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Local and Systemic Delivery of High-Molecular Weight Drugs by Powder Inhalation
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The pulmonary route has recently attracted attention as a noninvasive administration route for peptide and protein
drugs, and an insulin powder for inhalation was approved by authorities in Europe and the USA. The present study ex-
amined usefulness of insulin and gene powders for systemic and local inhalation therapy. We prepared several dry insulin
powders by spray drying to examine the effect of additives on insulin absorption. Citric acid appears to be a safe and po-
tent absorption enhancer for insulin in dry powder. However, in the powder with citric acid (MIC0.2 SD) insulin was
unstable compared with the other powders examined. To improve insulin stability, a combination of insulin powder and
citric acid powder was prepared (MIC Mix). MIC Mix showed hypoglycemic activity comparable to MIC0.2 SD while
the insulin stability was much better than that of MIC SD. Next, dry insulin powders with mannitol were prepared with
supercritical carbon dioxide (SCF); the powder thus prepared reduced blood glucose level rapidly and was more effec-
tive than that prepared by spray drying. Chitosan-pDNA complex powders as a pulmonary gene delivery system were
also prepared with SCF and their in vivo activity was evaluated. The addition of chitosan suppressed the degradation of
pCMV-Luc during preparation and increased the storage stability. The luciferase activity in mouse lung was evaluated
after pulmonary administration of the powders. The chitosan-pDNA powder with an N/P ratio=35 increased the lu-
ciferase activity to 27 times that of the pCMV-Luc solution. These results suggest that gene powder with chitosan is a
useful pulmonary gene delivery system.
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Fig. 1. Evaluation Method of Efficacy of Dry Insulin Pow-
ders in Rats
The powders taken in a disposable tip was dispersed in the rat trachea by
releasing 1-ml air compressed in a syringe by opening a three-way stopcock
connecting the tip and the syringe. The plasma glucose levels were deter-
mined with time and the area under the curve (AUC) was calculated.

Table 1. Formulation, Yield, Insulin Potency, and Aerodynamic Diameter of Dry Insulin Powders

Formulation Formulation (weight ratio) .. Yield [nsulin Aerf)dynamlc
.o . . Additive o potency diameter
code Mannitol : Insulin : Additive (%)

(U/mg) (um)
MI (susp.) SD 95 : 5 : 0 (suspension) 44.2 0.82 4.7
MIC 0.1 SD 93 : 5:2 (solution) Citric acid 44.6 1.29 5.9
MIC 0.2 SD 91 : 5 : 4 (solution) Citric acid 55.5 1.29 4.4
MIS 0.1 93 : 5 : 2 (suspension) Span 85 46.7 0.51
MIS 1.0 SD 80 : 4 : 16 (suspension) Span 85 12.4 0.35 4.3
MIB SD 75 : 4 : 21 (suspension) Bacitracin 55.6 0.82 4.3
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Fig. 2. Relationship between AUC of AGlc-time Curve and
LDH Enzyme Activity in Bronchoalveolar Lavage in Rats
@ : Insulin solution in phosphate-buffered saline at pH 7.4 (the nega-
tive control), A : insulin solution in 0.25% Triton-X 100 solution (the posi-
tive control), ¥ : MI(susp.) SD, O : MIC0.2 SD, V : MIS1.0 SD, and
M : MIB SD.
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Fig. 3. Powder X-ray Diffraction Pattern

(a) Insulin bulk drug, (b) mannitol (& form), (c) mannitol (8 form),
(d) mannitol/insulin physical mixture, (e) mannitol/insulin/citric acid
physical mixture, (f) MI(susp.) SD, and (g) MICO0.2 SD.
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Fig. 4. Stability of Insulin Bulk Drug and Dry Insulin Pow-
ders at 60°C
The stability samples were assayed at 0, 1, 2, 3, 5, and 10 days after plac-
ing them in a stability chamber at 60°C/dry or 25, 50, and 75% relative hu-
midity.
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Fig. 5. Strategy to Improve Stability of Insulin Formulated
with Citric Acid
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Fig. 6. Profile of the Plasma Glucose Level Following In-
tratracheal Administration of Dry Insulin Powders in Rat
Each point represents the mean+S.E. O : MI(susp.) SD, A : MIC
SD, and V : MIC Mix.
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FERNMERL, ZEIFRFEIL 3.2um &73
o7, L L7A S MISCF 13, =R 1%k
B Tum LR ERBS72b DD, WEFEEEEHF KO
MIC SCF &b U CKIEICH#H S 9 % Stage 0, 1
DEEEMN L I8 Tz

MI (susp.) SD Z filiN#¢ 5 U 7= B% O b il %~ 1R
HIZIE 30 77 D time lag A5, W-< D &L=
MmyEERE SERANA SN (Fig. 6). —74, MI
SCF Tl ili N $5 512 7 %0 7 7 I B 8 % 1 1F FH 28 &
521, MI SCF fifiN# 5% @ M fE 1%, MI (susp.)

(@) (b)
\%ﬂ_lge solution 2
o ]
|

[ks=)

|
5

Ethanol

Co, Aqueous
Water + Ethanol solution

Oven

Carbon

dioxide Pressure regulator

Fig. 8. Precipitation of Insulin Dry Powders in Supercritical
Carbon Dioxide
(a) Schematic diagram of precipitation apparatus, (b) V-shape nozzle,
and (c) product on the bottom filter (left) and column wall (right).

Table 2. In vitro and In vivo Evaluation of Dry Insulin Powders (Mean=+S.E.)

Formulation Aefodynarr)lic O}ltput Resp.irablf: AUCp30X 102 Insulinl
code diameter® efficiency®? fraction®? (% /unit X min) potfency”
(um) (%) (%) (unit/mg)
MI SCF 6.440.1 71.8+1.4 26.6+0.7 4.54+0.2 1.3
MIC SCF 3.240.1 77.8+£0.6 47.6+2.1 6.61+0.4 1.3
MI (susp.) SD 4.7%0.1 87.4+0.6 30.6+4.0 2.9+0.7 0.82
MIC 0.2 SD 4.4+0.1 82.2+0.5 30.0+0.8 6.0+0.5 1.3

a) Aerodynamic diameter, output efficiency, and respirable fraction were determined with Andersen Cascade Impactor. b) Percent of total powder mass exit-
ing from capsule and device. ¢) Percent of the drug mass on the respirable fraction (under 7.0 um) of the impactor divided by emitted dose.
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SD # 5K & bl U THIFIF: 5- 30, 60, 90, 120 731%
THEIKWEZ R L /=, MI SCF filiN# 5 360 5
£ T? AUC {Z, MI(susp.) SD & gL T 1.5 f%
m<7/x-o7 (Table2). %7z, MIC SCF kU MIC
SD Ti3, #HAPICEREIND VT OBOMFITEK
O MI(susp.) SD KX D & 350773 i fE AR T 1 23
H 537, MIC SCF & MIC SD O #%Jiiti #% 5. 1% @
AGle- R AT — L, AUC i & 1FI1F [Fkk
sz RLU 2.

MI (susp.) SD &1 > AV > DKBEEERN S, MI
SCF 131 > A > @ DMSO HRHM 5 B s ns-
T T, Mok T RFIFR R ORLERR A > AU R
FRARBE DS © TR 7200 5 ORI I KIT T 5 &
WOWTHE Lz, 1 >R 2R ICIERE K
b MU D ATHIIT 2 EKBERNES NS, 20
TBIRZ BT 5 2 & T MISD #F| ZR& L,
Z v NG5 O B EIR S ERIZ D W THRETL
7. U/, U, MI SCF ##iZ MI SD #&[ X D &
WWVEZ R U e 2 &S, R ZFR (bR 35 f A
Bl E FE AR R K 0 MBS E RS FYER AW 2 &8

NTCTET.

6. BLFRAH

BERTFEEYENRT Y —EEBICERNEST 5
&, MCTRBIZ2ZEMMEINTNS, L LA
TOBEMETHRBILEAMERFTETL, s &
HICHIE CORBNEMT 5. 51T, MKRPTO
BEEFOREMEIE N, ) B S iz Wz 2%
Weam RITIFWAIC KD EY Z R ET DI ENTE S
DT, MEREOBLETHEETIE, BRETEBRAFIL
IT2ZET, MBRMCHIRESEBLETEZEETED
EHIRFTE2., BETHRKRERT I P —TKAT
DHENE SN TNSAY, WO L DEFE T
BETHSETHIENRMESINTNS, 49 %
7z, WRBEAIP TOBBTFOREEBIKLS, 0 K
MM OREICIEIAMETHD. LN >T, BT
W AR FRFIET 5 2 & T, MiRFTREDE
ETBREOFAENRENICEEZ EE L2505,

TR R AL iR 32 M ATIR T K B 8 A5 T IokE 138 4
1% 2001 FFICHED THME I NP 6.9kb DT T X
R REGETFIBERIEL TR > b—ILZ A 2K
Wiz, 1V 708N —=)bE2) )R> MIAWT
TR bRFEPICEZ LR TELE. LAL, 55
NEWRLTHOT T A RBIRTOIFELENT R

L, A—=/)X—JdA1 )L DNA L 7% LRS-
7. BEER EBbRFEEKRDEMT 5 & REN A
U, KO pH N3 LAFITE TS 2.4 ik 2R
Md2ZET, pHIEFZMASZENARETH
2.0 BETFISEERE T TRALETHSHDT, HE
Bz BU D AZRRML CHREEFED pH (KT 2 ]
Liz&Za, FoNzMbi+H OBEMET D 80% M
A—=)N—=aA )VEITHEEL Tz,

AR TIRIR DN 512 & 0 gLk Tl 70
FET D ERFHESNTNDN, 9 B TM
KL F8AID in vivo TOEEZBRE L 2HI31Z &
WERW, N2 T727—tEI—-RTHTIAIR
& T pCMV-Luc & kL \O—2%1:9 TRAL
T~ WE BRI T2 X D, pCMV-Luc % 200 ug =
v MNIZIREG U 2B TR D 5 N TWR
W, Z 2T, Fig. 81T/ L B THRIEN %t
RFEITEIC K DB R TR T EA 2L, <
Z N G- OEETIHB 2 fat Uiz, 59

BEOBRESRMEIEA >R KRR EFE U T
5. HHEEIEOMLIL, ¥>= =)l 60mg I
%L pCMV-Luc # 0.12mg & L 7= (DP0 &3 3%).
iz, WFA WXL LU THERENRE SN
TWbF Y2560 % 0.14,0.28, # L <1% 0.57
mg WAL 7= %% (DP2.5, DP5, DP10 &3 %) %
AL, s 0BF OB LR THEDY > &F
N HEROEFZEDOEI L (N/P L) T2
2.5,5,10 CH 5.

BoN7RT1Z, MI SCF #ANEP L =EHTF
ThO, L—Y—HEIETHE L =R+
12—13 um TH >z, FAHEZOWKFHHF DT
Z X2 R DNA ORENZBLKKENTE THEEL /-
(Fig. 9). DNA 3/ DT, X—/)\—a1 )L
BNSF—T 2 —Fa T8N, DNTYZ7HA
EBEL, 4O I SN HED WAL L TERIK
BICHREDON RNBDsNBL</IL5. FhY 2%
& E720 DP0O TIX, A—/SV—I1 )% DNA 75iF
ENERBET, BRTFOSMIHERINEZ. F b
B ORMEIEG OB N —)N—a1 )L &
DNA Q)N RPERS BN D T ENfERTE L. F
N 23 pKo=7.7 DFFEEMEME TH 2.5 L
Mo T, FeEeF MU DL LR, EBER B xR
EHEfR U 72 KIER D pH AR F 2B &, BIRT Dok
EHHlIT o EEZ OGNS, £, BIETFEFIY S
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Fig. 9. Integrity of pCMV-Luc in Powders Just after the %

Preparation @ 1000 -
The solution of pCMV-Luc powders containing 0.06 mg of pCMV-Luc QL_)
was loaded on a 0.6 % agarose gel containing ethidium-bromide. Electropho- “5

resis was carried out with a current of 100 V for 2 h in TAE running buffer. = 500 -
-

0 | .
3 6 9 24

DEGRERRT 5 2 & THEND 5 W3 L7
SrfREMGIT S REE B E A 5N 5.

BoNLERTHMAETFZY T AMNICERS L
(pCLV-Luc & LT 3ug), 9 KpRI DMkl >
T —EiEREZRNELZEZ A, DP5S Tibik
P m <720, pCMV-Luc 3 ug D/KEHKZ X T A
JNICHE G L & &0 27 fEDiEMZ R L. £/,
DPS5 filiN& 5% DIV > 7 5 — VGO R
ZF MY ORDODICHEEST N U LZRMU -8
%] (DPSA) &lt#zl7z&Z%, DPS ORBENEE
2@ < (Fig. 10) F Y OXRIZ Y —-ELTOEHE
ARSI N,

DPO 27X DP5 % 40°C T 4 AR £ CHREL, &
BT OREEZEBLVKENEICI VAN, F %
DEBLVWEEBTFER (60 ug/ml, SLO) &F MY >
Z N/P=5 TR OEMLRTEKR (SLS) OLEMLEIL
#: L 7= (Fig. 11). SLO T 1 A[#, SL5 TiZ 3
%I, DNARBEEZERICHMLUE. —H,
DPO }¢ O} DP5 Tl%, A —/S— 21 )L% DNA 7% 4
AR CTOMETE, BRFaeihiiriEAitds
ETCHIRICHNRLEEENRETESL I ENRIN
2, FERFINYCEMAD ZECLVEERZSS
WKHETES I ENVrhok. U7 4 DNA D%
BRI WY, F—7 28 —F 2 58 DNA OFH
BEIIA—N—O4 ) BEFIERETHD I &0
5,585 DP5 O FRBRIE S <HFEEINTNHS
tEZOND. FIT, 4EMEEROERIEZY
AWM G L, BiaTHRBEEEZ#HNZ. 25CH
L <1 40°C TEAFEL 7= SLO XX SLS T, F h4
CIRMOBEIGOSTIFEAEN ST 2 T7—FIF
FE Uo7, —74, DPO KU DP5 T, 40°C

Time (hr)

Fig. 10. Luciferase Activity after the Pulmonary Administra-
tion of pCMV-Luc Powders with Time

[ : DPSA and M : DP5. The error bars indicate S.E for 3 to 8 experi-
ments. The 24 hr data for DPSA are not available.

Solution linear ~ Powder linear .
open circular jl supercoiled open clrcularji :supercoﬂed
( d g
4m ey
SLOYy 2w
|
. 3w

SL54

Fig. 11. Integrity of pCMV-Luc in Powders Placed on Stabil-
ity Study at 40°C

T4EMBEELEEb BV 7 o 5—ViE 2R
L7z, ¥lZF Y2 ZRML 7= DP5 O TR
fenm <, MRERERICENZERTHAITHS Z
EMNIREINT.

1. &HYIC

VAL 0 & WA A0 TR 8 7 55 4 5 3K D W TS
L& UTHAREEZMATNS, UL, k&
WS AEmiERRIC L > TEERBE TH LTI, i
NOEYR IO AL e E T OBREEL -
ETRINZRNETHS. BiCegEfEz&kET
84, WML DI — b & U T4 7sa Atk
WO LNIRWRD, ERBIGICIIZTANS RN
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ThH» 5. ZOXIBEHNS, INETICEHE
HAzHNE LR AFITHMMEINT I ok e
EZz2605. LML, 2006 FI2HK THD W TR
ABIA 22D R OBGEFFAINB O 22 &1,
TR AFDORERBNDOREZRWEEWZ S, £,
fifi AR R DIRIEIZ B W T, WAFIOA HMEIH
SN THD. BHAEOHRFT, 1>F—7x0>
faEd1—RILZBEBETHADOEAICKD, RN
WIEIRICMH SN SR BESNTNS, 5
%, MABOEEDEY, TTEITESTEHRKICK
LW AIRIENERT D Z 2L 20,

BEE AMRZERTITZICHREZD, TR
B2 0 X LA RERFEE R ETIRER 7
Jelk, mEEEkE, AWORFHE AT S H
B, NHERLEICEHAL LT XTI, £k, A0
FEO—ERS SRR AR R AR O TR 2B 0 X
Uiz, ZZIHBALHAL EFET.
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