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Abstract

The aim of this study was to evaluate properties of amorphous oligosaccharide ester derivative (OED) microparticles in order
to determine drug release mechanisms in the lung. Trehalose OEDs with a wide range of properties were synthesised using
conventional methods. The interaction of spray dried amorphous microparticlep.if®-®ith water was investigated using
attenuated total reflectance Fourier transform infra-red spectroscopy (ATR-FTIR) and dynamic vapour sorption (DVS). The in
vivo performance of insulin/lOED microparticles was assessed using a modified Higuchi kinetic model. A modified Hansen
solvent parameter approach was used to analyse the interactions with water and in vivo trends. In water or high humidity, OED
powders absorb water, lose relaxation energy and crystallise. The delay of the onset of crystallisation depends on the OED and
the amount of water present. Crystallisation follows first order Arrhenius kinetics and release of insulin from OED microparticles
closely matches the degree of crystallisation. The induction period depends on dispersive interactions between the OED and
water while crystallisation is governed by polarity and hydrogen bonding. Drug release from OED microparticles is, therefore,
controlled by crystallisation of the matrix on contact with water. The pulmonary environment was found to resemble one of high
humidity rather than a liquid medium.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction sise, can be physically unstable and are subject to the
build-up of acidic metabolites in the matrix prior to
Control over drug release kinetics is of strategic drug release. In addition to these limitations, emulsi-
importance in modern therapeutic drug delivery. Con- fication is often used to prepare polymeric microparti-
trolled release technologies can be tailored to bring a cle systems and can result in poor drug encapsulation
number of benefits, including increased pharmacolog- and stability Cleland, 1997; Roskos and Maskiewicz,
ical efficacy, extended duration of action, greater flex- 1997). Oligosaccharide ester derivatives (OEDs) were
ibility of administrative route and improved targeting designed to help overcome these proble@si{bon
of specific disease siteR¢n and Langer, 1992 et al., 1996.
Bioerodible controlled release technologies based Many carbohydrates form relatively stable amor-
on, for example, the polyesters, are costly to synthe- phous phases, for instance by rapid cooling from the
melt. These amorphous solids (glasses) can be conve-
"+ Corresponding author. Tek:44-115-974-7474; n?ent matrices f_or hosting, stabil_isation and delivery of
fax +44-115-974-8494. biologically active moleculesGribbon et al., 1996
E-mail address: blairj@quadrant.co.uk (J.A. Blair). Generally, carbohydrates are highly susceptible to
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attack by water, in either the gaseous or liquid phase,

which has a plasticising effect, leading rapidly to crys-
tallisation or dissolution of the matrix. By selectively
replacing hydroxyl groups on disaccharide molecules
with more lipophilic functionalities, it is possible to
reduce the extent and rate of this interaction with
water and, therefore, to regulate this plasticising effect
and consequent crystallisatio@ribbon et al., 1996;
Hatley and Blair, 1999

Insulin is currently given by injection for the treat-
ment of diabetes; however, delivery via the lung is
receiving much interest within the pharmaceutical
industry. OEDs have been formulated with insulin
as dry microparticles having aerodynamic properties
necessary for administration to the deep luBgair
et al., 2002. This work sets out to establish important
physicochemical properties of OEDs and their im-
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Esterification of the resulting unprotected compounds
was carried out either using acid chlorides in pyridine
or by a dicyclohexyl carbodiimide (DCC)-mediated
coupling Scriven, 198% H NMR were measured
using a Bruker DRX-500MHz Spectrometer.

2.2.1. 6,6-Diisobutyroyl-2,3,4:2,3',4’-hexaacetyl
trehalose (TR122)

TR122 was prepared by the reaction of isobutyroyl
chloride with hexaacetyl trehalose in dry pyridine. Re-
crystallisation from 3:1 methanol/water gave the prod-
uct (84%) as a white crystalline solid; m.p. 89-=@2
8 (CDCl3) 5.24 (2H, d, H-1,%), 5.02 (2H, dd, H-2,2,
5.45 (2H, t, H-3,3, 5.03 (2H, t, H-4,4, 3.96-4.08
(4H, m, H-5,5,6,6), 4.20 (2H, cm, H-6,§, 2.55 (2H,
sept, 2C—H), 2.06 (6H, s, 2GH 2.02 (6H, s, 2CH),
2.00 (6H, s, 2CH), 1.15, 1.14, 1.12, 1.11 (12H, s,

pact on the release mechanism of insulin from these 4cpy,).

matrices.

2. Materials and methods
2.1. Materials

Unless otherwise stated all chemicals were of
standard laboratory grade. All materials used in the
synthesis of OEDs were obtained from Fisher Chem-
icals (Loughborough, UK). Trehalose octaacetate
was obtained from Sigma (Poole, UK) and trehalose

dihydrate was obtained from Hayashibara (Japan).
Reference compounds used in the determination of

OED lipophilicity were of analytical grade and ob-
tained from Aldrich (Gillingham, UK) and recombi-
nant human insulin was obtained from a commercial
supplier.

2.2. Yynthesis of OEDs

Simple alkyl esters of trehalose, where the ester

2.2.2. 6:6'-Dicyclohexanoyl-2,3,4:2,3',4'-hexaacetyl
trehalose (TR148)

TR148 was prepared by the DCC-mediated reac-
tion of cyclohexanoic acid with hexaacetyl trehalose in
acetonitrile. Recrystallisation from IMS gave the prod-
uct (73%) as a white crystalline solid; m.p. 152
8 (CDCl) 5.46 (2H, t, H-3,3, 5.24 (2H, d, H-1,1,
5.04 (2H, t, H-4,4), 5.04 (2H, dd, H-2,3, 4.21 (2H,
dd, H-6a,8), 4.05 (2H, cm, H-5,5, 3.98 (2H, d, 6b,1),
2.30 (2H, cm, cycloCH), 2.06 (6H, s, 2AcGH 2.02
(6H, s, 2AcCH), 2.00 (6H, s, 2AcCH), 1.87 (4H,
cm, cycloCH), 1.74 (4H, cm, cycloCH), 1.63 (2H, cm,
cycloCH), 1.38 (4H, cm, cycloCH), 1.24 (6H, cm, cy-
cloCH).

2.2.3. 6:6'-bis(B-Tetraacetyl glucuronyl)hexaacetyl
trehalose (TR153)

TR153 was prepared by the DCC-mediated reaction
of B-tetraacetyl glucuronic acid with hexaacetyl tre-
halose. Recrystallisation from ethanol gives the prod-

groups are all the same, were prepared using knownuct (71%) as a white powder; m.p. 158; § (CDCl3)

methods Whistler and BeMiller, 197 Mixed es-
ters were synthesised either via ditrityl trehalose
(Bredereck, 193Dor dibenzylidene trehaloseBéer
and Radatus, 1984 The trityl groups were most
readily removed by the method 8fing et al. (1997)
using Fed, benzylidene deprotection was cleanly
achieved with agueous TFAB&er and Abbas, 1979

5.76 (2H, d, G-1), 5.46 (2H, t, T-3), 5.25 (6H, cms,
T-1, G-3,4),5.18 (2H, t, G-2), 5.02 (2H, dd, T-2), 4.92
(2H, t, T-4), 4.25 (2H, d, G-5), 4.14 (2H, d, T-6a),
4.06 (2H, dd, T-6b), 3.99 (2H, m, T-5), 2.08 (6H, s,
2CHg), 2.06 (6H, s, 2CH), 2.01 (24H, 3s, 8Ck), 1.98
(6H, s, 2CH). T = trehalose proton; G= glucuronyl
proton.
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2.2.4. 6.6'-bis(B-Tetraacetyl glucuronyl)-2,3:2',3'-
tetraisobutyroyl-4:4'-diacetyl trehalose (TR155)

TR155 was prepared as earlier from tetraisobuty-
royl trehalose. Esterification gives only the ‘6désub-

213

process was repeated until the solutions had reached
equilibrium.

2.4. Preparation and characterisation of

stituted product due to steric hinderance. Subsequentmicroparticles

acetylation of the remaining free hydroxyl groups
and recrystallisation from methylated spirits gives
6:6'-bis(3-tetraacetyl glucuronyl)-2,3' &'-tetraisobut-
yroyl-4:4-diacetyl trehalose (75%) as an amorphous
white powder.s (CDCl) 5.76 (2H, d, G-1), 5.50
(2H, t, T-3), 5.33 (2H, d, T-1), 5.26 (4H, m, G-3,4),
5.18 (2H, t, G-2), 4.98 (2H, dd, T-2), 4.96 (2H, t,
T-4), 4.24 (2H, d, G-5), 4.09 (2H, d, T-6a), 4.01 (2H,
dd, T-6b), 3.86 (2H, m, T-5), 2.54 (2H, sept, CH),
2.48 (2H, sept, CH), 2.08 (6H, s, 2GH 2.00 (6H,

s, 2CH), 1.99 (24H, 3s, 8Ch), 1.97 (6H, s, 2CH),
1.95 (6H, s, 2CH), 1.14 (6H, s, 2CH)), 1.13 (6H, s,
2CHg), 1.10,1.09, 1.08, 1.07 (4 3H, 4s, 4CH).

2.3. Materials characterisation

Thermal analysis was carried out using a Perkin-
Elmer DSC7 Differential Scanning Calorimeter

OED microparticles were prepared by spray drying
a 5%w/v dichloromethane solution using a Buchi
191 Mini Spray Dryer (Buchi Labortechnik, Switzer-
land) with a two fluid nozzle. The inlet temperature
was 60°C, atomisation pressure 2 bar and feed rate
4mlmin~!. The particles were collected from the
cyclone and collection jar and stored in sealed vials.

Methods for the preparation of amorphous OED
microparticles containing insulin are reported else-
where Blair et al., 2002, and consist of spray drying
a feed solution containing insulin (10% wi/w), di-
palmitoylphosphatidylglycerol (DPPG) (2% w/w) and
OED (88% wi/w) in a solution of DMSO and acetone
(50/50 v/v) using a Buchi 191 Mini Dryer maintaining
the outlet temperature below 9G.

The mass median aerodynamic diameters (MMADS)
of the particles produced were determined using an

(DSC). Glass transition temperatures were determined Amherst APl Aerosizer (TSI Amherst, USA). Mor-

by heating a crystalline sample-10mg) in a 4Qul
aluminium pan with a pierced lid to 2@ above
Tm, cooling to 20°C below the glass transition tem-
perature T%) and then reheating to abovg, all at
10°Cmin~~. Pyris 1 software was used to calculate
Ty as Y2AC, extrapolated and, as the onset of
the melt endotherm.

Octanol-water partition coefficients (I6gy) were
determined using an HPLC metho@f(icial Journal
of the European Communities, 1992&he retention
times of OEDs and reference compounds of known

phology of the powders was determined by scanning
electron microscopy (SEM). Samples (2-5mg) were
placed on an aluminium stub and sputter coated with
10-20nm of gold before being viewed using a Philips
XL30 Field Emission SEM operated at 15 kV.

2.5. Interaction of OED microparticles with water
The interactions with water and amorphous stability

were investigated using attenuated total reflectance
Fourier transform infra-red spectroscopy (ATR-FTIR).

logPow Were measured on a Phenomenex Jupiter The spectra used in this study were acquired on a

(C18 250 mmx 4.6 mm, 5um) column with 75:25

Perkin-Elmer Spectrum GX Spectrometer fitted with a

acetonitrile/water as mobile phase. Detection was by Specac Golden Gate diamond ATR accessory. Sixteen

UV absorption at 209 nm. The lipophilicity of test
compounds was calculated from a linear correlation
of logPyw and capacity factork for the reference
materials.

The solubilities of OEDs were measured at25in
a range of solvents using a shake flask meti@ftcial
Journal of the European Communities, 1992An
excess of crystalline solid was equilibrated with sol-

co-added scans were used for each spectrum between
6000 and 1000cmt. The resolution was 4cnt.

The spectra were acquired in transmission and nor-
malised to 1.5 absorbance units using Perkin-Elmer
Spectrum version 3.02. A new background spectrum
was recorded prior to each sample spectrum. All
subsequent processing was performed in MATLAB
(MATLAB, 2001).

vent and the supernatants analysed by HPLC against An atmosphere of 92% RH at 3C was generated

standard solutions of known concentration. This

using saturated solutions of ammonium dihydrogen-
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phosphate in 200 ml glass bottles. The OED powders Table 1 _
were held in the headspace in baskets and sampledStructure and properties of selected OEDs

at timed intervals. Interactions with liquid water were = R20 OR
investigated by immersing the formulations in water 0 OR2
at temperatures over the range 4<60 Wet samples OR \ OR [ ﬁ
were filtered under vacuum for 2 min prior to presen- R10 o \o ORt1
tation on the ATR bridge. The degree of crystallinity OR

was determined by measurement of the absorbance

2 (<) o
bands at, e.g. 1120 cth for TR153 and 1143cmt %% R R R Tg (C) Tm (©) Mw  logP
for TR101. These bands were chosen from a nhum- TR101 Ac Ac Ac 55 135 678 0.97
ber of alternatives due to their relative freedom from 1232 ﬁc 20 'BHU ‘;%8 19524-95 Qi i-g
H H H C C CHeX .
competing absorbancies. The crystalline content was TRI53 Ac Ac B-TAG 110 154 1282 292

determined relative to equivalent formulations, which 1155 gy Ac g-TAG 92
were dispersed in water at 3C for 12 h. These crys-
talline standards were analysed for any amorphous
content by DSC.

Insulin content was similarly determined by
ATR-FTIR using the amide 2 region from 1530 t0 |eyels over time. Blood samples were taken at set
1560 cnT!. The release was determined relative to time points post-dosing and assayed for human in-
the spectrum attime 0. sulin using a radio immunoassay. This method was

Adsorption and desorption isotherms were deter- seq to distinguish between the administered human
mined by dynamic vapour sorption (DVS) using a jnsylin and endogenous rat insulin and to assess the
DVS 1000 Moisture Sorption Analyser (Surface Mea- yjapility of the administered insulin. Plasma insulin
surement Systems Ltd., UK) with DVS-Win software. concentration/time profiles were processed using an
The powder (20 mg) was placed in the instrument and 45r0ach based on a modified Higuchi kinetic model
the humidity was ramped from 0 to 95% RH in 5%  (higychi, 1963. All procedures carried out on live
RH steps at 25C. Brunauer—Emmit-Teller (BET)  animals as part of this study were subject to the
treatment of the data allowed the calculation of the ,rqyisions of United Kingdom law, in particular the
weight of the absorbed monolayer of wateilgbb  animals (Scientific Procedures) Act, 1986.
and Orr, 199Y. As water strongly interacts with amor-
phous OED patrticles, the monolayer formed actually
represents a hydration surface which is much larger 3. Results
than the true surface areahang and Zografi, 2000
The true surface areas of the microparticles were 3.1. Physicochemical characterisation
determined by nitrogen adsorption using a Coulter

— 1394 4.46

Ac is acetyl, iBu is isobutyroyl, cHex is cyclohexanoyl agedlrAG
is B-tetraacetyl glucuronyl.

SA 3100 Surface Analyser. The structures of some selected OEDs and their
physical properties are presentedTable 1 Spray

2.6. Pharmacokinetic study of insulin/OED dried particles of OEDs had MMAD of 2+48m and

microparticles were smooth spheres. Insulin/OED formulations were

also 2—3.m in diameter and were found to be dimpled
OED powders were administered to the lungs spheresKig. 1).

of rats using methods previously describeslafr
et al., 2002. Formulations of pure spray dried insulin  3.2. Interaction of OED microparticles with water
(11Ukg™1) or insulin/OED formulation (56 U kg'),
with similar aerosol properties, were administered  Amorphous TR101 microparticles were immersed
to rats ¢ = 12) using a PennCentury Dry Powder in water at 37C and the rate of crystallisation was
Delivery Device. Bioavailability and absorption ki- determined by the growth of a peak at 1143¢m
netics were assessed by monitoring plasma insulin (Fig. 2A). Crystallisation of TR153 was similarly fol-
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Fig. 1. SEM of spray dried insulin/fOED microparticles.
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Fig. 2. FTIR data. (A) Increase in crystalline content with time
in water at 37C is illustrated for TR101. (B) Arrhenius plots for
the crystallisation of TR153 and TR101.

lowed at 1120 cm!. TR155 showed no crystallinity
in any of the experiments.

The process of crystallisation was modelled using
the empirical logistic equatiorCerny et al., 198)lin
a modified form QRIGIN, 1995 (Eq. (1), whereP
is the value at timé, | is the infinity value g the order
of the curve andy; is the half-life.

1
P=—— 4] 1
1+ (t/1172)¢ * )

This equation is widely used for the fitting of sig-
moidal and, where = 1, exponential dataQerny

et al., 198). For TR153, a delay between the immer-
sion of the particles in water and the onset of crystalli-
sation of around 20 min was observed. This is termed
the induction period. This induction period was not
included in the curve fitting process. Half-lives for
the crystallisation of 6 min for TR101 and 55 min for
TR153 were obtained from which were calculated
first order rate constants ofdB3x 10~3s~1 for TR101
and 210 x 10~4s* for TR153.

A plot of predicted against actual values was used
to determine the accuracy of the curve fitting. In both
casesR? was greater than 0.98.

The Arrhenius behaviour of the crystallisation pro-
cess for both TR101 and TR153 was demonstrated
by performing the experiment over a range of temper-
atures Fig. 2B). The activation energies were found
to be similar in both cases—91 kJ mélfor TR153
and 101 kJmoi! for TR101. Release of insulin from
TR153 was shown to closely follow the crystallisa-
tion, with a plot of degree of crystallinity against per-
centage insulin release giving a correlation coefficient
of 0.99.

The induction periods prior to crystallisation and
the half-lives at 92% RH and 3T are reported in
Table 2 Again, TR155 showed no crystallinity in any
of the experiments.

When spray dried amorphous OED microparticles
were investigated by DVS, significant amounts of
water were absorbeddble 2. The exception to this
was TR148 which only absorbed 0.4% by weight of
water and gave a type 3 adsorption isotherm so that
BET analysis was not possibl&/&bb and Orr, 1997
The surface areas calculated from nitrogen absorption
(Table 2 were all 2-3mMg~! as expected for near
spherical particles of arounduan diameter.
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Table 2

Surface analysis and crystallisation of OED microparticles

OED True surface area fg1) W (g100g1)2 Induction period (h) Crystallisation half-life (h)
TR101 2.08 0.68 1.2 0.25

TR148 — — 8.3 28

TR153 2.20 0.98 67 >2000

TR155 3.32 0.62 >100 -

a8 Wy, is the mass of water adsorbed at monolayer coverage. The crystallisation conditions were 92% relative humidi@; at 37

3.3. Determination of solubility and related whereSis the solubility of solutd in solventj, the
parameters regression coefficientsl, p, h, |, represent the solute
specific dispersion, polar, hydrogen bonding and solu-
The solubilities of OEDs in common solvents are bility offset parameters of soluie TermsD, P, andH
listed in Table 3 The solubility of TR148 was not are the Hansen parameter set of solyehtansen pa-
determined. These data were used to derive solubil- rameters of OEDs were derived separately using a pai-
ity parametersTable 3 which were used to develop red solvent approactHansen and Anderson, 1938
models for in vitro and in vivo trends in amorphous Experimentally derived solubility parameters were
stability and drug release, respectively. A new set of modelled {Table 3 using empirical relationships
solute specific parameterd; o, h, I) were derived dur-  (Eq. (3) based on lipophilicity and molecular weight
ing the course of this work as regression coefficients contributions,
in a simple multilinear relationshigeQ. (2) to corre-
late solvent parameters of common solverdtecher,
1992 with logarithm of OED solubility (g11).

Yi = a(Pi+b)° +dM;+e¢) +¢ (3)

whereY is thexth solubility parameter of compound
P is lipophilicity (log Pow) andM is molecular weight
log Sij = Djd; + Pjpi + Hjhi + I; (2) of the ith compound andy, b, ¢, d, e f andg are

Table 3
Interaction of OEDs with solvents

OED solubility (gF?) at 25°C

TR101 TR122 TR153 TR155
Solvent
Acetone 424 571 269 765
Dichloromethane 609 989 316 529
Dimethylsulphoxide 321 262 300 595
Ethanol 2.34 31.3 0.2 32
Ethyl acetate 177 231 515 ND
Water 0.056 0.013 0.010 0.003
OED solvent and solute specific parameters
Hansen dispersiorD) (MPa %) 17.4 16.8 17.1 16.7
Hansen polarity R) (MPa %-5) 11.9 10.4 11.1 10.8
Hansen hydrogen bondingd) (MPa %5) 8.5 114 8.8 11.3
Solute dispersiond) (g |~ MPa 95) 0.10 0.06 -0.11 —0.08
Solute polarity ) (g1~ MPa %) 0.05 0.00 0.22 0.10
Solute hydrogen bondind) (g1~ MPa0-5) -0.12 —-0.13 —-0.19 -0.17
Correlation interceptl} (gl~* MPa 05) 1.10 2.65 3.45 4.47
Correlation coefficientR2) 0.968 0.985 0.800 0.964
Number of degrees of freedom)( 2 2 8 6

F-statistic 20.2 43.9 10.7 53.1
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Table 4
Plasma insulin concentrations

Time (min) Average plasma insulin concentration (UU&)I

TR153 TR101 TR148
Concentration Standard Concentration Standard Concentration Standard
(UUmI~ plasma) deviation o =12) (UUmI~! plasma) deviation o = 12) (UUmI~! plasma) deviation o = 12)
0 0 0 0
5 1270 360 5940 3350 3480 1560
20 4660 2050 11200 2020 11600 4190
60 630 430 8100 3650 12300 5350
120 290 60 1440 1350 5620 1820
240 110 20 320 40 1020 280
480 40 10 70 20 70 20
600 70 50 60 50 50 10
720 50 20 40 10 40 10
1440 30 10 10 10 10 10

constants common to the whole series. Empirical experiments carried out at 92% humidity and’87are

relationships were established by iterating the value of illustrated inFig. 3A and B respectively. A correlation

each constant and correlating experimentally derived was found between the sum of the internal polar and

and modelled parameters urfistatistic and=? val- hydrogen bonding parameters; p; + H;h;) and the

ues were maximised. In each cdsavas greater than  DVS hydration surface as measuredwiy, (Fig. 30.

100 andR? greater than 0.97. These relationships

were used to estimate the solubility parameters of 3.4. Determination of in vivo release mechanism

OEDs outside the dataset, including formulations,

where averaged values of lipophilicity and molecular ~ The cumulative insulin plasma concentrations de-

weight were used. termined at timed intervals after intra-tracheal admin-
Solubility parameter models that describe trends in istration of OED formulations to the lungs of rats are

the induction period and crystallisation half-lives of reported inTable 4 These data were processed using

Table 5
Higuchi analysis of plasma insulin concentrations
Time (min) Cumulative plasma insulin concentratiqo(ml—1)

TR153 TR101 TR148

i=1 i=2 i=1 i=2 i=1 i=2
0 0 0 0
5 1270 5940 3480
20 5930 17100 15100
60 6570 25200 27400
120 6870 6870 26700 26700 33000 33000
240 6980 27000 34100
480 7020 27100 34100
600 7090 27100 34200
720 7140 27200 34200
1440 7170 27200 34200
Mean slope—y 76 0.184 295 0.132 355 0.360
Mean intercept—¢; 1680 6940 5300 27000 3410 33800

Wheni = 1 the slopes and intercepts were evaluated from 0 to 60 min and from 0 to 120 min.\A*h2nhe slopes and intercepts were
evaluated from 120 to 1440 min and from 240 to 1440 min.



218 |.G. Davidson et al./International Journal of Pharmaceutics 254 (2003) 211-222

degree of curvature) at tintg(min) raised to a power
21 (p), mis the gradient and is the intercept for théh

\ relationship.

t=t
ZA" =m;t’ +¢; (4)

0.5 1 t=0

=

' ' o ' ' For the unmodified Higuchi kinetic model= 1 and

-0.200  -0.100 0.000 ~~ 0.100 0.200 p = 0.5. However, in this study and p = 1 be-
Interaction between solubillity parameters

of water and OED (Di-Dj)di g/l

Logarithm of induction
period at 92% RH (hours)

cause relationships between cumulative plasma con-
centration and time were intrinsically composed of
two stages, a fast initial phasé £ 1) and a much
slower secondary phase £ 2) which were well re-
solved. Characteristic values forandc in this study
are given inTable 5
The solubility parametergéble 3 were used in the
construction of models relating the onset of the release
of insulin to the loss of relaxation energ¥ig. 4A)
. and the secondary insulin release to the solubility of
the matrix in water ig. 4B).

E

'
H

'
N

'

-
=
n

Logarithm of the devitrification half
life at 92% humidity (hrs)

Interaction between solubility
parameters of water and OED (Pipi +
Hihi) - (Pjpi +Hjhi) g/l

-
J

©

o
[5,]
L

(i

Logarithm of intercept
1)uUnits insulin

‘ T 3.0 T )

T ! -0.200 -0.100 0.000 0.100 0.200
0.9 1.1 (A) Interaction between solubility parameters of water and
OED(Di-Dj)dig/l

o

Sum of OED polarity and
hydrogen bonding ability (g/l)
&
L o
w

14 c 0.4
E 0.351
& 0.31
-1.5 - The weight of water absorbed at monolayer £ -
coverage (Wm g/100g) 5 0257
5 027
Fig. 3. Relationships between solubility parameters and interaction E 0.151
with water. (A) The in vitro induction period is related to the S 0.1
difference in dispersivity between OEDs and water. (B) The rate EE 0.051
of in vitro crystallisation is related to the size of non-occupied
hydration surface. (C) The formation of a hydration surface is & 0 ‘ ' ‘
& 1000 1.500 2.000 2.500

related to the sum of polarity and hydrogen bonding.
Interaction between solubility parameters of water and OED

(Di-Dj)di - (Djdi+Pjpi+Hjhi+l) g/l

C

a r,nOdlﬂed HIgUChI kinetic mOd,GIHIQUChI’ 1963’ Fig. 4. Correlation of solubility and Higuchi parameters for in vivo
which gave two slopes and two intercepts per exper- study. (A) The onset of insulin release is related to the loss of
iment Eq. (4), whereA is the cumulative insulin relaxation energy from the matrix. (B) The rate of insulin release
plasma concentrationu{J) raised to a powen (the is related to the solubility of the matrix in water.
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4. Discussion TR101 at pH 7, 20C is 7.2 h. It should be noted that
the presence of ester groups in the OED structures
For an OED to be suitable as a matrix for formu- may facilitate metabolism as each hydrolysis yields
lation and controlled delivery of an active substance, progressively more water soluble compounds.
the Tg must be well above any storage temperature to  When dispersed in water, OED microparticles ex-
prevent plasticisation and aggregation of the particles. hibit a range of behaviour. TR101, TR148 and TR153
In addition the material must be sufficiently lipophilic  all crystallise, TR122 quickly plasticises while TR155
to prevent rapid dissolution in agueous environments remains completely amorphous. TR153 exhibits a
while allowing in vivo metabolism and preventing delay of around 20 min before crystallisation begins.
bioaccumulation. Therefore, materials were targeted This induction period is thought to represent the loss
that had a minimuny of 55°C, preferably greater  of relaxation energy caused by the interaction with
than 70°C, and a lodPo\, of between 1 and 4.5. water and so was not included in the calculation of the
Trehalose was chosen as the template for synthe-rate of crystallisation. The crystallisation of the OED
sis of OEDs as it is a symmetrical non-reducing dis- microparticles was assumed to be a pseudo first order
accharide and so a variety of functionality is readily process. This assumption was supported by the linear
available through standard protecting group strategies Arrhenius plots obtained from the calculated data.
without the complication of anomeric mixtures. Although TR155 does not crystallise in this exper-
Spray dried microparticles of trehalose octaacetate iment, it may be that the induction period for this ma-
rapidly recrystallise when subjected to high humidity terial is exceptionally long. Although the reluctance of
or dispersed in water. Therefore, the need for ma- TR155 to crystallise is not fully understood, it may be
terials with a more stable amorphous form—higher due either the high viscosity of the system preventing
Tg, logPow—was identified. The inclusion of straight molecular mobility or to the isobutyrate groups on the
chain esters—e.g. propanoyi;butanoyl—increased trehalose ring presenting a steric barrier to achieving
logPow with increasing chain length while rapidly the conformation required for crystallisation.
decreasingTy. Branched esters—e.g. isobutyroyl, DVS experiments show that although the OEDs
t-butylacetyl—reducedTy less than the analogous are lipophilic, as amorphous particulates with a high
straight chain esters but many of these compounds surface to volume ratio, they show a rapid and signifi-
were exceptionally lipophilic (lo@ow > 6.3). Only cant uptake of water. When the crystallisation of OED
the inclusion oft-butanoyl! (pivaloyl) esters increased microparticles was followed at 92% RH, it was seen
the Ty beyond that of the octaacetate. Cyclohexanoate that even TR101 has a measurable induction period
esters gave highdiy than much smaller straight chain  before the onset of crystallisation and that TR153
esters, presumably due to the structural rigidity of the crystallises only very slowlyTable 2. Therefore, the

alkyl rings. rate of crystallisation of OEDs is greatly influenced
Using higher saccharides, e.g. maltotriose, as the by the amount of water present.
parent compounds gave an increas&gover the cor- Measured lipophilicity Table ) and crystallisa-

responding disaccharides without greatly increasing tion experiments {able 2 are not consistent with
lipophilicity. However, synthesis of oligosaccharides the results of DVS analysisTéble 9. Materials of
is complex and so an alternative strategy was devised.low logPoy and low amorphous stability may be
Using glucuronic acid derivatives to esterify trehalose expected to have greater interaction with water than
at the 6-positions gave compounds containing four high logPoy and stable amorphous materials which
saccharide units. It was found that such compounds should be indicated by high&h,, values. However,
had highTg while having logPow within the desired TR101 Wy = 0.68, logPyw = 0.97) has a smaller
range. It is possible that conformational studies on hydration surface than the more lipophilic TR153
both crystalline and amorphous forms of these materi- (W, = 0.98, logPoy = 2.92) and is very similar to
als may provide an understanding of their properties. TR155 Wy, = 0.62, logPyw = 4.46). This can be
Although OEDs are poorly water soluble com- rationalised by considering the ability of OEDs to
pounds, once solubilised they are readily hydrol- form hydration surfaces from a polarity and hydrogen
ysed at physiological pH—the hydrolytic half-life of bonding perspectivézig. 3Cshows that as the sum of
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internal polar and hydrogen bonding ability increases
so does the tendency to form larger hydration sur-
faces. This suggests that polar and hydrogen bonding
forces in OEDs overcome the tendency of lipophilic
OED particles to repel water.

Solvent parameter modelling shows that the in-
duction period prior to crystallisation depends on
the interaction between solvent and solute disper-
sivity (Fig. 3A). After loss of this relaxation energy
(Did; — D,d;) the crystallisation procesEiQ. 3B) was
found to depend on the difference between the size of
the hydration surfaceR p; + H;h;)—equivalent toNy,

(Fig. 3Q—and the ease with which water molecules
bind to it (P;p; + H;h;). If this were the case, we
would expect an increase in the rate of crystallisation
as coverage of the hydration surface increases indi-
cated by @;p; + H;h;)—(Pjp; + H;h;). The model
(Fig. 30 appears to fit the observed trend in data.

In summary, the crystallisation process at 92%
humidity and 37C appears controlled by an ini-
tial dispersive interaction between OED and water
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Fig. 5. Comparison of release of insulin with crystallisation of
TR153.

of the matrix, including the initial induction period
(Fig. 5. This demonstrated that the encapsulated
insulin was only released as the microparticles crys-
tallise. The fact that TR155 neither crystallises nor
releases insulin in this experiment supports this con-
clusion.

Higuchi analysis of the in vivo data allows the

molecules which lowers surface energy and which cumulative insulin plasma concentration curves to be
facilitates the formation of polar and hydrogen bonds modelled as the sum of two straight lines representing
between interacting molecules on the hydration sur- the initial rise in concentration and secondary, con-
face. The crystallisation process usually results in trolled release of insulin. The trend in the first inter-
expulsion of water molecules unless hydrates are cept Fig. 4A) was related to the difference in disper-

formed. Our experience indicates hydrates are not
usually formed, so expelled water is free to ‘catalyse’
further crystallisation. A ‘catalytic’ role for water
agrees with the observed first order kinetics of the
crystallisation process.

OEDs have been spray dried to form microparticles
with a wide range of drugs, e.qg. diltiazeRy@an et al.,
2000 or cyclosporin Blair et al., 2000, as solid
solutions. Peptides and proteins, such as leuprolide
(Alcock et al., 2002, can be encapsulated in OED
microparticles using hydrophobic ion pairing. For-
mulation with insulin Blair et al., 2002 gives a sus-
pension of the active within the OED matrix. Insulin
was chosen as a model for this work for two reasons.
Firstly, there is a growing interest throughout the
pharmaceutical industry in the delivery of peptides to
the lungs which would otherwise be given by injec-
tion and secondly, it does not interact directly with the
OED matrix so allowing an independent study of the
materials.

FTIR studies showed that the release of insulin from
TR153 in vitro closely followed the crystallisation

sivity between water and formulatio®{d; — D ;d;).
This is equivalent to the induction perioéi¢. 3A)
noted during in vitro experiments at 92% humidity
and 37°C. The larger the size of the first intercept
(ci, wherei = 1), the earlier insulin is lost from the
formulation and hence its relationship to the in vitro
induction period. The controlled phase of insulin re-
lease is shown ifrig. 4B (m;, wherei = 2) and sug-
gests the balance between energy |d3si{— D;d;)
and water solubility D;d; + P;p; + H;h; + I) are
the governing properties. This is consistent with loss
of insulin by erosion of the amorphous surface to
reveal a new surface, which is still in the process of
relaxation.

The release of insulin in the lungs of rats can, there-
fore, be ascribed to a rapid initial loss of relaxation
energy, followed by the dissolution of the formula-
tion in water with further loss of energy. Since the
aqueous solubility of OEDs is very low, the release
mechanism of insulin is consistent with local super-
saturation of lung fluid with dissolved formulation,
followed by crystallisation of OED. In this respect,
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the mechanisms of in vitro crystallisation and in vivo (Eds.), Respiratory Drug Delivery VIII, vol. 2. Davis Horwood
release of insulin are similar. International, North Carolina, pp. 411-413.

It was noticeable that the TR153 formulation Breggéecg,ng.é(SlSQSO. Zur Kkonstitution der trehalose. Chem. Ber.
releases very little insulin in vivo following the initial Cerny, ,_C StasiW, D.M., Zuk, W., 1981. The logistic curve for
burst. As release of active has been shown to be re-  the fitting of sigmoidal data. Physiol. Chem. Phys. 13, 221~
lated to crystallisation of the OED both in vitro and in 230.
vivo, this would indicate that in the lung environment ~Cleland, J.L., 1997. Protein delivery from biodegradable
there is insufficient water to cause TR153 to crys- microspheres. In: Sanders, L.M., Hendren, R.W. (Eds.), Protein

. . . Delivery: Physical Systems. Plenum Press, New York, pp. 1-43.
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although particles in the lung may be immersed in @ ang di-saccharide derivatives using ferric chloride hydrate.
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. . (Eds.), Particle—Lung Interactions (Lung Biology in Health and
From this study it was concluded that the release of Disease, vol. 143). Marcel Dekker, New York, pp. 297-303.

drugs from OED matrices is governed by their interac- grippon, E.M., Hatley, RH.M., Gard, T., Blair, J.A., Kampinga,
tion with water. When OED microparticles were im- J., Roser, B., 1996. Trehalose and novel hydrophobic sugar
mersed in water or exposed to high humidity there was ~ glasses in drug stabilisation ar_1d delivery. In: Karsa, DR,
an initial period of energy loss before crystallisation gtel:hensog,sg-? (ids.), Chir;éceil‘éspects of Drug Delivery
begins. Modelling of OED properties suggests that it ys'ems. , -oncon, pp. 28248 i ,
. . . . . Hansen, C.M., Anderson, B.H., 1988. The affinities of organic
is the dispersive interactions between.the OEDs ?‘nd solvents in biological systems. Am. Ind. Hyg. Assoc. J. 49,
water that controls the energy loss, while the duration  301-30s.
of this period depends on the OED and the amount Hatley, R.H.M., Blair, J.A., 1999. Stabilisation and delivery
of water present, and ranges from minutes (TRlol) of Iablle materials by amorphous cgrbohydrates and their
to days or weeks (TR155). Following the induction _dervaives. J. Mol. Catal. B: Enzymatic 7, 11-19.
iod. crvstallisation of the OEDs follow first order Higuchi, T., 1963. Mechanism of sustained-action medication:
perio ' y ; . . theoretical analysis of rate of release of solid drugs in solid
Arrhenius behaviour, in which water plays a pseudo matrices. J. Pharm. Sci. 52, 1145-1149.
catalytic role, and release of active closely follows the MATLAB, v12.1, 2001. The MathWorks Inc., 3 Apple Hill Drive,

degree of crystallisation. Natick, MA, 01760-2098.
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