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Experimental Methods. General Methods. Fourier transform-infrared (FTIR) spectroscopy was 
performed using a Shimadzu IRAffinity-1S, FTIR spectrometer. Circular dichroic (CD) spectra 
were taken with a JASCO CD spectrometer. Atomic force microscopy (AFM) was conducted in 
tapping mode.  All fluorescence spectroscopy were performed on a Shimadzu RF-6000 
instrument using a cuvette with 1 mm or 1 cm pass length at 25°C. ESI or FAB mass spectra 
were recorded at the Bruker MicrOTOF MS instrument in The Ohio-State University Chemical 
Instrument Center-Chemistry. Transmission electron microscopy (TEM) was performed with a 
Technai G2 Spirit instrument operating at 80 kV. All reactions were performed under an argon or 
nitrogen atmosphere. 1H NMR were recorded at 400 or 500 MHz and 13C NMR spectra at 100 or 
125 MHz on a Bruker DPX-400 or DPX-500 instrument as indicated. Dimethylformamide 
(DMF) was dried by distillation from MgSO4. Chromatographic separations were performed on 
silica gel 60 (230-400 mesh, 60 Å) using the indicated solvents. All water used for sample 
solutions was HPLC grade and passed through membrane filter (0.02 µm). Boc-Pro-OH and 
Boc-lys-OH was purchased from Novabiochem and used without further purification. 
Chromatographic separations were performed on silica gel 60 (230-400 mesh, 60 Å) using the 
indicated solvents. Peptide purity was assessed by analytical reverse-phase HPLC and identity 
confirmed using ESI mass spectrometry. 

A. Reaction Schemes: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1: Reaction scheme of dipeptide 1; key (a) n-butylamine, DMF, 140°C (b) Boc-lys-OH, 
DMF, 120°C (c) MeI, K2CO3, acetone, reflux (d) TFA, CH2Cl2 (e) Boc-proline-OH, DIC, HOBt, 
DMAP, DMF/CH2Cl2 (f) 1)LiOH, MeOH/H2O 2) TFA 

Boc-lys(NDI)-OH (2) Boc-lys-OH (515 mg, 22.09 mmol) and monobutyl NDI (775.5 mg, 2.40 
mmol) were dissolved in DMF (11 mL). The mixture was stirred at 50°C for 3 h and then heated 
to 110°C for 16 h. The solvent was then removed under reduced pressure. The residue was 
purified by flash chromatography (CH2Cl2 to 10/1 CH2Cl2/acetone) to afford Boc-lys(NDI)-OH 
as a pale yellow foamy solid (925 mg, 82.5 %). Rf 0.15 (10/1 CH2Cl2/acetone) MP..131-132°C 
(CH2Cl2/acetone); 1H NMR(400 MHz, CDCl3) 0.99 (t, J = 7.5 Hz, 3H), 1.35-1.55 (m, 13H), 
1.68-1.79 (m, 5H), 1.97 (m, 1H), 4.20 (t, J = 7.5 Hz, 4H), 4.30 (m, 1H), 8.74 (s, 4H); 13C NMR 
(100 MHz, CDCl3) δ13.64, 19.83, 23.22, 27.00, 27.98, 28.19, 29.44, 30.60, 53.35, 77.93, 79.15, 
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125.27, 125.45, 130.19, 155.60, 161.84, 174.17; ESI-MS calcd. for NaC29H34N3O8 (M+Na) 
574.2160, found 574.2031. 
 
Boc-lys(NDI)-OMe (3) Boc-lys(NDI)-OH (272 mg, 0.494 mmol) and iodomethane (0.615 mL, 
9.88 mmol) were dissolved in acetone (11 mL). Potassium carbonate (0.410 g, 2.97 mmol) was 
added to the mixture. The solvent was removed under reduced pressure. The residue was purified 
by flash chromatography (CH2Cl2 to 10/1 CH2Cl2/acetone) to afford Boc-lys(NDI)-OMe as a 
pale yellow solid (218 mg, 78.3 %) MP..147-148°C (CH2Cl2/acetone). Rf 0.71 (10/1 
CH2Cl2/acetone); 1H NMR(400 MHz, CDCl3) 0.920 (t, J = 7.2 Hz, 3H), 1.184 (s, 1H), 1.357 (s, 
9H), 1.357-1.433 (m, 4H), 1.367-1.724 (m, 5H), 1.817-1.809 (m, 1H), 3.682 (s, 3H), 4.110(m, 
4H), 4.110-4.234(m, 1H), 5.105(m, 1H), 8.637(s, 4H) ; 13C NMR (100 MHz, CDCl3) δ13.67, 
20.20, 22.69, 27.45, 28.19, 29.17, 29.55, 30.01, 31.62, 32.14, 40.21, 40.60, 52.15, 53.21, 53.77, 
69.35, 76.35, 79.67, 126.32, 126.46,  130.82, 155.28, 162.56, 173.11, 210.56; ESI-MS calcd. for 
NaC30H35N3O8 (M+Na) 588.2316, found 588.2179. 
 
Boc-Pro-lys(NDI)-OMe (5) Boc-lys(NDI)-OMe (2.7 g, 4.15 mmol) was dissolved in CH2Cl2 
(20 mL). Then trifluoroacetic acid (40 mL) was added to the mixture. The solvent was removed 
in vacuo and cold diethyl ether was added. The precipitated residue was then dried under vacuum 
and redissolved in CH2Cl2/DMF 1:1. Then, 1,3-diisopropylcarbodiimide (DIC) (1.29 mL, 8.3 
mmol, 4 equiv.), 1-hydroxybenzotriazole (HOBt) (1.27 g, 8.3 mmol), 4-dimethylaminopyridine 
(DMAP) (101 mg, 0.83 mmol), and hydroxybenzotriazole (HBTU) (1.57 g, 8.3 mmol) were 
added sequentially.  The crude oil was purified by flash chromatography (CHCl3 to 10/1 
CHCl3/acetone) to afford Boc-Pro-lys(NDI)-OMe as a yellow solid (265 mg, 46.3 %) MP..249-
251°C (CHCl3/acetone) . Rf 0.68 (10/1 CH2Cl2/acetone); 1H NMR(400 MHz, CDCl3) 0.901 (t, J 
= 7.2 Hz, 3H), 1.162 (m, 2H), 1.358-1.387 (m, 13H), 1.612-1.695 (m, 6H), 1.786-1.844 (m, 3H) 
3.369 (s, broad, 2H), 3.658 (s, 3H), 4.089 (m, 5H), 4.493-4.544 (m, 1H), 8.624 (m, 4H); 13C 
NMR (100 MHz, CDCl3) δ13.62, 20.15, 22.43, 22.71, 27.20, 27.37, 28.15, 28.21, 29.50, 29.96, 
30.94, 31.24, 36.30, 40.23, 40.53, 46.89, 52.47, 52.66, 126.43, 126.45, 130.68, 130.72, 162.35, 
162.50, 162.55, 162.75, 171.05, 171.31, 172.40; ESI-MS calcd. for NaC35H42N4O9 (M+Na) 
685.2844, found 685.2764. 
 
Pro-lys(NDI)-OH (1) Boc-Pro-lys(NDI)-OMe (490 mg, 0.89 mmol) was dissolved in mixture of 
THF/MeOH/H2O (3 mL/ 2 mL/ 2mL). LiOH (20 equiv, 426 mg, 17.8 mmol) was added to the 
solution at 0°C. The reaction mixture was stirred at rt for 12 h until reaction completion. 
Trifluoroacetic acid (40 mL) was added to mixture at 0°C. The reaction mixture was stirred at rt 
for 5 h. After stirring, the solvent was removed in vacuo and 50 mL cold diethyl ether was 
added.  Evaporation of solvents under reduced pressure afforded an dark-yellowish green solid 
residue. The resultant precipitate was collected by centrifugation and dried by lyophilization. The 
crude residue was purified by reverse-phase HPLC (CH3CN/H2O) and dried with lyopholizer to 
yield product as bright yellow fluffy solid (340 mg, 91%) MP..194-195°C (acetonitrile/water). 1H 
NMR (500 MHz,d-DMSO) 0.801-0.853 (m, 3H), 0.950 (t, J = 7.2 Hz, 3H),1.23 (m, 6H), 1.37-
1.50 (m, 4H), 1.62-1.72 (m, 3H), 1.98-2.00 (m, 1H), 2.31 (d, J = 8.4 Hz, 1H), 3.22 (d, J = 24 Hz, 
3H), 4.07-4.11(m, 4H),  4.238(dd, J = 3.6 Hz , J = 9 Hz, 2H) 8.57 (s, 5H), 8.74 (d, J = 7.2 Hz 
1H), 9.40 (s, 1H); 13C NMR (100 MHz, d-DMSO) δ 13.68, 19.79, 23.02, 23.37, 27.01, 29.48, 
29.52, 30.43, 39.78, 45.95, 52.33, 58.79, 116.00 117.99, 1265.94, 1126.07, 126.11, 130.37, 
158.03, 158.24, 162.43, 162.44, 168.35, 172.86; ESI-MS calcd for NaC29H32N4O7 [M+Na] 

571.2163, found 571.2038. 



	
   S-­‐5	
  

 
B. Circular Dichroism (CD) Spectroscopy Measurement. 
CD spectra were recorded on a JASCO CD spectrometer under a nitrogen atmosphere. 
Experiments were performed in a quartz cell with a 1 mm or 1 cm path length over the range of 
190-450 nm at 25°C. CD spectra were taken routinely at peptide concentration of 1000 µM. 
 
C. Transmission Electron Microscopy (TEM) Measurement 
10 µL drops of peptide solutions were applied to carbon-coated copper grid (Ted Pella, Inc.) for 
2 minutes after dilution from 10 mM to concentration ranging from 500-1000 µM. After removal 
the excess solution with filter paper, the grid was floated on 10 µL drops of 2 % wt uranyl 
acetate solution for negative stain for 2 min. The excess solution was removed by filter paper. 
The dried specimen was observed with Technai G2 Spirit instrument operating at 80 kV. The 
data were analyzed with Image pro software. 

 

	
  
Figure S2: TEM images of 1 (A) in water, (B) 50 mM NaCl in water (C) in reaction mixture and 
(D) in reaction mixture with cross section image of nanotube 
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D. Fourier Transform Infrared (FTIR) Spectroscopy Measurement 
All FTIR spectra were collected on a FTIR Shimadzu IFAffinity-1S spectrometer at ambient 
temperature. The instrument is operated in dry air. Interferograms were recorded between 1700 
and 1600 cm-1 at a resolution of 4 cm-1, and a total of 256 scans were averaged. Samples for 
FTIR were dissolved in D2O (about 10 mg/mL) and analyzed in a transmission cell having CaF2 
windows and a 0.025 µm path length. 
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Figure S3: FTIR spectra of dipeptide 1 ranging from 1600 to 1750 cm-1 in (A) water (B) 50 mM 
NaCl solution; 2nd derivative of FTIR spectra of dipeptide 1 in (C) water (D) 50 mM NaCl 
solution 

 
E. Atomic Force Microscopy (AFM) 
 
The AFM images were collected on a Bruker NanoScope IIIa device at ambient temperature in 
tapping mode using silicon tips (NSC14/AIBS, MikroMasch). 10 µL of the sample solution (250 
µM) was diluted 10-fold and placed on freshly cleaved mica. After adsorption for 30 minutes 
under moist conditions, excess solution was removed by absorption onto filter paper. The 
resultant substrates were rinsed with solvent (2 x 50 µL) to remove the loosely bound monomers 
and the samples were stored in a desiccator in vacuum for 1 h before imaging. The scanning 
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speed was at a line frequency of 1.0 Hz, and the original images were sampled at a resolution of 
512 x 512 pixels. 
 

	
  
Figure S4: AFM image of dipeptide 1 in (A) water (B) 50 mM NaCl solution (C) reaction 
mixture 

 
F. Fluorescence Spectroscopy Measurement 
 
Nile Red Binding Assay: 50 µL of a 1.0 mg/mL stock solution of Nile Red in dichloromethane was 
added to an empty vial. The solvent was removed in vacuo for 2 h. Aqueous Pro-lys(NDI)-OH 
solutions (1 mL, 10 mM) was added to the vial. The solution was sonicated for 30 minutes and 
incubated for 24 h. The fluorescence emission spectra of Nile Red were measured with excitation at 
540 nm. 
 
In order to explore the internal regions of the Pro-lys(NDI)-OH assemblies, we performed 
encapsulation studies using 9-diethylamino-5-benzo[α]phenoxazinone (Nile Red) as a fluorescent 
probe. The fluorescence spectra of Nile Red in the presence of Pro-lys(NDI)-OH exhibited an 
intense peak at 607.0 nm in pure water and 608.8 nm in 50 mM NaCl solution. As compared with 
Nile red in water (665 nm), the emission maxima were ca. 60 nm blue-shifted, and the intensities 
increased.  
 
Encapsulation efficiency of Nile Red in self-assembled dipeptide 1 in water and 50 mM NaCl 
solution. All the sample solutions contain the constant amount of dipeptide 1 (12.5 nmol) with 
the progressively increasing amount of Nile Red. The point of saturation of nile red 
encapsulation was calculated as the intercept of two straight-line fits extrapolating the data points 
from below and above the region in which a rapid change of slope is observed.1  
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Figure S5: Fluorescence Spectra of dipeptide 1 ranging from 580 to 650 nm in (A) water (B) 50 
mM NaCl solution. Encapsulation efficiency measurement of dipeptide 1 in (C) water (D) 50mM 
NaCl solution 

 

G. Isolation of amphiphilic nanomaterial from aqueous solution  

Ultra-centrifugation of the aqueous solution containing dipeptide 1 was performed on a Beckman 
OptimaTM TLX ultracentrifugation instrument at 100,000 rpm under vacuum for 35 mins. 
Experiments were performed in a polycarbonate centrifuge tube at 4°C  
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Figure S6: An aqueous solution of dipeptide 1 (10 mM) was prepared and incubated for 24 h at 
25 °C. The solution was then transferred into a polycarbonate centrifuge tube (picture, left). The 
solution was then placed in the ultracentrifugation instrument where the temperature was 
lowered to 4 °C and vacuum was applied through the instrument. the sample was then 
centrifuged at the speed of 100,000 rpm for 35 mins. Completion of the centrifugation produce 
isolated assemblies of dipeptide 1 collected at the bottom of the tube, separated from the aqueous 
solution. 

 
H. General Procedure for Aldol Reaction:  
 
To a solution of catalyst (as indicated in table 1, mmol) in H2O (0.5 mL) were added AcOH (1 
eq. per prolinamide catalytic unit) and freshly distilled cyclohexanone (100 eq.). After stirring at 
rt for 15 min, 4-nitrobenzaldehyde (10 eq.) were added. The resulting mixture was stirred at rt 
for the indicated time. The reaction was treated with saturated aqueous ammonium chloride (1 
mL). This mixture was diluted with water (20 mL) and extracted with ethyl acetate (3 x 10 mL). 
The combined organic layers were washed with water (10 mL), brine (10 mL), dried over 
Na2SO4 and concentrated in vacuo. The residue was purified by column chromatography on silica 
gel (20-50% EtOAc/hexane) to give pure aldol diasteromeric products. The diastereomeric ratios 
were calculated based on integrations of the diagnostic signals of the syn and anti diastereomers 
in the 1H NMR spectra of the crude reaction mixture. The enantioselectivities were calculated 
from HPLC profiles of the reaction mixtures, see text (below); the ees structure reported are for 
the major enantiomer. 
 
I. Representative Procedure for Aldol Reaction between Cyclohexanone and 4- 
nitrobenzaldehyde Catalyzed by Pro-lys(NDI)-OH (1): To a solution of Pro-lys(NDI)-OH (13 
mg, 0.005 mmol) in water (0.5 mL) were added AcOH (2.3 µL, 0.04 mmol) and freshly distilled 
cyclohexanone (51 µL, 0.5 mmol). After stirring at rt for 15 min, 4-nitrobenzaldehyde (7.5 mg, 
0.05 mmol) was added. The resulting mixture was stirred at rt for 120 h. The reaction was treated 
with saturated aqueous ammonium chloride (1 mL). This mixture was diluted with water (10 
mL) and extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed 
with water (10 mL), brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The residue 
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was purified by column chromatography on silica gel (20-40% EtOAc/pet ether) to give pure 
aldol products: 2-[hydroxy-(4-nitrophenyl)-methyl]-cyclohexanone (49.5 mg, 0.1985 mmol, 
91.7%), as a white solid. The diastereoselectivity was determined by 1H NMR analysis to be 
11.1:1 (anti:syn). The enantioselectivity was determined by chiral HPLC Daicel Chiralpak AD-
H, 20% i- PrOH/hexane, UV 254 nm, flow rate 0.5 mL/min. 79.9% ee for anti isomer (major, R-
isomer) tR 19.3 min, (minor, S-isomer) tR 13.8 min. 10% ee for syn isomer (major), tR 10.1 min, 
(minor) tR 13.5 min. 
 
J. 1H NMR and chiral HPLC data for aldol adducts.2 
 
 

 
2-[Hydroxy-(4-nitrophenyl)-methyl]-cyclohexanone (7): (anti isomer) 1H NMR (400 MHz, 
CDCl3) δ 1.30-1.42 (m, 1H), 1.48-1.71 (m, 3H), 1.78-1.84 (m, 1H), 2.06-2.13 (m, 1H), 2.30-2.39 
(m, 1H), 2.45-2.51 (m, 1H), 2.54-2.60 (m, 1H), 4.04 (s, 1H), 4.88 (d, J = 8.0 Hz, 1H), 7.49 (d, J 
= 8.4 Hz, 2H), 8.19 (d, J = 8.5 Hz, 2H); Chiral HPLC data: Daicel Chiralpak AD-H, 20% i- 
PrOH/hexane, UV 254 nm, flow rate 0.5 mL/min, Retention times: tR 24.6 min and tR 30.6 min; 
(syn isomer) 1H NMR (400 MHz, CDCl3) 1.4 4-1.77 (m, 4H), 1.84 (d, J = 11.5 Hz, 1H), 2.05- 
2.13 (m, 1H), 2.33-2.50 (m, 2H), 2.61 (dd, J = 12.9 Hz, 5.5 Hz, 1H), 3.14 (s, 1H), 5.46 (d, J = 
2.0 Hz, 1H), 7.47 (d, J = 8.9 Hz, 2H), 8.18 (d, J = 9.0 Hz, 2H); Chiral HPLC data: Daicel 
Chiralpak AD-H, 20% i-PrOH/hexane, UV 254 nm, Flow rate 0.5 mL/min, Retention times: tR 
21.1 min and tR 23.1 min. 
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Figure S7: HPLC profile for racemic and entry 1 – 8, table 1 with enantiomeric excess value 
obtained from integration of peaks and diasteriomeric value obtained from NMR 

HPLC profile for racemic product, (anti product). -14.6 %ee, 5 %de 

	
  

HPLC profile for Entry 1, Table 1. 79.7 %ee, 83.5 %de 
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HPLC profile for Entry 2, Table 1. 87.3 %ee, 85.2 %de 
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HPLC profile for Entry 3, Table 1. 91.9 %ee, 85.2 %de 
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HPLC profile for Entry 4, Table 1. 88.0 %ee, 86.9 %de 
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HPLC profile for Entry 5, Table 1. 81 %ee, 88.7 %de 

 
 
HPLC profile for Entry 6, Table 1. 79.7 %ee, 86.9 %de 
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HPLC profile for Entry 7, Table 1. 78.6 %ee, 84.7 %de 
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HPLC profile for Entry 8, Table 1. 75.4 %ee, 84.3 %de 

 
 
K. 1H-NMR and 13C-NMR SPECTRA of 1-5 and HRMS and HPLC chromatogram of 1 
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Figure S8: 1H-NMR and 13C-NMR spectrum of 1-5
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Figure S9: High Resolution Mass Spectrum of 1 

	
  

	
  

Figure S10: HPLC Chromatogram of 1 
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