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Polymer Synthesis 

Materials.  All reagents and solvents, including carbon disulfide (≥99.9%, Sigma-Aldrich), cesium 

carbonate (99%, Aldrich), (1-bromoethyl)benzene (97%, Aldrich), trifluoroacetic acid (TFA) (Caledon 

Laboratories LTD), diethylenetriaminepentaacetic acid (DTPA) (98%, Aldrich), DL-dithiothreitol 

(DTT) (99%, Aldrich), and other compounds were used without further purification unless otherwise 

noted.  Acetonitrile was dried over 4A molecular sieves.  Tert-butyl acrylate (98%, Aldrich) was 

gravity-filtered over silica to remove the inhibitor before polymerization.  Water was purified through a 

MilliQ water purification system (10 MΩcm).  Sodium bicarbonate/carbonate buffer (pH 9.4, 200 mM) 

was purchased from Pierce Biotechnology.  All other buffers were prepared in our laboratory.  The 

Spectra/Por dialysis membrane (MWCO 1 kDA) was purchased from Spectrum Laboratories, Inc.  The 

4 mL and 15 mL, 3 kDa MWCO Millipore Amicon spin filters were purchased from Fisher Science, 

Canada.  2,2'-(Ethylenedioxy)bis(ethylmaleimide) was prepared according to a patent procedure,1 

although it is available commercially from Pierce Biotechnology.  2,2'-Azobis(2-methylbutyronitrile) 

(AMBN, Dupont USA), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMTMM, Acros Organics, 99+%, from Fisher Science, Canada), and t-BOC-ethylenediamine (>97%, 

TCI America) were stored in a dessicator inside a freezer at -20 0C.  Before use, their temperatures were 

equilibrated in a dessicator kept at room temperature. 

Synthesis of Di-1-Phenylethyl Trithiocarbonate (CTA).  The procedure to synthesize this CTA 

was taken from the literature.2  To a 100 mL round-bottom flask was added carbon disulfide (1.51 mL, 

25 mmol), cesium carbonate (8.15 g, 25 mmol) and dry acetonitrile (20 mL).  After mixing for two 

hours at room temperature, the mixture had a pale red color.  At this point, (1-bromoethyl)benzene (3.41 

mL, 25 mmol) in dry acetonitrile (5 mL) was added, and the mixture was stirred for an additional 2 

days.  Afterwards, the yellow reaction mixture was poured into a 1 L separatory funnel containing ice 

water (500 mL), after which ethyl acetate (250 mL) was added.  After agitation the water layer was 

removed, and then the ethyl acetate layer was washed with additional water (250 mL), dried over 

magnesium sulfate, and filtered over a fritted funnel containing celite.  The ethyl acetate was removed 

by rotary evaporator, after which the crude product was purified by flash column chromatography, 

eluting with hexanes:dichloromethane (9:1 v:v), product TLC Rf = 0.20.  Finally, all solvent was 

removed by rotary evaporator, followed by drying under vacuum (room temperature, <10-3 torr) to yield 

an orange oil.  Yield: 2.64 g (66%); 1H NMR (CDCl3): δ(ppm) 1.72 (t, 3H, CH3), 5.30 (q, 1H, methine), 

7.32 (m, 5H, aromatic) 
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Polymer Series.  Two polymer samples were synthesized using the same chemistry, with number 

average degrees of polymerization (DPn) of 67 and 79.  Details are provided for the DPn = 67 sample, 

but characterization data are provided for both samples.  All reagents and solvent volumes scale with 

the amount of reactant. 

RAFT polymerization of tBA.  The polymerization was carried out using 80% monomer/20% 

acetone by volume as a diluent, a round-bottom flask fitted with a rubber septum, and purging with N2 

as the degassing method.  The molar ratio of tBA:CTA:AMBN was 85:0.5:0.1.  To a 50 mL round-

bottom flask was added CTA (174 mg), AMBN (18.6 mg), tert-butyl acrylate (11.90 g), acetone (2.69 

g), and a magnetic stir bar, after which the septum was secured and the contents purged with N2 for 15 

minutes.  The flask was lowered into a 60 0C oil bath, and after 3.3 hours the solution was observed to 

be viscous.  The septum was opened and an aliquot was removed and dissolved in CDCl3 for 1H NMR 

analysis.  [Comparison of the 1H NMR signals of the vinylic monomer (5.72, 6.03, and 6.30 ppm, 3H) 

to the methine polymer backbone signal (2.15-2.35 ppm, 1H) showed a monomer conversion of 78%.]  

Acetone (10 mL) was added to the polymerization mixture, after which the polymer was precipitated 

twice from a concentrated acetone solution (ca. 20 mL) into a mixture of water and methanol (1:1, v:v, 

300 mL), transferred to a tared round-bottom flask as an acetone solution, and then dried by rotary 

evaporation using a water bath at 70 0C.  Dissolution in acetone and rotary evaporation was repeated a 

total of seven times to remove any remaining monomer.  Finally, the polymer was dried for 24 hours 

under ca. 10-3 torr vacuum at 70 0C, and then stored in a refrigerator at 12 0C; Yield = 8.69 g (73%); 1H 

NMR (CD2Cl2): δ(ppm, integrated peak areas are reported are based on C6H5 = 5H as the reference) 1.1-

1.9 (broad, 2H per monomer, backbone methylene, peak overlapped), 1.43 (s, 9H per monomer, -

C(CH3)3 ester, peak overlapped), 2.1-2.5 (broad, 1H per monomer, backbone methine, integration = 

66.1), 2.71 (s, 1H per polymer, (phenyl)(methyl)-C(H)- methine, integration = 0.9), 4.60 (s, 1H end 

group methine, integration = 0.9), 7.17 & 7.26 (broad doublet & triplet, 5H, end group phenyl, 

integration = 5.0); DPn = 67, calculated by comparing the integration of the 1H NMR signals at 7.17 and 

7.26 ppm (end group) to that at 2.1-2.5 ppm (backbone methine) + 4.60 (end group methine); GPC 

(THF, RI) Mn = 16,000 Da, PDI = 1.11, strong corresponding peak observed in the UV/VIS trace 

monitored at 310 nm.   

P(tBA) DPn = 79. Synthesis: molar ratio tBA:CTA:AMBN = 105:0.5:0.1;, polymerization time = 

3.5 hours, monomer conversion = 76%; Yield = 8.83 (69%). 1H NMR (CD2Cl2): 1.1-1.9 (peak 

overlapped), 1.43 (peak overlapped), 2.1-2.5 (integration = 77.8), 2.71 (integration = 0.9), 4.60 
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(integration = 1.0), 7.17 & 7.26 (integration = 5.0); calculated DPn = 79. GPC (THF, RI) Mn = 19,000 

Da, PDI = 1.11, strong corresponding peak observed in the UV/VIS trace (310 nm).   

Aminolysis of the Trithiocarbonate and Formation of a Polymeric Disulfide.  PtBA (DPn = 67, 

3.37 g) was placed in a 500 mL round-bottom flask.  THF (12.64 mL), ethanolamine (126 L), and a 

magnetic stir bar were added, after which a glass stopper was secured with Apiezon H grease.  After 

stirring the solution at room temperature overnight, the disulfide PtBA product was recovered by 

removing the solvent with a rotary evaporator using a water bath at room temperature.  GPC (THF, RI) 

Mn = 14,400 Da, PDI = 1.16, no corresponding peak observed in the UV/VIS  trace (310 nm).   

DPn = 79 sample: Synthesis reaction scale = 2.66 g; GPC (THF, RI) Mn = 17,000 Da, PDI = 1.16, 

no corresponding peak observed in the UV/VIS trace (310 nm). 

Deprotection of PtBA to PAA.  The PtBA-disulfide (DPn = 67, entire sample) was dissolved in 

dichloromethane (20.2 mL).  Trifluoroacetic acid (8.6 mL) was added and the solution was stirred 

overnight.  The polymer precipitated as a large mass, which was then collected over a fritted funnel and 

washed with dichloromethane (30 mL) and then diethyl ether (30 mL).  After being transferred to a 

round-bottom flask, the precipitate was dried for 30 minutes on a rotary evaporator using a water bath at 

room temperature.  The polymer was dissolved in H2O:MeOH (2:1 v:v, 25.3 mL), and then transferred 

to a Spectra/Por dialysis bag (MWCO 1 kDA).  The polymer was dialyzed against water (4 L) for three 

days, with the water being changed twice daily.  Afterwards the solution was transferred to a 50 mL 

Falcon centrifuge tube and then freeze-dried to yield PAA-disulfide. Yield = 1.78 g (94%); 1H NMR 

(D2O): δ(ppm, integrated peak areas reported based on C6H5 = 5H) 1.25 (b, 3H, end group –CH3, 

integration = 3.0), 1.46 (s, 9H, 1% unremoved tert-butyl ester, integration = 3.2), 1.4-2.1 (b, 2H per 

monomer, backbone methylene, integration = 127.0), 2.2-2.7 (b, 1H per monomer, backbone methine, 

integration = 66.1), 7.2-7.45 (m, 5H, phenyl, integration = 5.0); GPC (aqueous, relative to 

poly(methacrylic acid) standards, RI) Mn = 17,400 Da, PDI = 1.19.   

DPn = 79 sample: Yield = 1.40 g (97%); 1H NMR (D2O): δ(ppm) 1.25 (integration = 2.8), 1.46 

(integration = 6.9), 1.4-2.1 (integration = 152), 2.2-2.7 (integration = 78.5), 7.2-7.45 (integration = 5.0); 

GPC (Aq., RI) Mn = 21,100 Da, PDI = 1.17. 

Coupling of t-BOC-ethylenediamine to PAA.  PAA-disulfide (DPn = 67, 50 mg) was added to a 50 

mL round-bottom flask and dissolved in water (5 mL).  A solution of t-BOC-ethylenediamine (277 mg) 

in 5 mL water was added to the polymer solution.  A solution of DMTMM (480 mg) in water (8.75 mL) 

was added immediately, and the mixture was stirred at room temperature overnight.  The solution took 

on the appearance of milk after one hour, and had precipitated by the next morning.  The liquid was 
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poured off, and the polymer was rinsed with water (3 x 10 mL).  To remove all water, the polymer 

product was dissolved in dichloromethane, and then the solvent was removed with a rotary evaporator 

using a water bath at room temperature.  This dissolution in dichloromethane and rotary evaporation 

was repeated a total of seven times in order to azeotropically remove all water.  The polymer product 

was not characterized, but was used directly in the deprotection step. 

Deprotection of Boc Groups to Yield the Amino Polymer.  Boc-protected polymer (DPn = 67, 

entire sample) was dissolved in dichloromethane (9 mL), after which anisole (1.5 mL) and 

trifluoroacetic acid (4.5 mL) were added with stirring.  The mixture was stirred for 30 min, after which 

the product polymer was observed to have precipitated on the walls of the flask as a transparent goo.  

After three hours of stirring, the mother liquor was poured off, and the precipitated polymer was rinsed 

with diethyl ether (2 x 10 mL).  The product was dried on a rotary evaporator using a water bath at room 

temperature for five minutes, after which it was dissolved in water and then washed with water (5 x 11 

mL) using a 15 mL, 3 kDA MWCO Millipore Amicon spin filter.  Finally, the aqueous solution was 

freeze-dried to yield the Amino Polymer-disulfide as the trifluoroacetate salt.; Yield = 165 mg (100%); 
1H NMR (D2O): δ(ppm, integrated peak areas reported based on C6H5 = 5H) 1.19 (broad t, 3H, end 

group –CH3, integration = 3.4), 1.25-2.40 (broad, 2H per monomer, backbone methylene + 1H per 

monomer, backbone methine, integration = 194), 3.13 (broad s, 2H per monomer, ethylenediamine –

CH2-NH3
+, integration = 126), 3.47 (broad s, 2H per monomer, ethylenediamine –CO-NH-CH2-, 

integration = 132.0), 7.15-7.45 (m, 5H phenyl, integration = 5.0).   

DPn = 79 sample: Yield = 127 mg (80%); 1H NMR (D2O): δ(ppm) 1.19 (integration = 3.8), 1.25-

2.40 (integration = 239), 3.13 (integration = 153), 3.47 (integration = 160), 7.15-7.45 (integration = 

5.0). 

Synthesis of P(DTPA).  DTPA (3.5 g, ca. 80 equivalents to each polymeric amino group) and H2O 

(5 mL) were added to a 100 mL round-bottom flask.  Next, NaOH (5 M aq.) was added to dissolve the 

DTPA and bring the solution pH to 8.5 (monitored with a pH meter).  DMTMM (250 mg, ca. 8 

equivalents to each polymeric amino group) was dissolved in water (5 mL) with sonication and added 

quickly with stirring to the first solution.  This solution was given 5 minutes to pre-react.  Then a 

solution of the Amino Polymer (25 mg) in water (5 mL) was added quickly with stirring.  The reaction 

solution was stirred for 1 hour, then transferred to a 15 mL 3kDA MWCO Millipore Amicon spin filter 

and washed with water (9 x 11 mL).  Finally, the aqueous solution was freeze-dried to yield P(DTPA)-

disulfide.; Yield = 52 mg (85%); 1H NMR (D2O): δ(ppm, integrated peak areas reported based on C6H5 

= 5H) 1.0-2.4 (b, 3H per monomer, backbone, integration = 187), 2.7-4.0 (broad m, 4H ethylenediamine 
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and 18H DTPA per monomer, integration = 1400), 7.15 – 7.45 (broad t, 5H phenyl, integration = 5.0); 

GPC (Aqueous, relative to poly(methacrylic acid) standards, RI) Mn = 36,800 Da, PDI = 1.18.   

DPn = 79 sample: Yield = 56 mg (93%); 1H NMR (D2O): δ(ppm) 1.0-2.4 (integration = 225.4), 2.7-

4.0 (integration = 1620), 7.15 – 7.45 (integration = 5.0); GPC (Aq., RI) Mn = 43,300 Da, PDI = 1.17. 

Reduction of P(DTPA)-disulfide with DTT Followed by Functionalization with a Bismaleimide 

Linker.  We followed the procedure described in ref 5.  A solution of DTT (dithiothreitol, 20 mM) was 

freshly prepared in phosphate buffer (50 mM, pH 8.5).  P(DTPA)-disulfide (10 mg) was dissolved in 

300 L of this DTT solution. The vial threads were wrapped with Teflon tape; the cap was secured, and 

the solution was stirred at 50 0C for one hour.  Immediately afterwards the polymer solution was diluted 

with acetate buffer (3.5 mL, 50 mM, pH 3.0) and transferred to a 4 mL 3 kDA MWCO Millipore 

Amicon spin filter.  The solution was spun through the filter, after which the polymer was washed (3 x 4 

mL) with aqueous acetic acid (5 mM, pH = 3.5).  Next, the resultant polymer solution (100 L) was 

transferred to a 2 dram vial and diluted to a total volume of 300 L with phosphate buffer (200 mM, pH 

7.0 or pH 8.5).  A freshly prepared solution of 2,2'-(ethylenedioxy)bis(ethylmaleimide) (10 mg) in DMF 

(150 uL) was quickly added with mixing to the polymer solution, and the solution was stirred for 1 hr at 

room temperature.  Directly after this, the solution was diluted with water, transferred to a new 4 mL 3 

kDA MWCO Millipore Amicon spin filter, and washed (7 x 11 mL) with water.  Finally, the aqueous 

solution was freeze-dried to yield maleimide end-labeled DTPA polymer. Reaction at pH 7.0, yield = 6.3 

mg (63%); Reaction at pH 8.5, yield = 5.0 mg (50%); 1H NMR (D2O): δ(ppm, integrated peak areas 

reported based on C6H5 = 5H) 1.0-2.4 (broad, 3H per monomer, backbone, integration = 203), 2.7-4.0 

(broad m, 4H ethylenediamine and 18H DTPA per monomer, integration = 1580), 6.88 (s, 2H vinylic 

maleimide, integration = 1.84 (pH 7.0), integration = 1.62 (pH 8.5)), 7.15 – 7.45 (broad peaks, 5H 

phenyl, integration = 5.0).  GPC (Aqueous, relative to poly(methacrylic acid) standards, RI) Mn = 

22,500 Da, PDI = 1.15.   

DPn = 79 sample. Yield = 14.3 mg (75%) (pH 7.0), Yield = 5.0 mg (50%) (pH 8.5); 1H NMR (D2O): 

δ(ppm) 1.0-2.4 (integration = 237), 2.7-4.0 (integration = 1830), 6.88 (integration = 1.66 (pH 7.0), 

integration = 1.66 (pH 8.5)), 7.15 – 7.45 (integration = 5.0).  GPC (Aq, RI) Mn = 26,100 Da, PDI = 

1.17.   
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Table S1: 1H NMR T1 and T2 Relaxation Constants of DPn = 67 Polymer Samples 

DPn = 67 Samples PtBA-
Trithiocarbonate 
(CD2Cl2) 

PAA-
Disulfide 
(D2O) 

Amino Polymer-
Disulfide (D2O) 

P(DTPA)-
Disulfide (D2O) 

P(DTPA)-
Maleimide 
(D2O) 

T1 (seconds)      

2H Phenyl (Raft Agent) 2.12 ± 0.10 1.38 ± 0.02 1.60 ± 0.03 1.50 ± 0.16 1.4  0.2 

3H Phenyl (Raft Agent) 1.73 ± 0.06 1.152 ± 0.015 1.28 ± 0.03 1.22 ± 0.07 1.17  0.09 

2H Maleimide Group --- --- --- --- 4.38  0.07 

1H Methine Adjacent to 
Trithiocarbonate 

1.22 ± 0.04 --- --- --- --- 

2H Ethylenediamine (Methylene 
adjacent to amide) 

--- --- 0.700 ± 0.002 --- --- 

2H Ethylenediamine (Methylene 
adjacent to protonated amine) 

--- --- 0.6366 ± 0.0017 --- --- 

Ethylenediamine + DTPA --- --- --- 0.51 ± 0.11 0.55  0.02 

1H Methine (Raft Agent) 0.71 ± 0.06 0.82 ± 0.04 --- --- --- 

1H Backbone Methine 0.704 ± 0.010 0.756 ± 0.018 0.728 ± 0.017 --- --- 

2H Backbone Methylene 
(overlapped with 9H tert-butyl) 

0.42 ± 0.07 --- --- --- --- 

2H Backbone Methylene --- 0.505 ± 0.012 0.599 ± 0.002 --- --- 

3H Backbone --- --- --- 1.13 ± 0.04 1.12  0.05 

Residual tert-Butyl Ester --- 0.502 ± 0.006 --- --- --- 

3H Methyl (Raft Agent) --- 0.438 ± 0.012 0.429 ± 0.010 --- --- 

T2 (seconds)      

2H Phenyl (Raft Agent) 0.97 ± 0.12 0.264 ± 0.011 0.42 ± 0.05 0.13 ± 0.03 0.19  0.03 

3H Phenyl (Raft Agent) 0.84 ± 0.07 0.236 ± 0.019 0.38 ± 0.03 0.14 ± 0.03 0.131  0.019 

2H Maleimide Group --- --- --- --- 2.2  0.3 

1H Methine Adjacent to 
Trithiocarbonate 

0.025 ± 0.003 --- --- --- --- 

2H Ethylenediamine (Methylene 
adjacent to amide) 

--- --- 0.026 ± 0.004 --- --- 

2H Ethylenediamine (Methylene 
adjacent to protonated amine) 

--- --- 0.031 ± 0.007 --- --- 

Ethylenediamine + DTPA --- --- --- 0.037 ± 0.017 0.031  0.009 

1H Methine (Raft Agent) 0.0095 ± 0.0016 0.0146 ± 
0.0015 

--- --- --- 



 S8 

1H Backbone Methine 0.027 ± 0.005 0.023 ± 0.004 0.0148 ± 0.0006 --- --- 

2H Backbone Methylene 
(overlapped with 9H tert-butyl) 

0.10 ± 0.11 --- --- --- --- 

2H Backbone Methylene --- 0.014 ± 0.006 0.0123 ± 0.0007 --- --- 

3H Backbone --- --- --- 0.0074 ± 0.0017 0.008  0.002 

Residual tert-Butyl Ester --- 0.194 ± 0.012 --- --- --- 

3H Methyl (Raft Agent) --- 0.037 ± 0.005 0.035 ± 0.008 --- --- 

 

Table S2: 1H NMR end-group analysis and Gel Permeation Chromatography data for all polymer 
samples 

Polymer Sample 67 79 
1H NMR (CD2Cl2) end-group analysis 
(DPn)   

67 79 

THF GPC Mn (Da) 16,000  19,000 

PtBA-trithiocarbonate 

THF GPC PDI 1.11 1.11 

THF GPC Mn (Da) 14,400  17,000 PtBA-disulfide 

THF GPC PDI 1.16 1.16 
1H NMR (D2O) end-group analysis (DPn)   67 79 
1H NMR (D2O) t-butyl deprotection 99% 99% 

Aq. GPC Mn (Da) 17,400  21,100 

PAA-disulfide 

Aq. GPC PDI 1.19 1.17 
1H NMR (D2O) end-group analysis (DPn) 65 80 
1H NMR (D2O) acrylamide functionality 100% 99% 

Amino Polymer-disulfide 

1H NMR (D2O) BOC deprotection 100% 100% 
1H NMR (D2O) end-group analysis (DPn) 62 75 
1H NMR (D2O) DTPA functionality 100% 97% 

Aq. GPC Mn  (Da) 36,800  43,300 

P(DTPA)-disulfide 

Aq. GPC PDI 1.18 1.17 
1H NMR (D2O) end-group analysis  (DPn) 68 79 
1H NMR (D2O) maleimide functionality  
   (reaction pH 8.5) 

81% 83% 

1H NMR (D2O) maleimide functionality  
   (reaction pH 7.0) 

92% 83% 

Aq. GPC Mn (Da) 22,500  26,100 

P(DTPA)-maleimide 

Aq. GPC PDI 1.15 1.17 
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Figure S1. Top: THF GPC Chromatographs as Monitored by Refractive Index (RI) Detector of PtBA-
Trithiocarbonate and PtBA-Disulfide (DPn = 67).  The PtBA-Trithiocarbonate is in the form of a dimer, 
linked through the trithiocarbonate moiety.  After aminolysis, the majority of the chains have reformed 
as dimers linked through a disulfide bond.  Bottom: THF GPC Chromatographs as Monitored by 
UV/VIS Detector at 310 nm of PtBA-Trithiocarbonate and PtBA-Disulfide.  UV/VIS signal is 
normalized against mass concentration via dividing by the RI detector signal. 
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Figure S2.  1H NMR Spectra (CD2Cl2) of PtBA-Trithiocarbonate (DPn = 67).  End-group analysis shows 
the degree of polymerization to be 67. 
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Figure S3.  1H NMR Spectra (D2O) of PAA-Disulfide (DPn = 67).  The degree of polymerization has 
not changed relative to the PtBA sample, remaining at 67.  T-butyl ester deprotection is largely 
complete; the peak at 1.46 ppm has an integration of 3, representing ~0.5% of initial t-butyl groups 
present before deprotection.  
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Figure S4.  1H NMR Spectra (D2O) of Amino Polymer-Disulfide (DPn = 67).  In this spectrum, DPn is 
calculated by comparing the 5H Phenyl end-group to the a and b backbone signals, yielding DPn = 
(194.4/3) = 65.  Furthermore, within NMR error, the polymer is fully functionalized with 
ethylenediamine groups.  This is calculated by comparing the a and b backbone signals to the c and d 
ethylenediamine signals, where acrylamide functionality = 100% * (260.8/194.4) / (4/3) = 100%.  
Finally, also of note is that no sharp t-butyl signal is present around 1.4 ppm, which shows that the 
deprotection of the Boc groups was quantitative. 
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Figure S5.  1H NMR Spectra (D2O) of P(DTPA)-Disulfide (DPn = 67).  In this spectrum, DPn is 
calculated by comparing the 5H Phenyl end-group to the a and b backbone signals, yielding DPn = 
(187.2/3) = 62.  Note, however, that this analysis is less reliable due to difficulty in assigning a baseline 
to the broadened polymer backbone peaks.  Within NMR error, the polymer is fully functionalized with 
DTPA groups.  This is calculated by comparing the backbone signals to the ethylenediamine and DTPA 
signals, where DTPA functionality = 100% * (1399.9/187.2) / (22/3) = 100%.   
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Figure S6.  Aqueous GPC Chromatographs of P(DTPA)-disulfide and P(DTPA)-maleimide (sample 
67).  The initial DTPA polymer is in the form of a polymeric disulfide.  After reduction with DTT and 
reaction with the bismaleimide linker, the polymers are in their final unimeric form with a maleimide 
end group.  Before reaction Mn = 36,800 Da (PDI = 1.18), and after reaction Mn = 22,500 Da (PDI = 
1.15). 
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Thermal gravimetric analysis of disodium EDTA.2H2O 

Analysis of the mass loss for EDTA2-2Na+.2H2O shown in Figure 2 of the main text corresponds 

closely with the expected results based on the previous studies of Gonzales-Vilchez and coworkers.3  

These results are presented in Table S2. 

 

Table S3. Expected and Observed Mass Losses & Ceramic Yields for TGA Analysis 
of EDTA2-2Na+.2H2O. 

 Expected 
Values 

Experimental 
Values 

MassLossH2O 9.7% 9.7% 

ApparentMassLossorgani

c 
61.8% 62.9% 

Ceramic Yield 28.5% 27.4% 

 

 

Isothermal titration calorimetry (ITC) 

Figure S7 (Top) shows the ITC thermogram of Gd3+ (5.0 mM) in citrate buffer at pH 5.5 titrated into 

citrate buffer (blank) and into a solution of DTPA (0.5 mM) in the same buffer at 25 ºC.  The enthalpy of 

dilution for Gd-Citrate is represented by the small exothermic signals observed for the titration of blank 

sample.  Endothermic signals correspond to the exchange of Gd3+ between citrate and DTPA complex.  

After saturation of DTPA ligands, the thermogram shows small exothermic peaks similar to those in the 

blank sample.  

The binding isotherms for DTPA and for the blank solution were obtained by integrating the signals 

from the ITC thermograms and are presented in the bottom part of Figure S7.  The data were analyzed 

with a one site binding model provided by the Origin software.  This model, which ignores the 

competitive interaction between citrate and Gd, gave an apparent binding constant of 4.70 ± 0.13 x 105 

M-1 and an enthalpy of binding of 4.0 ± 0.1 kcal/mol.  A stoichiometry of 1:1 was obtained for the 

DTPA-Gd pair (n = 1.04 ± 0.03).  The isotherm for the titration of Gd in citrate buffer shows a constant 

value that corresponds to the enthalpy of dilution (ΔHdil).  This constant value is used to shift the 

binding curve for the titration of DTPA before nonlinear least-squares regression with Origin as 

recommended by the manufacturer. 
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Figure S7. Top: Isothermal titration calorimetric thermogram of Gd3+ (5.0 mM) in citrate buffer at pH 
5.5 into citrate buffer (blank) and into a solution of DTPA (0.5 mM) in the same buffer at 25 ºC.  The 
enthalpy of dilution for Gd-Citrate is represented by the small exothermic signals observed for the 
titration of blank sample.  Endothermic signals correspond to the exchange of Gd3+ between citrate and 
DTPA complex.  Bottom: Binding isotherms calculated from the titration of citrate buffer (blank) and 
DTPA (0.5 mM) with Gd3+ (5.0 mM) at 25 ºC. The equivalence point (n) for the fitted curve shows that 
one DTPA ligand binds one Gd3+ ion (n = 1.04 ± 0.03). 
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Antibody Dilution Series 

 

 

Figure S8.  Antibody titration of a mixture of 11 metal-tagged antibodies on whole umbilical cord 
blood.  Titration curves are shown for Granulocytes, Monocytes and CD3 T lymphocytes. The gating 
strategy is presented in Figure 5 of the main text. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 



 S18 

 

Figure S9.  Antibody titration of a mixture of 11 metal-tagged antibodies on whole umbilical cord 
blood.  Titration curves are shown for CD4 T and CD8 T lymphocytes, and CD20 B-cells.  The gating 
strategy is presented in Figure 5 of the main text. 
 

Clusters of Differentiation (CD) and Gating Strategy in Figure 4 (Main Text) 

CD is an abbreviation of the cluster of differentiation nomenclature used for the identification and 

analysis of cell surface biomarkers found on blood cells. We selected 11 antibodies to the most 

commonly used CD molecules such as CD45, CD4, CD8, CD38, CD11, etc from the list of more than 

300 known CD markers now available to the research community.4 

Gating Strategy in Figure 4.  Single nucleated cells that bind the Ir-intercalator (with 191Ir and 193Ir 

stable isotopes) are distinguished from debris in the (Ir191)D vs (Ir193)D dot plot by the high 

expression of both Ir isotopes.  Within this gate cells that express different levels of CD15-Er170 and 

CD45-Tb159 in the (Er170)D vs (Tb159)D plot are grouped into lymphocytes (Lymphs, low Er170, 

high Tb159), monocytes (Mono, high Er170, high Tb159) and granulocytes (Gran, high Er170, low 

Tb159).  Each of these cell populations is subdivided according to the defining biomarker expression for 

the respective subtype.  For example, the Lymphoytes from the (Er170)D vs (Tb159)D plot are further 
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analyzed for T cell markers ((Nd142)D vs (Nd146)D plot within the (Sm153)D vs (Nd144)D plot and 

the (Ho165)D vs (Gd156)D plot). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 S20 

REFERENCES 
                                                 

(1) Platzek, J.; Niedballa, U.; Mareski, P.; Raduchel, B. 1997, US Patent 5679852. 

(2) Aoyagi, N.; Ochiai, B.; Mori, H.; Endo, T. Synlett. 2006, 4, 0636–0638.02.03.206 

(3) Gargallo Esteban M.F.; Puerta Viscaino M.C.; Gonzales-Vilchez, F. Thermochimica Acta. 1983, 62, 
257-265. 

(4) Zola, H.; Swart, B.; Nicholson, I et al. Blood, 2005, 106, 3123-3126. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


