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A series of benzoylated and phenylsulfonylated amino acids are novel, low molecular weight, 
self-assembling molecules. At low pH, these compounds form microspheres that dissolve readily 
under neutral conditions. In a given synthetic series, those molecules with low aqueous 
solubility formed microspheres more readily than did the molecules possessing high water 
solubility, suggesting that the hydrophobicity of these compounds contributes to the ability to 
form microspheres. In addition, molecular modeling studies on selected compounds have shown 
that microsphere formation may depend also on various aromatic ring and dipole-dipole 
interactions, which could effect the extent and types of favorable stacking conformations between 
molecules. The microspheres prepared from these compounds have been used to effect the 
oral delivery of salmon calcitonin, a model protein drug, in both rodents and primates. 

Introduction 

The phenomenon of intermolecular association be­
tween similar structures has been an area of interest 
for many decades.1-4 Indeed, micelles and vesicles are 
well known and routinely used in consumer products 
such as soaps and detergents. These micelles and 
vesicles are held together by the weak hydrophobic-
hydrophilic interactions between the head and tail 
groups of the molecules. As such, these structures exist 
only in solution and collapse under dry conditions. Self-
assembled molecular superstructures which maintain 
their integrity on drying have been reported infre­
quently in the literature. One of the earliest examples 
of such structures can be found in the work of Fox.5 He 
observed that thermally-condensed amino acid mixtures 
had the ability to self-aggregate into spherelike micro-
particles. The formation of these microspheres was 
found to be a function of pH such that microspheres 
were present at low pH and dissolved under conditions 
of high pH.6-10 More recently, a variety of peptide 
molecules have been observed to form self-assembled 
nanotubes with the ability to function as artificial ion 
channels in lipid bilayer membranes.11-13 Similar rods 
and tubules have also been prepared by molecular 
interactions among lysines acylated with fatty acids.14 

In general, all of these structures are either peptide 
polymers or long chain fatty-acid-like molecules with 
enormous structural flexibility. However, we have 
documented microsphere formation in a group of con-
formationally-restricted, small peptides having molec­
ular weights as low as ~600 Da. We have shown, for 
instance, that tetrapeptide diketopiperazines prepared 
from phenylalanine and glutamic or aspartic acids will 
self-assemble into microspheres.15 Herein, we report on 
a series of even simpler, sphere-forming molecules that 
are derivatized single amino acids (MW < 300 Da) and 
that form stable, isolable microspheres either individu­
ally or as mixtures. 
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Previously we demonstrated that microspheres could 
be used to effect the oral delivery of drugs traditionally 
administered only by injection. Thus, microspheres 
prepared from thermally-condensed amino acid mix­
tures allowed oral delivery of heparin in both rodents 
and humans.16-18 In this report, microspheres prepared 
from a series of benzoylated and phenylsulfonylated 
a-amino acids are shown to facilitate the oral delivery 
of a model protein drug, salmon calcitonin. Calcitonin 
is a 32-amino acid peptide approved for use in the 
treatment of Paget's disease and osteoporosis.19 It is 
routinely administered by subcutaneous or intramus­
cular injection. Orally-dosed calcitonin is ineffective, 
presumably due to its instability in the gastrointestinal 
tract. The microspheres described herein can deliver 
therapeutically significant amounts of calcitonin to rats 
and monkeys when administered orally. 

Results and Discussion 

Synthesis. A series of acylated, benzoylated, and 
sulfonylated amino acids was prepared using standard 
Schotten-Baumann chemistry.20 In general, an amino 
acid was dissolved in aqueous base and a selected acid 
chloride was added. After the mixture was stirred at 
room temperature for about 2 h, the product was 
isolated by precipitation from the acidified reaction 
mixture and purified by recrystallization. The com­
pounds listed in Tables 1-3 were prepared by this 
procedure or purchased. All of the compounds that were 
prepared in our laboratory have been reported 
previously.21-32 

Microsphere Formation. In order to investigate 
the role of structure in molecular self-assembly, we 
examined the microsphere-forming abilities of each 
derivatized amino acid individually using a light mi­
croscope at both 10- and 100-fold magnification as 
described in the Experimental Section of this paper. In 
general, no microspheres formed with either the mono-
derivatized basic or monoderivatized acidic amino acids 
under the conditions described herein. Thus, neither 
iV-benzoylaspartic acid (1) nor AT-benzoylglutamic acid 
(2) formed microspheres, nor did the corresponding 
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Table 1. 2V-Berizoylated and iV-Phenylsulfonylated Amino 
Acids 

Table 2. Derivatized Phenylalanines 

K 

^-^ ^ X^ 1 .ONa 

compd X R 

micro­
sphere 

formation" 
log 
pb mp (0C) 

1 C=O CH2CO2H no -2.79 ndc 

2 C=O (CH2)2C02H no -2.29 nd 
3 C=O (CH2J4NH2 no -2.02 nd 
4 C=O (CH2)4NHCOPh yes -1.22 53-55 
5 SO2 (CH2)4NH2 no -2.80 nd 
6 C=O (CH2)3NH2 no -2.09 nd 
7 C=O (CH2)3NHCOPh yes -1.29 189-192 
8 SO2 (CHa)3NHC(NH)NH2 no nd 
9 C=O CH2Ph yes -0.63 nd 

10 SO2 CH2Ph yes -1.41 131-132 
11 C=O CH2CH(CHs)2 yes -0.91 nd 
12 SO2 CH2CH(CHs)2 yes -1.69 112-114 
13 C=O CH(CH3)2 yes -1.30 nd 
14 SO2 CH(CH3)2 yes -1.80 149-150 
15 C=O CH3 no -2.14 nd 
16 C=O H no -2.68 nd 
17 SO2 CH2OH no -3.98 216 dec 
18 C=O CH2(4-C6H4OH) no -2.24 81-82 
a Microspheres were examined using a light microscope at 10-

and 100-fold magnification. Ratings of 0-2 were given a "no" 
designation, and ratings of 3-5 were given a "yes" designation. 
6 Log P values were calculated from the reported experimental log 
P values of the amino acids using fragment constants.33 c These 
compounds were purchased, and melting points were not mea­
sured. 

lysine (3) or orni thine (6) analogs. Likewise, iV-(phen-
ylsulfonyDlysine (5) and iV-benzoylarginine (8) did not 
form microspheres. In contrast , 2V,iV'-dibenzoylated 
lysine (4) and orni thine (7) derivatives formed stable 
microspheres. iV-Benzoylphenylalanine (9) and N-
(phenylsulfonyl)phenylalanine (10) also formed micro­
spheres , as did the leucine analogs 11 and 12. The 
derivatized valines 13 and 14 produced very poor 
microspheres, and the a lanine 15 did not form micro­
spheres a t all under these conditions. JV-Benzoylglycine 
(16), iV-(phenylsulfonyl)serine (17), and iV-benzoylty-
rosine (18) did not form microspheres under these 
conditions. 

One possible explanation for these resul ts is t h a t 
hydrophobicity may play an important role in the ability 
of these compounds to undergo molecular self-assembly 
into microspheres: as hydrophobicity increases, these 
mater ia ls are more likely to aggregate and form micro­
spheres . Indeed, a comparison of the calculated log P 3 3 

and microsphere-forming ability (Table 1) indicates t ha t 
a log P > - 2 . 0 is required to obtain microspheres. 
Within this s t ructura l series, compounds with lower log 
P values may be so hydrophilic t ha t thermodynamic 
factors favor solutions over microsphere suspensions. 

In order to investigate further the potential role of 
lipophilicity in the molecular self-assembly of deriva­
tized amino acids, we studied microsphere formation 
within a group of variously iV-substituted phenylala­
nines (Table 2). The resul ts reveal, in contrast to the 
previously described series of compounds, t h a t acylated 
phenylalanines having a calculated log P > - 2 . 0 do not 
necessarily form spheres. Thus , AT-methylphenylala-
nine (19), iV.iV-dimethylphenylalanine (20), iV-acetyl-
phenylalanine amide (21), iV-formylphenylalanine (22), 
and iV-acetylphenylalanme (23) did not form micro-

compd 
(mp, 0C) R' 

micro­
sphere 

X formation0 
log 
pb 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 (169-170) 
30 
31(110-112) 
32 (54-55) 

CH3 
CH3 
CH3C(O) 
HC(O) 
CH3C(O) 
CH3C(O) 
PhC(O) 
PhC(O) 
PhC(O)CH2C(O) 
PhCH2C(O) 
cycloC6HnC(0) 
PhCH2OC(O) 
cycloC5H9C(0) 
salicyloyl 

H 
CH3 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

OH 
OH 
NH2 
OH 
OH 
OCH3 
OCH3 
NH2 
OH 
OH 
OH 
OH 
OH 
OH 

no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
yes 
no 
yes 
yes 

-0.93 
-0.43 
-1.76 
-1.21 
-0.70 
-0.20 
-0.13 
-1.89 
-1.34 
-0.13 
-0.27 
-1.11 
-0.77 
-0.53 

° Microspheres were examined using a light microscope at 10-
and 100-fold magnification. Ratings of 0-2 were given a "no" 
designation, and ratings of 3-5 were given a "yes" designation. 
b Log P values were calculated from the reported experimental log 
P values of the amino acids using fragment constants.33 

spheres in spite of the fact t h a t the calculated log P of 
these compounds was in the - 0 . 4 3 to - 1 . 7 6 range. 
Analogs of these compounds with similar lipophilicity 
(log P - 0 . 2 7 to -1 .41) , however, did form microspheres 
as shown by iV-cyclohexanoylphenylalanine (29), N-
cyclopentanoylphenylalanine (31), iV-(phenylsulfonyl)-
phenylalanine (10), iV-benzoylphenylalanine (9), and 
N-salicyloylphenylalanine (32). 

The resul ts described above demonstra te t ha t lipo­
philicity alone is not the only requirement for the 
formation of microspheres. Examinat ion of the struc­
tu res of these compounds indicates t ha t an amide 
function having an aromatic or alicyclic component is 
also necessary. Substi tution of a sulfonyl moiety for the 
carbonyl moiety in iV-benzoylphenylalanine (9) had no 
effect on the ability of the mater ia l to form micro­
spheres. These observations suggest t ha t an additional 
s t ruc tura l constraint necessary for microsphere forma­
tion is juxtaposition of an amide or sulfonamide function 
with an aromatic or nonaromatic ring. This atomic 
a r rangement might facilitate spatial orientations t h a t 
a re favorable for molecular self-assembly. The da ta in 
Table 2 clearly show tha t a carboxyl function is present 
in all of the compounds t h a t form microspheres. Sub­
st i tut ion of an ester (25) or an amide (26) for the 
carboxylic acid group resul ts in compounds t h a t no 
longer self-associate to form microspheres. 

Because iV-benzoyl and 2V-phenylsulfonyl derivatives 
of hydrophobic amino acids (phenylalanine, leucine) 
readily form microspheres, the effect of varying the 
subst i tut ion on the aromatic r ings of these mater ia l s 
in a series of ^/-subst i tuted leucines was subsequently 
examined (Table 3). Among benzoyl derivatives, nei ther 
electron-donating subst i tuents (33, 36) nor electron-
wi thdrawing subs t i tuents (34, 35) on the aromatic r ing 
enhanced or a t t enua ted the self-association of these 
molecules. 

M o l e c u l a r M o d e l i n g S tud ie s . To under s t and bet­
te r the molecular self-assembly of these series of de-
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Table 3. Aromatic Substituents and Microsphere Formation in 
JV-Benzoylated Leucines 

compd 

11 
33 
34 
SS 
36 
12 

X 

C-O 
C-O 
C-O 
C-O 
C-O 
SO2 

Y 

H 
-J-OClI, 
4-NO2 

3-NO2 

2-OH 
H 

micro­
sphere 

formation" 

yes 
yes 
yes 
yes 
V C S 

yes 

n i p 

(0C) 

nd* 
172-174 
173-176 
nd 
47-50 
112-114 

" Microspheres were examined using a light microscope at 10-
and 100-fold magnification. Ratings of 0 - 2 were given a "no" 
designation, and ratings of 3 - 5 were given a "yes" designation. 
h These compounds were purchased and melting points were not 
measured. 

r iva t ized a m i n o acids , molecu la r mode l ing s t u d i e s w e r e 
conducted on t h r e e r e p r e s e n t a t i v e c o m p o u n d s in o r d e r 
to e x a m i n e t h e r e l a t ionsh ip be tween t h e conformat ional 
flexibility a n d s t r u c t u r a l a g g r e g a t i o n c h a r a c t e r i s t i c s of 
t he se molecules a n d t h e i r abi l i t ies to form mic rosphe res . 
T h e molecules chosen for s t u d y w e r e A/-(phenylsulfonyl)-
s e r i n e (17), iV-(phenylsu l fonyl )phenyla lan ine (10), a n d 
N-sa l i cy loy lphenyla lan ine (32). T h e s e c o m p o u n d s w e r e 
chosen to exemplify t h e r e q u i r e m e n t s for molecu la r self-
a s sembly b e c a u s e t h e y r e p r e s e n t e x a m p l e s of poor (17), 
m o d e r a t e (10), a n d exce l len t (32) m i c r o s p h e r e fo rmers . 
T h e mode l ing t e c h n i q u e s employed used t h e C H A R M m 
22 force field w i t h i n t h e Q u a n t a 4.0 in te r face . T h e 
B o l t z m a n J u m p conformat iona l s e a r c h a l g o r i t h m w a s 
u s e d to p roduce e n s e m b l e s of p robab le confo rma t ions , 
u s u a l l y a b o u t 300 conformers , for bo th m o n o m e r s a n d 
d i m e r s . T h e d i m e r con fo rma t ions w e r e ob t a ined from 
pa i r s of m o n o m e r conformat ions after ene rgy min imiza­
t ion. T h e s u b s e q u e n t conformat ions g e n e r a t e d for each 
compound were t h e n c lus tered so as to facilitate ana lys i s 
of e a c h subse t . T h e r e s u l t s of t h e s e a r c h a n d c lu s t e r 
p rocedure s ind ica ted t h e p re sence of 2 1 AMphenylsu l -
fonyDserine, 17 AMpheny l su l fonyDpheny la l an ine , a n d 
11 iV-sa l icyloylphenyla lanine c lus t e r s . Whi le t h e s e 
r e s u l t s sugges t dif ferences in t h e d y n a m i c flexibility of 
each se t of d i m e r s , t h e y do no t necessa r i ly ind ica te t h e 
re la t ive l i fet imes of each conformer . For i n s t a n c e , even 
t h o u g h AM phenylsul fonyl (ser ine w a s s h o w n to h a v e 2 1 
dif ferent c lus te r s , t h e a c t u a l n u m b e r m i g h t be less if 
t h e re la t ive l i fe t ime of each conformer is cons ide red . 
However , we have a s s u m e d t h r o u g h o u t t h a t t h e b a r r i e r 
to in te rconvers ion is no t s ignif icant because of t h e sma l l 
ene rgy differences be tween c l u s t e r s . T h e di f ferent 
conformers would the re fore h a v e s i m i l a r l i fe t imes . 

AMPhenylsu l fonyDser ine e x h i b i t s t h e g r e a t e s t flex­
ibili ty a n d d ivers i ty a m o n g t h e t h r e e d e r i v a t i v e s w i t h 
2 1 different low-energy conformat iona l c l u s t e r s . Mos t 
of t he se conformers have in t e rmolecu la r phenylsulfonyl-
s t a c k i n g i n t e r ac t i ons a n d a n i n t e r m o l e c u l a r h y d r o g e n 
bond b e t w e e n t h e molecu les (F igu re 1) w h e n g e n e r a t e d 
a t a m e d i u m dielectr ic c o n s t a n t (~40 ) . T h e p r e s e n c e 
of a n i n t e r m o l e c u l a r h y d r o g e n bond is i n t e r e s t i n g 
b e c a u s e i t does no t s e e m to r e s t r i c t t h e conformat iona l 
s p a c e s ignif icant ly w h e n compared t o t h e o t h e r de r iva ­
t ives . 
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F i g u r e 1. Representative dimer conformation of AMphenyl-
sulfonyl (serine. The dimer conformation shows an intermo­
lecular stacking interaction between the two phenyl groups 
(A), an intramolecular hydrogen bond between the carbonyl 
oxygen and side-chain hydroxyl group of each serine moiety 
(B), and an intermolecular hydrogen bond between a sulfonyl 
oxygen and a sulfonamide nitrogen (C). 

F i g u r e 2. Representative dimer conformation of AMphenyl-
sulfonyl (phenylalanine. The dimer conformation shows an 
internal stacking interaction between the phenyl groups of the 
phenylsulfonyl and phenylalanine moieties (A) and an external 
stacking interaction between the two phenylsulfonyl groups 
(B). 

T h e nex t mos t d iverse g roup of conformat ions cons is t s 
of 17 c l u s t e r s g e n e r a t e d for A7-(phenylsulfonyl)phenyl-
a l a n i n e . T h i s e n s e m b l e s h o w s t h a t b o t h i n t e r n a l a n d 
e x t e r n a l s t a c k i n g of t h e phenylsu l fonyl g r o u p a r e fa­
vored. Ant ipara l le l phenylsu l fonyl /phenyla lan ine s tack­
ing w a s u n s t a b l e to e n e r g y m i n i m i z a t i o n a n d the re fo re 
cons idered to be u n i m p o r t a n t . I n t e rmo lecu l a r hydrogen 
b o n d i n g w a s observed in m o s t c l u s t e r s a n d p redomi ­
n a t e d d e p e n d i n g on t h e d ie lec t r ic c o n s t a n t . T r ip le 
s t a c k i n g of r i n g s i n t h e d i m e r con fo rma t ions w a s also 
s e e n (F igu re 2) a n d w a s espec ia l ly favored a t h igh 
die lec t r ic s t r e n g t h (~80) . 

N -Sa l i cy l o y l p h en y l a l an i n e a p p e a r e d to be t h e m o s t 
conformat iona l ly- res t r ic ted of t h e t h r e e molecu les s t ud ­
ied. T h i s w a s t r u e for bo th t h e monomer i c a n d d i m e r i c 
con fo rma t ions . I n d e e d , t h e s m a l l n u m b e r of d i m e r 
conformat ional c lus te r s reflect t h e r ig id i ty of t h e mono-
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Figure 3. Representative dimer conformation of iV-salicyl-
oylphenylalanine. The dimer conformation shows a parallel, 
intermolecular stacking interaction between the aromatic rings 
with the salicyloyl groups on the left (A) and the phenyl groups 
of phenylalanine on the right (B). 

mer. This rigidity arises from the internal hydrogen 
bonding between the carbonyl and hydroxyl of the 
salicyloyl moiety in combination with the planar amide 
bond. This lack of internal flexibility would disfavor any 
internally-stacked conformations. Salicyloyl-salicyloyl 
stacking is favored in several of the clusters (Figure 3), 
and three to four hydrogen bonds per dimer often 
developed. Interestingly, in spite of the rigidity of the 
N-salicyloylphenylalanine dimeric system compared to 
the aggregate structures of the other derivatives, in­
termolecular hydrogen bonds and r ing- r ing stacking 
were observed less frequently. This suggests that 
rigidity of the monomer is more important for restriction 
of the conformational space in the dimer than con­
straints between the molecules in a dimer. 

Taken together, these results indicate a correlation 
between the conformational flexibility and the micro-
sphere-forming ability of the molecules modeled. The 
most flexible molecule of this series, N-(phenylsulfonyl)-
serine (Table 1; 17), does not form microspheres, 
whereas the least flexible, N-salicyloylphenylalanine 
(Table 2; 32), does. Thus, conformational rigidity may 
also be a requirement for self-association of these 
molecules into microspheres. This study also suggests 
that intramolecular hydrogen bonding, as shown by 
N-salicyloylphenylalanine, restricts the monomer con­
formational space resulting in dimer rigidity and the 
ability to form microspheres. 

Microsphere Stability. The microspheres formed 
by N-benzoylphenylalanine (9) were transient. Within 
minutes of their generation, these microspheres suc­
cumbed to a higher thermodynamic order, namely, 
crystal formation. A dramatically-different result oc­
curred when microsphere formation experiments were 
conducted on mixtures of derivatized amino acids. For 
example, an equimolar combination of N-benzoylglutam-
ic acid (2), AT-benzoylornithine (6), and N-benzoylphen-
ylalanine (9) yielded excellent microspheres upon acidi­
fication. Likewise, an equimolar solution of these three 
derivatized amino acids plus N-benzoylglutamine also 
produced microspheres. These microspheres were iso­
lated and analyzed for composition by reverse phase 
HPLC. In the three component system, the composi­
tions of the microspheres were dependent upon the acid 
used to initiate their formation. When acetic acid was 
used to lower the pH, the resulting microspheres were 
formed from N-benzoylglutamic acid (2) and AT-ben-
zoylphenylalanine (9) in a ratio of 1:2. N-benzoylorni-

1 2 3 4 

Figure 4. Oral delivery of calcitonin using microspheres 
prepared from N-phenylsulfonylated amino acids. Bar 1, 
calcitonin control in rats at 10 /ig/kg; a similar response was 
obtained in primates. Bar 2, microsphere alone control in rats 
at 80 mg/kg; a similar response was obtained in primates. Bar 
3, calcitonin-containing microspheres at 10 /(g/kg calcitonin 
and 80 mg/kg carrier in rats 1 h after dosing. Bar 4, calcitonin-
containing microspheres at 60 ug/kg calcitonin and 80 mg/kg 
carrier in primates 6 h after dosing. 

thine (6) was not found in these microspheres. Acidi­
fication using citric acid gave microspheres containing 
all three of the compounds in a molar ratio of 1.4:2.0: 
1.0 N-benzoylglutamic acid (2)JV-benzoylphenylalanine 
(9)JV-benzoylornithine (6). A similar result was ob­
served with the four-component mixture. The acetic 
acid-precipitated microspheres contained Af-benzoyl-
glutamic acid (2), N-benzoylphenylalanine (9), and 
N-benzoylglutamine but did not contain any of the 
derivatized ornithine. The microspheres formed from 
this four-component mixture in the presence of citric 
acid did contain the derivatized ornithine. In all of 
these cases, however, the major component in the 
microspheres was N-benzoylphenylalanine (9). Once 
again, hydrophobicity appears to be an important aspect 
of molecular self-assembly. 

Oral Drug Delivery Model System. Microspheres 
prepared from some of the derivatives were used to 
evaluate the feasibility of oral calcitonin delivery in rats 
and primates. A microsphere suspension made from a 
mixture of compounds 5, 8, 10, 12, and 14 and contain­
ing calcitonin was dosed by oral gavage to groups of six 
rats. The delivery of the drug was demonstrated by a 
reduction in serum calcium after dosing of the test 
animals and sampling of the blood. Serum calcium 
levels in the rats dosed with calcitonin-containing 
microspheres decreased by 25% compared to control 
experiments where calcitonin alone and empty micro­
spheres alone were dosed (Figure 4). Similar dosing of 
primates caused a 15% decrease in serum calcium. 

Conclus ions 

We have demonstrated microsphere formation in a 
series of N-benzoylated and N-phenylsulfonylated amino 
acids. To our knowledge, this is the first reported 
documentation of such a self-assembly process in com­
pounds of molecular weight as low as ~300 Da. From 
these initial studies, certain structural features within 
this group of compounds are required for microsphere 
formation. One free carboxyl group is necessary, but 
no free amino groups are tolerated. Minimum calcu-
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lated log P values are needed, as are substituents that 
facilitate hydrogen bonding between themselves and the 
amide carbonyl or sulfonamide oxygen. Additionally, 
molecular modeling studies indicate that the probability 
of microsphere formation increases with molecular 
rigidity. In future reports we will discuss structural 
requirements and their relationship to molecular self-
assembly in more detail. Finally, microspheres pre­
pared from derivatized amino acids can deliver thera-
peutically-significant amounts of salmon calcitonin as 
evidenced by data from rodent in vivo experiments 
providing further support for the therapeutic possibility 
for oral delivery of to-date orally-inactive peptides. 

E x p e r i m e n t a l S e c t i o n 

Chemistry. Compounds 1-3, 5,6,8, 9,15,16,19-28, and 
30 were purchased from Bachem Biosciences, Inc., Philadel­
phia, PA. NMR spectra were recorded at 300 MHz in either 
D2O or DMSO. Combustion analyses were performed by 
Microlit Laboratories. Thin layer chromatography was per­
formed using E. Merck Kieselgel 60 F-254 plates. Reactions 
were monitored by high-pressure liquid chromatography on a 
Vydac 250 x 4.6 mm protein and peptide column using a 
gradient of 0-50% acetonitrile in water with 0.1% trifluoro-
acetic acid. Melting point analyses were performed using a 
Mel-Temp II instrument from Laboratory Devices and are in 
agreement with the literature values. 

General Procedure for the Preparation of Derivatized 
Amino Acids. The following procedure was used to prepare 
the phenylsulfonylated and benzoylated amino acids described 
herein. The preparation of AT-(phenylsulfonyl)leucine (12) is 
given as a representative example. Benzenesulfonyl chloride 
(70 mL, 282 mmol) was added dropwise to a solution of 
L-leucine (37 g, 282 mmol) in aqueous sodium hydroxide (500 
mL, 2 N). During the course of this addition, the reaction 
temperature was maintained below 45 0C using an ice/water 
bath as necessary, while the pH was maintained at ca. 10 by 
the addition of aliquots of 14 N NaOH as necessary. After 
the addition was complete, the reaction mixture was stirred 
an additional 2 h at room temperature. The resulting clear 
solution was acidified to pH 2.5 by the dropwise addition of 
concentrated hydrochloric acid with stirring. The precipitate 
was collected by filtration, redissolved in a minimum amount 
of 12 N sodium hydroxide, reprecipitated, and filtered. This 
white solid was washed with dilute aqueous hydrochloric acid 
(750 mL, 0.1 N) to give 2V-(phenylsulfonyl)leucine as a white 
crystalline solid (58.6 g, 77%): 1H NMR (300 MHz, DMSO-d6) 
<5 12.6 (br s, IH, OH), 8.2 (br s, IH, NH), 7.8 (d, 2H, Ph), 7.6 
(m, 3H, Ph), 3.6 (m, IH, CH a to NH), 1.5 (m, IH, CHCH2), 
1.3 (dd, 2H, CH2), 0.8 (d, 3H, CH3), 0.7 (d, 3H, CH3). Anal. 
(Ci2Hi7NO4S) C, H, N. 

General Procedure for Microsphere Formation. The 
sodium salt of the test compound was dissolved in water at a 
concentration of 160 mg/mL. The pH of the resulting solution 
was adjusted to between 7 and 8 by use of either 2 N sodium 
hydroxide or 1.7 M citric acid. This essentially-neutral solu­
tion was combined with an equal volume of either 5% aqueous 
acetic acid or 1.7 M aqueous citric acid. The precipitate that 
formed was visualized under a light microscope at both 10-
and 100-fold magnification. Evidence of microsphere forma­
tion was rated on a scale from 0 to 5. A value of zero was 
assigned to a clear solution containing no microspheres, and 
a value of 5 was assigned to a suspension of densely-packed 
microspheres. Microspheres containing salmon calcitonin 
were prepared similarly by dissolving the drug in the aqueous 
citric acid solution prior to mixing. 

General Procedure for Salmon Calcitonin Micro­
sphere Formation. The sodium salt of the test compound 
was dissolved in water at a concentration of 300 mg/mL. The 
pH of the resulting solution was adjusted to between 7 and 8 
by use of either 2 N sodium hydroxide or 1.7 M citric acid. 
Salmon calcitonin was dissolved in an aqueous solution of citric 
acid (1.7 N) and gelatin (5%) at a concentration of 30 figlmL. 

Equal volumes of these two solutions were mixed to give a 
microsphere suspension. 

Molecular Modeling. Molecular modeling experiments 
were performed using Quanta/CHARMm software (Molecular 
Simulations Inc., Burlington, MA). Molecular structure files 
for each amino acid derivative were created using the Chem-
note 2-D builder. The atom types and parameters were 
checked by CHARMm within Quanta. Ab initio HF 6-31 Gd 
calculations were performed on the C - S O 2 - N - C dihedral 
angle to ensure optimal sampling of its torsional space. The 
parameters obtained were added to the CHARMm force field. 

A conformational analysis was then performed on each of 
the three monomer derivatives. Energy-minimized structures 
of each derivatized amino acid were subjected to the Boltz-
mann Jump (BJ) search at a temperature of 5000 K with 40 
steps of steepest descent minimization after each search step. 
A total of 300 structures were generated and then clustered 
using all non-hydrogen atoms after postprocessing with 100 
steps of Powell minimization at varying dielectric constants. 

For the dimer conformational analysis, initial structures 
were generated from the monomer BJ calculations by relative 
positioning and rotation of probable interacting groups. These 
were then optimized by energy minimization prior to BJ 
simulation. As before, 300 structures were generated at 5000 
K with each conformer being processed with 800 steps of 
adopted basis Newton Raphson minimization to a gradient of 
0.01 at varying dielectric strengths. Resulting structures were 
subsequently clustered by non-hydrogen atoms and ring-
stacking distance. 

Animal Experiments. All animal experimental proce­
dures and protocols were approved in advance by the Emi-
sphere Institutional Animal Care and Use Committee. Male 
Sprague—Dawley rats weighing 125-150 g were used. The 
rats were housed in the animal unit at Emisphere Technolo­
gies under standard conditions with free access to water. All 
of the rats in these studies were anesthetized with 44 mg/kg 
ketamine and 0.5 mg/kg thorazine immediately prior to dosing. 
The rats were administered 2 mL/kg calcitonin-microsphere 
suspension by oral gavage. The total dose of calcitonin was 
30 ,ag/kg, and the total dose of spheres was 300 mg/kg. Blood 
samples were collected serially from the tail artery at 0.5, 1, 
1.5, 2, and 3 h after dosing. Peak hypocalcemia was observed 
at 1 h. Serum calcium was determined by quantitation with 
a calcium kit available from Sigma Chemical Co.34 

Four male Rhesus monkeys weighing 4—5 kg were used. 
The monkeys were fasted overnight and placed in primate 
restraint chairs for dosing and blood sampling. Conscious 
monkeys received microspheres containing calcitonin by na­
sogastric gavage, and blood samples were collected from 
saphenous vein catheters. Blood samples were collected at 1 
and 0.5 h before dosing and at 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, and 
8 h after dosing for serum calcium determination. Peak 
hypocalcemia was observed at 6 h. 
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