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Development of Liposomal Amphotericin B Dry Powder 
Inhaler Formulation

S. P. Shah and Ainbikanandan Misra
Phannacy Depot tment. Faculty of Technology and Engineering, Kalabhavan, M S University 

5 ofBawda. Gtija/at, India

The purpose of our study was to prepare and optimize lipo
somal Amphotericin B (AMB) dry powder inhaler (DPI) formu
lation for treatment of invasive lung fungal infection. Liposomes 

10 were prepared by reverse phase evaporation technique using ethyl 
acetate and ethanol (1:1) as organic solvents to avoid a possible risk 
for human health and to impart adequate stability of the vesicles. 

qi Drug lipid ratio was 1:10 with membrane composition of hydro
genated soyaphosphatidylcholine; cholesterol and either saturated 

15 soyaphosphatidylglycerol (7:3:0.5) or stearylamme (1:1.0.1) was 
used to prepare negatively (AMB1) and positively (AMB2) charged 
liposomes, respectively Liposomes were extruded through 2 /xm 
polycarbonate membrane, separated from unentrapped drug and 
subjected to lyophilization using Tris buffer containing cryopro- 

20 tectants in various mass ratios. Sucrose was found to be the best 
cryoprotectant for liposomal AMB in a mass ratio of lipid: sucrose 
at 1.5 for AMB1 and AMB2, respectively. Sorbolac 400 and sieved 
Pharmatose 325 M (500#) in varying mass ratios were used as car
riers to prepare the liposomal DPI formulations and subjected to 

25 determination of angle of repose, compressibility index, dispersibil
ity index, water content, scanning electron microscopy, and fine 
particle fraction (FPF). Carrier blend of Sorbolac 400 and 10% 
sieved Pharmatose 325 M (liposome: carrier ratio to be 1*6) re
sulted m 22.6 ± 2.2% and 16.8 ± 2.2% FPF for AMB1 and AMB2, 

30 lespectively with significantly different (p > .05) device fraction. 
Percent dug retention studies were conducted at different storage 
conditions and demonstrated a shelf life over 1 year at refrigerated 
storage condition (2-8°C).

35 Keywords Amphotericin B, Dry Powder Inhaler, Liposome, Lung 
Delivery

There has been a dramatic rise in the number of invasive fun
gal infections in immunotompiomised patients in recent years
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Accordingly, there is an urgent need to improve the treatments 
for invasive fungal infections because the overall prognosis 
for patients with these infections remains poor Amphotericin 40 
B (AMB) is a broad-spectrum and potent antifungal agent, 
but its clinical use is sometimes limited due to adverse 
reactions, such as renal toxicity, hypokalemia, and anemia 
(Schmitt 1993, Janknegt et al 1992) A promising approach 
to the treatment of invasive fungal infections is the use of h- 45 
posomal AMB (Lopez-Berestem et al, 1983) Major drawbacks 
associated with the earlier or conventional liposomal formula
tion are the tendency of liposomes to leak drug while in cir
culation, the extensive uptake of these liposomes by tissues of 
reticuloendothelial systems, and inability of liposomes to ex- 50 
travasate into infected tissue Liposomal dry powder inhaler 
(LDPI) was chosen to stabilize the liposomal system, and lo
calized liposomal AMB delivery was considered an alternative 
treatment of invasive lung fungal infections It was hypothe
sized that liposomal AMB will control the release rate of the 55 
drug for longer duration at localized site and is expected to 
reduce systemic side effects and frequency of dosing Hence, 
our investigation focused on the pharmaceutical development 
of stable liposomal AMB DPI formulation for high pulmonary 
deposition

MATERIALS AND METHODS

Amphotericin B was received as a gift sample from Ambalai 
Sarabhai Enterprise, Baroda, India Hydrogenated soyaphos- 
phatidylcholme (HSPC) and hydrogenated soyaphosphatidyl- 
glyceiol (SPG-3) were gift samples from Lipoid (Germany) 65 
Nuclepoie polycarbonate membrane 2 /xm (Whatman, USA) 
cholesterol (CHOL) (S D Fine Chemicals, India), stearylamme 
(SA) (Sigma, USA), a-tocopherol (E Merck India Ltd , India) 
dextrose monohydrale, sucrose, and maltose (S D Fine Chem
icals, India), and trehalose (Sisco Research Laboratory, India) 70 
were purchased locally Sorbolac- 400 (Meggle, Germany) and 
pharmatose 325 M (HMV, Netherlands) were received as gift 
samples and used as such without further modification All other
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TABLE I
Elfect of piocess and formulation variables

Variable Batch no

PC
Choi Charge" 
(molar iatio)

Percent drug 
entrapped 

(Mean ± SEM)s
Observation and 

inference

Choice of oiganic solvent (ratio ot aqueous phase to oiganic phase was 1 3)
Ethyl acetate AMB1 7 3 05 50 2 ± f 9 Vesicles were not

AMB2 110 1 43 9 ± 2 4 properly oriented
Ethanol AMB 1 7305 60 4 ± 2 5 Drug leakage from vesicles

AMB 2 110 1 58 7 ± 2 1
Ethyl acetate Ethanol (1 1) AMB1 7 3 05 78 5 ± 2 4 Good vesicles formation

AMB2 110 1 76 9 ± 3 0
Ratio of aqueous phase"to oiganic phase

I 2 AMB I 7 3 05 62 4 ± 2 6 Less PDE
AMB2 110 1 55 3 ± 1 9

1 3 AMB1 7 305 78 5 ± 2 4 Good vesicles formation
AMB2 1 1 0 1 76 9 ± 3 0

l 4 AMB l 7 3 05 863 ±2 1 Increased PDE1
AMB2 110 1 80 5 ± 2 3

1 5 AMB1 7 3 05 95 8 ± 1 5 Good PDE and good vesicle
AMB2 110 1 87 9 ± 1 3 formation

1 6 AMB I 73 05 95 1 ± 2 3 No major change in vesicle
AMB2 110 1 87 1 ± 1 5 formation and PDE

"SPG-3 for AMB1 and SA for AMB2 
"Mean (± SEM), n = 5 
’ PDE = percent dry entrapment

reagents and chemicals used were of analytical grade oi phar- 
75 macopoeial grade

Preparation of Liposomes
Mu Itilamellar vesicles (MLVs)of AMB were prepared by the 

modified reverse phase evaporation (REV) technique (Cortesi 
et al 1999) by optimizing botlj formulation variables such as 

80 choice of organic solvent and ratio of aqueous phase to organic 
phase for proper orientation of vesicles and higher percent diug 
entiapment (PDE) (Table I) Drug (5 mg), HSPC, CHOL, a- 

qi tocopherol (1% of PC), and either SPG-3 or SA were mixed 
with ethanol-ethyl acetate solvent system (1 !) and transferied 

85 to narrow neck tube with standard B-24 joint REV cycles of 
10 min at 10 in of Hg, followed by 10 mm at 15 in of Hg 
and using 0 01 M Tris buffer pH 6 5 containing 1 mM EDTA 
(ratio of aqueous phase to organic phase was 1 5) were carried 
out with intermittent vortexmg Liposomal dispersion was sub- 

90 jected to complete lemoval of last traces of organic solvent lor 
15 mm at 20 in ofHg The formed liposomal dispersion was ex- 
uuded through 2 /im polycarbonate membrane above the phase 
transition temperature (60°C).

For separation of unentrapped drug, the liposomal dispersion 
95 was centrifuged at 4 38 x 101 g for90 sec to sediment the ciys- 

talbzed free drug The liposomal AMB was estimated in super

natant after dissolving it in DMSO methanol mixture (1 l)(vA) 
by ultraviolet spectrophotometer (Hitachi U- 2000 spectropho
tometer, Shimadzu, Japan) at 410 nm (Ruijgrok, Vulto, and 
Vaneheo 2000) The liposomal dispersion of AMB thus ob- 100 
tamed was filled m amber-colored viafs under nitrogen atmo
sphere, sealed, and stored in refrigeratoruntil required for further 
experiments

Lyophilization of Liposomes
To achieve high percent drug reduction (PDR), lyophilization 105 

was earned out for 48 hr (Heto Dry winner model DWi 060E 
Holten, Denmark) using different cryoprotectants like maltose 
dextiose, trehalose, lactose, and sucrose In these studies, the li
posomal pellet obtained after centrifuging liposomal dispersion 
was suspended in 10 mM Tris buffer pH 6 5 containing I mM Hu 
EDTA and containing lactose, maltose, trehalose, sucrose, or 
dextrose m mass ratio of lipid sugar (1 2) PDR of liposomes 
following dehydration-rehydration cycle was determined ana 
the influence of sequence of cryoprotectant addition and mass 
ratio ol lipid sucrose on PDR also was studied (Table 2) 115

Development of LDPI Formulations
To prepare LDPI formulations, the porous cake of liposome- 

obtained alter lyophilization was sieved (200# and 240#) and
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TABLE 2
Optimization of lyophilization

Variable studied
Percentage drug 
retained AMB 1“

Percentage drug 
letamed AMB2“

Selection of cryoprotectant
Maltose 45 8 ± 1.9 42 2 ± 2 5
Trehalose 62 4 ± 1 9 58 4 ± 2 0
Dextrose 38 8 ±22 35 7 ± 2 3
Lactose 48 6 ± 2 2 45 6 ± 2 0
Suciose 60 3 ± 2.3 56 0 ± 2 1

Phase of cryoprotectant addition
External 60 3 ± 2 3 56 0 ± 2 1
Internal 48 6 ± 2 6 42 4 ± 1 9
Both 70 3 ± 2 1 66 2 ± 2 2

Mass iatio of sugai (lipid sugar)
1 2 70.3 ± 2 1 66 2 ± 2 2
1 4 83 4 ± I 9 80 2 ± 2 1
I 5 96 6 ± 1 8 94 7 ± 2 4
1 6 96.4 ±20 95 I ± 1 9
1 8 97 0 ± 1 6 94 6 ± 2 3

"Mean (± SEM), n -= 5

mixed with Sorboiac 400 containing sieved 5% to 15% Phai-
matose 325M (500#) in different mass ratio of liposome lactose
(1 2tol 8) as recorded in Table 3 Capsules (size “2”) were filled
with individually weighed powder containing 250 ftg of AMB
and packed under nitrogen atmosphere in HOPE bottles con-
taming silica bags as dehumactant The bottles were stored in a
desiccator at refrigeration temperature (2-8°C) until further use

Characterization of Liposomes
Vesicle Stze

The vesicle size of extruded liposomes was determined by
laser light scattering technique using Mastersizer (Malvern In-

TABLE 3 i
Optimization of liposomal DPI formulation

Percentage FPF Percentage FPF
Variable studied for AMBl" for AMB2"

Effect of liposome lactose ratio •
(blend containing 5% sieved* lactose)
1 2 12 3 ± 2 2 8.5 ± 2 4
1 4 15 1 ±30 U 6±22
1 6 17 5 ±24 13 2 ± 3 1
1 8 16 4 ± 2 7 11 9 ± 2 8

Eltect of percentage of sieved* lactose
(liposome lactose ratio was 1.6)

5% 19 2 ± 2 6 149 ±25
10% 22 5 ± 2 2 168 ±22
15% 20 1 ± 1 9 14 6 ± 2 3

“it = 5 (±SEM) ‘500#

TABLE4
Comparative characterization of potential batches 

ofhposomal AMB

Potential liposomal batches

Variable studied AMB1 AMB2

Mean size (/zm)“ 1 8±02 2 0 ± 0 3
Angle of repose* (9) 28 3 ± 0 6 29 7 ± 0 4
Dispersibility index4 20 8 ± 1 0 21 4±06
Compressibility index4 23 5 ± 1.8 22 3 ± 2 4
Moistuie content4 (%) 1 4±20 1 5 ± 2 4
Device fraction4 (%) 10 8 ± 2 0 15 8 ± 1 8
Respirable fraction (FPF)4 22 5 ± 2 2 16 8 ± 2 2
Effective index (EI)4 44 8 ± 1.6 37 6 ± 1 9

Control Ashthahn (Cipla Ltd , India), delivery device Rotahaler 
(Cipla Ltd , India)

FPF = 27 I ± 2 0, Ei = 48 6 ± I 7 
"Mean (± SEM), n = 3 
‘Mean (± SEM) n = 5

struments Ltd , UK) operating at a beam length of 2 40 mm 
Range of lens at 300 mm Results of volume mean diameter of 
vesicles are recorded in Table 4

Photomicrography
All the batches of prepared liposomes were viewed under 

Olympus (BX 40F4, Japan) with polarizing attachment to study 
their shape, and lamellarity of AMB1 is shown m Figure la 
and lb

Physical Characterization of LDPt Formulation
Angle of Repose

The pile of powder was carefully built up by dropping the 
powder material through a funnel tip from a height of 2 cm 
(Carr 1965) The angle of repose was calculated by inverting 
tangentially the ratio of height and radius of the formed pile 
(Table 4)

Compressibility and Dispersibility Index
The compiessibihty index was determined as described by 

Carr (1965) by tapping the formulation to reach plateau con
dition The dispersibility index was determined using a minia
ture assembly as described by Carr (1965) Formulation (5 g) 
was dropped through a cylinder (length 6 5m and internal di
ameter 2 m), which has been held 2 m above a watch glass 
(diameter 1 in ) The dropping point was 3 in above the cylin
der, from a funnel tip Dispersibility index was calculated as 
the relative proportion of material lost to the material dropped 
(Table 4)

1>3
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Water Content Determination and Fine Particle Fraction 
Water content of the DPI formulation (1 g) was determined 

m trtphcate on two consecutive days by Karl Fischer Titration 
(Table 4) The volume of captunng solvent (methanol) in the 

160 upper (stage 1) and lower (stage 2) were 7 ml and 30 ml, respec
tively m TSI (B P Apparatus A) Two capsules of DPI formula
tions were used for determination of fine particle fraction (FPF) 
using Rotahaler (Cipla, India) as a delivery device at flow rate 
ot 60 L/mm and compared with marketed preparation (Asthaltn 

16S Rotacaps, Cipla Ltd , India) containing Salbutamol sulphate 
The Rotahaler device was rinsed with methanol to determine the 
device fraction and effective index (Hmo et al 1998) (Table 4)

Scanning Electron Microscopy
Scanning electron microscopy (Philips XL30 ESEM, 

170 Netherlands) of both DPI fotmulations were carrier out and pho
tomicrographs are shown in Figures 2a and 2b

Percent Drug Retention Studies
PDR studies were earned out on LDPI formulations at re

frigerated (2-8°C), controlled room temperature (25°C ± 2°C 
60 ± 5% RH), and accelerated (40°C ± 2°C and 75 dfc 5T 175 

,RH) conditions The sampling points were as per ICH guideline 
(Singh 1999), for countries falling under Zone III (hot, dry) and 
Zone IV (very hot, humid) The LDPI formulations in its final 
packing were stored separately at all storage conditions The 
samples of each batch stored at various storage conditions were 180 
withdrawn at definite time intervals, rehydrated with distilled 
water for 30 min, and analyzed for the drug remained entrapped 
m liposomes (Figure 3) The samples also were examined for 
the evidence of caking and discoloration

Statistical Analysts 185
Each batch was prepared five times and data from all experi

ments were expressed as mean ± SEM unless specified Process
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FIG 3 PDR of AMB liposomes at dillerem storage conditions and its ef
fect onT<xi Refrigerator AMB I (—O..-). AMB2 (□□□□□) controlled room
temperature AMB1(—O—}, AMB2 (□[ jxnri), accelerated AMB1(—O—) 

AMB2 (DO+QD)

FIG 2 (a) Scanning electron microscopic photomicrograph of AMB I and
(b) scanning electron microscopic photomicrograph of AMB2

190

variables were studied by comparing PDE of two batches having 
all other variables the same PDE is expressed as the percentage 
of the drug initially added Similarly, the PDR is relative to the 
drug initially entrapped T90 as specified in Figure 3 refers to

RESULTS
The liposomes of AMB weie prepared by REV technique 

using ethyl acetate and ethanol (1 1) as organic solvents and 200 
10 mM Tns buffer pH 6 5 containing 1 mM EDTA as aqueous 
phase are recorded m Table 1 The prepared liposomes were ex
truded by passing through 2 fim polycaibonate membranes to a 
reproducible mean liposomal size of less than 5 fim (Martonen 
etal 1993) Free drug from liposomes was separated by centrtfu- 205 
gation at 4 38 x 103 g and complete separation of unentrapped 
drug was confirmed by optical microscopy Maximum PDE es
timated in AMB1 and AMB2 liposomes were 95 8 ± 15 and 
87 9 ± 1.3, respectively (Table 1)

Microscopy with polarized light confirmed the formation of 210 
spherical and multilamellar liposomes (Figures laand lb) Mul- 
tilamellar vesicles also were identified by rhe.presenee of Mal
tese crosses, a characteristic of bilayer configuration Laser light 
scattering microscopy revealed mean liposomal sizes for AMB 1 
(1 8 ± 0 2/zm) and for AMB2 (2 0 ± 0 3 fun) 215

Among maltose, dextrose, trehalose, lactose, and sucrose 
used as cryoprotectants, sucrose and trehalose were found to 
be comparable cryoprotectants and sucrose was selected for 
the further studies (Table 2) When sucrose was added on both 
sides of lamellae, maximum PDR was observed The optimum 220 
lipid.sucrose mass ratio was found to be optimum at 1 5 with 
PDR of 96 6 ± i 8 and 94 7 ± 2 4 for AMB 1 and AMB2, re
spectively! (Table 2).

The mass ratio of liposomes Sorbolac 400-10% sieved (500#) 
Pharmatose 325M (1 6) resulted in maximum FPFof 225 ± 2 2 225 
and 16 8 ± 2 2% for AMB1 and AMB2, respectively, and in
terestingly significantly different device fractions (Table 3) The 
deposition of liposomal AMB was more efficient in AMB 1 than 
the AMB2 based on the effective index (El) The FPF ratios of 
control to that of the developed LDPI formulations were 0 83 230 
and 0 62 and El ratios were 0 92 and 0 77 for AMB 1 and AMB2. 
respectively

The fiowabihty and fioodabihty were observed to be good and 
floodable m point score evaluation as described by Carr (1965) 
for angle of repose, dispersibility index, and compressibility in- 235 
dex (Table 4) The formulations were found to contain moisture 
content below 1 5% (Table 4)

T90 PDR was found to be between 2 to 2 5 months at ac
celerated storage (40°C — 75% RH), 5 to 6 months at con
trolled room temperature (25°C — 60% RH) and above 1 year ai 240

90 PDR within the liposomes Effective index is the geomet
ric mean of the total emitted dose and FPF, represented by the 
equation (Hmo et al 1998)

El = 7(100 - DF) x FPF HI
where DF is the device fraction

Significant differences were calculated by ANOVA and mu
tual differences were detected with Student’s f-test and differ
ences greater than p > 05 were considered significant

195
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refrigerated (2-8°C) conditions of storage Caking and discol
oration (cream color) was observed under accelerated storage 
conditions after 3 months This phenomenon was not evident at 
long-term storage of developed LDPI formulations at refnger- 

245 ated storage condition Even the flow and dispersion properties 
of the formulation stored at long term refrigerated conditions 
remained unaltered

DISCUSSION
The organic solvents such as diethyl ether or methanol used in 

250 the liposome preparation, although usually removed by evapora
tion, may remain as traces in the final formulation representing 
a possible risk for human health and can lead to inadequate sta
bility of the vesicles (Cortesi et al 1999) Use of other organic 
solvents like ethyl acetate and ethanol can solve this problem 

255 Ethanol forms a monophasic system upon contact with aqueous 
phase whereas ethyl acetate forms biphasic system (emulsion) 
upon contact with aqueous phase. When ethyl acetate was used 
alone, it resulted in distorted sphencai vesicles from formation 
of unstable biphasic system upon contact with aqueous phase 

260 Use of ethanol alone resulted in high PDE from formation of 
monophasic system upon contact with aqueous phase However, 
drug leakage was observed due to presence of traces of ethanol 
leading to disruption of bilayer

In the ethyl acetate ethanol (1.1) combination, proper sphen- 
265 cal vesicles and high PDE were observed Combination of these 

organic solvents with aqueous phase forms stable emulsion, 
which is prerequisite for REV (Betagen, Jenkins, and Parsons 
1993) When aqueous phase to organic phase ratio was raised 
from 1 3 to 1 5, a marked increase m the PDE was observed 

270 Further increase m the organic phase did not result m increase 
in PDE The prepared liposomes were found to be multilamel- 
lar and identified by Maltese crosses in liposomal photomicro
graphs (Figures la and lb).

Among maltose, dextrose, trehalose, lactose, and sucrose 
275 used as cryoprotectants, sucrose and trehalose were found to be 

comparable cryoprotectants. Trehalose was found to be the most 
effective cryoprotectant m maintaining structural and functional 
properties of microsomal membranes at low mean liposomal size 
(Cullis et al 1985) However at higher concentrations, sucrose 

280 was found to be equally effective for multilamellar liposomes 
of large mean size (above 1 /xm) Thus, sucrose was used as 
cryoprotectant on both sides of lamellae.

During the drying process of liposomes, liposomes constrict 
and get coated on the optimum surface of crystallized sugar 

285 and the hydration of polar head groups with hydroxy! group 
of sucrose leads to stabilization of liposomes If the sucrose 
concentration is less'than optimum, the crystallized sugar does 
not provide adequate surface for the adherence of constricted 
bilayer leading to drug leakage Hence, it may be concluded 

290 that the bulk concentration of sugar required as cryoprotectant 
depends upon the type of sugar selected and saturation of the 
polar head groups of the bi layer by drug or other formulation

components The lamellarity and size of liposomes are expected 
to change these requirements.

Liposome Sorbolac 400 with sieved Pharmatose 325M ratio 295 
used in formulation of DPI and percent of sieved Pharmatose 
325M were found to influence FPF Effect of liposome lactose 
blend ratio was optimum at 1.6. Optimum concentration of ear
ner is required to achieve detachment of liposomal drug from 
earner molecule Carrier concentration less or more than opti- 300 
mum resulted m low FPF or no further increase in FPF High- 
energy adhesion sites (HA) of lactose bind strongly to the liposo
mal drug particles and low-energy adhesion sites (LA) allow the 
formation of more reversible bonds with liposomal drug This re
sults m efficient detachment of liposomal drug from the carrier as 305 
observed with plain DPI formulations (Stamforth 1996) Hence,
10% sieved Pharmatose 325M added to LDPI formulation oc
cupies HA sites leaving LA sites for attachment of liposomal 
drug and thus results m higher FPF

Drug liposomal powder adheres to carrier particles as seen 310 
in scanning electron microscopy photographs of LDPI formu
lations (Figures 2a and 2b) The El of AMB1 was found to be 
better than the AMB2 suggestive of more effective liposomal 
drug deposition into the lung It may be due to turboelectnfica- 
tion or charge generation in liposomal powder dunng dispersion 315 
via the Rotahaler The lower ratio of El/ FPF is suggestive of effi
cient dispersion of AMB 1 from the device, but unlike the control 
more proportion of the dispersed powder has been deposited in 
the upper respiratory tract (Htno 1998)

Evaluation and control of flow and dispersion (deaggrega- 320 
tion) characteristics of the formulation are of critical impor
tance m the development of DPI products Inter-particle forces 
that influence flow and dispersion properties are particularly 
dominant m micronize or microcrystalline powders required for 
inhalation therapy (<5 /xm) (Gonda 1992, Hickey 1996) Pre- 325 
dictions of powder rheology based on the possible relationship 
of a number of physicochemical properties are extremely com
plicated Hence, such flow and dispersion properties as angle 
of repose, dispersibility index, compressibility index, moisture 
content, and FPF are characterized and controlled (Table 4) 330 
Moisture content determination also is important lor drug sta
bility upon storage and deaggregation upon inhalation

At refrigerated and controlled room temperature storage, higher 
PDR of AMB 1 and AMB2 were observed (Figure 3) It may be 
due to CHOL having an association with PC and dtug at molec- 335 
ular level, reducing its rate of hydrolysis or oxidation m anhy
drous state At accelerated storage 1 e., nearTg (phase transition 
temperature), decrease in the PDR for LDPI formulations was 
observed due to increased fluidity of bilayer resulting into drug 
leakage Higher PDR of AMB i at accelerated storage may be 340 
due to presence of higher proportion of amphiphilic PC leading 
to re-encapsulatton of the drug by the liposomes

CONCLUSION
In this study, the small multilamellar AMB liposomes were 

successfully prepared and stabilized by lyophilization into LDPI 345
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formulations for shelf life over l year at refrigerated storage 
Findings of this investigation demonstrate delivery of liposo- 
mally entrapped AMB from trachea to terminal bronchioles m 
comparable doses of marketed DPI formulation. The param- 

35(1 eters controlling the drug deposition into the lung also were 
established This method offers an exciting possibility of local
ized pulmonary liposomal AMB delivery in the anhydrous state 
However, the role of LDPI formulation developed m this investi
gation can only be settled after m vivo evaluation of the product 

355 on two species of animals followed by clinical evaluation
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The aim of the present investigation was to improve in 
vitro pulmonary deposition of amphotericin B (AMB) lipo
somal dry powder inhaler (LDPI) formulations Liposo
mes with negative (AMB1) and positive (AMB2) charge 
were prepared by the reverse phase evaporation (REV) 
technique, extruded to reduce size, separated from un
entrapped drug and lyophilized using an optimized cryo- 
protectant to achieve maximum drug retention Lactose 
earner (Sorbolac 400) in varying mass ratio with or with
out addition of fines (500# sieved Pharmatose 325M) in 
different mixing sequence were used to formulate AMB 
LDPI formulations In vitro evaluation was done with 
twin stage impinger (TSI) for fine particle fraction, The 
lactose earner containing 10% fines was found to be 
ootimum blend at 1 • 6 mass ratio of liposome lactose 
The addition of fines and order of mixing fines were 
found to influence the fine particle fraction (FPF) signifi
cantly. FPF of LDPI formulations using a Rotahaler (Ci- 
pla, India) as delivery device at 30, 60 and 90 L/min 
were found to be 23 1 ± 1.5 percent and 17.3 ± 2,2 per
cent; 25 3 ± 1 8 percent and 19.6 db 1.5 percent and 
28.4 ±2.1 percent and 22.9 ±1.9 percent for AMB1 
and AMB2 respectively

Improving the drug delivery to the lungs from a DPI for
mulation can be made possible by various techniques like 
smoothing the earner surface (Ganderton, 1992), reducing 
the particle size of the earner (Steckei etai 1997) and use 
of a ternary powder mix formulation (Stamforth 1996 a). 
Additior of micronized lactose to coarse lactose earner 
was found to improve the dispersion and deaggregation of 
salbutamol sulphate and spray dried bovine serum albumin 
(Lucas etal 1998) Also, techniques like spray drying the 
drug with phospholipid composites in a suitable range for 
pulmonary delivery (Kim etal 2001) or the dissolution of 
lecithin in chlorofluorohydrocarbon and the formation of 
liposomes in situ (Farr etal 1987) or nebuhzation of the 
preformed liposomes (McCalhon etal 1996) can be at
tempted for liposomal drug delivery to lungs We have 
studied the delivery of liposomal ketotifen and liposomal 
budesonide DPI by blending ihc lactose earner with pic- 
formed liposomes as desenbed previously and found the 
fine particle fraction (FPF) not more than 21% (Josht et al 
2001 a, 2001 b) The aim of the present investigation was 
to study the effects of addition of fines and the addition

sequence of fine carrier on in vitro deposition of the for
mulations using TSI at different flow rates.
Multilamellar vesicles (MLVs) composed of drug (5mg), 
HSPC, cholesterol, a-tocophero! (1% of PC) and either 
soyaphosphatidylglycerol (SPG-3) (AMB1) or stearyl- 
amine (AMB2) of AMB were prepared by the modified 
reverse phase evaporation technique (Cortesi etal. 1999) 
by using 0.01M Tns buffer pH 6.5 containing ImM 
EDTA (ratio of aqueous phase ■ organic phase was 1 5) 
with intermittent vortexing. The formed liposomal dispei- 
sion was extruded thiough a 2 pm polycarbonate mem
brane above the phase transition temperature and sepa
rated fiom unentrapped drug by controlled centrifugation. 
To achieve high PDR, lyophilization was earned out for 
48 h using suciosc as cryopiotcctant in a mass ratio of 
1 5.
To prepare LDPI formulations, the porous cake of lipo
somes obtained after lyophilization was sieved (200# and 
240#) and filled in capsule size “2” containing 250 pg of 
AMB Similarly the sieved lyophilized powder was mixed 
with Sorbolac 400 in different mass ratio (1.2 to'l: 8). 
The addition of fines m the range of 5%-15% and addi
tion sequence of fines weie investigated i.e,, first fines 
were mixed with earner and then mixed with lyophilized 
liposomes or fines were mixed with lyophilized liposomes 
and then mixed with the earner (Table 1).
The volume of captunng solvent (methanol) in the upper 
(stage 1) and lower (stage 2) were 7 and 30 ml respectively 
m TSI (B.P Apparatus A) (Bntish Pharmacopoeia 1993) 
Rotahaler (Cipla, India) was used as delivery device at 
flow rates of 30 ± 2 L/min, 60 ± 2 L/mm and 90 ± 2 L/ 
min for 5 s for 5 capsules The mhalei body, capsule 
shells, mouthpiece, stage I and stage 2 wcic washed five 
times with methanol and analyzed to measure the amount 
of drug retained as desenbed bcfoic (Ruijgrok cl al 2000) 
The fine particle dose (FPD) was denoted as the quantity 
(pg) of the particles per capsule that deposited in the lowci 
stage of the TSI after aerosol ization at 30 L/min, 60 L/nun 
and 90 L/min Each capsule contained a powder mass of 
84 8 ± 2 mg (for AMB1) and 71.0 ±2 mg (foi AMB2) 
equivalent to nominal dose of 250 ± 7 pg AMB. The re
covered dose (RD) was taken as the total quantity of drug 
recovered per capsule after each actuation, while the 
emitted dose (ED) was that emitted from the inhaler de
vice Percent emission was calculated as the percentage of 
emitted dose to total dose FPF was the ratio of FPD to

Table 1: Optimization of LDPI formulation

Venable studied Percentage PPP 
for AMB la

Percentage FPT 
for AMB*

Effect of liposome
1 2

lactose ratio (Sorbolac 400)
12 3 ± 2 2 8 5 ± 2 4

1 4 15 1 ±30 ! 1 6 ± 2 2
1 6 17 5 ± 2 4 -13 2 ± 3 1
1 8 16 4 ± 2 7 11 9 db 2 8
Effect of percentage of earner (liposome lactose ratio was 1-6)
5% 19 2 ± 2 5 149 ±25
10% 22 5 ± 2 2 16 8 ±22
15% 20 1 1 1 9 14 6 12 3
Effect of sequence of addition of fines (10%, 500# sieved 
Pharmatose 325M)
Fines 3 earner + lyophilized 
liposomes

25 3 ± 1 8 19 6 ± 1 5

Fines + lyophilized liposomes 
+ carrier

22 1 ± 1 6 18 1 ± 1 9

•a = 5(±SCM)
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Table 2: Comparative characterization of potential batches of AMB LDPI formulations

Parameters

/

AMB! AMB2

30 L/mm

Mean SD
60 L/mm -

Mean SD
90 L/mm

Mean SD
30 L/mm

Mean SD
60 L/mm

Mean SD
90 L/mm

Mean SD

FPD ((ig) 56 6 1 8 64 5 1 5 73 9 20 40.7 1.7 47 0 1 4 56 1 1.8
FPF (%) 23 1 15 25.3 1.8 28 4 2 1 173 22 19 6 1.5 22.9 1.9
Dispersibility (%) 261 15 28 4 22 31.8 2.1 20.8 2.4 23 4 1.8 27 1 1.3
Effective Index 45 2 1.2 47.5 1.9 50.4 1.4 37 9 20 40.5 1.6 440 1.7

Contra! Asthalin (Cipla Ltd. India)
Delivery device Rotahaler (Cipla Ltd. India)
FPF * 27 I ± 2 0, El = 48 6 ± 1 7 at 60 L/irnn

RD, while dispersibility was the percentage of FPD to ED 
(Table 2). As a control, a marketed preparation (Asthalin 
Rotacaps, Cipla Ltd , India) containing salbutamol sulphate 
powder was used and the FPF determined at 30L/mm, 
60L/min and 90L/min flow rate using Rotahaler as the 
delivery device (Table 2). The Rotahaler device was nnsed 
with methanol to determine the device fraction and Effec
tive Index (El) (Hmo et al 1998)
Effective index is the geometric mean of the total emitted 
dose and FPF, represented by the equation (Hino etal. 
1998).

El = 7(100 — DF) x FPF (1)

where, DF is the device fraction
Significant differences were calculated by ANOVA and 
mutual differences were detected with Students t-test and 
differences at P < 0 05 were considered as significant 
The liposomes of AMB were prepared by REV technique 
using ethyl acetate and ethanol (1:1) as organic solvents 
and 10 mM Tris buffer pH 6.5 containing I mM EDTA as 
aqueous phase. Liposomes were extruded to reduce size, 
separated from unentrapped drug and lyophilized using 
optimized cryoprotectant to achieve maximum percent 
drug retention Maximum PDE estimated m AMB1 and 
AMB2 liposomes were 95.8 + 1.5 and 87.9 + 1 3 respec
tively. The optimum lipid sucrose mass ratio was found 
to be optimum at 1 5 with PDR of 966+ 1.8 and 
94.7 + 2 4 for AMB 1 and AMB2 respectively 
The-mass ratio of liposomes Sorbolac 400 at 1 6 resulted 
in FPF of 17 5 + 2 4 and 13 2 + 31 percent for AMB1 
and AMB2 respectively Optimum conccnti ation of catuci 
is required to achieve detachment of liposomal dtug fiom 
carrier molecule. Carrier concentration is less or more 
than optimum resulted m too low FPF or no further in
crease m FPF. Further the effect of increasing fines from 
5% to 10% resulted m higher FPF of 22.5 + 2.2 and 
16 8 + 22 percent respectively Furthermore the addition 
sequence of fines such as fines first mixed with earner 
and then mixed with lyophilized liposomes resulted m 
FPF of 25 3 + 1.8 and 19 6 + 1 5% with significantly dif
ferent El. High-energy adhesion sites (HA) of lactose bind 
strongly to the liposomal drug particles and low-energy 
adhesion sites (LA) allow the formation of mure reveisibie 
bonds with liposomal drug This results in efficient de
tachment of liposomal drug from the carrier as obscived 
with plain DPI formulations (Stamfotth 1996 b) Hence, 
10% sieved Pharmatose 325 M added to LDPI formulation 
occupies HA sites leaving LA sites for attachment of lipo
somal drug and thus resulted m higher FPF. Based on El, 
the deposition of liposomal AMB was more efficient m 
case of AMB1 than the AMB2 The FPF ratios of control 
tc that of the developed LDPI fotmulations were 0 93 and 
0 72 and El ratios were 0 97 and 0 83 foi AMB 1 and

AMB2 respectively The El of AMB1 was found to be 
better than the AMB2 suggestive of more effective liposo
mal drug deposition m to lung It may be due to tribo- 
electrification or charge generation in liposomal powder 
during dispersion via the Rotahaler. The lower ratio of El/ 
FPF is suggestive of efficient dispersion of AMB1 from 
the device but unlike the control more proportion of the 
dispersed powder has been deposited m the upper respira- 
toiy tract (Hino, 1998).
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Abstract

The aim of the present investigation was to prepare and evaluate the 

influence of adding fines on the in vitro performance of liposomal 

amikacin dry powder inhaler (AMK LDPI) formulations. Liposomes 

composed of hydrogenated soyaphosphatidylcholine, cholesterol and 

saturated soyaphosphatidylglycerol (AMK 1), or stearylamine (AMK 2) 

were prepared by a reverse phase evaporation technique, -extruded to 

reduce size and separated from unentrapped drug. Purified liposomal 

dispersion was subjected to lyophilization using optimized cryoprotectant 

to achieve maximum percentage drug retention (PDR). Lactose carrier in 

varying mass ratios with or without addition of fines in different mixing 

sequences was used to formulate AMK LDPI formulations. AMK LDPI 

formulations were characterized for angle of repose, compressibility 

index, dispersibility index, scanning electron microscopy, and fine particle 

fraction (FPF). PDR was found to be 97.6% ± 2.2% for AMK1 and 98.5% 

± 1.9% for AMK2 using sucrose as optimized cryoprotectant in 

lipid:sucrose ratio of 1:4. Lactose carrier containing 10% fines (wt/wt) 

was found to be the optimum blend at 1:5 mass ratio of liposomedactose. 

The addition of fines and the order of mixing of fines were found to 

influence the FPF with significantly different device fractions. FPF of 

AMK LDPI formulations using Rotahaler as the delivery device at 30, 60, 

and 90 L/min were found to be 21.85% ± 2.2% and 24.6% ± 2.4%, 25.9% 

± 1.8% and 29.2% ± 2.1%, and 29.5% ± 2.6% and 34.2% ± 2.0% for 

AMK1 and AMO, respectively. From the studies performed in this 

investigation, it was observed that liposomal charge, addition of fines and 

order of mixing fines, has a significant effect (P < .05) on in vitro 

deposition of drug from LDPI formulation.
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Factors Affecting Development of Dry Powder Inhalers
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The search for alternatives to metered-dose inhalers has driven impetus for finding-effective 
products that do not use chlorofluorocarbon propellants The purpose of this paper review is to 
address the factors to be considered in developing dry powder inhalers; particularly the formula
tion, metering design and flow path in the device and importance of various regulatory require
ments are discussed The advantages and disadvantages of current dry powder inhalers and 
future approaches for pulmonary drug delivery are also discussed.

Inhalation drug delivery has been used for many years 
for the delivery of pharmacologically active agents to treat 
respiratory tract disease Traditional asthma therapy with 
bronchodilators, steroids, mast cell stabilizers and anticho
linergic drugs has primarily used the pressurized metered 
dose inhaler (pMDI) however, there is increasing threat be
cause of the environment concerns regarding chlorofluoro
carbon (CFC) propellants In 1989 when the Montreal Pro
tocol was implemented (an International convention that 
restricts the use of substances that deplete the ozone layer), 
it defined the need to replace CFC propellants in all pMDIs 
The alternative hydrofluoroalkane (HFA) propellants have 
been difficult to formulate with inhalation drugs because of 
crucial differences in densities and solubilities of drugs and 

excipients The pMDI market now includes both CFC and 
HFA aerosols with suspension and solution formulations of 
commonly used drugs such as salbufamol and 
beclometpasone dipropionate' Large difference in particle 
size distribution of the emitted doses has also been dem
onstrated2 The problem on beclomethasone dipropionate 
prescribing is compounded by other CFC free formulations 
having same nominal dose as the original suspension3 
Therefore there is a pressing need to clarify the clinical 
equivalence of newly formulated pMDI products and reduce 
the problems of HFA reformulation The dry powder inhaler

*For correspondence
E-mail misraan@satyam net in, misraan@hotmail.com

(DPI), being propeflant-free, is an increasingly attractive and 
less confusing alternative for pMDI as drug delivery devices 
There has been tremendous activity in the development of 
DPI devices over recent years with many innovative sys
tems now at various stages of development45 Table 1 sum
marizes some commercially available DPI’s and new DPIs 
currently under development with its dispersion mechanism 
DPIs are categorized mainly in two categories like breathe 
driven/passive DPIs and power assisted/active DPIs Former 
uses patient’s inspiratory inhalation flow for dispersion of 
dry powder while later uses some mechanical/electrical 
power to disperse the dry powder

The DPIs does not contain CFC propellants to disperse 
the drug, so they can be regarded as ozone-friendly deliv
ery systems However, they can not totally replace pMDIs 
due to limitations of dose delivered and flow rates achieved 
through the devices for severely diseased patients are prob
ably valid6, based on the capabilities of currently available 
powder inhalers Vidgren et a! have shown different depo
sition patterns in healthy volunteers from the same formu
lation in four single-dose DPIs' Newman et at have also 
shown different in vivo deposition patterns m healthy vol
unteers using Turbuhaler inhalers operated at optimal and 
sub-optimal peak inspiratory flow rates9 Clearly, some cur
rent designs of DPIs are subject to variations m performance 
due to differences in inhalation tlow xaies. -Future .designs 
should be independent of patient inhalation for the disper-
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sion of the powder dose

FACTORS INFLUENCING DPI FORMULATION DESIGN 

Physical properties of powders:

DPIs provide powder pharmaceuticals in aerosol form 
to patients The powdered drug is either loaded by the user 
into the DPI before use or stored in the DPI To generate an 
aerosol, the powder in its static state must be fluidized and 
entrained into the patient’s inspiratory airflow The powder 
is subject to numerous cohesive and adhesive forces that 
must be overcome to get dispersed Optimization and con
trol of flow and dispersion (deaggregation) characteristics 
of the formulation is of critical importance in development 
of DPIs These properties are governed by adhesive forces 
between particles, including Van der Waals forces, electro
static forces and the surface tension of absorbed liquid lay
ers9 The forces are influenced by several fundamental physi
cochemical properties including particle density and size 
distribution, particle morphology (shape, habit, surface tex
ture) and surface composition (including absorbed mois
ture)'0 Inter-particle forces that influence flow and disper
sion properties of inhalation powders are particularly domi
nant in the micromzed or microcrystalline powders (particles 
smaller than 5 pm) Hickey reviewed the factors influencing 
the dispersion of dry powders as aerosols” Several cohe
sive and adhesive forces are exerted on particle character
istics such as size, shape, rugosity and crystalline form, 
and powder characteristics such as packing density and 
equilibrium moisture content Buckton reviewed particle 
surface characteristics and several other studies have mea
sured the adhesion forces in inhalation powders'2'3 Pearl 
and co-workers measured electrostatic charge interactions 
from Turbohalers and drug powders and the results sug
gest that the inhaler itself and the deaggregation mecha
nisms influenced the charging phenomena'4 Electrostatic 
effects in DPIs have been extensively studies by others'5 
and powder flow properties have also been studied16 Fur
ther particle characteristics have been studied such as the 
crystallization and amorphous content of inhalation pow
ders'7'8 and the measurement of their surface properties 
by inverse gas chromatography19 and computer aided im
age analysis to plot a Facet Signature20

Drug carrier

Optimization and control of particle-particle and par- 
iicle-inhaler interactions is of critical importance m the de
velopment of efficient DPIs A paradoxical situation exists 
in powder formulations - drug particles should be less than 
5 pm aerodynamic diameter to ensure efficient lung depo

sition, but should also exhibit acceptable flow propefties 
required for accurate dose metering Thus, micromzed pow
ders are often blended with ‘coarse’ inert carriers e g lac
tose, glucose or alternatively palletized as loose agglomer
ates to improve powder flow Lactose is often selected as a 
drug carrier/excipients material because of several advan
tageous properties like low reactivity and toxicity, low water 
content and its low cost Many studies have examined the 
properties of lactose particles and their interaction with drug 
particles as part of the process to optimize DPI perfor
mance2' Blending the drug with a carrier has a number of 
potential advantages, such as increasing the bulk of the 
formulation This allows easier metering of small quantities 
(typically <100pg) of potent drugs, either at the manufac
turing stage (if the doses are pre-metered) or within the 
device itself for a reservoir device Provided the content 
uniformity of the blend is well controlled, this approach can 
improve the subsequent dosing consistency of the inhaler 
The presence of the carrier material, in separating the very 
fine drug particles, can also improve processing (e g flow 
characteristics) of the formulation The carrier properties 
(particle size distribution, particle surface characteristics) 
can be used to influence/control fine particle mass

An additional benefit that may be gained by the use of 
a carrier such as lactose is the taste/sensation on inhaling, 
which can assure the patient that a dose has been deliv
ered Clearly, the influence of the carrier material on prod
uct stability must be carefully assessed, and the range of 
materials available for use as carriers in inhaled products 
is limited for toxicological reasons Lactose and other sug
ars have been studied and used and modification of these 
materials may allow further formulation optimization Modi
fications to the lactose surface have been proposed that 
would improve the surface characteristics (reduce the rug
osity) of the material Ganderton claims that reducing the 
rugosity increases the percentage of respirable particles m 
conventional powder inhalers22 Zeng and coworkers has 
found that the addition of fine lactose particles (mass me
dian diameter 6 96 pm) increased the fine particle fraction 
of salbutamol sulphate from a powder formulation delivered 
by a Rotahaler23 They suggested that this may be because 
of the fine particles occupy possible drug binding sites on 
the larger lactose particles Lucas etal demonstrated a simi
lar performance modifying effect with a model protein, al
bumin and a high-dose agglomerated preparation of 
nedocromil sodium24 Other studies have looked at similar 
effects of lactose size fractions and agglomerates25 The 
properties of lactose such as particle size and surface mor
phology26 had a profound effect on the fine particle fraction
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of the generated aerosol Other excipients, like sugars, have 
also been studies to establish their preformulation charac
teristics Braun et at27 used two grades each of a-lactose 
monohydrate and dextrose monohydrate with disodium 
cromoglycate and generated aerosols using a unit-dose 
device, the Microhaler28

Particle engineering

One of the key factors involved in optimizing DPI per
formance is the precision particle engineering required to 
produce a powder formulation that delivers accurate, con
sistent, efficient doses of drug Bulk drug modifications, both 
chemical and physical, have been attempted in order to en
hance respirable dose performance In one study29, spray- 
dried salbutamo! sulfate was seen to perform as well as 
micronized material In the case of sodium cromoglycate, 
several approaches have been successfully employed to 
improve flow and dispersion characteristics, including con
trolled adherent floes303' This approach takes advantage 
of the inherent cohesiveness of the particles

In a review, Stamforth has outlined the development of 
improved performance dry powder inhalation systems by 
preformulation characterization of drug-carrier combina
tions32 Slamforfh described the Pascal system, which is an 
example of carrier formulation technology using a novel 
single step process termed corrasion This is a simultaneous 
milling, mixing and surface modification of mixtures of 98- 
100% o-lactose monohydrate and 0-2% of the ammo acid 
L-leucine32 33 The process is designed to ensure that the 
drug-carrier bond is sufficiently strong to enable efficient 
manufacturing processes for the DPI, but also weak enough 
to facilitate detachment ot drug from carrier surface during 
the inhalation process Results claim significant increase in 
fine particle doses compared with conventional formulations

Lipophilic coating materials have been investigated 
using disodium cromoglycate as an approach to minimize 
hygroscopic growth10 In addition, crystals of the parent acid 
and the effect of aspect ratios (longest and shortest dimen
sions) have been studies34 Vidgren et at have shown that 
spray-dried particles of disodium cromoglycate have better 
(at least m vitro) aerodynamic properties (a higher fraction 
of dose in a smaller size range) than micronized material35

Other techniques such as re-crystallization from 
supercritical fluids for modifying drug characteristics have 
been discussed More conventional ways of modifying drug 
particle characteristics such as spray drying have been fur
ther advanced by the use of new techniques such as

supercritical fluid technologies York and co workers36 have 
evaluated the SEDS (Solution enhanced dispersion by 
supercritical fluids) technique that enables a drug solution 
to be processed into a micrometer sized particulate prod
uct in a singles step operation

METERING DESIGN

DPIs can be divided into two classes passive and ac
tive devices Passive devices rely solely upon the patient's 
inhalatory flow through the DP! to provide the energy needed 
for dispersion This method has the advantage of drug re
lease automatically coordinating with the patients inhala
tion37 The disadvantage is that dispersion typically is highly 
dependent on the patient’s ability to inhale at an optimum 
flow rate Depending on the inhaler design, this requirement 
may be difficult for some patients if the device’s resistance 
to airflow is high38 Active devices use mechanisms such 
as springs or batteries to store energy that can be released 
to facilitate powder dispersion

Whether a drug alone or a drug-carrier system is 
adopted, a key decision in the design of a DPI is whether to 
use a factory-metered dose or to include a reservoir and 
metering mechanism in the device itself Early popular DPIs 
utilized factory-metered doses Conventional capsule-filling 
technology was already well established in the early 1970s 
by Bell et at who had developed this device for the admin
istration of powdered sodium cromoglycate30 Here, the drug 
mixture is mixed with a bulk carrier to aid powder flow (lac
tose), is pre-filled into a hard gelatin capsule and loaded 
into the device Following activation, capsule is pierced and 
the patient inhales the dose, which is dispensed from the 
vibrating capsule by means of inspired air A similar kind of 
device (Rotahaler, Glaxo Wellcome) has been developed 
for the delivery of saibutamol and beclomethasone 
dipropionate powders Here, the drug mixture is again tilled 
into a hard capsule and the capsule is inserted into the 
device, wherein it is broken open and the powder inhaled 
through a screened tube35 Other devices dispense drug 
loaded into hard gelatin capsules like the Berotec 
(Boehringer Ingelheim) used for fenoterol40

These devices have performed well in clinical use for 
almost 25 years Their primary disadvantage is the cum
bersome nature of loading the capsules, which may not be 
easily feasible if a patient is undergoing an asthma attack 
and requires immediate relief

The development of multi-does DPI has been pioneered 
by A B Draco (a division of Astra) with their Turbuhaler" and

338 Indian Journal of Pharmaceutical Scienc is July - August 20C3



FLOW PATH DESIGN

In combination with the design of the formulation and 
the approach to metering, the third critical factor that deter
mines product performance is the flow path design of the 
device, particularly the design between exposed dose to 
be inhaled and the exit from the mouthpiece An ideal flow 
path design would allow efficient and consistent emptying 
from the device across a wide range of flow rates, with suf
ficient turbulence to disperse/deaggreagate the powder 
blend and thereby providing an effective pharmacological 
response

Research has shown that the specific design of the 
DPI m terms of path length, flow angles and orifice diam
eters influence the resistance of the device50 New DPis may 
be designed with a low resistance so that all patients can 
be able to generate high flow rates through it Resistance 
of established DPIs has been previously measured51 and 
the resultant flow rates were compared New DPis such as 
the Chiest inhaler52 (Chiest Farmaceutici, Italy) and the 
Innovata Biomed Inhaler53 (Innovata Biomed Ltd UK) are 
evaluated for dosing performance at a range of flow rates

% label claim

Fig 1 Frequency distribution of doses delivered at 60 I/ 
min
Percentage Frequency distribution of doses delivered 
at 60 l/min for salmeterol Diskus (-«-) and terbutaline 
Turbohaler {-□-) n=50 [Ref 45]

3:.3

The Diskhaler (Glaxo Wellcome) has been introduced 
for the delivery of both the short-acting p-agonist, 
salbutamol, as well as longer-acting, salmeterol45 Also, the 
steroids like beclomethasone dipropionate and fluticasone 
propionate are available as disks These devices have a 
circular disk that contains a number of powder charge.s (four 
or eight), depending on a typical dosing schedule The doses 
are maintained in separate aluminum blister reservoirs un
til just prior to inspiration, thus ensuring the integrity of the 
powder blend against moisture ingress On priming the de
vice, the aluminum blister is pierced and the powder charge 
is dropped into the dosing chamber The Diskus device rep
resents a further modification of the Diskhaler approach, 
with the pre-metered doses sealed in blisters on a foil strip 
Instead of disk, here coiled strip is used which allows 60 
doses of drug to be contained within the device

There are two main advantages in the use of a pre- 
metered dose Firstly, the precision with which the dose can 
be metered in the factory is superior to the typical precision 
ot metering that can be achieved within a device alone, as 
required by a reservoir-based powder inhaler With an effi
cient delivery system, the enhanced precision of metering 
will result in improved consistency of the delivered dose 
and fig 1 illustrates this point The graph shows the fre
quency distribution of doses delivered at 60 l/min from a 
terbutaline Turbuhaler and a salmeterol Diskus46 The pre- 
metered doses from the Diskus device arp more consistent 
than the doses delivered from the reservoir device Sec
ondly, the pre-metered doses can be individually sealed and 
protected from the environment (moisture) until the point of 
use by the patient Brindley et al have shown that the drug 
content per blister and the dose delivered at 60 l/min from 
the salmeterol Diskus device is unaffected by storage at 
high humidity45 A reservoir that contains all of the doses 
may be more susceptible to deterioration through ingress 
of moisture Some Turbuhaler products are designed to con
tain a desiccant within the device, to reduce the effects of 
moisture uptake, although Meakin et al has demonstrated 
limitations to this approach47 48

by Glaxo Wellcome with the introduction of the Diskhaler42 
and recently the Diskus43 The Turbuhaler device is a reser
voir-based powder inhaler The drug is contained within a 
storage reservoir and can be dispensed into the dosing 
chamber by a simple back and forth twisting action on the 
base ot the unit The device delivers carrier-free particles 
of the p-agonist, terbutaline sulfate, as well as the steroid, 
budesonide44

The advantages of the reservoir metering device ap
proach are the relative ease and cost of manufacturing, 
since these devices can be ‘dump’ filled with very high manu
facturing throughput A further advantage of the reservoir 
approach is the relative ease of including a large number of 
doses within the device Newman has also shown that the 
Turbuhaler inhaler performance in vivo compares favorably 
with pMDIs45
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Fig 2 Measurement of emitted dose from salmeteroi 
Diskus and terbutaline Turbohaler at varying flow rates 

Measurement of emitted dose from salmeteroi Diskus 
(-■-) and terbutaline Turbohaler (-□-) at varying flow 
rates like 30,60 and 90 l/min with median and interqratile 
range for 5 devices each, n=50 [Ref 43]

and provide stricter requirements than the Pharmacopoeial 
tests The FDA recognizes that the reproducibility of the dose 
and the particle size distribution are the most critical at
tributes of DPI FDA requirements for testing a DPI consti
tute a demanding list for the approval of a new device60

A presentation of FDA Guideline for Product Develop
ment Strategy63 concludes the performance standards for 
future DPI products have to be built in Controversy has sur
rounded the definition of a delivered dose from a DPI and 
how it should be tested Because of the differing efficien
cies of the devices and their particular formulation charac
teristics, each device containing the same active ingredient 
can deliver the fjame effective or respirable dose from dif
ferent quantities of active ingredients This would create sig
nificant problems'both to prescriber and patient as differed 
labeled (metered) doses could be therapeutically equiva
lent The new European Pharmacopoeial Monograph de
fines the fine partice dose as that fraction of the delivered 
dose that is <5 pm However, a new DPI should establisn 
some measure of therapeutic equivalence as part of rs 
marketing information to reduce the prescribers confusion

The European Pharmacopoeial Monograph also de
fines the apparatus used for tests of uniformity of delivered 
dose and states that the test should be carried out at a fixed 
pressure drop across the inhaler of 4 0 KPa Therefore, for 
devices with differing resistances, the ffow rates used for

The flow path of the Diskus device is extremely short, with 
the powder passing through a single ‘crucifix’ grid to gener
ate the necessary turbulence As a result of the short flow 
path, drug losses within the device are minimized, allowing 
approximately 90% of the metered dose to be delivered while 
older devices like Turbuhaler typically delivers only 60% of 
the metered dose, presumably due to greater drug losses 
within the device54 In Turbuhaler, the flow path was care
fully designed to maximize turbulence, using a long flow 
path-with spiral channels in order to generate shear forces 
that would disperse the drug aggregates and produce a good 
fine particle mass44 At 60 l/mm, the Turbuhaler can pro
duce up to 50% of the emitted dose as respirable particles 
(<5 pm), although the percentage is considerably reduced 
at lower flow rates55

A further disadvantage of a long flow path is a poten
tial increase in the device's resistance The higher the re- 
sisiance of the device, the greater the effort a patient has 
to make in order to achieve a given flow rate56 The flow rate 
achieved may be important in determining the performance 
of the device57 With careful flow path design, and the use 
of a lactose carrier, some devices such as the Diskus, are 
relatively insensitive to change in flow rate and deliver a 
consistent dose over a wide range of inhalation conditions58 
Device resistance can also affect the patient’s comfort m 
using the inhaler De Boer et al established that an increase 
in peak inspiratory flow rate (PIFR) is obtained with decreas
ing inhaler resistance and that, in healthy volunteers, on 
average, 55% of maximum effort was regarded as comfort
able as a measure of patient's convenience to inhale the 
dose59 Fig 2 compares the dose delivered from the Diskus 
and Turbuhaler inhalers at a range of flow rates The inhaler 
resistances at each flow rate are also shown in the figure 
and indicate that the Turbuhaler has a higher resistance than 
the Diskus inhaler The graph also shows that the Turbuhaler 
delivers a smaller production of each dose than the Diskus 
and is more dependent on flow rate

REGULATORY AND PHARMACOPOEIAL REQUIRE
MENTS

The late 1990s have seen the published agreements 
from the FDA (US Food and Drug Administration)60 and the 
European Inhalanda group6' on the tests required for the 
approval of new DPIs US FDA requirements for testing dry 
powder inhalers ara summarized in Table-2 The US Phar
macopoeia specifications for test methods harmonize with 
the European Pharmacopoeial requirements are now imple
mented, the FDA guidelines are in consultation draft form,
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TABLE 1 COMMERCIALLY AVAILABLE DPIS AND NEW DPIS CURRENTLY UNDER DEVELOPMENT AND ITS'
DISPERSION MECHANISM

Type of the Device and Name Dispersion Mechanism

Breath Driven/ Passive Powder Inhalers- Unit - Dose

Rotahaler (Cipla, GSK)* Capsule separates with dispersion
Spmhaler (Fisons)* Pierced capsule rotates on impeller vibratory dispersion

Inhalator (Boehrmger Ingelheim)* Stationary capsule pierced dispersion via capillary fluidization

Aerosolizer (Novartis) Pierced capsule rotates in chamber dispersion aided by grid

Solo (Inhale Therapeutic Systems) Dispersion via turbulent airflow pathway

Orbital (Brin Tech International) Dispersion via centrifugal acceleration mechanism

Microhaler (Harris Pharm) -
Breath Driven/ Passive Powder Inhalers. Multi-Unit Dose

Accuhaier (GSK)* Pierced blister dispersion via turbulent airflow pathway ^

Diskhaler (GSK)* Pierced blister dispersion via turbulent airflow pathway and grid '

Flowcaps (Hovione) Capsule based device dispersion via turbulent airflow pathway

Spiros S2 (Elan Corporation) Dispersion via free floating beads and a dosing chamber

Technohaler (Innovata Biomed) Dispersion via turbulent airflow pathway

Breath Driven/ Passive Powder Inhalers: Multidose Reservoir

Turbohaler (Astra Zeneca)* Dispersion via turbulent airflow pathway

Easyhaler (Orion)* Dispersion via turbulent airflow pathway

Clickhaler (Innovata Biomed)* Dispersion via turbulent airflow pathway

Pulvmal (Chiesi)* Dispersion via turbulent airflow pathway

Twisthaler (Schering Plough) Dispersion via turbulent airflow pathway

SkyePharma DPI Dispersion via turbulent airflow pathway

Taifun (Leiras) Dispersion via turbulent airflow pathway

Novaltzer (Sofotec GmbH) Dispersion via turbulent airflow pathway

MAGhaler (Mundipharma) Dispersion via turbulent airflow Formulation present as tablet

Bulkhaler (Asta Medica) -
Mlat-Haler (MiatSpA) -
Cyclovent (Pharmachemi) -
Power Assisted/Active Powder Inhalers- Unit-Dose

Inhance PDS (Inhale) Gas assisted - compressed air disperses powder formulation

Omnihaler(ML Lab) -
Pfeiffer (Pfeiffer GmbH) -
Power Assisted/Active Powder Inhalers. Multi-Unit-Dose

Spiros (Elan Corporation) Electromechanical energy - battery operated impeller

Prohaler (Volois) Gas assisted - built in pump provides compressed air

MPDS-Inhale (Inhale TS) -
Asterisk denotes commercially available DPIs and new DPIs currently under development Name in the parenthesis'indi
cates the manufacturer name
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testing the device will be different This implies that the con
ditions used for testing the device should relate to the range 
of inhalation flow rates generated through the device dur
ing patient use It also means that the multistage apparatus 
for measuring the particle size distribution of the aerosol 
product might have to be operated at non-standard flow rates 
and therefore be recalibrated for each different device tested 
None of the current impactors used for in vitro assessment 
are ideally suited to the aerodynamic particle sizing of DPIs

TABLE 2 US FDA REQUIREMENTS FOR TESTING 
DRY POWDER INHALERS

Drug Product

This includes the device with all of ifs parts, any 
protective packaging and the formulation 

Components 

Composition

Specifications for the formulation components like 
active ingredients and excipients 

Manufacturers

Method of manufacturing and packaging 

Specifications for the drug product 

Container and closure system 

Drug product stability 

Drug product characterization studies

Determination of appropriate storage conditions

Stability of primary (unprotected) package

Effect of varying flow rates

Effect of storage on the particle size distribution

Dose build-up and flow resistance

Effect of orientation

In vitro dose proportionality

Effect of patient use

Effect of moisture

Photostability

Profiling of doses near device exhaustion 

Priming 

Fill weight 

Device ruggedness 

Cleaning instructions 

Labeling considerations

Defines information to be included on the device 
label and packaging insert

Several studies have demonstrated improvements in the 
designs of cascade impactors63and emitted-dose-measure- 
ments apparatus64 used for the evaluation of the perfor
mance of DPIs A new impactor is being developed by an 
industry consortium, the Next Generation Impactor group”5 
phase I of the project is an evaluation of new designs

The requirements form the Medicines Control Agency 
(MCA)66 also include stricter controls on the uniformity of 
the delivered dose than the Pharmacopoeial limits and 
states that the applicant should be able to attain a mean of 
± 20% or better from the nominal content per dose In addi
tion, the MCA requires each multi-dose unit to have the 
following two safety features 1 A counter device or other 
indicator to give the patient some indication of when it is 
becoming exhausted and 2 A system to prevent inadvert
ent multiple dosing because of multiple actuations of the 
dose measuring device

The new SkyePharma powder inhaler (SkyePharma 
AG, Switzerland) containing a reservoir of 300 doses67 and 
the Bulkhaler device (Astra Medica AG, Germany) incorpo
rating a refillable cartridge66 fulfill these MCA requirements 
The committee for proprietary medicinal products (CPMP) 
has published guidelines on DPIs in 199869

The regulatory authorities provide a comprehensive list 
of requirements tor compliance, which must be applied to 
any new DPI The complexity of the listed items generates 
ever-increasing demands on the development process

NOVEL INHALATION DELIVERY SYSTEMS

Interest m the design of more compact portable inha
lation delivery systems is increasing The patent literature 
offers numerous examples of applications for novel deliv
ery systems that purport to be potential replacement for the 
pMDIs, and much is being published in this field54 65 Con
sideration is being given to delivery of biotherapeutic mate
rials, such as some proteins and peptides, by inhalation 
aerosol67

Initial research into the production of microspheres 
using substances such as poly (D, L- lactide-co-glycide) 
(PLGA) and poly(L-lactic acid) (PLA)70 has demonstrated 
that the administration of microspheres to the pulmonary 
airways could be a route for sustained-release drug therapy 
in respiratory disease, although the toxicity of this type of 
formulation has yet to be established Another group of 
workers has studies the pharmacokinetics of mucoadhesive 
budesonide microspheres administered to guinea pigs, dem-
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onstrating an increase in duration of drug action from 6 to 
24 hours after lung administration7'

In recent years, the development of inhalation simula
tion machines has enabled the measurements of in vitro 
DPI performance using patient’s inhalation profiles72 The 
dose dispersion process is driven by a pre-programmed 
theoretical inhalation profile or a previously recorded pa
tient inhalation profile with varying flow rates and flow ac
celerations, and the resultant aerosol could is subsequently 
analyzed for dose and particle size using an impactor or 
impinger at a fixed flow rate These machines have increased 
the understanding of the complex relationship between ac
celeration of inhalation flow rate and the dose output of 
DPIs73 These machines also facilitate the in vitro evalua
tion of dosing performance of new DPI designs for a range 
of simulated patient conditions, and thus they are becom
ing established as part of the ongoing testing of DPIs

A number of potential new devices are emerging in the 
powder area, ranging from simple unit-dose devices to more 
complex multidose systems74 In addition, true breath-acti
vated systems, coupled with an auxiliary means for disper
sion of the metered powder75 hold much promise for the fu
ture, if they can pass the trials of converting a sound labo
ratory principle into a commercially successful device This, 
of course, will take several years and may well be driven by 
patients' needs and the acceptability of alternatives to the 
widely used pMDI

Recently we have developed liposomal DPI formula
tion of budesomde75 77, ketotifen fumarate78 and terbutalme 
sulphate7980 Liposomal budesomde was stabilized by lyo- 
philization, delivered as an aerosolized DPI and evaluated 
by twin stage impinger gave the fine particle fraction of 20% 
The developed liposomal budesomde DPI was found to pro
vide desired drug levels in the lungs for a prolonged period 
of time, which is expected to enhance the therapeutic index 
of the drug and probably reduce the dose and cost of therapy 
as well77

Liposome aerosols are promising vehicles for respira
tory delivery of therapeutic drugs and have attracted the 
attention of many researches, especially in the area of 
DPIs6182 Liposomal delivery by dry powders has been con
sidered mainly based on the fact that liposomes can be more 
stable when dried by lyophilization83 84 With liposome pow
ders as drug carriers for inhalation therapies, the lyophilized 
precursor should be micronized to particles of 1-6 ym in 
diameter for efficient delivery to the lung Micronization has

normally achieved by jet-milling6185, which causes particles 
to break apart on colliding in a high-velocity air-stream As 
a measure of circumventing the potentially negative effects 
of lyophilization and jet-milling advantage might be made 
of the fact that phospholipids are known to orient into lipo
somal configuration through a spontaneous, entropic pro
cess in a water-rich environment Such conditions exist in 
the airways of the respiratory tract, so that it is feasible to 
postulate that spontaneous liposome formation would oc
cur following pulmonary disposition of microfine phospho- 
lipids-based aerosols This was demonstrated by Desai et 
at for three model drugs86 (viz , ciprofloxacin, CM3 peptide 
and salbutamol sulphate) The effects of several parameters, 
including lactose concentration, lipid composition and lipid 
concentration on the encapsulation efficiency of these model 
drugs were investigated

Inhalation aerosol characterized by particles of small 
mass density and large size, permitted the highly efficient 
delivery of inhaled therapeutics into the systemic circula
tion Particles with mass densities less than 0 4 per cubic 
centimeter and mean diameters exceeding 5 j/m were in
spired deep into the lungs and escaped the lungs natural 
clearance mechanisms until the inhaled particles delivered 
their therapeutic payload Inhalation of large porous insulin 
particles resulted in elevated systemic levels of insulin and 
suppressed systemic glucose levels for 96 hours, whereas 
small nonporous insulin particles had this effect for only 4 
hours High systemic bioavailability of testosterone was also 
achieved by inhalation delivery of porous particles with a 
mean diameter of 20 jvm approximately 10 times that of con
ventional inhaled therapeutic particles87 Porous particles 
comprising therapeutics and pharmaceutical excipients can 
easily be formed by spry-drying68, rapid expansion of 
supercritical fluids83 and other particle formation technolo
gies Hence, they can immediately address a variety of 
needs as therapeutic carriers for inhalation therapies Their 
potential for high aerosolization efficiency, long-term drug 
release and increased systemic bioavailability makes large 
porous particles especially attractive for systemic inhala
tion therapies

CONCLUSIONS

Common to all inhalation dosage forms and delivery 
systems is the need to generate the optimum ‘respirable 
dose' (particles with aerodynamic diameter <5 0 /jm) of a 
therapeutic agent consistently and reliably This is a key 
performance feature in the rational design and selection of 
a delivery system Moreover, this performance, in terms of
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aerosol quality, should be demonstrated throughout the 
product’s shell life In addition to the more usual chemical 
and physical stability criteria, when considering these de
livery systems, it is important that the device design and 
formulation work have been integrated in the overall design 
and development of the product Frequently, therefore, such 
inhalation delivery systems tend to be compound or com
pany specific

In summary, in the short term, suitable replacements 
for pMDIs (be they powder or liquid based) are unlikely, but 
if some of the systems that are currently being developed 
are able to achieve the convenience and compactness of 
the pMDI and have similar (or improved) pharmaceutical 
performance, they might be in widespread use in the later 
part of the decade
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