�1–2 mM concentrations in a 10% glycerol TBE–HCl loading

buffer immediately prior to use. The experiments were conducted

using a voltage of 3–5 V cm�1 and fluorescence images were

captured using a Kodak 440 Digital Image Station.
7. Live cell injection and imaging with cap-exchanged quantum

dots

COS-1 cell lines (ATCC, Manassas, VA) were cultured following

the procedures previously described.32 Microinjection was

performed in sterile Lab-Tek chambered coverslips (Nunc,

Rochester, NY). The chambers were coated with 50 mg mL�1

fibronectin (Sigma-Aldrich) in sodium bicarbonate buffer pH

8.5, and �2 � 104 cells were seeded into the wells and cultured

overnight. DHLA-PEG750-OCH3 and DHLA-PEG600-OH

capped QDs (5 mM concentration, in 0.5� PBS) were directly

injected into adherent cells using an InjectMan� NI2 micro-

manipulator equipped with a FemtoJet Programmable Micro-

injector (Eppendorf, Westbury, NY). This setup allows the

injection of femtoliter aliquots of conjugate solution to indi-

vidual cells. The cell cultures were subsequently imaged using an

Olympus IX-70 microscope (Center Valley, PA). Cultures were

excited using 488 nm light provided by a Xe lamp source

combined with a 488 nm band pass filter (Chroma Technology,

Rockingham, VT). The fluorescence emission was separated

from the excitation signal using a 500 nm long-pass filter

(Chroma Technology, Rockingham, VT) and collected on

a DP71 color digital camera (Olympus, Center Valley, PA).

Differential interference contrast (DIC) images of the cell

cultures were also collected on the same Olympus IX-70 micro-

scope using a bright field source. The images were then analyzed

using DP Manager Software (Olympus, Center Valley, PA) and

Image J (NIH, Bethesda, MD). After injections, the cells were

incubated at 37 �C in Ringer’s solution and were periodically

taken out to ambient conditions for microscopy imaging.
Fig. 2 1H NMR spectra of thioctic acid (TA), 3 (TA-PEG750-OCH3)

and 4 (DHLA-PEG750-OCH3) measured in CDCl3. The large peak in the

spectra at �1.6 ppm, marked by *, is attributed to water.
Results and discussion

Synthesis and characterization

The synthetic scheme and chemical structures of the ligands

made and used for cap exchange are illustrated in Fig. 1. The

synthetic design essentially follows our previously published

rationale.18 The terminal hydroxy group on the poly(ethylene

glycol) methyl ether (mPEG) was first converted to an azide via

a two-step reaction. The first consisted of converting the hydroxy

to a methanesulfonyl intermediate group and then to an azide by

sodium azide (step a). In the second, the azide group was

transformed to an amine using triphenylphosphine (step b),

followed by attachment to thioctic acid (TA) via DCC coupling
This journal is ª The Royal Society of Chemistry 2008
to provide TA-PEG-OCH3 (step c). Finally, the 1,2-dithiolane

ring on the TA unit was reduced with NaBH4 (step d). In reaction

steps a, b and d, the solubility of the resulting molecules was

taken into careful consideration and the products were purified

by extraction, rather than column chromatography, an approach

that has greatly simplified the overall synthetic scheme.

We should also emphasize that because the mPEG precursor

presents only one reactive end group, the synthesis of the amino-

PEG (NH2-PEG-OCH3) was carried out without requiring

a biphasic reaction as done previously.18,33 Using mPEG not only

simplified this synthetic step, but the yield was also dramatically

increased to values exceeding 90%; we reported a yield of �50%

for the NH2-PEG-N3 reaction in reference 18. In addition, only

�1 : 1 molar ratio of PEG to TA was used for the present

coupling scheme. This constitutes a major improvement

compared to the esterification reaction we reported in reference

17, where a 10-fold molar excess of PEG was used in order to

suppress the formation of bis-substituted PEG (TA-PEG-TA).

These two advantages make the synthesis route more efficient

than previously reported.

One of the key features of the TA-PEG-OCH3 ligand (3) is

the presence of an amide bond, instead of an ester, which leads

to improved ligand stability. For example, we found that

reduction of ligand 3 in the presence of even a 3–4 fold excess

NaBH4 did not affect the coupling integrity, whereas even an

equimolar ratio of NaBH4 to TA-PEG-OH occasionally

induces decomposition of the molecule, most likely a conse-

quence of the labile nature of the ester bond. The 1H NMR

data shown in Fig. 2 clearly prove that the spectrum of

compound 3 is a composite of the individual spectra collected

for the two precursors (mPEG and TA), with a very

pronounced peak at 3.6–3.7 ppm characteristic of the PEG

segment, a singlet peak at 3.38 ppm attributed to the methoxy

group, and a new broad singlet peak at �6.3 ppm attributed to

the amide proton.17,18 Following ring opening, the 1H NMR

spectrum of DHLA-PEG-OCH3 (4) shows additional triplet

and doublet peaks at �1.3–1.4 ppm, which are attributed to

the open dithiol protons (Fig. 2). In addition to the amide

proton peak at �6.3 ppm, the triplet peak attributed to the

protons from the PEG segment closest to the amide bond (3.46

ppm) and the triplet from the protons next to the carbonyl

(2.20 ppm) were also observed in compound 4. This confirms
J. Mater. Chem., 2008, 18, 4949–4958 | 4953
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that the integrity of the coupling via the amide bond was

maintained even when the 1,2-dithiolane reduction was carried

out using a 3-fold excess of NaBH4.

The synthesis of DHLA-PEG600-NH2 (5) and DHLA-

PEG600-COOH (6) was an extension of our previous approach

for preparing amine-, carboxyl- and biotin-functionalized

DHLA-PEG ligands. In reference 18, all bifunctional ligands

were prepared using PEG400 chain, due to a combination of ease

of implementation and purification. Extension of the synthesis

scheme to ligands with a PEG600 chain required retooling of the

synthetic steps and led to improved purification techniques. The

major and most relevant change pertained to the synthesis and

purification of N3-PEG600-NH2. In particular, replacing the

ether (used for PEG400) with ethyl acetate in the biphasic

medium is important, as the latter offers better control over the

solubility of the larger PEG segment and the overall reaction

efficiency.34 Purification of N3-PEG600-NH2 was also simplified

and made more efficient by replacing silica gel chromatography

with a simple liquid–liquid extraction. These improvements

culminated in the increase of the reaction yield from �50% to

values exceeding 70%. This is very important since this

compound is a required precursor for synthesizing all the other

end-functionalized TA- and DHLA-PEG ligands (namely 5 and

6 shown in Fig. 1).
Ligand exchange on semiconducting and gold nanoparticles

The new sets of ligands were used to functionalize the surface of

luminescent QDs as well as AuNPs. Nonetheless, the schemes

developed slightly varied from one set of materials to the other.

a. Cap exchange on luminescent QDs. Cap exchange of the

native TOP/TOPO ligands with DHLA-PEG750-OCH3 (4) neat

or mixed with either DHLA-PEG600-NH2 (5) or DHLA-

PEG600-COOH (6) was effective in promoting the transfer of the

nanocrystals to buffer solutions at both acidic and basic pHs.

Following transfer the QDs maintained their absorption and

luminescence characteristics, as shown in Fig. 3 for a typical QD

sample emitting at 552 nm and cap-exchanged with DHLA-
Fig. 3 Absorption spectra of as-prepared QDs capped with TOP/TOPO

in CH2Cl2 (red, dotted line) and QDs that were cap-exchanged with

DHLA-PEG750-OCH3 (blue, solid line). The two spectra are normalized

to the first exciton peak. Inset: Normalized fluorescence spectra of

as-prepared QDs and QDs cap-exchanged with DHLA-PEG-OCH3. The

QD concentration used in these experiments was �100 nM.

4954 | J. Mater. Chem., 2008, 18, 4949–4958
PEG750-OCH3 (4); spectra of TOP/TOPO-coated QDs (control)

dispersed in CH2Cl2 are shown for comparison. However,

a reduction of the PL quantum yield compared to the TOP/

TOPO-capped samples was observed. In general the quantum

yield experiences about 50% reduction compared to TOP/TOPO-

capped nanocrystals dispersed in hexane or toluene, a result that

is consistent with our previous findings using the DHLA-PEG-

OH cap.17,18 Cap exchange with DHLA-PEG550-OCH3 (PEG

MW � 550 Da) also promotes water solubility of luminescent

QDs as shown in Fig. S1 (ESI†). This indicates that the PEG

segment dominates the solubility of the QD ligand in aqueous

environments since both the dihydrolipoic acid and methoxy

groups are hydrophobic.

b. Ligand exchange on gold nanoparticles. To extend the

utility of our ligand design we performed cap exchange on

commercially available citrate-functionalized AuNPs (Ted Pella,

Inc., Reading, CA). Cap exchange was carried out successfully

using both TA-PEG-OCH3 (3) and DHLA-PEG-OCH3 (4).

Fig. 4 shows the absorption spectra of solutions of 15 nm AuNPs

before and after cap exchange with either of the ligands. The data

clearly indicate that substituting the citrate with either of the two

ligands did not affect the native properties of the nanoparticles,

with essentially no change in the absorption features and absence

of any aggregate formation following the surface modification.

The effective cap exchange of AuNPs using TA-PEG as well as

DHLA-PEG ligands is attributed to the strong affinity of the

dithiol end group (soft base) to the gold surface (soft acid).7,35–37

The ability to perform cap exchange of metallic nanoparticles

using 1,2-dithiolane without ring opening is potentially advan-

tageous, because it reduces the number of reaction steps needed

while still benefiting from the stronger bidentate coordination

(compared with single thiol) to the nanoparticle surface. This is

drastically different from cap exchange of QDs, where opening of

the dithiolane ring is always required.

To further verify the effectiveness of the cap exchange on

AuNPs, we compared the stability of the citrate-functionalized
Fig. 4 Absorption spectra of as-purchased AuNPs stabilized with citric

acid (red, solid line), cap-exchanged with TA-PEG-OCH3 (green, dotted

line), and DHLA-PEG-OCH3 (blue, dashed line). The spectra are

normalized to the first plasmon peak. Inset: Images of citrate-stabilized

AuNPs in H2O and 30 minutes after addition of 0.1 M NaCl (top),

DHLA-PEG-OCH3-capped AuNPs in H2O and 1.0 M of NaCl (bottom).

The nanoparticle concentration is �1.5 pM.

This journal is ª The Royal Society of Chemistry 2008
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Fig. 6 (A) Luminescence images of DHLA-PEG-OCH3 cap-exchanged

CdSe-ZnS QDs (lem ¼ 552 nm) in PBS at varying pH after 8 days and 36

days of storage at 4 �C. Vial 6, containing CdSe-ZnS diluted with DI

water, serves as a control sample. (B) Luminescence images of commer-

cially available carboxylated CdSe-ZnS QDs (lem ¼ 565 nm) in 1� PBS at

varying pH after 30 min and 7 days of storage at 4 �C. Vial 6, containing

as-received QDs (in 50 mM borate) diluted with DI water, serves as

a control sample. Samples were excited with a hand-held UV lamp at

365nm, and had �0.5 mM concentration.Pu
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and DHLA-PEG-OCH3-capped AuNPs in the presence of excess

electrolyte (i.e., NaCl). Although the as-received citrate-func-

tionalized nanoparticles were stable at low counter-ion excess, we

found that when NaCl concentration was increased (to �100

mM) the AuNPs readily precipitated (see inset in Fig. 4). In

comparison, we found that after cap exchange with TA-PEG-

OCH3 or DHLA-PEG-OCH3, dispersions of AuNPs were stable

and aggregate-free at concentrations exceeding 1 M NaCl (see

inset in Fig. 4). Additional stability tests indicate that the newly

capped AuNPs are stable and aggregate-free for at least several

months in 1 M NaCl. This demonstrates the ability of the TA-

and DHLA-based PEG ligands to effectively cap the AuNPs and

improve their thermodynamic stability, even in the presence of

high concentrations of excess counter-ion.

c. FT-IR of cap-exchanged nanoparticles. FT-IR measure-

ments, shown in Fig. 5, were performed on QDs and AuNPs before

and after cap exchange to confirm that the surface ligands were

indeed attached to the nanoparticles. The data show that spectra

collected for the solution of cap-exchanged QDs and AuNPs are

similar to those of the free ligand (i.e. they exhibit all the same major

bands). Most notably, the spectra of cap-exchanged nanoparticles

exhibit sharp bands at 1670 cm�1 and 1540 cm�1, which are

attributed to the amide I (C]O stretch) and amide II (N–H

bending) from the bond linking the TA to mPEG, as does the free

ligand spectrum. These two distinct bands are, however, not present

in the spectra of TOP/TOPO-QDs or citrate-stabilized AuNPs.

Furthermore, the large band at 1590 cm�1 (C]O stretch from

citrate) measured on the citrate-stabilized AuNPs was not present

in the cap exchanged AuNPs. These data suggest that effective cap

exchange of both QDs and AuNPs using the newly synthesized

DHLA-PEG-OCH3 ligands has indeed taken place.

d. pH Stability of nanoparticles. The stability of QDs and

AuNPs capped with the mPEG-appended DHLA and TA

ligands was also tested under various pH conditions. For

comparison, the pH effects on commercially available polymer-
Fig. 5 FT-IR spectra of (A) TOP/TOPO-QDs, (B) DHLA-PEG-OCH3-QDs

as-purchased citrate stabilized AuNPs, (E) TA-PEG-OCH3-AuNPs. The arro

the amide bond that links TA to mPEG.

This journal is ª The Royal Society of Chemistry 2008
encapsulated nanocrystals were also studied. Fig. 6A shows the

fluorescence of several solutions of green-emitting QDs cap-

exchanged with DHLA-PEG-OCH3 dispersed in 1� PBS over

the pH range 3–13. The images show that the dispersions are

stable for over one week; at pH levels between 4 and 11, these

solutions are stable for at least one month. These findings

confirm and expand our previous stability results using

OH-terminated ligands; DHLA-PEG600-OH-QDs were stable

over a narrower pH range (5–10).17,18 Similar experiments per-

formed on polymer-encapsulated QDs (Invitrogen) showed that

dispersions of these nanocrystals are stable only at neutral to
, (C) TA-PEG-OCH3 ligands (shown twice for easy cross-reference), (D)

ws indicated the bands attributed to amide I and II, which originate from

J. Mater. Chem., 2008, 18, 4949–4958 | 4955
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Fig. 7 Image of AuNPs in PBS of varying pH after 3 weeks at room

temperature. Vials 1–4 and 6–8 contain AuNPs capped with TA-PEG-

OCH3 in pH 2.0, 3.0, 4.0, 5.0, 7.4, 10, and 13, respectively. Vial 5, con-

taining AuNPs capped with TA-PEG-OCH3 in DI water, serves as

a control sample. Vial 9 contains citrate-stabilized AuNPs in 1� PBS (pH

7.4). The nanoparticle concentration is �0.5 pM.

Fig. 8 Gel electrophoresis images of QDs capped with different surface

ligands: (1) 30% COOH : 70% OCH3, (2) 15% COOH : 85% OCH3, (3)

5% COOH : 95% OCH3, (4) 100% OCH3, (5) 5% NH2 : 95% OCH3, (6)

15% NH2 : 85% OCH3, (7) 30% NH2 : 70% OCH3, (8) 60% NH2 : 40%

OCH3. Dashed line indicates the location of the wells.
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basic buffer conditions. The nanocrystals aggregate immediately

following transfer to PBS buffers under acidic conditions, as

shown in Fig. 6B. At pH 13, the nanocrystals also exhibit a red

shift of the photoluminescence shortly after transfer into the

buffer and macroscopic aggregation after 1 week. We should

emphasize that the QDs stay luminescent throughout the

experiments. At unfavourable pH, small aggregates slowly grow

with time and settle at the bottom of the vial.

Dispersions of DHLA-PEG-OCH3-AuNPs in PBS buffers

were stable over the pH range 2–13 for at least three months, as

shown in Fig. 7. The stability of QDs and AuNPs capped with

the new set of ligands offers a great deal of flexibility for using

these hydrophilic nanoparticles for biological experiments, where

harsh conditions are ubiquitous. For example, many cellular

organelles are maintained at acidic conditions and rich in

dissolved ions.
Gel electrophoresis of cap-exchanged quantum dots

One of the key properties of the hydrophilic QDs prepared using

the current ligand design is the ability to potentially control the

nature and fraction of functional groups on the nanocrystal

surface, simply achieved via mixed surface cap exchange. We

verified this property by monitoring, on the same gel, changes in

the electrophoretic mobility of QD dispersions capped with

mixtures of either DHLA-PEG-OCH3 and DHLA-PEG600-

NH2 or DHLA-PEG-OCH3 and DHLA-PEG600-COOH. The

molar ratios of the end-functionalized ligand (NH2 or COOH) in

the mixtures were also varied. Fig. 8 shows a comparison of the

mobility shift of 552 nm emitting QDs cap-exchanged with

different ligand compositions after 15 min of electrophoresis:

DHLA-PEG600-COOH : DHLA-PEG-OCH3 at molar frac-

tions of carboxyl groups between 5% and 30% (lanes 1–3); neat

DHLA-PEG-OCH3 (lane 4); and DHLA-PEG-OCH3 : DHLA-

PEG600-NH2 with molar fractions of amines between 5% and

60% (lanes 5–8). No QD migration was measured for nano-

crystals capped with neat DHLA-PEG750-OCH3 (lane 4), indi-

cating that these QDs were essentially neutral. In contrast, QDs

having a small fraction of DHLA-PEG600-COOH ligand

migrated towards the positive electrode, while QDs surface-

modified with a fraction of DHLA-PEG600-NH2 ligand

migrated towards the negative electrode, as anticipated from the

nature of the end groups. Furthermore, the mobility shift

depended on the fraction of charged ligands used for the cap

exchange, with larger shifts measured for larger molar ratios. The

changes in mobility shifts measured for the various samples were
4956 | J. Mater. Chem., 2008, 18, 4949–4958
consistent with the nature and percentage of the chargeable units

present at the end of the ligands. It is important to note that the

proposed surface capping strategy has a few unique advantages.

(1) Since all the ligands are designed to have the same anchoring

group, the same cap exchange method can be used with any

mixture of such ligands to produce QDs and AuNPs with the

desired heterogeneous surface functionalities. (2) Control over

the density of a specific function can be achieved by mixing the

corresponding ligand with the inert DHLA-PEG750-OCH3. This

provides the means to precisely control the fraction of added

chemical functionalities on the nanocrystal surface.
Live cell imaging

In previous work, we have shown that appending a PEG-

hydroxy segment onto DHLA could improve the stability of

luminescent DHLA-PEG600-OH-QDs in acidic buffers and

QDs microinjected into the cytoplasm of HeLa cells, particularly

when compared to DHLA-QDs.17 The terminal hydroxy group

on DHLA-PEG600-OH we used in references 17 and 18 is still

reactive (e.g. isocyanate24 or via DCC coupling). To test whether

the presence of the methoxy terminal group could provide

additional advantages to the new ligands compared to DHLA-

PEG600-OH in intracellular studies, we microinjected live COS-

1 cells with QDs capped with either DHLA-PEG600-OH or

DHLA-PEG750-OCH3 and followed the fluorescence distribu-

tion in the cells up to 32 h post injection.25 Representative fluo-

rescence images, shown in Fig. 9, indicate that cells microinjected

with either QDs exhibit strong emission from the QDs after 32 h

of incubation in Ringer’s solution. The slow decrease of the

detected signal is attributed to the ion-rich medium used for cell

culturing; we have previously observed that the fluorescence of

QDs persists in buffers and DI water over extended periods of

time under continuous illumination.38 Images show that the

nanocrystal distribution remains perinuclear for both sets of

surface-functionalized QDs. They also show that punctuate

fluorescence patterns progressively develop in the cells micro-

injected with DHLA-PEG600-OH-QDs over the experimental

time frame, a result similar to our earlier observation using HeLa

cells in reference 17. In comparison, the fluorescence pattern for

DHLA-PEG-OCH3-QDs is more homogeneous throughout the

32 h ‘‘incubation’’ time. Additional cell micrographs (DIC and
This journal is ª The Royal Society of Chemistry 2008

https://doi.org/10.1039/b810488c


Fig. 9 Micrographs of COS-1 cells injected with 552 nm emitting QDs

capped with DHLA-PEG750-OCH3 (top) and DHLA-PEG600-OH

(bottom) and monitored for 32 h after microinjection. Following

microinjection, cells were stored at 37 �C in Ringer’s solution.
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fluorescence) are shown in ESI† (Fig. S2). These preliminary

results are promising. They clearly indicate that improved

intracellular stability and reduced levels of non-specific interac-

tions characterize QDs capped with the methoxy-terminated

ligands (DHLA-PEG-OCH3-QDs) compared with those func-

tionalized with ligands that have an ester linkage and present OH

terminal groups (DHLA-PEG-OH-QDs). This also leads us to

anticipate that in addition to the difference between the amide

and ester bonds, the terminal groups presented on the nano-

particles play an important role in promoting or reducing non-

specific interactions, particularly in ion-rich growth media and

inside live cells. Additional experiments to further clarify and

understand the effects of the nature of the end groups of PEG-

based ligands on the long term behavior in growth media and

inside live cells are in progress. Results will be detailed in future

work.
Conclusion

We reported the synthesis and characterization of a new set of

ligands made with poly(ethylene glycol) methyl ether (mPEG)

and thioctic acid (TA), and further used them for surface

modification of quantum dots (QDs) and gold nanoparticles

(AuNPs). These ligands feature a more stable amide bond

between TA and PEG and a methoxy-terminal group, which

constitute an improvement over our previous design using an

ester linkage and an OH terminal group.17 The new ligands are

chemically more stable and present a more inert terminal func-

tion. The synthesis and purification were also simplified and

made more efficient by starting with a precursor that has only

one reactive group, namely poly(ethylene glycol) methyl ether. In

three simple and efficient reaction steps TA is coupled to mPEG,

resulting in TA-PEG-OCH3 ligands. These ligands were subse-

quently reduced by NaBH4 to yield dithiol-terminated PEG

ligands with no loss of the precursor integrity. We demonstrated
This journal is ª The Royal Society of Chemistry 2008
the utility of DHLA-PEG-OCH3 ligands by performing cap

exchange on QDs and AuNPs to promote their dispersion in

aqueous buffers and over a broad range of pHs and salt condi-

tions. The new ligands can be combined with other reactive

DHLA-PEG ligands in one cap exchange step to yield QDs with

controlled fraction of reactive groups (e.g., amines and COOH)

on their surface. Absorption and fluorescence measurements

combined with gel electrophoresis confirmed that cap exchange

with both neat and mixed ligands of QDs was effective and that

control over the molar fractions of surface ligands was achieved.

The stability and inert nature of DHLA-PEG-OCH3-QDs were

further tested in live cells, where perinuclear dispersion of

homogeneous fluorescence pattern in the cell cytosol was

observed 32 h post injection, indicating that by altering the

terminal group to OCH3 non-specific interactions with the ion-

rich cytoplasm could be reduced. We have also shown that the

new ligands (TA- and DHLA-PEG-OCH3) can be used to

surface modify gold nanoparticles and further enhance their

stability in solutions containing a high excess of counter-ions as

well as in a wide range of pH conditions. These results provide an

additional tool for researchers seeking more stable and versatile

QDs, AuNPs and other metallic nanoparticles in biologically

relevant conditions (media that are rich in salts, ions and over

a broad pH range).
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