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Materials & Methods 

 
Instrumentation. Varian Inova 400 MHz and Inova 500 MHz NMR spectrometers were 

used to collect 1H NMR spectra.  Evans’ measurements of magnetic susceptibility and CEST 

data were acquired on a Varian Inova 500 MHz spectrometer. ThermoFinnigan LCQ Advantage 

IonTrap LC/MS equipped with a Surveyor HPLC system was used to collect mass spectral data.   

CuII displacement assay absorbance measurements were recorded every 60 s with a Beckman-

Coulter DU 800 UV-vis spectrophotometer connected to a Peltier Temperature Controller.  A 

Thermo Scientific Orion 9826BN NMR micro pH electrode connected to a SympHony SB20 pH 

meter was used to obtain pH measurements. 

Determination of magnetic moment. The effective magnetic moment (µeff ) was 

calculated by  using the Evans’ method.1,2  5 mM CoII complex and 5 % t-butanol by volume was 

placed in a NMR insert while the outer NMR tube contained 5 % by volume t-butanol in D2O.  

The concentration of the CoII complexes was determined by integration of the proton resonances 

of the complex relative to the 3-(trimethylsilyl)-1-propanesulfonic acid standard and/or by preparation 

of stock solutions of complex.  The µeff was calculated at 298 K (T) from NMR data, measured in 

triplicate, and monitored over a period of 72 h using the following equations: 

  χg = (-3Δf)/(4πfm) + χ0 + [χ0 (d0-ds)]/m  eq.S1 

µeff = 2.84 (χmT)1/2 eq. S2 

 

The mass susceptibility of solute (χg) was calculated by obtaining the observed frequency 

shift of the reference (Δf ) in Hz, the spectrometer frequency (f) in Hz, the mass of the substance 

per cm3 of solution (m), and the mass susceptibility of solvent D2O (χ0= -0.6466 x 10-6
 cm3/g ).3 

The last term is neglected due to the minimal contribution to mass susceptibility of solute, in 
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which do is density of the solvent and ds is density of the solution in g/cm3.  The molar 

susceptibility (χm) is the product of χg multiplied by the molecular weight of the CoII complex. 

Monitoring dissociation of complex over time.   Dissociation of the CoII complexes was 

monitored via 1H NMR spectroscopy of samples incubated at 37 oC over a period of 12 h.  To 

monitor acid dissociation, samples contained 10 mM CoII complex, 100 mM NaCl, and  3-5 mM 

3-(trimethylsilyl)-1-propanesulfonic acid sodium salt as a standard at pD 3.5 – 3.9.  To assess the 

complexes in the presence of biologically relevant anions, solutions contained 10 mM CoII 

complex, 100 mM NaCl, 0.40 mM Na2HPO4 , 25 mM K2CO3, and 5 mM 3-(trimethylsilyl)-1-

propanesulfonic acid sodium salt as a standard.  Generally, 1024 transients were collected for 

each spectrum. 

Displacement by CuII.  The displacement of CoII from the complex by CuII was monitored 

over a period of 3 h at 37 °C by UV-vis.  Samples contained 200 µM CoII complex, 10 mM MES 

buffer pH 5.5 and 1, 4, or 10 equivalents of CuCl2.  The formation of the CuII complexes was 

monitored at 264 nm, 286 nm, 312 nm and 310 nm for [Cu(1)]2+, [Cu(44)]2+,  [Cu(2)]2+,  and 

[Cu(3)]2+, respectively.  A previously reported procedure was followed.4  

CEST spectroscopy. CEST data were acquired with a presaturation pulse power (B1) of 

1000 Hz (24 µT) applied for 2 s at 37 oC.  In general, 12 transients were acquired for each CEST 

spectrum.  Data were acquired in 0.5 or 1 ppm increments and plotted as normalized water signal 

intensity (Mz/Mo %) against frequency offset (ppm) to produce a CEST spectrum.  Samples 

contained 10 mM CoII complex, 20 mM buffer, and 100 mM NaCl in a NMR insert.  To lock the 

sample, d6-DMSO was placed in the outer NMR tube.  

Determination of exchange rate constants.  Exchange rate constants were calculated 

following a previously reported procedure.5  Measurements of on-resonance (Mz) and off-
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resonance (Mo) were acquired at different presaturation pulse powers between 350-1000 Hz (8 – 

24 µT) applied for 4 s at 37 oC.  The exchange rate constant (kex) is calculated from the x-

intercept from the plot of Mz/(Mo-Mz) against 1/ω1
2 (ω1 in rad/s).  Samples contained 10 mM 

CoII complex, 20 mM HEPES pH 7.4, and 100 mM NaCl. 

CEST Imaging.  CEST MR images were acquired on a 4.7 T preclinical MR scanner 

using a 35 mm transceiver coil (ParaVision 3.0.2, Bruker Biospin, Billerica, MA) as detailed 

elsewhere.2 Two spoiled gradient-echo images (TE/TR = 2.1/5010 ms, flip angle = 90o) were 

acquired at 37 °C after employing a pulse train comprised of five Gauss pulses (12 μT for 1 s 

each, interpulse delay of 200 μs) applied symmetrically about the bulk water resonance.   To 

address concerns of magnetic field (B0) inhomogeneity affecting the offset frequency of the 

samples during MR imaging, the B0-field was mapped using a cylindrical phantom of water and 

the imaging phase data at isocenter was examined to determine in-plane homogeneity.  The B0 

field strength ranged < 0.65 ppm over the field of view and therefore B0-field inhomogeneity 

was not anticipated to affect PARACEST offset frequencies to any significant degree.  Image 

processing was carried out using in-house software algorithms developed in MATLAB 

(MathWorks, Natick, MA).  Each image was normalized to the mean intensity of the buffer/salt 

phantom, and the mean signal intensity of each compound was sampled.  The percent change in 

signal, or CEST effect (CE), was calculated as: CE = (1 – SIon/SIoff) x 100, where SIon and SIoff 

represent the mean signal intensity of each sample with the presaturation pulse applied on- and 

off-resonance of the exchangeable protons, respectively.  CEST images were calculated by 

determining CE on a pixel-by-pixel basis in MATLAB.  To improve visualization of the CEST 

effect, images were filtered with a spatial averaging filter (kernel size = 5 x 5), background noise 

was removed using a binary mask of the samples, and a ‘hot-iron’ color lookup table was 
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applied.  For determining the ratio of CEST effect at 112 ppm vs. 95 ppm, CEST images were 

acquired with an identical presaturation pulse train as above but image encoding was carried out 

using an FID-FISP acquisition to reduce acquisition times.  Imaging parameters for the FID-FISP 

acquisition include: matrix = 128 x 128, field of view = 3.2 x 3.2 cm, TE/TR = 1.5/3.0 ms, flip 

angle = 90o, number of repetitions = 20.  Processing was carried out as above with the exception 

that the 20 repetition image datasets were averaged together prior to normalization by the buffer 

signal intensity.  Image acquisition time for the FID-FISP acquisition was 100 seconds for  

imaging at a single offset frequency resulting in a total of 300 s for acquiring image data with 

saturation pulses +112, +95 and -95 ppm.  The experiment was repeated with three separate 

preparations of [Co(3)]2+. 

T1/T2 Relaxivity. Using serial dilutions, T1/T2 relaxivity values were determined at 4.7 T, 

37 °C as previously described.6  T1 relaxation rate constants were measured using an inversion-

recovery TrueFISP acquisition, while T2 relaxation rate constants were measured using a multi-

echo, Carr-Purcell-Meiboom-Gill spin-echo sequence with a fixed TR of 3000 ms and TE times 

ranging from 20-1200 ms. Non-linear regression analysis in MATLAB was used to calculate the 

T1 and T2 relaxation rate constants and relaxivities were then determined by linear regression 

fitting of the concentration vs. T1/T2 rate in Microsoft Excel. 

Materials.  All reagents were used without further purification.  CoCl2•6H2O was 

purchased from Alfa Aesar.  TACN was purchased from TCI America.  Cyclen and Cyclam 

were purchased from Strem Chemicals. 

 Synthesis.  Previously published procedures were followed for the syntheses of ligands 1, 

2, 3, and 4.7-11 In a typical preparation, the ligand was complexed with equimolar CoCl2•6H2O 

in ethanol at room temperature.  The complexes were isolated as solids and dried under vacuum 
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to produce [Co(1)]2+, [Co(4)]2+,  [Co(2)]2+,  and [Co(3)]2+.  [Co(1)]2+ was obtained as a pastel 

blue to periwinkle powder.  Yield: 71 % ESI-MS: m/z = 179.8 (86 %) [M/2]+, 358.2 (100 %) [M 

–H]+, 394.0 (20 %) [M + Cl]+.  [Co(4)]2+ was obtained as a light purple powder. Yield: 80 % 

ESI-MS: m/z = 195.8 (100 %) [M/2]+, 390.2 (57 %) [M – H]+, 426.0 (54%) [M + Cl]+. 

[Co(2)]2+was obtained as a pastel blue powder.  Yield: 91 % ESI-MS: m/z = 229.8 (100 %) 

[M/2]+, 458.3 (72 %) [M – H]+.  [Co(3)]2+ was obtained as a pale pink to lavender powder.  

Yield: 90 %  ESI-MS: m/z = 243.8 (100 %) [M/2]+, 486.3 (56 %) [M – H]+. 
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Figure S1. 1H NMR spectra of [Co(4)]2+ in A) d6-DMSO, B) d6-DMSO + D2O  C) D2O. 
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Figure S2.  1H NMR spectrum of [Co(3)]2+ in D2O.  

 

 

 

 
Figure S3. 1H NMR spectrum of [Co(1)]2+ in D2O.  
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Figure S4. 1H NMR spectrum of [Co(2)]2+ in D2O.  

 

 

Figure S5. Diamagnetic region 1H NMR spectra of 10 mM [Co(1)]2+,100 mM NaCl, 0.40 mM  
Na2HPO4, 25 mM K2CO3 in D2O, pD 7.5 at 25 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. 
Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid standard, indicated by §.  
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Figure S6. Diamagnetic region 1H NMR spectra of 10 mM [Co(2)]2+,100 mM NaCl, 0.40 mM  
Na2HPO4, 25 mM K2CO3 in D2O, pD 7.5 at 25 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. 
Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid standard, indicated by §. 
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Figure S7. Diamagnetic region 1H NMR spectra of 10 mM [Co(3)]2+,100 mM NaCl, 0.40 mM  
Na2HPO4, 25 mM K2CO3 in D2O, pD 7.9 at 25 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. 
Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid standard, indicated by §. 
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Figure S8. Diamagnetic region 1H NMR spectra of 10 mM [Co(4)]2+,100 mM NaCl, 0.40 mM  
Na2HPO4, 25 mM K2CO3 in D2O, pD 7.5 at 37 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. 
Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid standard, indicated by §. 
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Figure S9. Diamagnetic region 1H NMR spectra of 10 mM [Co(1)]2+,100 mM NaCl, in D2O, pD 3.7 at 25 
oC (A) at 1 h (B) at 12 h after incubation at 37 oC. Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic 
acid standard, indicated by §. 
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Figure S10. Diamagnetic region 1H NMR spectra of 10 mM [Co(2)]2+,100 mM NaCl, in D2O, pD 3.5 at 
25 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic 
acid standard, indicated by §. 
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Figure S11. Diamagnetic region 1H NMR spectra of 10 mM [Co(3)]2+,100 mM NaCl, in D2O, pD 3.9 at 
25 oC (A) at 1 h (B) at 12 h after incubation at 37 oC. Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic 
acid standard, indicated by §. 
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Figure S12. Diamagnetic region 1H NMR spectra of 10 mM [Co(4)]2+,100 mM NaCl, in D2O, pD 3.9 at 
37 oC (A) at 1 h (B) at 4 h after incubation at 37 oC. Contains 5 mM 3-(trimethylsilyl)-1-propanesulfonic 
acid standard, indicated by §. 
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Figure S13. CEST recorded at 11.7 T of a solution of 10 mM [Co(4)]2+, 100 mM NaCl, 20 mM HEPES 
pH = 7.4 at 37 ºC. RF presaturation pulse B1 = 24 T was applied at different times (1-10 s). 
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Figure  S14. CEST recorded at 11.7 T of A) 10 mM [Co(1)]2+; B) 10 mM [Co(2)]2+; C) 10 mM [Co(3)]2+; 
D) 10 mM [Co(4)]2+; All solutions contained 20 mM buffer (pH 6.6 to 7.8) and 100 mM NaCl.  RF 
presaturation pulse (B1 = 24 µT) was applied for 2 s at 37 °C.  Plot on the left shows the CEST peak 
shape in the region of exchange and plot on the right shows the maximum % CEST (depth of peak) over 
the pH range of pH 6.6 to 7.8.  Error bars are for standard deviations for three measurements. 

 

 

 

Figure S15.  pH-dependence of 10 mM [Co(3)]2+, 20 mM HEPES, 100 mM NaCl, 37 oC, CEST spectra 
of inner [Co(3)]2+ peaks (B1 = 1000 Hz, 2 s). 
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Table S1. kex for [Co(3)]2+ CEST peaks determined from the omega plot method for 10 mM [Co(3)]2+, 20 
mM HEPES, 100 mM NaCl, 37 oC, B1 varies, 4 s. 

 

 

 

Figure S16.   Plot of the increase in CEST signal 12 μT on 4.7 T MRI scanner of a solution containing 
0.25 mM -4.00 mM CoII complexes (diamond = [Co(1)]2+, square = [Co(2)]2+, triangle = [Co(3)]2+, X = 
[Co(4)]2+), 100 mM NaCl , and 20 mM HEPES pH 7.4-7.5 at 37 oC.  
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Figure S17. 4 mM samples of [Co(3)]2+ containing 20 mM buffer (MES or HEPES),100 mM NaCl, at pH 
6.5 – 8.0, plotted  ratiometrically as % CEST at 112 ppm versus % CEST at 95 ppm.  Recorded at 37 oC 
using a CEST-FISP acquisition with a 5 x 1 s, 12 µT pulse train on a 4.7 T MRI scanner.  A linear 
regression gives 0.43 for the slope of the line.  Error bars are standard deviations from three measurments.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ratio 112ppm/95ppm vs pH

pH

R
at

io
 (1

12
pp

m
/9

5p
pm

)

6.0 6.5 7.0 7.5 8.0 8.5
0.0

0.5

1.0

1.5



22 
 

References 

 
 (1) Evans, D. F. J. Chem. Soc. 1959, 2003. 
 (2) Schubert, E. M. J. Chem. Ed. 1992, 69, 62. 
 (3) Iskenderian, H. P. Phys. Rev. 1937, 51, 1092. 
 (4) Chin, K. O. A.; Morrow, J. R.; Lake, C. H.; Churchill, M. R. Inorg. Chem. 1994, 33, 656. 

(5) Dixon, W. T.; Ren, J.; Lubag, A. J. M.; Ratnakar, J.; Vinogradov, E.; Hancu, I.; 
Lenkinski, R. E.; Sherry, A. D. Magn. Reson. Med. 2010, 63, 625. 

(6) Dorazio, S. J.; Tsitovich, P. B.; Siters, K. E.; Spernyak, J. A.; Morrow, J. R. J. Am. Chem. 
Soc. 2011, 133, 14154. 

(7) Amin, S.; Marks, C.; Toomey, L. M.; Churchill, M. R.; Morrow, J. R. Inorganica Chim. 
Acta 1996, 246, 99. 

(8) Amin, S.; Morrow, J. R.; Lake, C. H.; Churchill, M. R. Angew. Chem. Int. Ed. Engl. 
1994, 33, 773. 

(9) Amin, S.; Voss, D. A., Jr.; Horrocks, W. D., Jr.; Lake, C. H.; Churchill, M. R.; Morrow, 
J. R. Inorg. Chem. 1995, 34, 3294. 

(10) Dorazio, S. J.; Tsitovich, P. B.; Gardina, S. A.; Morrow, J. R. J. Inorg. Biochem. 2012, 
117, 212. 

 (11) Olatunde, A. O.; Dorazio, S. J.; Spernyak, J. A.; Morrow, J. R. J. Am. Chem. Soc. 2012. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /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 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /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 false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /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 <>
    /ENG ()
    /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.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


