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Abstract: Solid-phase peptide synthesis has many advantages compared with solution peptide synthesis. However, this procedure
requires a large amount of organic solvents. Since safe organic solvent waste disposal is an important environmental problem,
a technology based on coupling reaction of suspended nanoparticle reactants in water was studied. Fmoc-amino acids are used
widely, but most of them show low solubility in water. We prepared well-dispersible Fmoc-amino acid nanoparticles in water by
pulverization using a planetary ball mill in the presence of poly(ethylene glycol). Leu-enkephalin amide was prepared successfully
using the nanoparticulate Fmoc-amino acid on a poly(ethylene glycol)-grafted Rink amide resin in water. Copyright © 2007

European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Solid-phase synthesis has been developed and auto-
mated in the field of peptide synthesis [1], and is
currently being applied to general organic synthe-
sis along with the spread of combinatorial chem-
istry [2,3]. However, solid-phase peptide synthesis
consumes large quantities of organic solvents. In
recent years, the reduced use of organic solvents
and utilization of low-toxic reagents are desired
from the perspective of green sustainable chemistry
[4,5]. For this purpose, we developed an organic-
solvent-free, environment-conscious, solid-phase pep-
tide synthesis method using ‘water’ as an environ-
mentally friendly reaction solvent and reported the
synthesis of Leu-enkephalin amide (Tyr-Gly-Gly-Phe-
Leu-NH) using water-soluble protected amino acids,
2-[phenyl(methyl)sulfonio]lethoxycarbonyl amino acids
[6,7], 2-(ethanesulfonyl)ethoxycarbonyl amino acids
[8], and 2-(4-sulfophenylsulfonyl)ethoxycarbonyl amino
acids [9]. It was the first documented success to carry
out the entire process of solid-phase peptide synthesis
in water. Since solid-phase synthesis is performed in a
two-phase (liquid and solid) medium, an efficient solid-
phase reaction in water has not yet been achieved using
a sparingly water-soluble protected amino acid. Fmoc-
amino acids [10], the most common building blocks
for peptide synthesis [11], are sparingly soluble in
water, precluding their use for solid-phase synthesis in
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water. Here, we show a technology using Fmoc-amino
acids processed into water-dispersible nanoparticles for
solid-phase synthesis in water (Figure 1).

MATERIALS AND METHODS

Preparation of Water-dispersible Fnoc-Amino Acid
Nanoparticles

Water-dispersible Fmoc-Phe-OH nanoparticles. An aqueous
dispersion of nanoparticulate Fmoc-Phe-OH was prepared by
pulverization using a planetary ball mill as follows: A 40 ml
agate jar was charged with 1.0 mm diameter precleaned
zirconium oxide beads (80 g), Fmoc-Phe-OH (774.8 mg,
2.0 mmol), poly(ethylene glycol) (PEG; mean molecular weight:
4000) (400 mg, 0.1 mmol), and 20 ml of water. The batch was
milled at 495 rpm for 2 h. After pulverization, the zirconium
oxide beads were removed by filtration with 40 ml of water.
The particle size was 265 + 10 nm.

Water-dispersible Fmoc-Gly-OH nanoparticles. An aque-
ous dispersion of nanoparticulate Fmoc-Gly-OH was prepared
according to the procedure described above. Its formula-
tion consisted of 1.0 mm diameter precleaned zirconium
oxide beads (80 g), Fmoc-Gly-OH (891.9 mg, 3.0 mmol), PEG
(800 mg, 0.2 mmol), and 20 ml of water. The particle size was
354 £+ 26 nm.

Water-dispersible Fmoc-Leu-OH nanoparticles. An aqueous
dispersion of nanoparticulate Fmoc-Leu-OH was prepared
according to the procedure described above. Its formulation
consisted of 1.0 mm diameter precleaned zirconium oxide
beads (80 g), Fmoc-Leu-OH (706.8 mg, 2.0 mmol), PEG (1.2 g,
0.3 mmol), and 20 ml of water. The particle size was 265 +
8 nm.
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Figure 1 Solid-phase peptide synthesis using nanoparticulate Fmoc-amino acids in water. (A) Unprocessed Fmoc-Phe-OH,
(B) Fmoc-Phe-OH aqueous suspension processed into water-dispersible nanoparticles.

Water-dispersible Fmoc-Tyr(tBu)-OH nanoparticles. An
aqueous dispersion of nanoparticulate Fmoc-Tyr(tBu)-OH was
prepared according to the procedure described above. Its for-
mulation consisted of 1.0 mm diameter precleaned zirconium
oxide beads (80 g), Fmoc-Tyr(tBu)-OH (919.2 mg, 2.0 mmol),
PEG (1.2 g, 0.3 mmol), and 20 ml of water. The particle size
was 440 £+ 20 nm.

Coupling Reaction Study of Water-dispersible
Fmoc-Phe-OH Nanoparticles onto Leu-PEG-grafted
Rink Amide Resin

Leu-PEG-grafted Rink amide resin (48 mg, Leu content,
12.5 umol) was swelled with water, and then water-dispersible
Fmoc-Phe-OH nanoparticles (1.58 ml, 38 umol) were cou-
pled onto the resin by water-soluble carbodiimide [(WSCD),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride]
(7.3 mg, 38 umol), N-hydroxy-5-norbornene-endo-2,3-dicarbo-
ximide (HONB) (6.8 mg, 38 umol), and N,N-diisopropylethyl-
amine (DIEA) (6.6 ul, 38 umol). After 15 or 30 min, the resin
was washed with water and then the Fmoc group on Phe
was removed by treatment with 0.1 N NaOH in 90% EtOH.
After drying in vacuo, the resin was hydrolyzed with 6 N
HCI at 150° for 1.5 h. The Phe and Leu content of the acid
hydrolysate was determined and the coupling yield calculated
from the Phe to Leu ratio. Coupling rate was 68% after 15 min
of reaction and became nearly quantitative after 30 min of
reaction.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

Solid-phase Synthesis of Leu-enkephalin Amide on
PEG-grafted Rink Amide Resin using
Water-dispersible Nanoparticles

The solid-phase synthesis was carried out according to
the protocol shown in Table 1. PEG-grafted Rink amide
resin (185 mg, amino group content, 50 pymol) was swelled
with water, and then the water-dispersible nanoparticles of
Fmoc-Leu-OH (150 pmol), Fmoc-Phe-OH (150 pmol), Fmoc-
Gly-OH (150 pmol), and Fmoc-Tyr(tBu)-OH (150 umol) were
serially coupled to the resin by WSCD (28.6 mg, 150 pmol),
HONB (26.8 mg, 150 umol), and DIEA (26 ul, 150 pmol).
Deprotection was carried out with 0.1 N NaOH in 90%
EtOH. After completion of the synthetic reaction, the
peptide resin (H-Tyr(tBu)-Gly-Gly-Phe-Leu-PEG-grafted Rink
amide resin) was washed with EtOH and and dried in
vacuo. Yield: 205 mg. The resin (205 mg) was treated with
TFA-triisopropylsilane-water (92:4:4, 15 ml) for 2 h at room
temperature. The resin was removed by filtration, and then
TFA was evaporated to leave an oily material. The residue was
dissolved in water, washed with diethylether, and lyophilized.
The crude product was purified by preparative HPLC to
give an amorphous powder. Purified yield (calculated from
the amino group content of the used resin): 22.7 mg, 67%;
[@]24 D: +12.5°(c = 1.0, H20), Tof-MS m/z: 555.0 (M + 1]*,
CogH39NgOg requires 555.64); amino acids analysis: Tyr,
0.94; Gly, 2.00, Phe, 0.96; Leu, 1.03. (average recovery:
92%).
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Table 1 Protocol of in-water, solid-phase synthesis using
nanoparticles

Step Reagents Time
1 Water 1 minx 5
2 Water-dispersible Fmoc-amino 1h
acid nanoparticle, WSCD, HONB,
DIEA
3 Water 1 minx 5
4 Aqueous 50% EtOH 1 minx 2
5 0.1 N NaOH aqueous/90% EtOH 5 minx 3
6 Aqueous 50% EtOH 1 minx 2

In-water Solid-phase Synthesis of Leu-Enkephalin
Amide on PEG-grafted Rink Amide Resin using
Unprocessed Fmoc-amino Acids

The solid-phase synthesis was carried out according to
the protocol shown in Table 1. Since unprocessed Fmoc-
amino acids were sparingly soluble in water, the protocol
was modified in step 3 in which the washing solvent was
changed from water to DMF. PEG-grafted Rink amide resin
(555 mg, amino group content, 150 umol) was swelled with
water, and then Fmoc-Leu-OH (450 pmol), Fmoc-Phe-OH
(450 pmol), Fmoc-Gly-OH (450 umol), and Fmoc-Tyr(tBu)-OH
(450 umol) were serially coupled onto the resin by WSCD
(85.8 mg, 450 umol), HONB (80.4 mg, 450 umol), and DIEA
(78 ul, 450 umol). After completion of the synthetic reaction,
the resin was washed with EtOH and dried in vacuo. The
resin was treated with TFA-triisopropylsilane-water (92:4:4,
40 ml) for 2 h at room temperature. The resin was removed
by filtration and TFA was evaporated to leave an oily material.
The residue was dissolved in water, washed with diethylether,
and lyophilized to give an amorphous material. Yield: trace.
The crude product was analyzed by HPLC.

In-water Solid-phase Synthesis of Leu-Enkephalin
Amide on PEG-grafted Rink Amide Resin using
Unprocessed Fmoc-amino Acids with PEG

The solid-phase synthesis was carried out according to the
protocol shown in Table 1. Since unprocessed Fmoc-amino
acids were sparingly soluble in water, the protocol was
modified in step 3, in which the washing solvent was changed
from water to DMF. PEG-grafted Rink amide resin (555 mg,
amino group content, 150 umol) was swelled with water,
and then Fmoc-Leu-OH (450 pmol), Fmoc-Phe-OH (450 pmol),
Fmoc-Gly-OH (450 pmol), and Fmoc-Tyr(tBu)-OH (450 pumol)
were serially coupled onto the resin by WSCD (85.8 mg,
450 umol), HONB (80.4 mg, 450 umol), DIEA (78 ul, 450 umol)
and PEG (200 mg). After completion of the synthetic reaction,
the resin was washed with EtOH and dried in vacuo. The
resin was treated with TFA-triisopropylsilane-water (92:4: 4,
40 ml) for 2 h at room temperature. The resin was removed
by filtration and then TFA was evaporated to leave an oily
material. The residue was dissolved in water, washed with
diethylether, and lyophilized to give an amorphous material.
Yield: trace. The crude product was analyzed by HPLC.
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RESULTS AND DISCUSSION

Nanosizing of particles is a part of particle design
to improve the function of sparingly soluble drugs
[12,13]. Grinding particles to nanosize can lead to
increased specific surface area and homogeneous mix-
ing of multiple components. We therefore predicted
that conversion of Fmoc-amino acids into homoge-
neously water-dispersible nanoparticles would enable
increased specific surface area and homogeneous mix-
ing with the resin in water, and resulting in an unprob-
lematic progress of the solid-phase reaction in water
according to the Fmoc approach. There have been no
available reports of reactions in water using such water-
dispersible nanoparticles as building blocks, as far as
we are aware. When synthesis in water is carried out
using protected water-soluble amino acids, the excess
amount of protected water-soluble amino acids are dis-
solved in water after the reaction, causing possible
contamination of the water. However, water-dispersible
nanoparticles can be easily removed from the reac-
tion by filtration and water-washing of the resin. Also,
the dispersible nanoparticles in the filtrate can also be
easily separated from water by deposition or sedimen-
tation through ultracentrifugation or other methods.
The present nanoparticle-based technology will repre-
sent a major step in the development of environmentally
friendly solid-phase chemical synthesis methods.

First, we selected Fmoc-Phe-OH, which has an aro-
matic ring in the side chain and is highly hydrophobic,
to convert into water-dispersible nanoparticles. A dis-
persion additive, PEG [14,] was added to Fmoc-Phe-OH
and the mixture was ground for 2 h at room temper-
ature in a planetary ball mill containing water with
zirconia beads. The formulation consisted of 2.0 mmol
of Fmoc-Phe-OH, 400 mg of PEG, 20 ml of water,
and 80 g of zirconia beads. The size of the resulting
water-dispersible nanoparticles (Figure 1(B)) was deter-
mined by dynamic light scattering analysis (DLS) to
be 265 + 10 nm. A scanning electron microscope (SEM)
image also revealed nanosized particles (Figure 2(B)).
Then, we established the conditions for in-water, solid-
phase coupling reaction using the water-dispersible
nanoparticles. As the solid phase the Leu-PEG-grafted
Rink amide resin [15,16] that was swollen in water
was selected, and three equivalents of Fmoc-Phe-OH
nanoparticles was used to the content of Leu in the
resin. WSCD [17] was used as the coupling reagent
and HONB [18] and DIEA were used as additives.
After the reaction, nanoparticles were removed from
the reaction mixture by water-washing and filtration.
The ninhydrin Kaiser test [19] of the resin was negative
after a 30-min reaction, indicating effortless progress of
coupling. Coupling ratio of Phe onto the resin was cal-
culated from amino acid analysis data of the resin after
15- and 30-min reactions. The coupling rate was 68%
after 15 min of reaction and became nearly quantitative
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Figure 2

after 30 min. These findings indicate that nanoparticle-
based coupling reaction was completed in a short time
(30 min) even though the reaction was accomplished
on solid phase in water. This rapid completion of reac-
tion is attributed mainly to the homogeneous mixing of
nanoparticles with the resin. The above reaction was
more effortless than expected, given that at least 1 h
was necessary when four equivalents of amino acids
was used in previously reported in-water [8], solid-
phase coupling reactions using water-soluble protected
amino acids. The promoted reaction may be induced
by a new physical property that was acquired from
nanosizing.

We selected a five-residue opioid peptide, Leu-
enkephalin amide, as a model peptide to perform in-
water, solid-phase reactions using Fmoc-amino acids
processed into water-dispersible nanoparticles. PEG-
grafted Rink amide resin was used as the solid support.
WSCD was used as a coupling reagent. HONB and
DIEA were used as additives. Deprotection of Fmoc
group was carried out with 0.1 N NaOH in 90%
EtOH since the Fmoc-derived fluorine compound was
sparingly soluble in water. In accordance with the
protocol shown in Table 1, Fmoc-Leu-OH, Fmoc-Phe-
OH, Fmoc-Gly-OH, and Fmoc-Tyr(tBu)-OH, each in a
form of water-dispersible nanoparticles, were serially
coupled onto the resin and a Fmoc-Tyr(tBu)-Gly-Gly-
Phe-Leu-PEG-grafted Rink amide resin was obtained.
After removal of the Fmoc group, cleavage of the
partially protected peptide from the resin and final
deprotection were carried out with TFA. Results of the
HPLC analysis for Leu-enkephalin amide obtained by
solid-phase synthesis in water are shown in Figure 3(C).
Leu-enkephalin amide provided the main peak. The
overall yield calculated from the amino group content
of the used resin was 67%.

We also prepared Leu-enkephalin amide by solid-
phase synthesis using unprocessed Fmoc-amino acids
in water and in an aqueous PEG solution. HPLC
analysis results of the crudes after cleavage from the
resin, as shown in Figure 3(A) and (B), reveal no major
peak at the retention time for Leu-enkephalin amide.
The in-water synthesis using unprocessed Fmoc-amino

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

(A) An SEM image of unprocessed Fmoc-Phe-OH, (B) An SEM image of water-dispersible nanoparticulate Fmoc-Phe-OH.
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Figure 3 HPLC analysis data after cleavage from the
resin of Leu-enkephalin amide prepared by
solid-phase synthesis using (A) unprocessed Fmoc-amino
acids, (B) unprocessed Fmoc-amino acids with PEG, and
(C) water-dispersible nanoparticulate Fmoc-amino acids. Col-
umn, DAISOPAK SP-120-5-ODS-B (2.5 x 250 mm). Flow rate,
1 ml/min. Eluent, CH3CN/H5O containing 0.05% TFA. Gradi-
ent: 10/90-50/50 (40 min).

in-water,

acids was not achieved, even in the presence of the
dispersible agent PEG.

In the present study, we developed a new peptide
synthesis method based on nanosized building blocks.
There have been no reports of in-water or solid-
phase reactions using dispersible nanoparticles as
building blocks. While traditional solid-phase methods
are based on ‘reaction between a solid reactant and a
reactant dissolved in an organic solvent’, the present
method is based on ‘reaction between a solid reactant
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and an aqueous nanoparticulate suspension’ and has
promising applications in the field of nanochemistry,
where water-insoluble materials are suspended in
water as nanoparticulate reactants. Green sustainable
chemistry is regarded as a challenge in science and
technology to achieve reduced use of organic solvents
and utilization of low-toxic reagents. However, most
solid-phase syntheses are currently carried out in
organic solvents, and few efforts have been made to
carry out reactions in water. Low water solubility
of reagents and building blocks presents one of the
obstacles in the effort to carry out reactions in water.
The present study proposes a solution to address the
low solubility of building blocks and offers a new solid-
phase synthesis method using the ‘environmentally
friendly solvent’, water. Reaction characteristics for
nanosized building blocks will be explored to trigger
a new methodology for synthetic reactions.

Acknowledgements

This work was supported in part by Grant-in-Aid for
Scientific Research and by ‘Academic Frontier’ Project
for Private Universities: matching fund subsidy from
the Japanese Ministry of Education, Culture, Sports,
Science and Technology, 2006-2010.

REFERENCES

1. Merrifield RB. Solid-phase peptide synthesis. 1. The synthesis of a
tetrapeptide. J. Am. Chem. Soc. 1963; 85: 2149-2154.

2. Furka A, Sebestyen F, Asgedom N, Dibo G. General method for
rapid synthesis of multicomponent peptide mixtures. Int. J. Peptide
Protein Res. 1991; 37: 487-493.

3. Houghten R, Pinilla C, Blondelle SE, Appel JR, Dooley CT,
Cuervo JH. Generation and use of synthetic combinatorial libraries
for basic research and drug discovery. Nature 1991; 354: 84-86.

4. Anastas PT, Warner JC. Green Chemistry: Theory and Practice.
Oxford University Press: New York, 1998.

5. Winterton N. Twelve more green chemistry principles. Green Chem.
2001; 3: G73-G75.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

IN-WATER PEPTIDE SYNTHESIS 497

. Hojo K, Maeda M, Kawasaki K. Solid-phase peptide synthe-

sis in water. III. A water-soluble N-protecting group,
2-[phenyl(methyl)sulfonio]ethoxycarbonyl tetrafluoroborate, and
its application to peptide synthesis. Tetrahedron 2004; 60:

1875-1886.

. Hojo K, Maeda M, Kawasaki K. 2-[Phenyl(methyl)sulfonio]ethoxy-

carbonyl tetrafluoroborate, and its application to peptide synthesis.
dJ. Pept. Sci. 2001; 7: 615-618.

. Hojo K, Maeda M, Kita E, Yamamoto S, Yamaguchi F, Kawasaki K.

Peptide synthesis in water IV. Preparation of N-ethanesulfonyleth-
oxycarbonyl (Esc) amino acids and their application to solid phase
peptide synthesis. Chem. Pharm. Bull. 2001; 52: 422-427.

. Hojo K, Maeda M, Kawasaki K. 2-(4-Sulfophenyl)ethoxycarbonyl

group: a new water-soluble N-protecting group and its application
to solid phase peptide synthesis in water. Tetrahedron Lett. 2004;
45: 9293-9295.

Carpino LA, Han G. The 9-fluorenylmethoxycarbonyl function, a
new base-sensitive amino-protecting group. J. Am. Chem. Soc.
1970; 92: 5748-5749.

Fields GB, Nobel RL. Solid phase peptide synthesis utilizing
9-fluorenylmethoxycarbonyl amino acids. Int. J. Peptide Protein
Res. 1990; 35: 161-214.

Liversidge GG, Conzentino P. Drug particle size reduction for
decreasing gastric irritancy and enhancing absorption of. naproxen
in rats. Int. J. Pharm. Sci. 1995; 125: 309-313.

Liversidge GG, Cundy KC. Particle size reduction for improvement
of oral bioavailability of hydrophobic drugs: I. Absolute oral
bioavailability of nanocrystalline danazol in beagle dogs. Int. J.
Pharm. Sci. 1995; 125: 91-97.

Chen J, Spear SK, Huddleston JG, Rogers RD. Polyethylene glycol
and solutions of polyethylene glycol as green reaction media. Green
Chem. 2005; 7: 64-82.

Bayer E. Towards the chemical synthesis of proteins. Angew. Chem.
Int. Ed. 1991; 30: 113-129.

Rink H. solid-phase synthesis of protected peptide fragments using
a trialkoxydiphenylmethyl ester resin. Tetrahedron 1987; 28:
3787-3790.

Sheehan JC, Hlavka JJ. The use of water-soluble and basic
carbodiimides in peptide synthesis. J. Org. Chem. 1956; 21:
439-441.

Fujino M, Kobayashi S, Obayashi M, Fukuda T, Shinagawa S,
Nishimura O. The use of N-hydroxy-5-norbornene-2,3-dicarboxi-
mide active esters in peptide synthesis. Chem. Pharm. Bull. 1974;
22: 1857-1863.

Kaiser E, Colescott RL, Bossing CD, Cook PI. Color test for
detection of free terminal amino groups in the solid-phase synthesis
of peptides. Anal. Biochem. 1970; 34: 595-598.

J. Pept. Sci. 2007; 13: 493-497
DOI: 10.1002/psc



