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Development of Liposomal Amphotericin B Dry Powder

Inhaler Formulation

S. P. Shah and Ambikanandan Misra

Phaimacy Deparimeni, Faculty of Technology and Engmeermg, Kalabhavan, M § Unmiversity

of Baroda, Guyevat, India

The purpose of our study was to prepare and optumize lipo-
somal Amphotericin B {AMB) dry powder inhaler (DPI) formu-
latien for treatment of invasive lung fungai infection. Liposomes
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.
Drug hipid ratio was 1:10 with membrane composition of hydro-
genated soyaphosphatidyicholine; cholesterol and either saturated
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 pym
polycarbonate membrane, separated from unentrapped drug and
subjected to lyopllization using Tris buffer contzining cryopro-
tectants in various mass ratios. Sucrose was found €0 be the best
cryoproteciant 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 lipesomal DPI formulations and subjected to
determination of angle of repose, compressibility index, dispersibsl-
ity index, water content, scanning electron microscopy, and fine
particle fraction (FPF). Carrier blend of Sorbolac 400 and 10%
sieved Pharmatose 325 M (Iiposome: carrier ratio to be 1-6) re-
sulted in 22.6 - 2.2% and 16.8 & 2.2% FPF for AMB1 and AMB2,
respectively with significantly different (p > .05) device Fraction.
Percent dug retention studies were conducted at different storage
conditions and demonstrated a shelf life over I year at refrigerated
storage condition (2-8°C).
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There has been a dramatic rise in the number of 1nvasive fun-
gal infections 1n immunocompiomised patients m recent years
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Accordingly, there 1s an urgent need (o unprove the treatments
for mvaswve fungal infections because the overall prognosis
for patients with these infections remains poor Amphotericin
B (AMB) 1s a broad-spectrum and potent antifungal agent,
but its clinical use 15 sometimes limited due to adverse
reactions, such as renal toxicity, hypokalermia, and anemia
(Schmutt 1993, Janknegt et al 1992) A promising approach
to the treatment of invasive fungal infecttons is the use of It-
posomal AMB (Lopez-Berestewn et al. 1983) Major drawbacks
associated with the earlier or convenuonal liposomal formula-
tion are the tendency of liposomes to leak drug while m cur-
culation, the extensive uptake of these liposomes by tissues of
reticuloendothelial systems, and ability of liposomes to ex-
travasate mto 1afected tissue Liposomal dry powder inhaler
(LDPI) was chosen to stabilize the Liposomal system, aad lo-
calized liposomal AMB delivery was considered an alternative
treatment of invastve lung fungal infections It was hypothe-
sized that liposomal AMB will control the release rate of the
drug for longer duration at locahized site and 1s expected to
reduce systemic side effects and frequency of dosing Hence,
our mvestigation focused on the pharmaceutical development
of stable liposomal AMB DPI formulatton for high pulmonary
deposttion

MATERIALS AND METHODS

Amphotericin B was received as a gift sample from Ambalal
Sarabhat Enterpnse, Baroda, India Hydiogenated soyaphos-
phatidyicholine (HSPC) and hydrogenated soyaphosphaudyl-
glycerol (SPG-3) were gift samples from Lipoid (Germany)
Nuclepoie polycarbonate membrane 2 pm (Whatman, USA)
cholesterol (CHOL) (S D Fine Chemicals, India), stearyl amine
(SA) (Sigma, USA), a-tocopherol {E Merck India Ltd , India)
dextrose monohydrate, sucrose, and maltose (S D Fine Chem-
1cals, India), and trehalose (Sisco Research Laboratory, India)
were purchased locally Sorbolac— 400 (Meggie, Germany) and
pharmatose 325 M (HMV, Netherlands) were recetved as gift
samples and used as such without further modification All other
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2 S P SHAH AND A MISRA
TABLE |
Elfect of process and tormulatton vanables
PC Percent drug
Chol Charge? entrapped Observation and
Variable Batch no (molar 1ati0) (Mean & SEM)? inference

Choice of organic solvent (ratto of aqueous phase to organic phase was | 3}

Ethyl acetate AMB1 7305
AMB2 1101
Ethanol AMBI 7305
AMB2 1101
Ethyl aceiate Ethanol (1 1) AMB1 7305
AMB2 1101
Ratio of aqueous phase'to otganic phase
12 AMBI 7305
AMB2 1101
{3 AMBI1 73405
AMB2 (101
L4 AMB| 7305
AMB2 1101
15 AMB1 7305
AMB2 1101
16 AMBI 73035
AMB2 1101

02+£19 Vesicles were not
439324 properly oriented
604425 Drug leakage from vesicles
587421

785424 Good vesicles formation
769+30

624126 Less PDE

553%19

785+24 Good vestcles formation
769+30

86321 Increased PDE*

805+£23

95815 Good PDE and good vesicle
879+13 formatton

951423 No major change in vesicle
87115 formation and PDE

“SPG-3 for AMBI and SA for AMB2
"Mean (£ SEM),n =5
*PDE = percent dry eatrapment

reagents and chemicals used were of analytical grade or phar-
macopoeial grade

Preparation of Liposomes

Multilamellar vesicles (MLVs) of AMB were prepared by the
modified reverse phase evaporation (REV) techmque (Cortest
et al 1999) by optimizing both formulation variables such as
choice of organic solvent and ratio of aqueous phase to erganic
phase for proper orientation of vesicles and higher percent diug
enttapment (PDE) (Table 1) Drug (5 mg), HSPC, CHOL, «-
tocopherol (1% of PC), and either SPG-3 or SA were mixed
with ethanol-ethy! acetate solvent system (1 !} and transferied
1o narrow neck tube with standard’ B-24 jomt REV cycles of
10 mumn at 10 1n of Hg, followed by 10 mum at [5 1n of Hg
and using 0 01 M Tris bufter pH 6 5 contatning 1 mM EDTA
(ratio ol aqueous phase o organic phase was [ 5) were carnied
out with intermuttent vortexing Liposomal dispersion was sub-
jected to complete 1emoval of last traces of organic solvent for
t3mmat 20 m of Hg The formed hposomal dispersion was ex-
tuded through 2 xm polycarbonate membrane above the phase
transition temperature (60°C).

For separation of unentrapped drug, the liposomal dispersion
was centrifuged at 4 38 x 10} g for 90 sec to sediment the ctys-
tallized free drug The liposomal AMB was estumated in super-

—

natant after dissolving itin DMSC methanol mixture (1 1) {(v/v}
by ultraviolet spectrophotometer (Hitachi U- 2000 spectropho-
tometer, Shumadzu, Japan) at 410 nm (Ruygrok, Vulto, and
Vaneheo 2000) The hposomal dispersion of AMB thus ob-
tamed was filled in amber-colored vials under nitrogen atmo-
sphere, sealed, and stored in refrigerator until required for further
expenments

Lyophilization of Liposomes

To achieve gh percent drug reduction (PDR), Iyophilizatuon
was carried out for 48 hr (Heto Drywmner model DW1 060E
Holten, Denmark) using different cryoprotectants like maltose
dextiose, trehalose, lactose, and sucrose In these studies, the hi-
posomal pellet obtained after centrifuging liposomal dispersion
was suspended 1 10 mM Tris buffer pH 6 5 contamming | mh
EDTA and contamning lactose, maltose, trehalose, sucrose, or
dextrose m mass ratio of hipid sugar (1 2) PDR of liposomes
following dehydration-rehydration cycle was determined ana
the influence of sequence of cryoprotectant addition and mass
ratto of lipid sucrose on PDR also was studied (Table 2)

Development of LDP! Formulations
To prepare LDP1 formulations, the porous cake of liposome:
obtained atter tyophilization was sieved (200# and 240#) and
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TABLE 2
Opuimuzation of lyophilization

Percentage drug Percentage drug

Vartable studied retuned AMB I tetatned AMB2¢
Selection of cryoprotectant
Maltose 4584 1.9 422+£25
Trehalose 624£19 5844120
Dextrose 388+22 357423
Lactose 486+22 456420
Suctose 603+23 560421
Phase of cryoprotectant addition
Exteinal 603+£23 560&21
Internal 486+26 424£19
Both 703£21 662+22
Mass ratio of sugar (lipid sugar)
{2 703+21 662+£22
14 834119 802+£21
I3 96618 947+£24
16 964420 951419
18 970+16 946423

“Mean ( SEM),n =35

mixed with Sorbolac 400 contamming sieved 5% to 15% Phai-
matose 325M (500#) 1n different mass ratio of liposome lactose
(1 2101 8)asrecorded in Table 3 Capsules (size “2”) were filled
with individually weighed powder contamning 250 g of AMB
and packed under nitrogen atmosphere 1n HDPE bottles con-
taining silica bags as dehumactant The bottles were stored tn a
desiccator at refrigeration temperature (2-8°C) until further use

Characterization of Liposomes
Vesicle Size

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

TABLE 3 {
Optimizaton of liposomal DP1 formulat\mn

Percentage FPF Percentage FPF

Vanable studted for AMB1? for AMB24
Effect of liposome lactose ratio
(blend containing 5% sieved* lactose)
12 1234+22 85+24
14 I531£30 116£22
16 175424 132£31
18 164:£27 119:£28
Etfect of percentage of sieved* lactose
(hiposome lactose ratio was 1.6)
5% 192426 149+£25
10% 225k22 l168§£22
5% 20119 14623

“n =5 (+SEM) *500#

TABLE 4
Comparative charactertzation of potential batches
of ltposomal AMB

Potential iposomal batches

Variable studted AMBI1 AMB2

Mean size (um)® 18402 20£03
Angle of repose” () 283406 297404
Dispersibility index? 208410 204406
Compressibihity index? 235% 1.8 223424
Moisture content” (%) 14420 15424
Device fraction® (%) 168420 158418
Respirable fraction (FPF)? 225422 168422
Effective index (EI) 448+ 1.6 376+£19

Control Ashthalin (Cipla Ltd, India), delwery device Rotahaler
(Cipla Ltd , India)

FPF=2714+20,El=486+17

“Mean (+ SEM),n =3

PMean (£ 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 1n Table 4

Photomicrography

All the batches of prepared liposomes were viewed under
Olympus (BX 40F4, Iapan) with polarizing attachment to study
therr shape, and lamellarty of AMBI 15 shown 1n Figure la
and 1b

Physical Characterization of LDPI Formulation
Angle of Repose

The pile of powder was carefully built up by dropping the
powder material through a funnel tp from a height of 2 cm
{Carr 1965) The angle of repose was calculated by nvertng
tangentially the ratio of height and radiwus of the formed pile
{Table 4)

 Compressibility and Dispersibility Index

The compiessibility index was determined as described by
Carr (1963) by tapping the formulation to reach plateau con-
diion The dispersibility tndex was determned using a mima-
ture assembly as described by Carr (1965) Formulation (5 g)
was dropped through a cylinder (length 6 5 1 and internal di-
ameter 2 in ), which has been held 2 i above a watch glass
(diameter | 1n) The dropping point was 3 in above the cylin-
der, from a funnel up Dispersibility index was calculated as
the relattve proportion of material lost to the matenal dropped
(Table 4)
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(b)

Phatomicrographs show (a) iposomal vesicles before lyophihizauon and (b) hposomal vesicles after lyophihzation

FIG 1

Water Content Deternunanion and Fine Particle Fraction
Water content of the DPI formulation (1 g) was determined
m triphicate on two consecuftve days by Karl Fischer Titration
(Table 4) The volume of captuning solvent (methanol) in the
upper (stage 1) and lower (stage 2) were 7 ml and 30 ml, respec-
uvely in 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/min and compared with marketed preparation (Asthalin
Rotacaps, Cipla Ltd , India) containmng Salbutamol sulphate
The Rotahaler device was rinsed with methanol to determine the
device fraction and effective index (Hino et al 1998) (Table 4)

Scanning Electron Microscopy

Scanning electron microscopy (Philips XL30 ESEM,
Netherlands) of both DP{ formulations were carrier out and pho-
tonucrographs are shown tn Figures 2a and 2b

Percent Drug Retention Studies

PDR studies were carrnied 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 & 5%
.RHj conditions The sampling points were as per ICH guidelmne
(Stngh 1999), for countries falling under Zone III (hot, dry) and
Zone IV {very hot, hurnid) The LDPI formulations 1 1its final
packing were stored separately at all storage conditions The
samples of each batch stored at various storage condrtions were
withdrawn at defintte time 1ntervals, rehydrated with distilled
water for 30 nun, and analyzed for the drug remaned entrapped
m liposomes (Figure 3) The samples also were esamined for
the evidence of caking and discoloration

Statistical Analysis
Each batch was prepared five times and data from all expen-
nients were expressed as mean = SEM unless specified Process
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®)

FIG 2 (@) Scantng electron microscopic photomicrograph of AMBI and
(b) scanning electron mrcroscopic photormcrograph of AMB2

variables were studied by comparing PDE of two batches having
all other variables the same PDE is expressed as the percentage
of the drug mtially added Simularly, the PDR is relative to the
drug mtraily entrapped Tgp as specified 1n Figure 3 refers to

100 = =
T ~L ":?‘.““?%’-}"T&—«._‘__w%
g ) ‘T‘--?::\“_;\« H:““"“ﬂb-;_ -
o e k=)
& 90 T e
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N
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g 60 S
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~0 1 2 3 6 12
Time {Months)
FIG 3 PDR of AMB liposomes at difterent storage condstions and s ef-

fecton Toy Refrigerator AMBI (—-{—), AMB2 (OOCCI0) controtled room
temperature AMBI(—{J—), AMB2 (1% 00, accelecated AMBL ({1}
AMBX (04D

w

90 PDR withmn the liposomes Effective mndex 15 the geomet-
ric mean of the total emitted dose and FPF, represented by the
equation (Hino et al 1998)

El = /(100 — DF) x FPF

where DF 1s 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

{1]

RESULTS

The liposomes of AMB weie prepared by REV technique
using ethyl acetate and ethanol (1 1) as orgamc solvents and
10 mM Tns buffer pH 6 5 contaiming { mM EDTA as aqueous
phase are recorded in Table 1 The prepared liposomes were ex-
truded by passing through 2 pm polycaibonate membranes to a
reproducible mean hiposomal size of less than 5 pm (Martonen
etal 1993) Freedrug from liposomes was separated by centnifu-
gation at 4 38 x 10° g and complete separation of unentrapped
drug was confirmed by optical microscopy Maximum PDE es-
ttmated in AMBI and AMB2 liposomes were 958 4 15 and
87 9+ 1.3, respectively (Table 1)

Microscopy with polarized light confirmed the formation of
spherical and multilamellar liposomes (Figures l1a and 1b) Mul-
tilamellar vesicles also were 1dentified by the.presence of Mal-
tese crosses, a characteristic of bilayer configuration Laser ight
scattering microscopy revealed mean hiposomal sizes for AMB1
(18£02 um)yand for AMB2(20£03 um)

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
hpid.sucrose mass ratio was found to be optimum at I 5 with
PDRof9 6 + 18 and 947 £ 2 4 for AMBI and AMB2, re-
spectively{(Table 2).

The mass ratio of lipesomes Sorbolac 400-10% sieved (500#)
Pharmatose 325M (1 6) resulted 1n maximum FPFof 225422
and 16 8 £ 22% for AMBI and AMB2, respectively, and in-
terestingly significantly different device fracuons (Table 3) The
deposition of liposomal AMB was more effictent in AMBI than
the AMB?2 based on the effective index (EI) The FPF ratios of
control to that of the developed LLDPI tormulations were 0 83
and 0 62 and El ratios were 0 92 and 0 77 for AMBI and AMB2.
respectively

The flowabihity and floodability were observed to be good and
floodable 1 pomt score evaluation as described by Carr (1963)
for angle of repose, dispersibility 1ndex, and compressibthity in-
dex (Table 4) The formulations were tound to contain moisture
content below | 5% (Table 4}

Tye 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 | yeara
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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 refriger-
ated storage conditton Even the flow and dispersion properties
of the formulation stored at long term refrnigerated conditions
remained unaltered

DISCUSSION

The organic solvents such as diethyl ether or methanol used in
the liposome preparatton, although usually removed by evapora-
tion, may remain as traces n the final formulation representing
a possible risk for human health and can lead to mnadequate sta-
bility of the vesicles (Cortest et al 1999) Use of other organic
solvents like ethyl acetate and ethanol can solve this problem
Ethanol forms a monophasic system upon contact with aqueous
phase whereas ethyl acetate forms biphasic system (emulsion)
upon contact with agueous phase. When ethyl acetate was used
alone, 1t resulted 1n distorted spherical vesicles from formation
of unstable biphasic system upon contact with aqueous phase
Use of ethanol alone resulted m ugh PDE from formation of
monophasic system upon contact with agueous 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 spherni-
cal vesicles and high PDE were observed Combmation of these
organtc solvents with aqueous phase forms stable emulsion,
which 15 prerequisite for REV (Betagen, Jenkins, and Parsons
1993} When aqueous phase 1o organic phase ratio was raised
from 1 3 to 1 5, a marked 1ncrease 1 the PDE was observed
Further increase mn the organic phase did not result 1n ncrease
in PDE The prepared liposomes were found to be multilamel-
lar and wdentified by Maltese crosses in liposomal photomicro-
graphs (Figures la and 1b).

Among maltose, dextrose, trehalose, lactose, and sucrose
used as cryoprotectants, sucrose and trehalose were found to be
comparable cryoprotectants. Trehalose was found to be the most
effective cryoprotectant in mantatmng structural and functional
properties of microsomal membranes at low mean hiposomal size
(Cullis et al 1985) However at higher concentrations, sucrose
was found to be equally effective for multidamellar hiposomes
of large mean size (above | pm) Thus, sucrose was used as
cryoprotectant on both sides of lamellae.

Durning the drying process of liposomes, liposomes constrict
and get coated on the opimum surface of crystallized sugar
and the hydration of polar head groups with hydroxy! group
of sucrose leads to stabilization of liposomes If the sucrose
concentration 1§ less than optimum, the crystallized sugar does
not provide adequate surface for the adherence of constricted
bilayer leading to drug leakage Hence, 1t may be concluded
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 bilayer by drug or other formulatton

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

Liposome Sorbolac 400 with steved Pharmatose 325M ratio 295
used 1n formulation of DPI and percent of sieved Pharmatose
325M were found to influence FPF Effect of liposome lactose
blend ratic was optumum at 1.6. Optimum concentration of car-
nier 1s required to achieve detachment of liposomal drug from
carner molecule Carrier concentration less or more than opti- 300
mum resulted 1 low FPF or no further increase in FPF High-
energy adheston sites (HA) of lactose bind strongly to the hiposo-
mal drug particles and low-energy adheston sites (L.A) allow the
formation of more reversible bonds with iposomal drug This re-
sults i efficient detachment of iposomal drug from the carrieras 365
observed with plamn DPI formulattons (Stamforth 1996) Hence,

10% sieved Pharmatose 325M added to LDPI formulation oc-
cupies HA sttes leaving LA sites for attachment of hiposomal
drug and thus results i higher FPF

Drug tiposomal powder adheres to carrier particles as seen 310
in scannmg electron microscopy photographs of LDPT formu-
lations (Figures 2a and 2b) The EI of AMBI1 was found to be
better than the AMB2 suggestive of more effective liposomal
drug deposition nto the lung It may be due to turboelectnfica-
tion or charge generation mn hposomal powder duning dispersion 315
via the Rotahaler The lower ratio of EI/ FPF 13 suggestive of effi-
cient dispersion of AMB1 from the device, but unlike the control
more proportion of the dispersed powder has been deposited in
the upper respiratory tract (Hino 1998)

Evaluation and control of flow and dispersion (deaggrega- 320
tion) characteristics of the formulation are of critical impor-
tance n the development of DPI products Inter-particle forces
that mfluence flow and dispersion properties are particularly
domimnant in micronize or microcrystalline powders required for
inhalation therapy (<5 um) (Gonda 1992, Hickey 1996) Pre- 32
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, disperssbility index, compresstbility index, mossture
content, and FPF are characterized and controlled (Table 4) 330
Moisture content deteriunation also 1s unportant for drug sta-
bifity upon storage and deaggregation upon inhalation

Atrefrigerated and controlled room temperature storage, higher
PDR of AMB1 and AMB2 were observed (Figure 3) It may be
due to CHOL having an assocration with PC and diug at molec- 33
ular level, reducing tts rate of hydrolysts or oxidation in anhy-
drous state At accelerated storage 1 e., near Tg {phase transition
temperature), decrease n the PDR for LDP! formulations was
observed due to increased fluidity of bilayer resulting into drug
leakage Higher PDR of AMB! at accelerated storage may be 340
due to presence of higher proportion of amphiphilic PC leading
to re-encapsulation of the drug by the liposomes

wn

h

CONCLUSION
In this study, the small mululamellar AMB hiposonies were
successfully prepared and stabilized by lyophilization into LDPI 343



350

355

Q4
Qs
360

LIPOSOMAL AMPHOTERICIN B DRY POWDER INHALER 7

tormulations for shelf life over 1 year at refrigerated storage
Findings of this investigation demonstrate delivery of liposo-
mally eatrapped AMB from trachea to terminal bronchioles i
comparable doses of marketed DPI formulation. The param-
eters controlling the drug deposition into the lung also were
established This method offers an exciting posstbility of local-
ized pulmonary hiposomal AMB delivery 1n the anhydrous state
However, the role of LDPI formulation developed n this investi-
gation can only be settled after m vivo evaluation of the product
on two species of ammals followed by clinical evaluation
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The aim of the present investigation was to improve m
vitro pulmonary deposition of amphotericin B (AMB) lipo-
somal dry powder inhaler {LDP1) formulations Liposo-
mes with negative (AMB1) and positive (AMB2) charge
were prepared by the reverse phase evaporation (REV)
technigue, extruded to reduce size, separated from un-
entrapped drug and lyophilized using an optimized cryo-
protectant to achieve maximum drug retention Lactose
camer (Sorbolac 400) in varying mass ratio with or with-
out addition of fines (500# sieved Pharmatose 325M) in
different mixing sequence ware used to formulate AMB
LDP! formulations /n witro evaluation was done with
twin stage impinger (TSI) for fine particle fraction. The
lactose carner contaiing 10% fines was found to be
ontimum blend at 16 mass ratio of liposome lactose
The additon 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, Incia) 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; 253+ 18 percent and 19.6 £ 1.5 percent and
28.4 & 2.1 percent and 22.9 4 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 camer surface (Ganderton, 1992), reducing
the particle size of the camer (Steckel et al 1997) and use
of a ternary powder mux formulation (Staniforth 1996a).
Additior of mucronized lactose to coarse lactose cammier
was found to improve the dispersion and deaggregation of
salbutamol sulphate and spray dried bovine serum albumin
(Lucas etal 1998) Also, techniques like spray drymng the
drug with phospholipid composites 1n a surtable range for
pulmonary delivery (Kim et al 2001) or the dissolution of
lecithin 1n chlorofluorohydrocarbon and the formation of
liposomes wn suu (Farr etal 1987) or nebulization of the
preformed liposomes (McCallion etal 1996) cun be at-
temptea for hposomal drug delivery to lungs We have
studicd the dehivery of liposomal ketotifen and liposomal
budesomde DPI by blending the lactose carmier with pie-
formed liposomes as descnbed previously and found the
fine particle fraction (FPF) not more than 21% (Josh: et al
2001 a, 2001 b) The aim of the present mnvestigation was
to study the effects of addition of fines and the addition
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sequence of fine carrier on in vitro deposition of the for-
mulations using TSI at different flow rates,

Mululamellar vesicles (MLVs) composed of drug (Smg),
HSPC, cholesterol, a-tocopherol (1% of PC) and either
soyaphosphatidylglycerol (SPG-3) (AMBI) or stearyl-
amme (AMB2) of AMB were prepared by the modified
reverse phase evaporation technique (Cortesi et al. 1999)
by using 0.0IM Tns buffer pH6.5 containing ImM
EDTA (ratio of aqueous phase‘organic phase was 1 5)
with mtermittent vortexing. The formed hiposomal disper-
sion was extruded thiough a 2 pm polycarbonate mem-
brane above the phase transition temperature and seps-
rated fiom unentrapped drug by controlled centrifugation,
To achieve high PDR, lyophilization was camed out for
48 h using suciosc as cryoptotectant 1 a mass ratio of
1 5.

To prepare LDPI formulations, the porous cake of lipo-
somes obtamned after lyophihzation was sieved (200# and
240#) and filled in capsule size “2” contaning 250 pg of
AMB Similarly the sieved lyophilized powder was mixed
with Sorbolac 400 in different mass ratio (1.2 to"1:8).
The addition of fines 1n the range of 5%—15% and addi-
tion sequence of fines weie mvestigated 1.e., first fines
were mixed with cammer and then mixed with lyophilized
liposomes or fines were mixed with lyophilized hiposomes
and then mixed with the carmer (Table 1).

The volume of capturing solvent (methanol) in the upper
(stage 1) and lower (stage 2) were 7 and 30 ml respectively
in TSI (B.P Apparatus A) (Buush Pharmacopocia 1993)
Rotahaler (Cipla, India) was used as delivery device at
flow rates of 3042 L/mmn, 60+ 2L/mmn and 90421/
min for Ss for 5 capsules The inhaler body, capsule
shells, mouthpicee, stage 1 and stage 2 weie washed five
times with methanol and analyzed to measure the amount
of drug retamned as desenbed before (Ruijgrok et al 2000)
The fine particle dose (FPD) was denoted as the quantity
(11g) of the particles per capsule that deposited 1n the lower
stage of the TSI after acrosolization at 30 L/imin, 60 L/min
and 90 L/min Each capsule contamned a powder mass of
84 8 + 2 mg (for AMBI) and 71.0 £2mg (for AMB2)
equivalent to normnal dose of 250 & 7 ug AMB. The re-
covered dose (RD) was taken as the total quantity of drug
recovered per capsule after cach actuation, while the
emutted dose (ED) was that enutted from the inhaler de-
vice Percent emission was calculated as the percentage of
enutted dose to total dose FPF was the ratio of FPD to

Table 1: Optimization of LDPI formulation

Vanable studied P ge [P P £
for AMBI? for AMB*

Effect of liposome lactose rauo (Sorbolac 400)

12 123£22 85+24
14 15130 116£22
16 175424 -32+£31
18 16427 119x£28
Effect of percentage of camer (iposome lactose ratio was | 6)
5% 192+£25 149+£25
10% 225+22 168+22
15% 201119 6121

Effect of sequence of addition of fines (10%, SOC# sieved
Pharmatose 325M)

Fines 4 cainer 4+ lyoplulized 253418 196415
liposomes

Fines + lyophilized hiposomes 221416 181 £19
+ carner

=5 (£5EM)
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Table 2: Comparative characterization of potential batches of AMB LDPI formulations
Parameters AMBI AMB2
P 30 Limm 60 Linun - 90 L/mmn 30 L/min 60 Limun 90 Limin

Mean SD  Mean SD  Mean SD Mean SD  Mean SD  Mcean SD
FPD {ug) 566 18 645 15 739 20 40.7 1.7 47¢ 14 56 1 1.8
FPF (%) 231 1§ 253 1.8 284 21 173 22 196 1.5 229 1.9
Dispersibihty (%) 261 15 284 22 318 21 20.8 24 234 1.8 271 1.3
Effective Index 452 1.2 475 1.9 504 14 379 20 405 16 440 1.7

Control Asthalin (Cipla Ltd . Indha)
Delivery device Rotahaler (Cipla Lid |, Indw)
FPF=27 1420, El=486%17 at 60 L/nun

RD, while dispersibility was the percentage of FPD to ED
(Table 2). As a control, a marketed preparation (Asthalin
Rotacaps, Cipla Ltd , India) contamning salbutamol sulphate
powder was used and the FPF determuned at 30 L/mun,
60 L/min and 90 L/min flow rate using Rotahaler as the
delivery device (Table 2). The Rotahaler device was rinsed
with methanol to determince the-device fraction and Effec-
tive Index (EI) (Hino et al 1998)

Effective index 1s the geometric mean of the total emitted
dose and FPF, represented by the equation (Hino etal.

1998).
El = /(100 — DF) x FPF

where, DF 1s the device fraction

Significant differences were calculated by ANOVA and
mutual differences were detecied with Students t-test and
differences at P < 0 05 were considered as significant

The liposomes of AMB were prepared by REV techmque
ucing ethyl acetate and ethanol (1:1) as organic solvents
and 10 mM Trds buffer pH 6.5 contaming | 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 in AMBI and
AMB2 hposomes were 95.8 + 1.5 and 87.9 + 1 3 respec-
tively. The optimum hpid sucrose mass ratio was found
to be optimum at 1 5 with PDR of 966+ 1.8 and
94.7 + 2 4 for AMB1 and AMB2 respectively

The-mass ratio of liposomes Sorbolac 400 at [ 6 1esulted
m FPF of 1754+ 24 and 132431 percent for AMBI1
and AMB?2 respectively Optimum concentiation of camnet
1s required to achieve detachment of hiposomal diug fiom
carrier molecule. Camer concentration 1s less or more
than optimum resulted 1n too low FPF or no further in-
crease 1 FPE. Further the effect of increasing fines from
5% to 10% resulted i higher FPF of 22.5-+22 and
16 8 +- 22 percent respectively Furthermore the addition
sequence of fines such as fines first mixed with carrier
and then rmuxed with lyophilized liposomes resulted mn
FPF of 253 4 1.8 and 196 + 1 5% with significantly dif-
ferent EL. High-energy adhesion sites (HA) of lactose bind
strongly to the hiposomal drug particles and low-energy
adhesion sites (LA) allow the formation of meore 1eveisible
bonds with liposomal drug This 1esults 1n efficient de-
tachment of liposomal drug from the camer as obscived
with plain DPI formulations (Stansforth 1996b) Hence,
10% sieved Pharma:ose 325 M added to L.DPI formulation
occuptes HA sites leaving LA sites for attachment of lipo-
somal drug and thus resulted in higher FPE. Based on EJ,
the deposition of liposomal AMB was more efficient n
case of AMB1 than the AMB2 The FPF ratos of control
tc that of the developed LDPI formulations were 093 and
072 and El ratigs were 097 and 083 for AMB! and

(1

-

2

AMB?2 respectively The EI of AMBI1 was found to be
better than the AMB2 suggestive »f more effective liposo-
mal drug deposition 1 to lung It may be due to tribo-
electrification or charge generation in lhiposomal powder
during dispersion via the Rotahaler. The lower ratio of EI/
FPF 15 suggestive of efficient dispersion of AMB1 from
the device but unlike the control more “propdrtion of the
dispersed powder has been deposited in the upper 1espira-
tory 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 liposome:lactose.
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 AMK?2, 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

S P SHAH, S GANESH AND A N MISRA®
Pharmacy Department, Faculty of Technology and Engineenng
M S Umversity of Baroda, Kalabhavan, Vadodara-390001

The search for alternatives to metered-dose nhalers has driven impetus for finding effective
products that do not use chlorofluorocarbon propeliants 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-
inergic drugs has pnmartly used the pressurized metered
dose mhaler (pMDI) however, there s increasing threat be-
cause of the environment concerns regardmng chlorofluoro-
carbon {CFC) propellants In 1983 when the Montreal Pro-
toco! was implemented {an International convention that
restricts the use of substances that deplete the ozone layer),
it defimed 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 salbutamol and
beclomethasone dipropionate’ Large difference in parlicle
size distribution of the emitted doses has also been dem-
onstrated? The problem on beciomethasone dipropionate
prescribing 1s compounded by other CFC free formulations
having same nominal dose as the ornginal suspension®
Therefore there 15 a pressing need to clanfy the chinical
equivaience of newly formulated pMDI products and reduce
the problems of HFA reformulation The dry powder inhaler
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{DP1}, being propellant-free, is an increasingly attractive and
less confusing alternative for pMDl 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 developmeni*s Table 1 sum-
marizes some commercially available DP{'s and new DPIs
currently under development with its dispersion mechanism
DPis are categorized mawly in two categornies like breathe
dnven/passive DPls and power assisted/active DPis Former
uses patient’s inspiratory inhalation flow for dispersion of
dry powder while later uses some mechanical/electnical
power to disperse the dry powder

The DPIs does not contain CFC propellants to disperse
the drug, so they can be regarded as ozone-inendly deliv-
ery systems However, they can not totally replace pMDls
due to imitations of dose delivered and flow rates achieved
through the devices for severely diseased patienis are prob-
ably valid®, based on the capabilities of currently available
powder inhalers Vidgren et al have shown different depo-
sition patterns in healthy volunteers from the same formu-
lation i four single-dose DPIs’ Newman et al have also
shown different in vivo deposition patterns in healthy vol-
unteers using Turbuhaler inhalers operated at optimal and
sub-optimal peak inspiratory flow rates® Clearly, some cur-
rent designs of DPIs are subject to vanations in performance
due to differences in inhalalion flow rates. Future designs
should be independent of patient mhaiation 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 lcaded 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 cohestve and adhesive forces that
must be overcome to get dispersed Optimization and con-
trot of flow and dispersion (deaggregation) characteristics
of the formulation 1s of critical importance in development
of DPIs These properties are governed by adhesive forces
between particles, including Van der Waals forces, slectro-
static forces and the surface tension of absorbed hquid fay-
ers® 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 composttion (including absorbed mois-
ture)'® Inter-particle forces that influence flow and disper-
ston properties of inhalation powders are particularly domi-
nant in the micronized or microcrystalline powders (particles
smaller than 5 ym) Hickey reviewed the factors influencing
the dispersion of dry powders as aerosols’ Several cohe-
sive and adhesive forces are exerted on particle character-
1stics such as size, shape, rugosity and crystaliine form,
and powder charactenstics such as packing density and
equilibrium moisture content Buckton reviewed particle
surface characteristics and several other studies have mea-
sured the adheston forces in Inhalation powders'?'™ Peart
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-
misms influenced the charging phenomena' Electrostatic
effects in DPls have been extensively studies by others'
and powder flow properties have also been studied'® Fur-
ther particle charactenistics have been studied such as the
crystailization and amorphous content of inhalation pow-
ders'”*® and the measurement of their surface praperties
by inverse gas chromatography'® and computer aided im-
age analysis {o plot a Facet Signature®

Drug carrier

Optimization and control of particle-particle and par-
ticle-inhaler interactions 1s of critical importance n the de-
velopment of efficient DPIs A paradoxical situation exists
in powder formulations ~ drug particles should be ltess than
5 uym aerodynamic diameter to ensure efficient lung depo-
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sttion, but should also exhibit acceptable flow propegties
required for accurate dose meterning Thus, micronized pow-
ders are often blended with ‘coarse’ inert carners e g lac-
tose, glucose or alternatively pailetized as loose aggiomer-
ates to improve powder flow Lactose s often selected as a
drug carrier/excipients materital because of several advan-
fageous properties hike low reactivity and toxicity, low water
content and its low cost Many studies have examined the
properties of lactose particles and therr interaction with drug
particles as part of the process to optimize DPI perfor-
mance? Biending the drug with a carnier has a number of
potential advantages, such as increasing the bulk of the
formulation This allows easier metering of small quantiies
(typically <100ug) 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 s well controiled, this approach can
improve the subsequent dosing consistency of the mnhaler
The presence of the carner matenal, in separating the very
fine drug particles, can also improve processing (e g flow
characteristics) of the formulation The carner properties
(particle size distnbution, 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
matenials avallable 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 Mod:-
fications to the lactose surface have been proposed that
would improve the surface charactenstics (reduce the rug-
osity) of the matenal Ganderton claims that reducing the
rugosity increases the percentage of respirable particles in
conventional powder Inhalers® Zeng and coworkers has
found that the addition of fine lactose particles (mass me-
dian diameter 6 96 ym) increased the fine particle fraction
of salbutamol suiphate from a powder formulation delivered
by a Rotahaler®® They suggested that this may be because
of the fine particles occupy possible drug binding sites on
the larger lactose particles Lucas et al demonstrated a simi-
lar performance modifying effect with a model proten, al-
bumin and a high-dose agglomerated preparation of
nedocromi sodium? Other studies have looked at similar
effects of lactose size fractions and agglomerates®® The
properties of lactose such as particle size and surface mor-
phology® had a profound effect on the fine particle fraction
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of the generated aerosol Other exciptents, like sugars, have
also been studies to establish therr preformulation charac-
teristics Braun ef al# used two grades each of a-lactose
monohydrate and dextrose monohydrate with disodium
cromoglycate and generated aerosols using a unit-dose
device, the Microhaler?®

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 dehvers 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 study®, spray-
dried salbutamol sulfate was seen to perform as well as
micronized matenial In the case of sodium cromoglycate,
several approaches have been successfuily employed to
improve flow and dispersion characterstics, including con-
trolled adherent flocs®® This approach takes advaniage
of the mherent cohesiveness of the particies

In a review, Staniforth has outlined the development of
improved performance dry powder inhalation systems by
preformulation characterization of drug-carrier combina-
tions® Staniforth described the Pascal system, which 1s an
example of carrter formulation technology using a novel
single step process termed corrasion This Is a simultaneous
miliing, mixing and surface modification of mixtures of 98-
100% ¢-lactose monohydrate and 0-2% of the amino acid
L-leucine®3 The process is designed to ensure that the
drug-carrier bond is sufficiently strong to enable efficient
manufactunng processes for the DPI, but aisc weak enough
to faciitate detachment of drug from carrier surface during
the inhalation process Results claim signtficant increase in
fine particle doses compared with conventional formulations

Lipophilic coating materiais have been nvestigated
using disodiwm cromoglycate as an approach to mirmimize
hygroscopic growth'® In addition, crystals of the parent acid
and the effect of aspect ratios (longest and shortest dimen-
's&ons) have been studies™ Vidgren et af have shown that
spray-dried particles of disodium cromoglycate have better
(at teast 10 vitro) aerodynamic properiies (a higher fraction
of dose in a smaller size range) than micronized material®

Other techmques such as re-crystallization from
supercritical fluids for modifying drug characteristics have
been discussed More conventional ways of modifying drug
particle charactenstics such as spray drying have been fur-
ther advanced by the use of new techniques such as
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supercntical fluid technologies York and co workers® have
evaluated the SEDS (Solutton enhanced disperston by
supercntical fluids) technique that enables a drug solution
to be processed into a micrometer sized particulate prod-
uct tn 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 DPI to provide the energy needed
for dispersion This method has the advantage of drug re-
iease automatically coordinating with the patients tnhala-
tion¥ The disadvantage is that dispersion typicaily 1s highly
dependent on the patient’s ability to inhale at an optimum
tlow rate Depending on the inhaler design, this requirement
may be difficult for some patients if the device’s resistance
to airflow is high® Active devices use mechanisms such
as springs or batteries to store energy that can be released
to faciitate powder dispersion

Whether a drug alone or a drug-carrier system is
adopted, a key decision m the design of a DPl 1s whether to
use a factory-metered dose or to include a reservoir and
metering mechanism n the device itself Early popular DPIs
utihzed factory-metered doses Conventional capsule-filling
technology was already well established in the early 1970s
by Bell et al who had developed this device for the admin-
istration of powdered sodium cromoglycate® Here, the drug
mixture 1s mixed with a bulk carrier to aid powder flow (lac-
tose), ts pre-filled into a hard gelatin capsule and loaded
into the device Following activation, capsule is pierced and
the patient inhales the dose, which 1s 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 salbutamo! and beclomethasone
dipropionate powders Here, the drug mixture is again filled
into a hard capsule and the capsule 1s inserted into the
device, wherein 1t 1s broken open and the powder inhaled
through a screened tube® Other devices dispense drug
loaded into hard gelatin capsules like the Beroiec
{Boehringer Ingelheim) used for fenoterc|®

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
eastly feasibie if a2 patient 1s undergoing an asthma attack
and requires immediate rehef

The development of multi-does DPI has been pioneered
by A B Draco (a division of Astra} with their Turbuhaler*' and
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by Glaxo Wellcome with the introduction of the Diskhaler®®
and recently the Diskus* The Turbuhaler device is a reser-
voir-based powder inhaler The drug s contained within a
storage reservoir and can be dispensed into the dosing
chamber by a sumple back and forth twisting action on the
base of the unit The device delivers carrier-free particles
of the f-agonist, terbutaline sulfate, as well as the steroid,
budesonide™

The Diskhaler (Glaxo Wellcome) has been introduced
for the delivery of both the short-acting B-agonist,
salbutamol, as well as longer-acting, salmeterols Also, the
steroids hike beclomethasone dipropionate and fluticasone
propionate are available as disks These devices have a
circular disk that contains a number of powder charges (four
or eight), depending on a typical dosing schedule The doses
are maintained in separate aluminum bhister reservoirs un-
il just prior to inspiration, thus ensuring the integnty of the
powder blend against moisture ingress On priming the de-
vice, the aluminum blister 1s pierced and the powder charge
1s dropped into the dosing chamber The Diskus device rep-
resents a further modification of the Diskhaler approach,
with the pre-metered doses sealed m blisters on a fotl strip
instead of disk, here coiled strip 15 used whuch allows 60
doses of drug to be contained within the device

There are two mamn advantages in the use of a pre-
metered dose Firstly, the precision with which the dose can
be metered in the factory 1s superior to the typical precision
of 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 1improved consistency of the delivered dose
and fig 1 iustrates this point The graph shows the fre~
quency distribution of doses delivered at 60 l/min from a
terbutaline Turbuhaler and a salmeterol Diskus*® The pre-
metered doses from the Diskus device arg more consistent
than the doses dehvered from the reservorr device Sec-
ondly, the pre-metered doses can be individually sealed and
protected from the environment (moisture) untd the pont of
use by the patient Brindley et al have shown that the drug
content per blister and the dose delivered at 60 I/min from
the salmeterol Diskus device s unaffected by storage at
high humidity®® A reservou that contains all of the doses
may be more susceptible to detenoration through ingress
of mosture Some Turbuhaler products are designed to con-
tain a deswccant within the device, to reduce the effects of
moisture uptake, although Meakin et al has demonstrated
imutations to this approach®? 8
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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 tugh manu-
factuning throughput A further advantage of the reservorr
approach ts the relative ease of including a large number of
doses within the device Newman has also shown that the
Turbuhaler inhaler performance i vivo compares favorably
with pMDis*

FLOW PATH DESIGN

In combination with the design of the formulation and
the approach to metenng, the third critical factor that deter-
mines product performance 1s 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 sut-
ficient turbulence fo disperse/deaggreagate the powder
blend and thereby providing an effective pharmacological
response

Research has shown that the specific design of the
DP{in terms of path length, flow angles and orifice diam-
eters influence the resistance of the device® 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 DPls has been previously measured® and
the resuitant flow rates were compared New DPls such as
the Chiest inhaler® (Chiess Farmaceutict, ltaly) and the
Innovata Biomed inhalers® (innovata Biomed Ltd UK) are
evaluated for dosing performance at a range of flow rates
soy
454
40
I5¢
30+

Frequency %

% label clalm

Fig 1 Frequency distribution of doses delivered at 60 I/
min

Percentage Frequency distribution of doses delivered
at 60 {/min for salmeterol Diskus (-M-) and terbutaline
Turbohaler (-00-) n=50 [Ref 45)
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The flow path of the Diskus device 15 extremely short, with
the powder passing through a single ‘crucifix’ gnd to gener-
ate the necessary turbulence As a result of the short flow
path, drug losses within the device are minimized, allowing
approximately 30% 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 device® 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 mass*® At 60 i/min, the Turbuhaler can pro-
duce up 10 50% of the emitted dose as respurable particles
{<5 pmy}, although the perceniage 15 considerably reduced
at lower flow rates®®

A further disadvantage of a long flow path is a poten-
hial increase in the device's resistance The higher the re-
sistance of the device, the greater the effort a patient has
to make in order to achieve a given flow rate® The flow rate
achieved may be important in determining the performance
of the device®™ With careful flow path design, and the use
of a lactose carnier, some devices such as the Diskus, are
relatively insensitive to change tn flow rate and dehver a
consistent dose over a wide range of inhalation conditions®®
Device resistance can also affect the patient’s comfort in
using the inhaler De Boer et al established that an increase
in peak nspriratory flow rate (PIFR) 18 obtained with decreas-
ing inhaler resistance and that, in heaithy volunteers, on
average, 55% of maximum effort was regarded as comfort-
able as a measure of patient's convenience to inhale the
dose® Fig 2 compares the dose delivered from the Diskus
and Turbuhaler inhalers at a range of flow rates The nhaler
resistances at each flow rate are also shown m 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)®® and the
European Inhalanda group® on the tests required for the
approval of new DPls US FDA requirements for testing dry
powder inhalers ar2 summarized i Table-2 The US Phar-
macopoeia specifications for test methods harmonize with
the European Pharmacopoeral requirements are now imple-
mented, the FDA guidehines are in consultation draft form,
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Fig 2 Measurement of emitted dose from salmetero!
Diskus and terbutaline Turbohaler at varying flow rates

Measurement of emitted dose from salmeterol Diskus
{-m-} and terbutahine Turbohaler (-0-} at varying fiow
rates like 30, 60 and 90 I/min with median and interqratile
range for 5 devices each, n=50 [Ref 43]

and provide stricter requirements than the Pharmacopoeral
tests The FDA recognizes that the reproductbility of the dose
and the parhicle size distnibution are the most cnitical at-
tributes of DPI FDA requirements for testing a DPI consti-
tute a demanding list for the approval of a new device®

A presentation of FDA Guideline for Product Develop-
ment Strategy® concludes the performance standards for
future DPI products have to be built in Controversy has sur-
rounded the definttion of a delivered dose from a DP! and
how it should be tested Because of the differing etficien-
cies of the devices and their particular formulation charac-
tenistics, each device containing the same active ingredient
can deliver the same effective or respirable dose from gi-
ferent quantities of active ingredients This would create sig-
nificant problems’ both to prescnber and patient as differen:
labeled (metered) doses could be therapeutically equiva-
lent The new European Pharmacopoetal Monograph de-
fines the fine partic'e dose as that fraction of the delivered
dose that i1s <5 ym However, a new DP! should establisn
some measure of therapeutic equivalence as part of s
marketing information to reduce the prescribers confusio”

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

Spinhaler (Fisons)® Plerced capsule rotates on impeller vibratory dispersion
Iinhalator (Boehrninger ingelheim)” Stationary capsule plerced dispersion via capillary fluidization
Aerosolizer (Novartis) Pierced capsule rotates in chamber dispersion aided by gnid
Solo {inhale Therapeutic Systems) Dispersion wvia turbulent airflow pathway

Orbital (Brin Tech International) Dispersion via centrifugal acceleration mechanism

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

Accuhaler (GSK)* Pierced bitster dispersion via turbulent airflow pathway -
Diskhaler (GSK)* Pierced bhister dispersion via turbulent arflow pathway and gnd ™
Flowcaps (Hovione) Capsule based device dispersion via turbulent airflow pathway
Spiros §2 (Elan Corporation} Dispersion via free floating beads and a dosing chamber
Technohaler (Innovata Biomed) Dispersion via turbulent airffow pathway

Breath Driven/ Passive Powder Inhalers: Multidose Reservoir

Turbohaler {Astra Zeneca)* Dispersion via turbulent airflow pathway

Easyhaler {Ornion)* Dispersion via turbulent airflow pathway

Clickhaler (Innovata Biomed)* Dispersion via turbulent airflow pathway

Pulvinal (Chiesi)* Dispersion via turbulent airflow pathway

Twisthaler (Scherning Plough) Dispersion via turbulent airflow pathway

SkyePharma DP} Dispersion via turbulent airflow pathway

Talfun {Leiras) Disperston via turbulent airflow pathway

Novalizer (Sofotec GmbH) Dispersion via turbulent airflow pathway

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

Bulkhaler {Asta Medica) -

Miat-Haler (MiatSpA) -

Cyclovent (Pharmachemi) -

Power Assisted/Active Powder Inhalers' Unit-Dose

Inhance PDS (inhale) Gas assisted - compressed air disperses powder formulation
Ommbhaler(ML Lab) -

Pfetffer (Pfeiffer GmbH) -

Power Assisted/Active Powder Inhalers. Multi-Unit-Dose

Spiros (Elan Corporation) Electromechanical energy ~ battery operated impelier
Prohaler (Volois) Gas asststed@ — built in pump provides compressed air
MPDS-Inhale {Inhale TS) -

Astensk denotes commercially available DPIs and new DPls currently under development Name in the parenthesis mdi-
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 patent 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 DPls

TABLE 2 US FDA REQUIREMENTS FOR TESTING
DRY POWDER INHALERS

Drug Product

This includes the device with all of its 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 onentation
in vitro dose proportionality
Effect of patient use
Effect of motsture
Photostability
Profiling of doses near device exhaustion
Priming
Fiit weight
Device ruggedness

Cleaning mstructions

Labeling considerations

Defines information to be included on the device
label and packaging insert
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Several studies have demonstrated improvements in the
designs of cascade impactors®® and emitted-dose-measure-
ments apparatus® used for the evaluation of the perfor-
mance of DPIs A new impactor 1s being developed by an
indusiry consortium, the Next Generation Impactor group®®
phase [ of the project 1s an evaluation of new designs

The requirements form the Medicines Control Agency
(MCA)% also include stricter controls on the uniformity of
the delivered dose than the Pharmacopoesal imits and
states that the applicant should be able ¢ attain a mean of
+ 20% or better from the nominal content per dose In add:-
tion, the MCA requires each muiti-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 1s
becoming exhausted and 2 A system to prevent inadvert-
ent multiple dosing because of multiple actuations of the
dose measunng device

The new SkyePharma powder mhaler {SkyePharma
AG, Switzerland) containing a reservoir of 300 doses® and
the Bulkhaler device (Astra Medica AG, Germany) incorpo-
rating a refiilable cartridge® fulfill these MCA requirements
The commuttee for proprietary medicinal products (CPMP)
has published guidelines on DPis 1n 1998%

The regulatory authorities provide a comprehensive list
of requirements for compliance, which must be apphed to
any new DP! The complexity of the listed ttems generates
ever-increasing demands on the development process

NOVEL INHALATION DELIVERY SYSTEMS

Interest in the design of more compact portable inha-
lation delivery systems 1s increasing The patent Iiterature
offers numerous examples of apphcations for novel deliv-
ery systems that purport to be potential replacement for the
pMDls, and much 1s being published in this field®® Con-
sideration is being given to delivery of biotherapeutic mate-
rials, such as some proteins and peptides, by inhalation
aerosol®

initial research into the production of microspheres
using substances such as poly (D, L- lactide-co-glycide)
(PLGA} and poly{L-lactic acid) (PLA)™® has demonstrated
that the admirustration of microspheres to the pulmonary
arrways could be a route for sustained-release drug therapy
in respiratory disease, although the toxicty of this type of
formulation has yet to be estabhished Another group of
workers has studies the pharmacokinetics of mucoadhesive
budesontde microspheres admunistered to guinea pigs, dem-
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onstrating an increase in duration of drug actron from 6 to
24 hours after lung administration”

In recent years, the development of inhalation simula-
tion machines has enabled the measurements of m witro
DP! performance using patient's inhalation profiles™ 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
DPis”™ These machines also facilitate the in vitro evalua-
tion of dosing performance of new DP} designs for a range
of simulated pattent 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 stmple unit-dose devices to more
complex muitidose systems™ In addition, true breath-acti-
vated systems, coupled with an auxiliary means for disper-
sion of the metered powder™ hold much pronuse for the fu-
ture, if they can pass the tnals of converting a sound labo-
ratory principle into a commercially successful device Thus,
of course, will take several years and may well be driven by
patents’ needs and the acceptability of alternatives to the
widely used pMDI

Hecently we have developed hiposomal DP! formula-
tion of budesonide™ 77, ketotifen fumarate™ and terbutaline
sulphate™® Liposomal budesonide 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 budesonide DP1 was found {o pro-
vide desired drug levels tn the lungs for a prolonged perod
of ime, which i1s expected to enhance the therapeutic index
of the drug and probably reduce the dose and cost of therapy
as well”

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
DPIs®® Liposomal delivery by dry powders has been con-
sidered mainly based on the fact that liposomes can be more
stable when dried by lyophilization® 8 With iposome pow-
ders as drug carrters for inhalation therapies, the lyophtlized
precursor should be micronized to particles of 1-6 ym In
diameter for efficient delwvery to the lung Micronization has
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normally achieved by jet-milling® %, which causes particles
to break apart on coiliding in a high-velocity ar-stream As
a measure of circumventing the potentially negative effects
of lyophiization and jet-miling advantage might be made
of the fact that phospholipids are known to orient into lipo-
somal configuration through a spontaneous, entropic pro-
cess m a water-rich environment Such condiions exist in
the airways of the respiratory tract, so that it 1s feasible to
postulate that spontaneous hiposome formation would oc-
cur following pulmonary disposition of microfine phospho-
lipids-based aerosols This was demonstrated by Desal et
al for three model drugs® (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 mode!
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 tess than 0 4 per cubic
centimeter and mean diameters exceeding 5 um were in-
spired deep into the lungs and escaped the lungs natural
clearance mechanisms until the inhaled particles delivered
thewr 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 bioavatlabtlity of testosterone was also
achieved by inhalation delivery of porous particles with a
mean diameter of 20 ym approximately 10 times that of con-
ventional inhaled therapeutic particles® Porous particles
comprising therapeutics and pharmaceutical excipients can
easily be formed by spry-drying®, rapid expansion of
supercritical fluids®® 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 therapes

CONCLUSIONS

Common to all inhalation dosage forms and delivery
systems 1s the need to generate the optimum ‘respirable
dose’ {particles with asrodynamic diameter <5 0 ym) of a
therapeutic agent consistently and reliably This 1s a key
performance feature in the rationai design and selection of
a delivery system Moreover, this performance, in terms of

Indian Jo wnal of Pharmaceutical Sciences 343



aerosol quality, should be demonstrated throughout the
product’s shelf life In addition to the more usual chermical
and physical stability criteria, when considering these de-
livery systems, it 1s important that the device design and
formulation work have been integrated n the overall design
and development of the product Frequently, therefore, such
inhalation delivery systems tend to be compound or com-
pany specific

in summary, 1in 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 i the later
part of the decade
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