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ease of administration, patient compliance, and decreased cost. However, many compounds

are ineffective or exhibit low or variable potency when administered orally. Presumably this

is because the drugs are unstable to conditions in the digestive tract or because they are

inefficiently absorbed.

[0004] Due to the problems associated with oral drug delivery, drug delivery to the
lungs has been explored. For example, typically drugs delivered to the lungs are designed
to have an effect on the tissue of the lungs, for example, vasodilators, surfactants,
chemotherapeutic agents or vaccines for flu or other respiratory illnesses. Other drugs,
including nucleotide drugs, have been delivered to the lungs because they represent a tissue
particularly appropriate for treatment, for example, for genetic therapy in cystic fibrosis,
where retroviral vectors expressing a defective adenosine deaminase are administered to

the lungs.

[0005] Drug delivery to the lungs for agents having systemic effects can also be performed.
Advantages of the lungs for delivery of systemic agents include the large surface area and
the ease of uptake by the lung’s mucosal surface. One problem associated with all of these
forms of pulmonary drug delivery is that it is difficult to deliver drugs into the lungs due to
problems in getting the drugs past all of the natural barriers, such as the cilia lining the

trachea, and in trying to administer a uniform volume and weight of drug.
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of such drug m cropart
embodiment of the FDKP mlcropartlcles having a specific surface area ranging from about

35 m?/g to about 67 m%g can include a drug/peptide content that can vary depending on
downstream conditions of the synthetic process for making the microparticles. In a particular
example, the FDKP microparticles can be prepared to have drug/peptide content that can
vary depending on the dose to be targeted or delivered. For example, wherein the drug is
insulin, the insulin component can be from about 3 U/mg to about 4 U/mg in the powder
formulation comprising the microparticles. In certain embodiments, the drug is adsorbed to
the surfaces of the microparticles. In further embodiments of such drug loaded microparticles

the SSA of the drug loaded microparticles is less than about 62 m?/g.

[0010] Embodiments disclosed herein also include dry powders comprising the
microparticles. In one embodiment, the dry powders comprise FDKP microparticles having a
specific surface area of less than about 67 m%g. Another embodiment includes
diketopiperazine microparticles in which the specific surface area is from about 35 m%g to

about 67 m%g. Another embodiment includes diketopiperazine microparticles comprising a
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pulses of powder delivered to a patient. In some embodiments disclosed herewith, the dry
powder inhalation system comprises a predetermined mass flow balance within the inhaler.
For example, a flow balance of approximately 10% to 70% of the total flow exiting the inhaler
and into the patient is delivered by one or more dispensing ports, which allows airflow to
pass through the area containing the powder formulation, and wherein approximately 30% to
90% of the air flow is generated from other conduits of the inhaler. Moreover, bypass flow,
or flow not entering and exiting the area of powder containment such as through a cartridge,
can recombine with the flow exiting the powder dispensing port within the inhaler to dilute,
accelerate and ultimately deagglomerate the fluidized powder prior to exiting the inhaler
mouthpiece. In one embodiment, inhaler system flow rates ranging from about 7 to 70 liters
per minute result in greater than 75% of the container powder content or the cartridge
powder content dispensed in fill masses between 1 and 30 mg. In certain embodiments, an
inhalation system as described above can emit a respirable fraction/fill of a powder dose at
percentages greater than 40% in a single inhalation, greater than 50%, greater than 60%, or

greater than 70%.
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surf aCEi‘ess t gn Ia out 62 m%g. One embodiment includes a method of treating an insulin-related
disorder comprising administering a dry powder comprising microparticles of FDKP
described above to a person in need thereof. The method comprises administering to a
subject a dry powder formulation comprising microparticles of fumaryl diketopiperazine
having an SSA in the above cited ranges. In various embodiments an insulin-related
disorder can specifically include or exclude any or all of pre-diabetes, type 1 diabetes
mellitus (honeymoon phase, post-honeymoon phase, or both), type 2 diabetes mellitus,
gestational diabetes, hypoglycemia, hyperglycemia, insulin resistance, secretory
dysfunction, impaired early-phase release of insulin, loss of pancreatic -cell function, loss of
pancreatic B-cells, and metabolic disorder. In one embodiment, the dry powder comprises

insulin. In other embodiments, the dry powder comprises glucagon, an exendin, or GLP-1.

[0015] Other embodiments disclosed herein include methods of making microparticles
suitable for pulmonary administration as a dry powder. In one embodiment, the method

includes forming diketopiperazine microparticles with a specific surface area of about 35
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synthesizing an FDKP compound or composition, b) dissolving the FDKP compound of step
b) in a solution having a basic pH to form an FDKP solution; d) providing a solution of a
volatile acid, and e) mixing the FDKP solution with the solution of a volatile acid together in a
high-shear mixer to produce the microparticles. The method can further comprise

determining the specific surface area of the particles subsequent to particle formation.

[0018] In specific embodiments, the method of synthesizing FDKP microparticles having a
specific surface area of less than about 67 m%g comprises: feeding equal masses of about
10.5 wt% acetic acid and about 2.5 wt% FDKP solution at about 14°C to about 18°C through
a high shear mixer, such as a Dual-feed SONOLATOR™ at 2000 psi through a 0.001-in?
orifice to form a suspension. The method can further comprise the step of precipitating the
microparticles out of solution and collecting the microparticles formed in a deionized water
reservoir of about equal mass and temperature. In this embodiment, the suspension
comprises a microparticle content of about 0.8% solids. In certain embodiments, the method

further comprises concentrating the microparticle suspension by washing the microparticles
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having a specific surface area of less than about 67 m%g. In an aspect of this embodiment
the specific surface area of the microparticles after adsorption of the active agent onto the

microparticle is less than about 62 m?/g.

[0021] In one embodiment there is disclosed a method of delivering insulin to a patient in
need thereof comprising administering a dry powder comprising diketopiperazine
microparticles having a specific surface area of less than about 62 m%g (67 m?/g based on
the unloaded microparticle) to the deep lung by inhalation of the dry powder by the patient.

In aspects of this embodiment, particular features of an inhaler system are specified.

[0022] Another embodiment disclosed herein includes a method of delivering a drug, for
example insulin, to a patient in need thereof comprising administering a dry powder to the
deep lung by inhalation of the dry powder by the patient; wherein the dry powder comprises

diketopiperazine microparticles comprising insulin; wherein the microparticles are formed of
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microparticle is less than about 62 m%g. In various embodiments, an insulin-related disorder

can specifically include or exclude any or all of pre-diabetes, type 1 diabetes mellitus
(honeymoon phase, post-honeymoon phase, or both), type 2 diabetes mellitus, gestational
diabetes, hypoglycemia, hyperglycemia, insulin resistance, secretory dysfunction, impaired
early-phase release of insulin, loss of pancreatic B-cell function, loss of pancreatic B-cells,
and metabolic disorder. In one embodiment, the dry powder comprises insulin. In other

embodiments, the dry powder comprises glucagon, an exendin, or GLP-1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The following drawings form part of the present specification and are included to

further demonstrate certain aspects of the examples disclosed herein. The disclosure may
be better understood by reference to one or more of these drawings in combination with the

detailed description of specific embodiments presented herein.
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FIG 6A depicts the relationship between RF/fill and the SSA of
[0033] FIG. 9 depicts insulin concentration in supernatant as a function of SSA of

FDKP microparticles.

DETAILED DESCRIPTION
[0034] As stated, drug delivery to the lungs offers many advantages. It is difficult to deliver
drugs into the lungs, however, due to problems in transporting the drugs past natural
physical barriers in a uniform volume and weight of the drug. Disclosed herein are
diketopiperazines microparticles having a specific surface area of less than about 67 m%g as
drug delivery agents, methods of making the microparticles and methods of treatment using

the microparticles.

[0035] As used herein, the term “microparticle” refers to a particle with a diameter of about
0.5 uym to about 1000 um, irrespective of the precise exterior or interior structure.
Microparticles having a diameter of between about 0.5 pm and about 10 ym can reach the
lungs, successfully passing most of the natural barriers. A diameter of less than about 10 ym
is required to navigate the turn of the throat and a diameter of about 0.5 ym or greater is

required to avoid being exhaled. To reach the deep lung (or alveolar region) where most
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embodiments disclosed herein, the respirable fraction on fill can be greater than 50%. In an
exemplary embodiment, a respirable fraction on fill can be up to about 80%, wherein about
80% of the fill is emitted with particle sizes < 5.8 ym as measured using standard

techniques.

[0037] As used herein, the term “dry powder” refers to a fine particulate composition that is
not suspended or dissolved in a propellant, carrier, or other liquid. It is not meant to

necessarily imply a complete absence of all water molecules.

[0038] It should be understood that specific RF/fill values can depend on the inhaler used
to deliver the powder. Powders generally tend to agglomerate and crystalline DKP
microparticles form particularly cohesive powders. One of the functions of a dry powder
inhaler is to deagglomerate the powder so that the resultant particles comprise a respirable
fraction suitable for delivering a dose by inhalation. However, deagglomeration of cohesive
powders is typically incomplete so that the particle size distribution seen when measuring

the respirable fraction as delivered by an inhaler will not match the size distribution of the
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Formula 1

[0042] These 2,5 diketopiperazines have been shown to be useful in drug delivery,
particularly those bearing acidic Ry and R, groups as described in, for example, U.S. Patent
Nos. 5,352,461 entitled “Self Assembling Diketopiperazine Drug Delivery System;”
5,503,852 entitled “Method For Making Self-Assembling Diketopiperazine Drug Delivery
System;” 6,071,497 entitled “Microparticles For Lung Delivery Comprising Diketopiperazine;”
and 6,331,318 entitled “Carbon-Substituted Diketopiperazine Delivery System,” each of
which is incorporated herein by reference in its entirety for all that it teaches regarding
diketopiperazines and diketopiperazine-mediated drug delivery. Diketopiperazines can be
formed into microparticles that incorporate a drug or microparticles onto which a drug can be
adsorbed. The combination of a drug and a diketopiperazine can impart improved drug
stability and/or absorption characteristics. These microparticles can be administered by
various routes of administration. As dry powders these microparticles can be delivered by

inhalation to specific areas of the respiratory system, including the lungs.
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affinity of cryst ne mcroparticle surfaces tfor active agents" which is

i ncor poindeestp he frieg apigfce trendiesdlvedianiorentirety for all that it teaches
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Katchalski, et al., J. Amer. Chem. Soc. 68, 879-880 (1946) and Kopple, et al., J. Org. Chem.
33(2), 862-864 (1968), the teachings of which are incorporated herein by reference in their
entirety. 2,5-Diketo-3,6-di(aminobutyl)piperazine (Katchalski et al. refer to this as lysine
anhydride) can also be prepared via cyclodimerization of N-g-P-L-lysine in molten phenol,
similar to the Kopple method, followed by removal of the blocking (P)-groups with an
appropriate reagent and conditions. For example, CBz-protecting groups can be removed
using 4.3 M HBr in acetic acid. This route can be preferred because it uses a commercially
available starting material, it involves reaction conditions that are reported to preserve
stereochemistry of the starting materials in the product and all steps can be easily scaled up
for manufacture. Methods for synthesizing diketopiperazines are also described in U.S.
Patent No. 7,709,639, entitled, “Catalysis of Diketopiperazine Synthesis,” which is also

incorporated by reference herein for its teachings regarding the same.

[0045] Fumaryl diketopiperazine (bis—3,6-(N-fumaryl-4-aminobutyl)-2,5-diketo-

diketopiperazine; FDKP) is one preferred diketopiperazine for pulmonary applications:
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can be renoved to obtain a dry powder. Appropriate nethods of sol vent

renmoval - “hilization and spray drying (see for -~ Pat ent
Public 196503 entitled "A nethod for i
phar mace. .«es of mcroparticles conprising . . and

an active agent” and U. S. Patent No. 6,444,226 entitled "Puriiication and
stabilization of peptide and protein pharnmaceutical agents" each of which
is incorporated herein by reference in its entirety for all that it teaches
regarding the formati on angyl oading of DKP mcroparticles and dry powders
thereof). The m croparticl di scl osed herein are distinct from

m croparticles ch%Qﬁsd§gLﬁE§E salts. C§uch particles are typically fornmed
(as opposed to dried) by spr resulting in spheres and/or
col | apsed spheres ofQan anorp posed to a free acid or base)
so that they are chemcally, ild and]nor phol ogi cal I y di stinct
entities. The present disclosur Nig FIKP to be understood as the
free acid or the dissolved anion. i Zi
di ket opi perazi nes are described in, f
Amer. Chem Soc. 68, 879-880 (1946) and Koppl e,
33(2), 862-864 (1968), the teachings of which ar |ncorporated herei n by
reference in their entirety. 2,5-D ket o-3, 6- di(a nobutyl)plpera2|ne
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in } d mégggp entitled, "Catalysis of Diketopiperazine
Synt he§?§ VW%?] rg |ncorporat ed by reference herein for its
t h h
eac 'r[géﬁtfrfgarﬂé H?teﬁ %u&ﬁ;g%nclé g?ﬂxgrlgsgt? éﬂar&‘t‘t&%%@&{ i) @Sn?:s%gjt 10 o

(bis-3 umary et odi ket opi per azi ne;
pr ef er rmeigradis keen opaghethgungs. fswcepsfuﬂmn@ﬂ‘s;ngampsii ddbe onkirdl douasyrs.FRKHcles bvi des

a benefy, %s‘?ﬂe r%‘né% %Qﬁ"b%ir8£<ﬂ|lygfr&%é'rré%%ﬁﬁ&uﬁﬁob@zﬁ%%egth%l!nd%?'g dutp é E%Ipd but

i's rea sol ubl e at r]eut asl C ese ropertie
cryst alth¢ Z@rbamdattemgomsy@ FOKS (as welllafs- "&Sﬁé@tﬁﬁ Irrplean!e@ Srtﬂpb raéﬁaﬁ“ﬂlk@ﬂoé’sﬁ-dtﬁﬁer

acidic %aa%fbuggaipﬁi;%e%ére.ﬁ'>@$s il y@térgﬁ%!rﬁal%&ﬂﬁ%oﬂ%?d BleBmiieRin

condi tions whe PH 1s neutra m croparticles having a
di anet e&elfmssmblwé@ﬁrt@b@@pmose@fcag@matesm cms&ilm@sol@taﬁ areetdinethe he size

of these plates relates to the specific surface area of the particles which in turn is implicated

Kakchallski, et al., J.
T JOHx g. Chem

in effects on the structure, loading capacity, and aerodynamic performance of the particles.

[0048] The specific surface area of DKP microparticles is a measure of average crystal
size and can be used to gauge the relative contributions of crystal nucleation and growth to
microparticle characteristics. Specific surface area depends on the size of microparticle
crystals and the density (p) of the microparticle matrix and is inversely proportional to the
characteristic size, L, of the crystals. Specific surface area is a property of a population of
particles and not necessarily a characteristic of each individual particle therein.
Embodiments disclosed herein show that microparticles with a specific surface area less
than about 67 m%g exhibit characteristics beneficial to delivery of drugs to the lungs such as
improved aerodynamic performance with moderately efficient inhalers such as the
MEDTONE® inhaler disclosed in U.S. Patent No. 7,464,706 entitled, “Unit Dose Cartridge

and Dry Powder Inhaler,” which is incorporated by reference herein for its teachings
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| ungs, successfully passing nost of the natural barriers. Particles in this

size r- ~eadily prepared from FDKP. [0047] Ae
m cr J a dianeter of between about 0.5 crons
can rea. 4o, successfully passing nost of the i. _ers.

Particles in this size range can be readily prepared from di ket opi per azi nes
with acihdi G ar i I
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its tea{jc ngs regar
BA).

[0051] Another reason to impose an upper limit on the specific surface area of
microparticles is that suspensions of microparticles with high specific surface area tend to be
orders of magnitude more viscous than suspensions of microparticles with lower specific
surface area. This phenomenon likely reflects the increase in inter-particle attraction
associated with smaller crystals. Upon freeze drying, the stronger attraction may generate
aggregates that are not effectively deagglomerated, potentially reducing RF/fill as

suspension viscosity is negatively correlated with RF/ill.

[0052] Microparticle specific surface area is determined from lyophilized bulk powder
and is not predicted exactly from microparticle formation conditions. Accordingly, it can be
desirable to target a specific surface area of about 52 m%g. With about 52 m%g set as a
specific surface area target, only 5% of microparticles would be expected to exceed the

more conservative upper limit of 62 m?/g (FIG. 6B). Within this 5% of the microparticles that
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[ 0049] Upper Limt of the Specific Surface Area Range [0050] The upper

limt of *+%- ~*fic surface area range defined hereir ° * hy the
aer ody. e of the mcroparticles. Studie. A
have denui.... . _. nat there is a tendency toward lower kr ... val UES as

specific surface area val ues increase above about 50 nR/g. Additionally, as
speci fi ' ol A ' Lt icsirJeut i on

of Ry 11} PheR B2 oS RASES 5ot B | Sofy RpRRPERERT RublEn R OF

an RF/ f40%., Thege rageufpéterirRF¢dnditions»oud thus piiisieanibwdartistes having reef RIr/éll ain

upper I;g@%m(@gpgbg o diRAShEahibe chosen. Based on the curve fitted to

collected data for a |arge nunber of preparations this value is predicted

to provogessjan REsWer Linfit of h0Sdetifit SGrfacdhrdi REiyes, an upper limt of about
62 n2/g can be chosen. The 62 nR2/g upper limt provides mcroparticles with

accept DOBAIRF/ f Thed lowat e ohhiehspecific 9GJacecarta degealefined hergébae céinfellediA)y.

[ 0051] Another reason to i,gpose.an upper limt on the specific surface area
of i e bpalefbeat S henty  RREBHERs BRT ok Eobrdft 1Bet B holie SHGREE 11 <
sur f acdo éoagaety@red drog bmoontdeifsirad ismend nufficidetiynantserbeild{ cauis [¢fhiarsobtispetie ons

of mcroparticles with |ower specific surface.area, Thi on lJkely
et 1 ect Onaiasofbefrallactan, Wiloe? M orBE M BEGuBRE Tead B 3o AEBIRIRA bl T e
cryst alaggrddatas. f Aggegatds gamadvérhely siffecnagrodyatamiacharacerigicsgdnéhatase of
aggreg t ha I t eff iV de | oner,at potentially reducing
Rt 1 2 el 8o ol ERbUY BL 4nc TR Rl R DR RS

[ 0052] svifecopeeatlingl & abpetdd mé/gssirdqated. Brizgingss disber prisaibte dausmfontb@pbdi zed
bul k pa and is not ict exactly f 1,CI.0 icle formti
condi ¢ 1 8nzooR8e e, it L i SR iR PpRuBis BBl toyy SeePiRRR, e
ar ea ofaredolb Bavid® heratéli ddsucanoel thadl 2hed?/ grobletmsasanabes pedddd end that da=elirgy ea

t ar get, % .Gl rt : | d o ed to e
conser VAT e te ff BRER! Il al® e vt G E Ao 1 SRERIS A8 s

m cr opan¥y chedet isetimalfereaiivedd ofiRrfldtgrs iomayting derptyremis Heforn2s%g caotled be
expected_t 0. it an | f < % 4 Th cturin .kl Qns
wouta dieR@iEaTRl wBl B e @hodh, fie S AT TSR MBS PR e o
99% corfigldepesificl sunfiate afe@053[5. UBvaowkiting tbrioyinghef Spédes by irBulif ace pAwder Range
[ 0054] Vﬂhe ,o rec#ii }fc%farége specific surface area range defined hereinis
conpel I'ed %y ug F8adt ng requirenments. Mcroparticles nust have a specific

surfacqogsfa t habkpwrKddrié® Horinatibpad required drug ampunts. |f drug is
not sufficiently adsorbed (i1.e., is left in solution), the non-adsorbed

drug cgoosd]ri dgefie fildesteprime® mboufagtard ofcH P headparfcle®id the féravaiivh iop theof
microparticles by pH-induced crystallization of FDKP and the self-assembly of the FDKP
crystals into microparticles having an overall spherical morphology (FIG. 2). Accordingly, the
manufacture of microparticles is essentially a crystallization process. Excess solvent can be
removed by washing the suspension by repeated centrifugation, decantation and re-

suspension, or by diafiltration.

[0057] To form insulin-loaded FDKP microparticles, insulin can be adsorbed directly
onto the microparticles while in suspension (i.e. prior to freeze drying) by adding an insulin
stock solution to the FDKP microparticle suspension. In one embodiment, a pH control step
can also be performed after the addition of the insulin stock solution. This step can promote
insulin adsorption onto the microparticles in suspension prior to further processing.
Increasing the pH of the suspension to about 4.5 promotes complete insulin adsorption onto
the microparticles in suspension without excessive dissolution of the FDKP from the particle
matrix and also improves the stability of insulin in the bulk drug product. The suspension can
be flash-frozen drop-wise (i.e. cryo-pelletized) in liquid nitrogen and lyophilized to remove

the solvent and obtain a dry powder. In alternative embodiments the suspension can be
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aggregates. Aggregates can adversely affect aerodynam c characteristics. In

the case -~ ~ to avoid bridging by insulin at a-
t her ape ower specific surface area limt gis
requirea. .S also a possible cause for the pou.

enptyi ng, not ed above that can occur with powders with lower specific

surfac i ﬁ&iﬂ a r

avoi de%p%r}g @glé]l ﬁg %g rrags(ll%rjni ;’5-15 SEﬁ(fggﬁleOPFﬁ%OV\eE&In?ﬁlrbtf%% on
speci f|@p§mﬂﬁmamf@%turlﬁg)mroe&%npl e 40 or 45 er/g can be used.

Al ter nat| vely, other factors i rrpactugﬁfg aer odynam csrﬁerfor mance can_be
mai nt ailR&ePlwi t hinnoRfb EEPRYIMER # ShtURWNg Rioeess) Jor SHakRI dhe Prrsest FEKP
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manuf aqirumgloﬁél 20 AFgrc@ﬁ@f @eﬁéleﬁol mbrssﬂorﬂaa iopNNBYerhth® 211 Zo0vParHidhc| es
by pH i nduced crl)ésta i zatjon of and .the sel f- assenmbly of the FDKP

cryst al 4SG5UEPsnR r'B%PPra&qdegerﬁQv%@ef%W”%éﬁ A9 PR ewa'msaﬁaoé@yovtm G

2) . Accyrslivig lagetid 6d BROHHS@IAE Wt%fFUKFﬁé@@tﬂfrkla(ﬂa@&utl 1$ @as@wult a+¢ YTables
crystallization lgeeocess Excess sol vent can hi.ng the

suspens’ & By e 208 s %a&ﬁ%f?ed&%%ﬂ% %W%@Q%@d%l yHiceor by

di af i | tThat predipitdt® 8 be Eolldcesdhiaddibrized (Qﬁiﬂﬁéiel:%@rv@lr@f apadttdgGalatass drul i n
can be adsorbed %I rectly onto the mcr ogartl cl es | e_i n suspensi on (Ae.

pri or tieMpprElse P?F%’jtgfwuawsf%‘ GRS %Ppwt&%ﬁow hb¢ BrectHatef@nmskp

mcr Opafohb&{t%téwsd?ﬂnWa@ﬁed | By Qél@g@ﬂblodlbwemtnah@n phih Opiccphitatet @pn CBé MbSO be
performed after th €° ? ?}9 the insulin stock so Lll_bl on. This step can
pr onot EONATEG ’é’ ighienRsha g fgianizedn@ter TaE SHERRIISIN G5 to
furt herfmanpmaemgated n@r@@ﬁn ng% heolill Phsddn@ns teP@iisdl Omat® FLPDKP4A. Fhe

pr onotes co ({/gl | nsul in SO tion ont t he cropartl C| eSrH%tB q?uspenm on
wthoutcoaﬁ%%éf? SEPREY! e yehiors GONER PYEN pYeN fYIng P¥x and al so
| mpr ove[ﬁ?édge Stl?ibdnle' nglmerqtsglc/gecérﬂrattébelngw §t9&y%3hwo% lé(t:\tbe ﬂﬁa%ﬂ%ﬁnm on

can be h-frozen o -wsé " ( 0- pe ize 't’rogen and
| yophi |1 ped insuline and & uobﬂs Shlove 2t we%da@hlt:aaom aThk ynqubmvcﬁock ba'n dlet edaeat | ve

emhodt I0lcl B8y Ho RSN BB SA0 PSRN 1A Brlah s AL el yrR e FI G

3 provitdes d sc e prese ion an appropriate "Thuf ad
pr oces DK B8{]enbion@ae benbixdd rak teast abomnﬁframutesl ng spmecarstsodiroenteakixing t he

D oo TASGRER LFOE AP PR e 20 O A DR,
t he hi galbosh@h’ro ahoxedd M%daqsleblﬁsadrrioniawofé pH of about 4.5 from an |n|t|al pH of about
3.5. The suspension can be flash-frozen in liquid nitrogen to form pellets and lyophilized to
yield the bulk insulin-containing FDKP microparticles. Blank FDKP microparticles can be
manufactured identically minus the insulin loading and pH adjustment steps. In one
embodiment, the density of the FDKP-insulin bulk powder comprising the microparticles

described herein is from about 0.2 g/cm® to about 0.3 g/cm®.

Table 1. 10.5% Acetic Acid Solution

Component wit%

DI Water 89.00

Glacial acetic acid (GAA) 10.50
10% Polysorbate 80 0.50

0.2 um filtered
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Provi si onal Patent Application Serial No. 61/257,31 1, filed on Novenber 2,
2009, which disclosures are incorporated herein by reference in their
entirety,woquali4mmgses of about 10.5 w % acetic acid an#Czhisaa1023898\ % FDKP
solutions at about 16C about 2C (Tables 1 and 2) can be fed at 2000 psi by
a Dual -feed SONOLATOR(tn) through a 0.001 -in2 orifice. The precipitate can
be col legfes J A@'Eﬁ@‘?&hﬂ &f (D) water reservoir of about equal nmass and

t enper at ure. e resultant suspen5| on corrprl ses about 0.8% solids. The

pr eci pi t atre—Tan (,um,em rated—pnd—wasiied byt angential flow filtration.
The precipitate c PMpanent st conventrd‘i’te/é to about 4% solids then washed

w th deioni zed vvatgrwa'tlgpe suspen>| on ggraobe fijnally concentrated to about
10% sol i dgbased—on—the—tnitiat—fass—of FBKP—{The concentrat ed suspensi on
can be asdayed for EBKPds content by &®bven drying method. [0059] In one
enbodi ment|, a concqu4b6p4 ed |nsul n stockp sol utfion can be prepared with 1
part i nsulfpA—eand patts—about—2rwtdoacet+e—=acji d. The insulin stock can be
added grayi netﬂp"éd?qlxlsoftlﬁt‘@ B@ suspensi dh®Q0 obtlain a | oad of about 11.4 w %
insulin. The ingi2lgmfiltdrBKP suspensi on can be m xed at |east about 15

m nutes. In sonme enbodi nents, m xing can take a shorter or longer tinme. The
i nsul i n- FDKP suspensi on can then be titrated with about 14 to about 15 wt %
aqueoud086ftoni aCootraIlipHSﬁecmSmﬁalcﬁAfaaom an initial pH of about 3.5. The
suspensmn can be flash-frozen in quid nitrogen to formpellets and

| yophi IIP9&H t o Yhepige dirdripiior el”ﬁsihapﬁ o S ﬁiyﬁtj'%:ﬁ?&FﬁfFﬁC@do%Ffﬁ balaace | ank

FDKP mi tS‘eFt\Pé@f the QLS aticiofRRWEHKEIAIR GhH tiRdgrodeNéf Satihy cHisBS BAR ph&dmhérd
| oadi ng and pH adj ustnent steps. |In one enbodinent, the density of the
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supersaturation produces fewer, larger crystals. In terms of supersaturation: 1) increasing
the FDKP concentration raises the supersaturation; 2) increasing the concentration of
ammonia shifts the system to higher pH such as to about pH 4.5, raises the equilibrium
solubility and decreases the supersaturation; and 3) increasing the acetic acid concentration
increases the supersaturation by shifting the endpoint to lower pH where the equilibrium
solubility is lower. Decreasing the concentrations of these components induces the opposite

effects.

[0063] Temperature affects FDKP microparticle formation through its effect on FDKP
solubility and the kinetics of FDKP crystal nucleation and growth. At low temperatures, small
crystals are formed with high specific surface area. Suspensions of these particles exhibit
high viscosity indicating strong inter-particle attractions. A temperature range of about 12°C
to about 26°C provides RF/fill > 40% at the 95% confidence level. By accounting for the
relationship between temperature and specific surface area, a slightly narrower but internally

consistent temperature range of about 13°C to about 23°C can be used.

[0064] Finally it should be realized that adsorption of an active agent onto the surfaces

of the microparticles tends to reduce the specific surface area. Adsorption of the active agent
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Phar m%'r'édzc(ﬂs's is also incorporated by reference herein for its teachings regarding the same.

[0067] The microparticles described herein can comprise one or more active agents. As
used herein “active agent”’, used interchangeably with “drug”, refers to pharmaceutical
substances, including small molecule pharmaceuticals, biologicals and bioactive agents.
Active agents can be naturally occurring, recombinant or of synthetic origin, including
proteins, polypeptides, peptides, nucleic acids, organic macromolecules, synthetic organic
compounds, polysaccharides and other sugars, fatty acids, and lipids, and antibodies and
fragments thereof, including, but not limited to, humanized or chimeric antibodies, F(ab),
F(ab),, a single-chain antibody alone or fused to other polypeptides or therapeutic or
diagnostic monoclonal antibodies to cancer antigens. The active agents can fall under a
variety of biological activity and classes, such as vasoactive agents, neuroactive agents,
hormones, anticoagulants, immunomodulating agents, cytotoxic agents, antibiotics, antiviral
agents, antigens, infectious agents, inflammatory mediators, hormones, and cell surface

antigens. More particularly, active agents can include, in a non-limiting manner, cytokines,
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[0069] As long as the microparticles described herein retain the required specific
surface area, they can adopt other additional characteristics beneficial for delivery to the
lung and/or drug adsorption. U.S. Patent No. 6,428,771 entitled “Method for Drug Delivery
to the Pulmonary System” describes DKP particle delivery to the lung and is incorporated by
reference herein for its teachings regarding the same. U.S. Patent No. 6,444,226, entitled,
“Purification and Stabilization of Peptide and Protein Pharmaceutical Agents” describes
beneficial methods for adsorbing drugs onto microparticle surfaces and is also incorporated
by reference herein for its teachings regarding the same. Microparticle surface properties
can be manipulated to achieve desired characteristics as described in U.S. Patent
Application No. 11/532,063 entitled “Method of Drug Formulation based on Increasing the
Affinity of Crystalline Microparticle Surfaces for Active Agents” which is incorporated by
reference herein for its teachings regarding the same. U.S. Patent Application No.

11/532,065 entitled “Method of Drug Formation based on Increasing the Affinity of Active
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The fol I OWI ng exanmpl es are included to denonstrate enbodi nents of the
The FDKP feed solution was prepared with about 2.5 wt% FDKP, about 1.6 Wt%

concentrated NH,OH (about 28 to about 30 wt% NH3) and about 0.05 wt% polysorbate 80.
The acetic acid feed solution was prepared at about 10.5 wt% glacial acetic acid and about
0.05 wt% polysorbate 80. Both feed solutions were filtered through an about 0.2 um

membrane prior to use.

[0075] FIG. 3 depicts a schematic representation of a manufacturing process for
making the present FDKP microparticles containing insulin. In this embodiment, using a
high shear mixer, for example, Dual-Feed SONOLATOR™ or the one as disclosed in U.S.
Provisional Patent Application Serial No. 61/257,311, filed on November 2, 2009, which
disclosure is incorporated herein by reference in its entirety, equal amounts (by mass) of
each feed solution were pumped through the Dual-Feed SONOLATOR™ equipped with the
#5 orifice (0.0011 sqg. inch). The minor pump was set to 50% for equal flow rates of each
feed stream and the feed pressure was about 2000 psi. The receiving vessel contained DI
water equal to the mass of either feed solution (e.g. 4 kg FDKP feed solution and 4 kg HOAG
feed solution would be pumped through the SONOLATOR™ into the receiving vessel

containing 4 kg of DI water).
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The ressl n n t S, 0f enti al
(low ArhTREaRiSRr oo 5128, BEh TR AP e e TR o
Suspensn(c:ml}sormedehérelnsby reference in its entlrety and peIIetlzed by flash freezing in liquid

nitrogen. The ice pellets were lyophilized to produce a dry powder.

[0079] B. Manufacturing Procedures for FDKP/Insulin Microparticle Production
used in 5% and 10% Studies

[0080] In the 5% and 10% studies, the effects of feed concentrations on specific
surface area and powder aerodynamics were examined. In the 5% studies, the experiments
were designed to determine the effects of three factors, i.e., concentrations of FDKP,
ammonia and acetic acid and examined in a 3X3 factorial experiment, in which the high and
low levels were 5% from control conditions. In the 10% studies, concentrations of FDKP,
ammonia and acetic acid were also examined in a 3X3 factorial experiment, however, the

high and low levels were 10% from control conditions.
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[0083]
nitrogen and reported in terms of BET (Brunauer-Emmett-Teller) surface area using specific
surface area analyzer (MICROMERITICS® TriStar 3000 Surface Area and Porosity

Analyzer). The specific surface area depends on the size of the crystals and the density (p)

The specific surface area (SSA) of microparticles is determined by adsorption of

of the microparticle matrix and is inversely proportional to the characteristic size, L, of the
FDKP crystals:

SSA=surfacearea ~L*> ~L
mass pL®
[0084] Il. Effect of Feed Conditions on Specific Surface Area
[0085] Specific surface area was measured on all powders prepared in the 5% and

10% studies. Specific surface area was predicted by linear regression equations (see FIG.
3). The standard deviations of the predictions were + 2 m%g for the 5% study and * 5.6 m%/g
for the 10% study. These results were in line with theoretical expectations: higher FDKP
concentrations, higher HOAG concentrations or lower ammonia concentrations increased the

specific surface area (produced smaller crystals) by promoting crystal nucleation.
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[0089] IV. Effects of Specific Surface Area on RF/fill

[0090] There is a tendency towards lower RF/fill values at specific surface area values
above about 50 m%g (FIG. 6A). An upper limit of about 62 mg?g can be used while still
maintaining a 95% confidence limit in appropriate RF/fill values (that is > 40%; FIG. 6B).

[0091] FIG. 7 shows that as specific surface area increases at the upper range, there is
a broadening in the distribution of RF/fill, and a higher probability of failing the chosen
criterion of RF/fill > 40%. FIG. 8a shows that suspensions of microparticles with high
specific surface area for example, about 67 m%g tend to be orders of magnitude more
viscous as measured by a Brookfield Viscometer (Brookfield Engineering Laboratories, Inc.,
Middleboro, MA) than suspensions of microparticles with lower specific surface area, for
example, about <14 m?g. FIG. 8B shows that suspension viscosity is negatively correlated
with RF/ill.

[0092] V. Specific Surface Area and Insulin Adsorption

[0093] The relationship between specific surface area and insulin adsorption was

investigated.
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(titrated and untitrated) were |yophilized to produce dry powders. Powders

were tested for specific surface dAMBSERg a M CROVERI TICS(r) Tri Star
[0097] Geometric Particle Size Analysis of Emitted Formulations by Volumetric

Median Geometric Diameter (VMGD) Characterization

[0098] Laser diffraction of dry powder formulations emitted from dry powder inhalers is a
common methodology employed to characterize the level of deagglomeration subjected to a
powder. The methodology indicates a measure of geometric size rather than aerodynamic
size as occurring in industry standard impaction methodologies. Typically, the geometric
size of the emitted powder includes a volumetric distribution characterized by the median
particle size, VMGD. Importantly, geometric sizes of the emitted particles are discerned with
heightened resolution as compared to the aerodynamic sizes provided by impaction
methods. Smaller sizes are preferred and result in greater likelihood of individual particles
being delivered to the pulmonary tract. Thus, differences in inhaler deagglomeration and
ultimate performance can be easier to resolve with diffraction. In these experiments,
inhalers were tested with laser diffraction at pressures analogous to actual patient inspiratory
capacities to determine the effectiveness of the inhalation system to deagglomerate powder

formulations. Specifically, the formulations included cohesive diketopiperazine powders with
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FDKP + active
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5.611

DPI 2

FDKP + active

66

33

10
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4.678

DPI 2

FDKP + active

45

42

N E N E-NE S EN

10

93.2

5.610

DPI 2

FDKP + active

56

9

10

78.9

5.860

[0099] The data in Table 4 show an improvement in powder deagglomeration in inhalers

identified as DPI 2 over the MEDTONE® inhaler system. Diketopiperazine formulations with

surface areas ranging from 14 — 56 m®/g demonstrated emptying efficiencies in excess of

85% and VMGD less than 7 microns.

Similarly, formulations possessing an isomer ratio

ranging from 45 — 66 % trans demonstrated improved performance over the predicate

device. However, it is worth noting that even with the more efficient inhaler at <15 m2/g

there was a reduction in cartridge emptying indicating a fall off (decrease) in aerodynamic

performance as trans isomer content departs from the desired range disclosed herein.

Lastly, performance of the inhaler system with formulations characterized with Carr’s indices

of 40-50 were shown to be improved over the predicate device as well.

reported VMGD values were below 7 microns.
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in context. The use of any and all examples, or exemplary language (e.g. "such as") provided

herein is intended merely to better illuminate the invention and does not pose a limitation on

the scope of the invention otherwise claimed. No language in the specification should be

construed as indicating any non-claimed element essential to the practice of the invention.

[00102] The use of the term "or" in the claims is used to mean "and/or" unless explicitly
indicated to refer to alternatives only or the alternatives are mutually exclusive, although the

disclosure supports a definition that refers to only alternatives and "and/or."

[00103] Groupings of alternative elements or embodiments of the invention disclosed
herein are not to be construed as limitations. Each group member may be referred to and
claimed individually or in any combination with other members of the group or other
elements found herein. It is anticipated that one or more members of a group may be
included in, or deleted from, a group for reasons of convenience and/or patentability. When

any such inclusion or deletion occurs, the specification is herein deemed to contain the
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filed omhadmwrpwpreaaigndmmed ahdenablamhettelmn term "consisting of" excludes
any elenment, step, or ingredient not specified in the clains. The

transi tIBHE er nkuréierspis; ingesewerfergness have |beap trgadenéo Patspts gnd Prvfasdi m t o

the Sp%bfléﬁlgnMrguélﬁJug 1 spd&RateNd FaBR2E tHdabodOcifaa trefdRdRis @hbYoritdoect
t he basic and novel  characteristic(s). Enbodinents of the invention so
cl ai medPulieations are herein individually incorporated by reference in their entirety.

[00107] Further, it is to be understood that the embodiments of the invention disclosed
herein are illustrative of the principles of the present invention. Other modifications that may
be employed are within the scope of the invention. Thus, by way of example, but not of
limitation, alternative configurations of the present invention may be utilized in accordance
with the teachings herein. Accordingly, the present invention is not limited to that precisely

as shown and described.

26



WHAT IS CLAIMED:

1. Diketopiperazine microparticles having a specific surface area of from about 35 m%g to
about 67 m?/g.

2. The diketopiperazine microparticles according to claim 1, wherein said microparticles
comprise a drug or active agent.

3. The diketopiperazine microparticles according to claim 2, wherein said specific surface
area is less than about 62 m?/g.

4. The diketopiperazine microparticles according to claim 3, wherein said drug or active
agent is a peptide or protein.

5. The diketopiperazine microparticles according to claim 4, wherein said peptide is an
endocrine hormone.

6. The diketopiperazine microparticles according to claim 5, wherein said endocrine
hormone is insulin, parathyroid hormone, calcitonin, glucagon, glucagon-like peptide 1,
oxyntomodulin, an analog or active fragment of said endocrine hormone.

7. The diketopiperazine microparticles according to claim 1, wherein said diketopiperazine is
fumaryl diketopiperazine.

8. The diketopiperazine microparticles of claim 6 in a dry powder form.

9. The diketopiperazine microparticles of claim 6 wherein said endocrine hormone is insulin
or an analog or active fragment thereof.

10. The diketopiperazine microparticles of claim 6 wherein said endocrine hormone is
glucagon-like peptide 1 or an analog or active fragment thereof.

11. The diketopiperazine microparticles of claim 1 having a specific surface area of from
about 45 m?/g to about 67 m?/g.

12. The diketopiperazine microparticles of claim 1 having a specific surface area of from

about 35 m?/g to about 56 m?/g.
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13. The diketopiperazine microparticles of claim 1 having a specific surface area of from
about 45 m?/g to about 56 m?/g.

14, The diketopiperazine microparticles of claim 9 wherein said endocrine hormone is insulin.

15. The diketopiperazine microparticles of claim 14 wherein the microparticles are about 10-
15% insulin by weight.

16. The diketopiperazine microparticles of claim 5, wherein said endocrine hormone is an
exendin.

17. The diketopiperazine microparticles of claim 14 wherein the microparticles comprise 3-4
U/mg insulin.

18. The diketopiperazine microparticles of claim 15 wherein the microparticles are about 11%
insulin.

19. The diketopiperazine microparticles of claim 2 wherein said drug or active agent
comprises about 0.01% to about 20% of the weight of the microparticles.

20. A dry powder comprising the diketopiperazine microparticles of claim 19.
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