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Experimental Section

Materials and instruments

2-(Dimethylamino) ethane thiol hydrochloride (purity > 95%) and sodium
borohydride (purity > 96%) were purchased from Sigma-Aldrich. Chloroauric acid
tetrahydrate, ether, acetone, Trisodium citrate dihydrate, acetic acid glacial,
1,3-propane sultone, sodium hydroxide, sodium perborate tetrahydrate, and anhydrous
magnesium sulfate were obtained from domestic suppliers and were of analytical
reagent grade. All the materials were used as supplied.

UV-vis absorption spectra were trecorded on a UV-1800 UV-vis
spectrophotometer (Shimadzu, Japan). Transmission electron microscopy (TEM) was
performed on JEM-2100F and JEM-1230 transmission microscope (JEOL, Japan).
NMR spectra were obtained at room temperature on an INOVA 400 spectrometer
(Varian, America).

Synthesis of 4, 16 and 70 nm citrate capped Au nanoparticlesl’2

18.5 mL of H,O, 0.5 mL of 1.0 x 102 mol dm™ HAuCly, and 0.5 mL of 0.01 mol
dm™ sodium citrate were stirred in an ice-bath cooled three-necked flask for 5 min.
Then, 0.5 mL of 0.1 mol dm™ NaBH,4 was added to the solution. The color changed
from light yellow to orange, indicating the formation of the 4 nm Au NPs as
determined by TEM image.

50 mL of 0.01% HAuCl, (by weight) was quickly heated to boiling while stirred
vigorously. Then, 1 mL of 1% sodium citrate (by weight) was added and the color of
the solution changed from light yellow to wine-red gradually. The solution was stirred
for another 30 min and then cooled down to room temperature. These procedures
generated the 16 nm Au NPs. The 70 nm Au NPs were prepared through similar
procedures by decreasing the sodium citrate to 0.3 mL.

Synthesis of zwitterion disulfide and ligand exchange of citrate ion by zwitterion
disulfide
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Scheme S1 Synthesis of bis(2-dimethylaminoethyl)disulfide 1 and zwitterion
disulfide 2.

Zwitterions disulfide was synthesized according to reference 3, which was
schematically shown in Scheme S1. 10 mmol (1.42 g) of 2-dimethylaminoethane thiol
was oxidized to bis(2-dimethylaminoethyl) disulfide (1) in 70% v/v aqueous acetic
acid by adding 20 mmol (3.07g) of sodium perborate. The reaction solution was
stirred for 2 h at room temperature. Then, sodium hydroxides were gradually added
and the disulfide was separated in the form of oil from the solution (at a pH of about
13). The oil was extracted with ether, which was dried over anhydrous MgSO, and
removed by reduced pressure distillation after MgSO,4 was filtered. The final product
1 (colorless oil) was obtained, with a yield of 60%.

Then, the mixture of 3 mmol (0.63 g) product 1 and 6.6 mmol (0.81 g) propane
sultone was stirred for 12 h in dry acetone (50 mL) at room temperature. The white
precipitate formed was filtered, rinsed with dry acetone (3 X 10 mL), and then dried
under vacuum at 30°C, with a yield of 70%.

'H NMR of 1 (in CDCl; versus TMS, 400 MHz, §): 2.2 (s, 12H, N (CHs),), 2.5-2.6
(t, 4H, SCH,), 2.8-2.9 (t, 4H, CH>N (CH3),). "H NMR of 2 (in D,O versus TMS, 400
MHz 9§): 2.2-2.3 (m, 4H, CH-CH,SO;), 2.9-3.0 (t, 4H, SCH,), 3.0-3.2 (t, 4H,
NCH>CH,CH,S03), 3.2 (s, 12H, N (CH3),), 3.4-3.6 (m, 4H, CH»S0s), 3.6-3.8 (m, 4H,
SCH; CH.,).

Scheme S2 Schematic configuration of zwitterion-modified Au NP.

25 pL of 1x10? mol dm™ disulfide and 24 mL of citrate-capped Au NPs was
continuously stirred for 12 h at the room temperature to allow sufficient ligand
exchange of the citrate ion by zwitterion disulfide. At such a concentration, the
molecule amount equals nearly 1 monolayer, 3 monolayers, and 12 monolayers on the
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4, 16, and 70 nm Au NPs, respectively, which were calculated by knowing the
zwitterion ligand molecule area (0.25 nm”)’ and the total Au nanoparticle surfaces in
the dispersions (evaluated from the feeding amount of HAuCl,; and TEM-determined
particle size). The final surface configuration of zwitterions on the surface of an Au
NP was shown in Scheme S2.

Critical coagulation concentrations of unmodified and zwitterion-modified Au
NPs.

Varying amount NaCl was added into Au NP dispersions of equal volume in a
series of wvials. The dispersions were left undisturbed for 2 min and the
time-dependent UV-vis spectra were then measured. All the UV-vis spectra for the
three sized, both unmodified and zwitterion-modified Au NPs were shown in Fig. S1.
As is seen, apart from a continuous decrease in intensity of the surface plasmon of
isolated Au NPs (about 520 nm), a new broad peak starts to appear and gradually
red-shifts for dispersions with NaCl concentration above a certain value. This broad
peak, a sensitive indicator for particle aggregation, indicates the formation of Au NP
aggregates. Therefore, the critical coagulation concentration, the lowest NaCl
concentration that enables particle aggregation, can be determined from the UV-vis
spectra.
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Fig. S1 UV-vis spectra of unmodified (a, b, and c¢) and zwitterion-modified (a’, b’, and
¢’) Au NPs upon the addition of varying amount of NaCl. a, a" : 4 nm; b, b”: 16 nm;
and ¢, ¢’: 70 nm.

Irreversible aggregation of unmodified Au NPs, reversible aggregation of
zwitterion-modified Au NPs, and particle separation
Particle aggregation was initiated by adding NaCl into 6 mL of unmodified and
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zwitterion-modified Au NP dispersions (final NaCl concentration of 0.5 and 0.09 mol
dm™ for 16 and 70 nm Au NPs respectively). After leaving the dispersions
undisturbed for 12 h, particle aggregates settled at the bottom of the bottle and were
collected upon removing the clear colorless supernatant. The aggregates were then
gently shaken in 6 mL of deionized water. Fig. S2 shows that the aggregates of
unmodified Au NPs cannot be recovered into dispersions again (see curves (3) in
panels a and b and bottles (3) in photographs a and b), whiles those of the
zwitterion-modified Au NPs can be recovered into well dispersed dispersions (see
curves (3) in panels a” and b” and bottles (3) in photographs a” and b”).
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Fig. S2 UV-vis spectra and digital photographs of original dispersions (curve (1) and
bottle (1) in each panel and photograph), salt-induced, aggregated dispersions (curve
(2) and bottle (2) in each panel and photograph), and redispersions of the shaken,
aggregated dispersions (curve (3) and bottle (3) in each panel and photograph). a, a” :
16 nm and b, b”: 70 nm.
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Fig. S3 UV-vis spectra of the supernatants of aggregation and the redispersions for (a)
16 and (b) 70 nm zwitterion-modified Au NPs.



To further demonstrate the reversible aggregation property of zwitterion-modified
Au NPs, the cycles of aggregation and redispersion were repeated. For time saving
reason, the aggregates were separated and collected by centrifuging at 2000 rpm for 5
min after leaving the aggregated dispersions undisturbed for 3 h. Redispersion of the
particle aggregates was easily realized by shaking them in deionized water. The next
aggregation was achieved by adding equal amount of NaCl into the redispersions. The
UV-vis spectra of the supernatants and the redispersions for 5 cycles of aggregation
and dispersion were shown in Fig. S3. The integrated area of their surface Plasmon as
a function of cycle number is shown in Fig. 1.

Particle separation is detailed in the text. Fig. S4 shows the UV-vis spectra and
digital photographs of the binary and ternary mixtures before and after size-selective
separation.
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Fig. S4 UV-vis spectra and digital photographs of (a) 4/16 and (b) 16/70 nm binary
mixtures and (c) 4/16/70 nm ternary mixture before and after size-selective separation.
The 4/16 and 16/70 nm binary mixtures were separated by adding 0.5 and 0.09 mol
dm™ NaCl (final concentration), respectively, and the 4/16/70 nm ternary mixture by
first adding 0.09 and then 0.5 mol dm™ NaCl (final concentration). The bottles labeled
(4) in (a) and (b) show the particle aggregates which deposited at the bottom of the
bottles after adding NaCl and leaving the mixtures undisturbed for 12 h.

References

(1) R. T. Tom, V. Suryanarayanan, P. G. Reddy, S. Baskaran, and T. Pradeep,
Langmuir, 2004, 20, 1909-1914.

(2) G. Frens, Nat. Phys. Sci., 1973, 241, 20-22.

(3) L. L. Rouhana, J. A. Jaber, and J. B. Schlenoff, Langmuir, 2007, 23,
12799-12801.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


