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Abstract 
The complexation of pilocarpine prodrug, O,O'-dipropionyl-( 1.4-xylylene) bispilocarpate, with various d- 
cyclodextrin (Ij-CyD) derivatives was studied by the phase solubility method. The effects of coadministered 
sulphobutyl ether ; K y D  (SBE7-Lj-CyD) with and without poly(viny1 alcohol) (PVA) on the miotic 
response and eye irritation of the prodrug were investigated in pigmented rabbits. The pilocarpine prodrug 
formed I :  1 inclusion complexes with variably substituted sulphobutyl ether derivatives of ,&CyD (SBE4-P- 
CyD and SBE7-J-CyD), and 1 : l  and 1.2 complexes with hydroxypropyl-&CyD (HP-/-I-CyD) at pH 7.4. 
Coadministered SBE7-!]-CyD eliminated the eye irritation due to the pilocarpine prodrug, but also 
decreased the miotic response. Ocular absorption of the prodrug was improved by increasing the viscosity 
of prodr~gISBE7-~j-CyD solution with PVA without inducing any eye irritation. Eye irritation due to 
viscous prodrug:'SBE7-d-CyD solutions was comparable with isotonic NaCl solution. We conclude that 
administration of pilocarpine prodrug in viscous SBE7-/KyD solution decreases substantially eye 
irritation while ocular absorption is not affected. 

Pilocarpine is a widely used drug for controlling the elevated 
intraocular pressure associated with glaucoma. However, 
duration of action for ophthalmic pilocarpine is short and 
its ocular bioavailability is only 0.1 -3% of the installed 
pilocarpine dose (Asseff et al 1973; Chrai & Robinson 
1974a; Laiare & Horlington 1975). Various prodrugs such 
as pilocarpic acid diesters (Bundgaard et al 1986; Mosher et 
al 1987), bispilocarpic acid diesters (Jiirvinen et al 1991a, 
1992) and quaternary salts of pilocarpine (Druzgala et al 
1992) have been developed to improve the ocular delivery of 
pilocarpine. Bispilocarpic acid diesters are dimeric pilocar- 
pine double prodrugs which release pilocarpine via enzy- 
matic and chemical hydrolysis in-vitro (Jarvinen et a1 1991a, 
1995a). These prodrugs show improved ocular absorption 
of pilocarpine and prolonged duration of action, but unfor- 
tunately also strong eye irritation was observed which may 
hinder their clinical usefulness (Jiirvinen et al 1995b; Suho- 
nen et al 1995, 1996). Cyclodextrins (CyDs) are well-known 
for their ability to form inclusion complexes with a wide 
variety of hydrophobic drugs and to improve drug solubility 
or stability as well as bioavailability of the drug (Szejtli 
1994). il-CyD derivatives, such as hydroxypropylLLKyD 
(HP-,j-CyD) and variably substituted sulphobutyl ether 
derivatives of . K y D  (SBE-.j-CyDs) have been developed 
to improve the safety, aqueous solubility and subsequent 
pharmaceutical usefulness of J-CyD (Pitha et al 1986; Stella 
8~ Rajewski 1992). The eye irritation due to bispilocarpic 
acid diesters has been decreased with SBE4-,-I-CyD (with an 
average degree of substitution of four) (Jiirvinen et al 1995b) 
and HP- 1-CyD (Suhonen et a1 1945). but the ocular absorp- 

Correspondence: 1'. .Inrho. Department of PliarmaceLitical Cheiii- 
Istr!. Uni\ersit! o f  Kuopio.  PO BB\ 1627. 7021 1 Kuopio. Finland. 

tion of the studied prodrug decreased with increased CyD 
concentrations (Jiirvinen et al 1995b). These results are 
consistent with the general assumption that only the free 
drug, not CyD/drug complex, penetrates through biological 
membranes (Nakanishi et al 1989; Frijlink et al 1990). The 
purpose of this study was to decrease the eye irritation due 
to the prodrug with viscous SBE7-ij-CyD solution without 
impairing the ocular absorption of pilocarpine prodrug. 
SBE7-/]-CyD (a sulphobutyl ether with an average degree 
of substitution of seven) will be most probably the clinical 
material of SBE-Lj-CyDs. The complexation of pilocarpine 
prodrug, 0,O'-dipropionyl-( I ,4-xylylene) bispilocarpate, 
with SBE7-P-CyD was studied by phase-solubility methods 
and compared with complexation with SBE4-P-CyD and 
HP-ij-CyD. 

Materials and Methods 

C'hmiiculs 
The pilocarpine prodrug, 0.0'-dipropionyl-( I ,4-xylylene) 
bispilocarpate (Jiirvinen et al I99 1 b), SBE7-P-CyD (mole- 
cular weight = 2207.5) (Stella & Rajewski 1942) and SBE4- 
, K y D  (molecular weight = 17259) (Stella & Rajewski 
1992) were synthesized and identified according to the 
previously described methods. The chemical structures for 
0.0'-dipropionyl-( I ,4-xylylene) bispilocarpate and SBE7-;ir- 
CyD are shown in Fig. I .  HP-&CyD (Encapsin, molecular 
weight = 1297.4) was purchased from Janssen Biotech 
(Olen. Belgium) and poly(viny1 alcohol) (PVA. molecular 
weight = I24 000b 186 000 g niol ' )  from Aldrich Chemicals 
Company. Inc. (Milwaukee. USA). Sodium chloride and 
methanol (HPLC' grade) were purchased from J .  T. Baker 
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Pic;. I .  The chemical structure of O.O'-d~p~opioiiyl-( 1.4-xylylene) bispilocnrpate ( A )  and \ulphohut\l  cther . f-  
cyclodcxtrin with i i t i  average desrce of substitution o f  secen (SRE7-,1-CyD) (B). 

(Denventer. The Netherlands) and disodiiitn phosphate 
dihydrnte from Merck (Darmstat. Germany).  All other 
chemicals used were of analyticnl grade. 

Appivr i f  Lis 

High-performance liquid chromatography ( H P L C )  was per- 
formed with ;I system consisting o f  the Beckmnn solvent 
module 116, ;I Becknian UV detector (set :I[ 715 nm). thc 
System Gold data module (Beckmiin Instriiments Inc.. San 
Ramon, USA), a Marathon autosampler equippcd with 
co l  ti inn t hcrnios t a t (Spa r k Holland , Em men , T he Net her- 
lands) and ;I Rhcodyne loop itijector. A deactivated Supel- 
cosil LCX-DB ( I  5 cni x 4.6 mni id.. 5 //in) reversed-phase 
column (Supelco. Bcllefontc. USA) was used for the separa- 
tions. The chromatographic conditions were 21s follows: 
injection volume, 20 pL;  column temperature, 40°C; Row 
rate, isocratic a t  I 4 m L  min I .  The tnobile phase used 
consisted of 29% (v,'v) monobasic potassium phosphate 
bulrcr ( 0 4 2  M ,  pH 4.5) in methanol. An Orion SA 520 pH 
meter (Boston, USA) equipped with a combination pH 
clectrode, was used for pH dcterininations, 

SOlLlhilifJ S/ildi('.Y 

The s t ii bi I i  t y cons t ;i t i  t s for i ncl usi o t i  coin plex fo rmnt ici n 
between the 0.0'-dipropionyl-( 1.4-xylylenc) bispilocurpatc 
and CyDs were determined a t  pH 7.4 using the phase- 
solubility method (Higuchi & Connors 1965). Excess 
amount of the prodrug was added to phosphate buffcr 
solutions (0.16 11. ionic strength 0 5 .  pH 7.4) containing 
various concentrations (3.6 72.5 n iv )  of SBE7- K y D .  
S B E 4 - . K y D ,  HP-,j-CyD or the mixture of SBE7-.1-CyI> 
and PVA ( IOmg mL I ) .  The suspensions were shaken at 
35°C' for  73 h and the pH o f  the juspension n a y  monitored 
during equilibration. The pH of  the suspension< \ i a \  

adjusted to 7.4 with HCI o r  NaOH. if necessary. After 
eq ui I i  brat ion. t he s us pe t i  si o ns were fi I tered through 0.45- 
//m membrane filters atid analysed by HPLC. The intrinsic 
solubility (S,>) of  prodrug in  phosphate bufTer (0.16 "r, 
pH 7.4) w a s  dctermined ;is an average o f  five dctermina- 
tions. The S,, of  the prodrug in the presence of  PVA (I0 mg 
mL I )  w a s  not  determined due  to analytical problems. 

Mi0 tic, . S l l  ICliC~.Y 
P w p i r r ~ / i o i i  o/' , s o / i / / i o / i . s .  Pilocarpine prodrug solutions in 
the presence and absence of  S B E 7 - . K y D  were prepared by 
dissolving the required amount of pilocarpine prodrug and 
SBE7->)-CyD in 5 niL distilled water o r  distilled water 
containing 20 or 3Omg m L  I PVA. The pH of the  solutions 
wiis adjusted to 5.0 or 6.0 with sodium hydroxide and the 
solutions were made isotonic with sodium chloride. 

A/ i imds .  The experinient~il animals used in this study were 
adult pigmented rabbits. 2.5 3.5 kg. The rubbits were 
housed singly in cages under stnndnrd laboratory condi- 
tions: 12 h dark 12 h light cycle. The rabbits had free iiccess 
to food and water. The experiments conformed to the 
ARVO Resolution on the use of animals in research. 

Miolic. r e Y / m i . w .  To perform cacti miosis evaluation. the 
rabbit w a s  placed in it plastic restraining box located i n  :I 

quiet r o o m  with constant light. The rabbit M;IS accliniati;.ecl 
in the b o x  for  I h before eycdrop ~idr i i inis t r~~t ion.  The test 
solution (25 / / L )  \vas inhtillcd on the upper corneoscleral 
limbus. I h r i n g  the instillution the upper eyelid \ v x  slightl) 
pulled away  I'roni the slohc.  Al l  solutions \vcre admini- 
strated into the right eke while the le f t  I-eniainccl untreated. 
To nicasui-e the pupil diameter. the e!es \ \ere photograplicd 
t'roni ;I con>tant cli\tance 30 niin. 15 niin and ininiecii~itel~ 
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before administration of solution and 0.25. 0.5. 0.75. 1.0, 
1.5. 2.0. 2.5. 3.0, 3.5. 4.0, 5.0 and 6.0 h after. The negatives 
were enlarged with a microfilm reflector and the pupillary 
diameters were determined mean of the horizontal and 
"ertical diameters. The lighting conditions in the laboratory 
gave a baseline pupillary diameter i n  the range of 6.2- 
8.5mm. The studies were set up in a 6 x 6 masked cross- 
over design. At least 72 h wash-out time was allowed for 
each rabbit between dosings. The magnitude of miotic 
responses ( " l o )  was calculated a s  ((PD,-PD, ) PD,,) x 100. 
where PD,, is the baseline pupillary diameter and PD, is the 
pupillary diameter at time t .  For each rabbit with each 
eyedrop solution the pharmacokinetic parameters were 
calculated. Areas under the miotic response (%) vs time 
curves (AUC,I .~)  were calculated using the trapezoidal 
method. Peak miosis intensity (I",:,,) and its time (t,,,,,) 
were determined from actual data points. The duration of 
response was determined from tniosis vs time profiles by 
calculating the total period of time when miosis was more 
than 10%1 o r  20%. All values Lire expressed iis mean i 
standard error. 

E r d r u /  ior 1 of c y c  irritn/iori. To est i m i  te t he d i sco in for t 
caused by an instilled eyedrop. the extent of eyelid closure 
(closed or half-closed) after unilateral cyedrop administra- 
tion (25 / tL) was observed and recorded. Once the rabbit 
opened its eye fully. the eyelid closure behaviour was no 
longer recorded. The amount of mucoidnl discharge at 0.25. 
1 and 4 h after eyedrop administration was a l s o  recorded. 
Mucoidd discharge was scored from 0 to 2 ;is follows: 
0 = normal. no lacrimiition: I = slight discharge ( a n y  
iinio LI ti t d i f fcren t f rom normal . clear disc ha rge ) : ;i nd 
2 = strong discharge (moisten the lids and hair just adjacent 
to the lids. milk-like discharge). The irritation ~ v a s  ;iI\~;iys 
evnluated by the same person who did not know cyedrop 
composition. 

S/n/i.\ticd rrriu/i..vis o/ du/u, A one-factor analysis of  variiincc 
for repealed measurements w a s  used t o  test the statistical 
significance of dilferetices between groups: significance i n  
the differences i n  the means was tested using Fisher's 
protected least significant difference (PLSD) at 9.5% con- 
fidence. 

Results 

Fig. 2 shows the phase-solubility diagrams o f  #.O'-dipro- 
plonyl-( I .4-xylylcne) bispilocarpatc with difl-ercnt Cy Ds and 
with a mixture o f  PVA ( IOmg m L  I )  atid S B E 7 - , K y D  ;it 
pH 7 4 .  The phase-solubility diagrams of 0.0'-dipropionyl- 
( 1.4-xylylenc) bispilocarpate with SBE4- .KyD and SBE7- 
.j-Cy.D are A t  -type indicating formation of I :  1 prodrug 
CyD complexez a t  chis pH and  C'yD concentration range 
(Higuchi & Connors 1965). The stability constants for 1 :  I 
complexes ( K  

So/rrhilit1, .s /rcc/ir.c 

\~.crt: calculated using equation 1 :  

K I I Sl~pe/S , ,  ( I - Slope) ( 1 )  

\there K ,  i \  the stabilit! constant fur [hccoiiiplex anti S,, i5 

the xilubilit> o f  the d i - u ~  in the ahscncc of C.111. The 
II1triii\ic .;oluhtlit~ (S<>) 01' prodrug in pliosphatc bult;.r 

solution at 25 C was 15.3 i 0.7 jig mL-'  (mean I'E s.e.. 
n = 5 ) .  This value was used in all stability constant calcula- 
tions. 

The phase-solubility diagram of 0.0'-dipropionyl-( I ,4- 
xylylene) bispilocarpate with HP-,+CyD is A,-type indicat- 
ing formation of 1 : l  and 1 : 2  prodrug/CyD-complexes 
(Higuchi & Connors 1965). The stability constants for the 
1 : l  and 1.2 complexes were calculated after constructing a 
plot by using equation 2: 

( P I 1  - IS,,I)/[L,l = Kl  I[S,>l+ Kl  IKI Z[SOI[L,I ( 2 )  

where [S,] is the total drug concentration at total CyD 
concentration [L,], [S,,] is the solubility of prodrug in the 
absence of CyD and K ,  and K I  represent the stability 
constants for 1 : 1  and I:2-complexes, respectively. A plot of 
([S,] ~ [S,,]),"L,] vs [L,] results in a linear plot with an 
intercept of K ,  ,[S,,] and a slope of KI.tKI:?[So]. 

The stability constants for 0.0'-dipropionyl-( 1.4-xyly- 
h i e )  bispilocarpate with difrerent CyDs are shown in 
Table I .  The increase in average degree of substitution 
with SBE-;j-CyDs decreased the complexation of prodrugs 
( K ,  for SBE4-d-CyD 14 777 M I and for SBE7-;KyD 
9844 M I). Coadministcred PVA (10mg mL I )  decreased 
slightly the complexation of prodrug with S B E 7 - K y D .  

Miofic ,  ro.s/mi.w 
The results for miosis studies are summarized in Tables 2 
and 3. The control solution (36 1nh.l SBE7- /KyD + PVA 
30mg mL I )  showed a comparable small area under miotic 
response curves (AUC,,.(,) t o  isotonic NaCI. Increasing the 
molar ratio of SBE7-ij-CyD t o  prodrug significantly 
decreased the intensity a n d  duration of the miotic response. 
The AUCo-(, -values for 12 t i i M  prodrug solution in thc 
;ibsence of SBE7-.j-CyD and prescncc of 24 and 36mM 
SBE7-,j-C'yD were 85.5 i 14.5, 64.1 i 11.5 and 40.7 I 
13.4% 11. respectively. The durations of the miotic responscs 
greater than 10'% for  thc corresponding solutions were 4. I 1 
0.8. 2.7 i 0.6 and I .5 1 0.9 h. respectively. Coadministercd 
I'VA (20 30 nig mL I )  increased the apparent ocular 
absorption of the pilocarpine prodrug when comparcd 
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Table 1. The stability constants (Ki., and Ki.2)  for 1:l and 1.2 
inclusion complex formation between the O,O'-dipropionyl-(l,4- 
xvlvlene) bisoilocaroate and SBE7-O-CvD (in the Dresence and 
absence 'of 16 mg m i - '  poly(viny1 alcoh'ol) (PVA)), 'SBE4-P-CyD 
and HP-0-CyD. 

Cyclodextrin Ki:i (M-') Ki:2 (M-') 

SBE7-P-CyD 
Without PVA 9844 - 

PVA (IOmg mL-') 7072 - 

SBE4-P-CyD 14 777 

HP-O-CyD 6065 9 

with similar eyedrops in the absence of PVA. Prodrug 
solutions containing SBE7-P-CyD (24-36 mM) and PVA 
(20-30 mg mL-') resulted in similar miotic parameters 
(AUCo.6, I,,,, t,,,) to those found for the prodrug in 
saline. Increasing PVA concentration in eyedrops tends to 
increase the miotic response of the prodrug (Table 2). 
Increasing the pH of PVAISBE7-P-CyDlprodrug eyedrops 
from 5.0 to 6.0 did not significantly affect the miotic 
response to the prodrug. 

Eye irritation 
The data on mucoidal discharge (0 = no discharge, 1 =slight 
discharge and 2 =strong discharge) and eyelid closure are 

shown in Table 2. The control solution and 0.9% NaCl did 
not cause any irritation as judged by eyelid closure or 
mucoidal discharge. Compared with the control, the pro- 
drug in saline prolonged eyelid closure and increased mucoi- 
dal discharge. After administration of 12 mM prodrug in 
saline the rabbits kept their eyes closed or half-closed for 2.3 
f 1.2 min and ocular mucoidal discharge scores were 1.7 f 
0.2 (1 h). 

Coadministered SBE7-P-CyD (24-36 mM) eliminated the 
eye irritation due to the prodrug. Increasing the viscosity of 
the prodruglSBE7-P-CyD eyedrops with PVA did not affect 
the ocular irritation. The results show that the eye irritation 
of ophthalmic pilocarpine prodrug is eliminated with vis- 
cous SBE7-P-CyD solution without impairing the ocular 
absorption of prodrug (Fig. 3). 

Discussion 

Solubility studies 
00-Dipropionyl-( I ,4-xylylene) bispilocarpate forms inclu- 
sion complexes both with SBE-P-CyDs and HP-P-CyD. The 
prodrug formed only 1: I-complexes with SBE4-P-CyD and 
SBE7-P-CyD, but both 1:l  and 1:2 complexes with HP-p- 
CyD. SBE-P-CyDs are negatively charged due to the anio- 
nic sulphobutyl group. The repulsion force between SBE-P- 
CyD molecules may hinder the formation of 1 :2-complexes 
(Johnson et al 1994). An increase in the degree of substitution 

Table 2. The area under miotic activity curves (AUCO.6) and eye irritation data after unilateral ocular 
administration (25 pL) of 12 m~ 0.0'-dipropionyl-( 1,4-xylylene) bispilocarpate (in the presence or absence of 
SBE7-P-CyD and poly(viny1 alcohol) (PVA)), the control solution and isotonic NaCI-solution in pigmented 
rabbits (mean f s.e., n = 6) 

Solution PH Eyelid closure" Drainageb 
(min) (0-2) 

12 mM Prodrug 5.0 
I2 mM Prodrug 5.0 

12 mM Prodrug 5.0 

12 mM Prodrug 5.0 
2 4 m ~  SBE7-P-CyD 
2 %  PVA 

24 mM SBE7-D-CyD 

36 mM SBE7-O-CyD 

12 mM Prodrug 6.0 
24 mM SBE7-P-CyD 
2% PVA 
12 mM Prodrug 5.0 

3% PVA 
12 mM Prodrug 6.0 
2 4 m ~  SBE7-p-CyD 
3%PVA 
12 mM Prodrug 5.0 

24 mM SBE7-P-CyD 

36 mM SBE7-fi-CyD 
2% PVA 
12 mM Prodrug 5.0 
36 mM SBE7-P-CyD 

36 mM SBE7-P-CyD 5.0 
3% PVA, control 
NaCl 5.0 

3% PVA 

2.3 k 1.2* 
0.0 f O.O# 

0.0 f O.O# 

0.3 f 0.3# 

0.1 f 0.1# 

0.0 i O.O# 

0.0 * O.O# 

0.0 f O.O# 

0.0 k O.O# 

0.0 * O.O# 

0.0 & O.O# 

1.7 f 0.2* 
0.0 f O.O# 

0.0 * O.O# 

0.3 f 0.2# 

0.0 f O.O# 

0.0 f O.O# 

0.0 i O.O# 

0.0 f O.O# 

0.2 i 0.2# 

0.0 i O.O# 

0.0 f O.O# 

85.5 f 14.5' 
64.1 k 11.5' 

40.7f 13.4# 

84.5 f 18.9* 

80.5 f 7.4* 

87.3 f 15,3* 

97.5 f 15.5* 

67.5 f 13.2* 

77.3 f 9.8* 

15.6 k 7.6# 

23.2 & 4.1# 

"Period of time when eye was closed or half-closed; hthe amount of mucoidal discharge 1 h after eyedrop 
administration: 'area under miosis vs time curve. *Significantly different from value for the control (P < 0.05. by 
Fisher's PLSD test); # significantly different from value for 1 2 m ~  prodrug ( P  < 0.05, by Fisher's PLSD test). 
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Table 3. Miotic activity parameters after unilateral ocular administration (25 pL) of 12 m~ 0,O'-dipropionyl-( 1,4- 
xylylene) bispilocarpate solution (in the presence and absence of SBE7-P-CyD and poly(viny1 alcohol) (PVA)), the 
control solution and isotonic NaCl in pigmented rabbits (mean f s.e., n = 6). 
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Solution 

- 

12 mM Prodrug 5.0 2.6 i 0.4 20.7 k 3.5* 4.1 f 0.8* 1.2 +c 0.8 

12 mM Prodrug 5.0 2.8 I0.5 21.5 k 2.0* 2.7 f 0,6* 0.8 f 0.7 
24 mM SBE7-P-CyD 

12 mM Prodrug 5.0 3.3 f 0-4 14.4 i 2.8 1.5 f 0.9# 0.2 f 0.2 
36 mM SBE7-P-CyD 

12 mM Prodrug 5.0 2.6 i 0.3 22.1 f 5.0* 3.7 f 1.0* 1.9 f 0.9 
24 mM SBE7-P-CyD 
2% PVA 

12 mM Prodrug 6.0 3.0 * 0.2 20.3 f 1 ,8*  4.7 f 0,4* 0.4 f 0.2 
24 mM SBE7-P-CyD 
2% PVA 

12 mM Prodrug 5.0 2.6 * 0.6 22.2 f 3,8* 4.6 f 0,5* 1.1 f 0.8 
2 4 m ~  SBE7-P-CyD 
3% PVA 

12 mM Prodrug 6.0 2.7 * 0.4 25.8 * 3.1 * 4.5 f 0,7* 2.3 f 1.0 
24 mM SBE7-P-CyD 
3%PVA 

12 mM Prodrug 5.0 2.5 f 0.6 20.9 * 3.6* 3.6 f 0.9* 0.6 * 0.5 
3 6 m ~  SBE7-P-CyD 
2% PVA 

12 mM Prodrug 5.0 2.7 * 0.4 23.7 4.3* 4.0 f 0.8* 1.1 z?= 0.5 

3% PVA 
36 It lM SBE7-/%CyD 

3 6 m ~  SBE7-fi-CyD 5.0 1.9 f 0.6 10.5 * 4,2# 0.4 f 0,4# 0.1 5 0.1 
3% PVA, control 

NaCl 5.0 2.0 i- 0.5 12.7 z t  2.8# 0.3 f 0.2# 0.1 f 0.1 

"Period of time to reach I,,,; hmaximum miotic effect; 'time period when miosis was 2 10%; dtime period when miosis 
was 2 20%. *Significantly different from value for the control (P < 0.05, by Fisher's PLSD test); # significantly different 
from value for 1 2 m ~  prodrug (P < 0.05, by Fisher's PLSD test). 

of SBE-P-CyD decreased the complexation of prodrug with 
CyD. This is probably due to steric hindrance on the CyD 
cavity by the substituents although in SBE-/3-CyD the 
anionic sulphonate group is spaced from the CyD cavity 
by a butyl chain. Decreased stability constants with 
increased degree of substitution have also been reported 
with other /3-CyD derivatives (Miiller & Brauns 1986; 
Loftsson & Johannesson 1994). 

Coadministered PVA (10 mg mL-') decreased very 
slightly the complexation of prodrug with SBE7-P-CyD. 
Recent reports have shown that some other water-soluble 
Polymers increase the complexation of drugs with CyDs 
(Loftsson & Sigurdardottir 1994; Loftsson et al 1994a, b). 
However, the optimum concentration of the polymer for 
improved complexation varied from 0.5 to 2.5 mg mL-' 
(Loftsson et a1 1994a). At higher concentrations the poly- 
mers decreased the complexation and the total solubility of 
the drug. 

The low PVA concentration (Iomg mL-') and neutral 
pH (7.4), compared with conditions of eyedrops (in-vivo 

were used in phase-solubility studies for practical 
reasons. The pH of the solutions with high PVA concentra- 
tion (20-30 mg m L - ~ ' )  could not be adjusted precisely 

during equilibration. The pilocarpine prodrug is a weak 
base with pK, of 6.7 (Jarvinen et al 1991a) and thus the 
aqueous solubility of the prodrug is much higher a t  pH 5.0 
than at  pH 7.4. The phase-solubility studies were performed 
at pH 7.4 to limit the required amount of the prodrug. 
Additionally, the pH on the precorneal area will be read- 
justed to physiological pH within 2 min of ocular adminis- 
tration of unbuffered acidic eyedrops (Mitra & Mikkelson 
1982; Ahmed & Patton 1984). 

Mioiic response and eye irritation 
0,O'-Dipropionyl-( 1,4-xylylene) bispilocarpic acid diester is 
a dimeric double prodrug of pilocarpine which releases 
pilocarpine via enzymatic and chemical hydrolysis in the 
eye (Jarvinen et al 1991a, 1995a) and increases the ocular 
absorption and prolongs the duration of action of pilocar- 
pine (Jarvinen et a1 1995b; Suhonen et al 1996). Due to the 
linear relationship between miosis and pilocarpine concen- 
tration in aqueous humour at  low concentrations (Chrai & 
Robinson 1974b), miosis can be used as a relative indicator 
of ocular pilocarpine absorption. Ocularly applied SBE7-Q- 
CyD and PVA did not cause significant miosis or mydriasis 
and thus, the relative effect of SBE7-Q-CyD and PVA on the 
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ocular absorption of pilocarpine prodrug was possible to 
evaluate via quantitation of miosis. 

Coadministered SBE7-P-CyD at high concentrations 
decreased significantly the miotic response of the prodrug, 
but did not affect significantly the miotic response when the 
molar ratio of SBE7-P-CyD to prodrug was low. This result is 
in good agreement with a recent study showing the effects of 
SBE4-P-CyD on the miotic response of a pilocarpine prodrug 
(Jarvinen et a1 1995b). In addition, the apparent permeability 
coefficient of diclofenac across the cornea in-vitro was greatly 
reduced in the presence of various CyDs (Reer et al 1994). All 
these results support the general assumption that drug/CyD 
complexes do not penetrate across biological membranes 
(Nakanishi et a1 1989; Frijlink et a1 1990). 

Compared with non-polymeric solution, the ocular 
absorption of prodrug was increased by increasing the 
viscosity of prodruglSBE7-P-CyD eyedrop solution with 
PVA. The improved absorption of prodrug was most prob- 
ably due to the prolonged retention of the viscous solution 
on the precorneal area. In the presence of SBE7-@-CyD, 
most prodrug molecules were in the complex form and only 
a small fraction of the molecules were as free prodrug. After 
topical administration of prodruglSBE7-P-CyD vehicle, 
free prodrug is absorbed into the cornea and instanta- 

neously prodruglSBE7-P-CyD complex will release new 
prodrug molecules on the precorneal area based on the 
equilibrium reaction. Due to a slower drainage of the 
viscous solution, drug/CyD complexes have more time to 
release the drug from drug/CyD inclusion complexes on the 
precorneal area. 

Increasing the pH of the eyedrop solutions from 5.0 to 6.0 
did not significantly affect the ocular absorption of the 
prodrug. This nonsignificant effect of increased pH on 
ocular absorption of the prodrug might be explained as the 
beneficial effect of increased pH being compensated for by the 
larger stability constant of the inclusion complex between 
CyD and un-ionized drug (Liu et a1 1992), which decreases the 
concentration of free prodrug on the precorneal area. 

Previous studies have shown that coadministered SBE4- 
P-CyD (Jarvinen et al 1995b) and HP-P-CyD (Suhonen et al 
1995) decrease the eye irritation caused by bispilocarpic acid 
diesters. The present study shows that coadministered 
SBE7-P-CyD also decreases the eye irritation due to 0,O'- 
dipropionyl-( 1,4-xylylene) bispilocarpate. The eye irritation 
caused by pilocarpine prodrug might be due to fast absorp- 
tion of lipophilic prodrug molecules into the lipophilic 
corneal epithelium or to precipitation of prodrug molecules 
in the precorneal area. Both processes are due to the rapid 
neutralization of the acidic eyedrop in the tear fluid and 
rapid increase in lipophilicity as a large fraction of the 
molecules become un-ionized. Inclusion complex formation 
with CyDs prevents both processes and increase the toler- 
ability of the prodrug. ProdruglSBE7-P-CyD complexes can 
be considered to act as a depot which keep the free prodrug 
concentration on the precorneal area at a non-irritating 
level. 

In conclusion, the eye irritation due to 0,O'-dipropionyl- 
(1,4-xylylene) bispilocarpate could be eliminated with coad- 
ministered SBE7-P-CyD in eyedrop solutions in rabbits. 
The decreased apparent ocular absorption of prodrug in 
the presence of SBE7-P-CyD was overcome with increased 
solution viscosity without inducing any eye irritation. 
Administration of the pilocarpine prodrug in viscous vehi- 
cles with CyDs might be a feasible method to increase its 
clinical acceptability. 
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