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Abstract

A seizure emergency occurs when an individual experiences a seizure that lasts for
more than five minutes (status epilepticus) or multiple distinct seizures with incomplete
recovery between them (acute repetitive seizure&)patient experiencing a seizure
emergency must be treated as quickly as possible to avoid lasting neurological damage and
other lifethreatening complications. Benzodiazepines are the primary rescue medications
used to treat seizure emergencies, the most comgrmasad being intravenous lorazepam
or rectal diazepam. Despite the effectiveness of these drugs, the delivery routes are not
ideal for firstline, outpatient treatment® skilled caregiver mudie present tadminister
drugs intravenous|yand the soall stigma associated with rectal administration results in
low compliance. Intranasal delivery is an attractive alternative because it requires little
training, is easily performed by nanedical personnel, carries a low risk of injury to the
patient, andanprovidea rapidtherapeutie@ffect Howeverformulating a benzodiazepine

nasal spray is challenging because these drugs have very low aqueous solubilities.

One strategy to circumvent solubility issues reliesrositu production of drug
from co-administration of soluble reactants. Herein, we describedpredrug/enzyme
reaction oran acid/base reactiocanbe used to delivea benzodiazepinén an aqueous
vehicle with a volume and pH appropriate for intranasal administraédren the soluble
components of these twaart reactive formulations are mixatithe time of administration
a metastable supersaturated solution of the benzodiazepise praduced. The
supesaturaed state of the benzodiazepipeovidesa large chemical activity gradiefdr
rapid absorption across the nasal mucosa and into systemic circulatiorvitro

\



characterization ofhie reaction kinetics andsupersaturation behavefor diazepam
prodrug/enzyme reactions, midazolam prodrug/enzyme reactions, and midazolam
acid/base reactiondemonstratedhat these twgpart formulations generate predictable
levels of supersaturated drudn in vivo pharmacokinetic study in rats showtbetrapid
absorption and high bioavailability of diazepam results from intranasal administration of a
diazepam prodrug/enzyme formulatioRurthermore, a@ual chamber nasal spray device
capable of mixing and atomizing the components of agan formubtion was designed,
prototyped, and tested.hese twepart reactive formulationgoupled with thepecialized

nasal spraydevice exemplify a new intranasaldrug delivery strategy thatmay be

applicable to a variety of other drugs with poor stabilitjoar solubility.
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Chapter 1: Introduction



1.1 Background

1.1.1 Seizure emergencies

Seizure activity is defined asabnormally excessive or synchronous neuronal
activity in the braint The symptoms of a seizure ceary fromsubtle loss of awareness
as occurs with absence seizures to compless of consciousnessoupled with
convulsions asaxurs withtonic-clonic seizurs. The duration of seizure activity can also
vary. Some are brieolated eventahile others can berolonged episodes lastisgveral
minutes or more Seizures that last longer than 5 minutes (status epilepticusysamirin
clusters with only temporary or partial recovery between events (acute repetitive seizures)
are serious medical emergencies that require immediate tredtrstittle as15 minutes
of continuous seizure activity can damaggirons and caugecal neurological defits,
cognitive impairment, or epileptogeneéis There are also life threatening complications
associated with prolomgl seizure activity such as hypoxia, metabolic acidosis,

hyperthermia, aspiration, or pulmonary ederivirtality increases with seizure duration.

It is estimated that 126,000L95,000 cases of status epilepticus occur per year in
the United Statesvith costs associated from hospital visits on the order of $4 billionfyear.
¢ Of those case®2,200- 42,000 cases result in dedthThe risk of injury or death is
mitigated by prompt medical treatmerft. However, treatment of seizure emergencies can
be significantly delayed if the patient must wait for medical personnel or transportation to
the emergency room. A study performed at one emergency room floet average delay

to treatment was 85 minuté8.Epileptic patients who experience an aura before the onset



of a seizurereceive a warning from a seizure prediction device, or are conscious between
clusteed eventsnay be able to seidminister a rescue therapy to prevent an oncoming
episod€. Furthermore, a rescue therapy could be carrigtiéypatient or included in first

aid kits in places like airplanes to be administered by bystanders during a seizure
emergency.Therefore, there is a need for outpatient treatmentHmbe administered

immediately at the onset of a seizure by-noedical personnel.

1.1.2 Benzodiazepines as rescue therapy

Benzodiazepines are the primary rescue medications used to treat seizure
emergenciesuch as status epilepticughis class of drugs includésrazepamgdiazepam
(DZP), and midazolam (MDZ).An intravenous (IV)njection of lorazepam or diazepam,
or an intramuscular injection of MDZ are the recommended|firsttreatment option¥’
However, a medical professional must be present to perform IV administration because
there is risk oinfiltration, hematoma, air embolism, phlebitisiection,extravascular drug
delivery, or intraarterial injectionf done incorrectly. Intramusculdrug delivery can also
be problematic, especially for nanedical personnel. The technique requires training and
comes withsimilar risks of improper injection or injury. It can be particularly difficult to
carry out on obese or emaciated individualshenpresence of multiple layers of clothing,
or in public placesOtherbenzodiazepindasedreatment modalitiesave been developed
for outpatient useeach exhibiting advantages and disadvantafies.only outpatient first
line treatment approved ime US isDiastaf, rectally administered DZP This product
demonstratethat outpatient management of seizure emergencies by nonmedical personnel

is possible, safe, and highly effectie However,there is social stigmassociated with



rectal administration andagients often object to this route despite its proven bertéfits.
product for buccabhdministration ofMDZ is available in Europe under the trade name
Buccolanf. Buccal administrationcarries the risk of aspiration and inconsistent
absorption due to ictal salivatidh. Intranasal (IN) delivery obenzodiazepines an
attractive alternative becausteleads to rapid onset of therapeutic effecjuiees little

training, is easily performed, drcarries a low risk of injury/

1.1.3 Intranasal delivery

Benzodiazepines are small, lipophilic drugs. Systemic delivery of these types of
drugs by IN administratin offers several important advantages that make the IN route
attractive over other routes of administration, especially for outpatient treatments requiring
a rapid onset of therapeutic effect. Four of these advantages are well known and commonly
cited!*1 1) Peak plasma concentrations can be quickly attained due to the large surface
area, Igh vascularization, and thin epithelium of the nasal muc@3aFirst pass
metabolism can be avoided, thus improving the bioavailability of some;@Ligke nasal
cavity is easily accessed during a medical emergency, posing a lower risk of injury to the
patient compared foarenteratoutes of administratiga) Operation of nasal spray devices
does not require special skills, dosing is generally intuitive and easily perfordwed.
additional key advantage is less obvious and is the subject of thigalisse te nasal
cavity, as such, offers a convenient location where drug candaeicedn situfrom the

administration of twepart reactive formulations.

The nasal cavity is a dynamic environment that enables rapid drug absorption, but

also limitsthe amount of time available for drug absorption. The bulk of the liquid
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introduced into the nasal cavity by a nasal spray pump initially deposits in the less
permeable atrium region of the nasal cavity, just past the nasal*¥alvehe surface area

of epithelium exposed to drug expands fiti@ area of initial deposition as the formulation
mixes with nasal secretions and gets carried across the highly permeable amspirat
mucosaat a rate of 56 mm/minby mucociliaryclearancé®® The total surface area of

the nasal cavity has been reported to be 250 cnf with mucosal thicknesses varying
from 0.3'5 mm?2%2* The respiratory mucosaontaining the turbinates, provides most of
the surface area. In this region #@ 100 umthick epithelium is the rate limiting barrier

to absorption, with porousubepith&al tissue and a dense network of fenestrated

capillaries acting as an effective sink for rapid drug absorgtion.

The capillary beds allow drug to enter directly ititesystemic circulation, thereby
bypassing gastric and hepatic first pass metabolism. For some silgasbutorphanal
avoiding first pass metabolism by IN delivery can result in a substantial increase in
bioavailabilty?® However, the transit time for lateral transport of drugs acresstttface
of the mucosa by mucociliary clearance is generalfy205minutes?® Slower absorption
and lower bioavailability may result for any portion of the dose that gets cleared to the

digestive tract.

In emergency situations, IN administration can be faster than IV adratrostr A
retrospective study performed Iryokuchi et al.compared thefficacy of IV versus IN
delivery of a DZP parenteral formulation for the treatment of status epilepficlisese
authors found that IN DZP was administered nine times faster than IMDfh IN vs
9.5 min IV), and the difference in time to seizure termination after dosing was not
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statistically significant between the two routes (3 min IN vs 0.5 min 1V, p=0.4i8)oégh

nasal pain and hemorrhaging from IN administration of commakerparenteral
formulations containing organic solvents were mentioned in the medical records, they
concluded that IN administration of DZP is safe, effective, and can be implemented outs
of hospital settings. Ofabel IN administration of parenteral benzodiazepine formulations
(usuallyMD2Z) to treat seizure emergencies is fairly common; however, there is currently
no nasal spray benzodiazepine product on the market (reasons disceksed A
benzodiazepine rescue medication specifically formulated and approved for IN
administration would permit outpatient treatment, with potential to reduce emergency
department visits and improve the quality of life for patients who experiencereseiz

emergencies.

1.1.4 Solubility of benzodiazepines

The poor aqueous solubility of benzodiazepines presents a challenge in formulating
them as nasal sprays. The thermodynamic aqueous solubilities of MDZ and DZP are 55 *
4puM (0.018 £+ 0.001 mg/mL)ani30 N 11 &M (0.037 N 0.003
pH 7.4 and 32C.28 In comparison, the thapeutic dose of IN DZP or IN MDZ is 6.3
mg/kg?*3! The volume of liquid that can be reliably deposited in the human nasal cavity
without causing loss by runoff of excess solution through the nasal vestibule or drainage
into then a s o p hisalesy than 20QL.???* Most commercial nasal spray products
deliver 56140pL dose volumes, but the optimum volume for an adult ispllOper half

cavity 323 Thereforedrugs must be sufficiently potent and concentrated to be candidates

for the IN route.



There are severddw volumelN formulations of DZP and MDZ currently being
developed which utilizeo-solvents or other additives to improve solubifity? One such
IN formulation of MDZ contains propylene glycol and ss& low pH of 4 to achieve
adequate solubilit}? The use of organic solvents or a formulation pkbwenormal nasal
pH can be highly irritating to nasal mucosa. Transient epistaxis, nasal discomfort, nasal
congestion, and rhinitis have been reported as common adverse events with these
formulations3°3¢37 Furthermore, the time to maximum plasma concentratiag) (or
theseformulations can be delayedror IN DZP formulationscontaining solubilizerbave
been reportedvith tmaxin the range of 0.74 hrl23’ MDZ is more rapidly absorbedx
=10-30 min) following IN administration and has a relatively rapid onset of effect, but its
bioavailability is intermediate and variable, with fraction absorbed F-¥080 + 20
25%21? Limited and variable absorption exposes patients to the risk of inconsistent

response.

1.1.5 Twepart, reactive formulation strategy

Water is the preferred solvent for nasal spray formulations. Orgasicleents or
other solubilizng additives reduce the driving force for permeation of drug across
membrane®3° and can irritate or injuresensitive nasal tissués* One stratgy to
formulate lipophilic drugs in aqueous solutions employs a watfible prodrug and
typically relies on endogenous enzymesifiovivo biotransformationo active drug! Our
group has been developing an extension to this stratbgy involveseither the co
administration of a prodrug with its converting enzyorecoadministration of other

reactive precursorto produce a supersaturated solution of active drug at the site of
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administration(Figure 1 and Figure 3). The precursorsare designed to be highly water
soluble, so they can be formulated to therapeutically relevant concentrations for IN delivery
at physiological pHwithout the use of organico-solvents. In addition to overcoming
solubility issues, the supersaturated statbesfzodiazepin@roduced by thesavo-part
reactive formulationprovides an increased driving forf@ enhanced permeation tife

drug across nasal mucosaA series ofin vitro experiments demonstrated enhanced
permeation of drug across cell membranes using aqueous prodrug/enzyme
formulations?®4243 Therefore, an earliemixand more complete absorption is expected,
resulting in aapidonset of therapeutic effeahd the ability to abort a seizure emergency

quickly.

amino acid derivitized
benzodiazepine prodrug

open ring intermediate active benzodiazepine

Figure 1. Hydrolysis ofamino acid derivatized benzodiazepine prodrugsEnzymatic
hydrolysis of the amino acid moiefA) from the soluble prodrug produces an open ring
intermediate that spontaneously cyclized to form the insolutideadrug. Core structure

of benzodiazepines shown with R denoting substitution locations that give rise to specific
benzodiazepines, such as DZP or MDZ.



salt of open ring form open ring intermediate active benzodiazepine

Figure 2. Soluble salt precursor combned with a base to form active benzodiazepine
Salts of open ring forms of benzodiazepines are soluble but produce low pH solutions.
Combining the acidic salt with a base liberates the open ring intermediate, which
spontaneously cyclizes to form the igetbenzodiazepine and a solution pH appropriate
for IN delivery. The symbol Xis a counter anion such as a chloride.

Although this workis focused on the IN delivery benzodiazepines treat seizure
emergencieghe twoepart reactivdormulationapproach to enhance drug permeation and
overcome drug solubility issu@say beapplicable to a variety of therapeutics. Drugs that
were previously considered unsuitable for IN delivery due to poor solubility may be
reevaluated for IN delivergs ceadministeredoluble precursorsExamples of onditions
that may benefit from thiswo-part reactive formulatiorapproachfor rapid IN drug

delivery are numerous amdclude panic disorders, paimigraines, erectile dysfunction,

allergic reactionspausea, cardiac events,motion sickness.



1.2 Chapter descriptions

1.2.1Chapter 2. Conversion of a soluble diazepam prodrug to supersaturated diazepam
for rapid intranasal delivery: kinetics and stability

System examinedThis chapter discussethe supersaturation behavior of DZP

generated from a prodrug/enzyme reaction. Avizafone (AVF), a wwateble lysy}
prodrug ofDZP, was converted tbZP using a fungal enzyméspergillus oryza@rotease
(AOP). Enzymatic hydrolysis of the lysine moidtom avizafone releases an open ring

intermediate specig®©RI) that spontaneously cyclizes to foxP.

Initial hypothesisWe hypothesized thahe rate, extent, and time courseD#P

supersaturaan from AVF hydrolysiswould bedependent omeaction conditiongpH,
buffer agent, tonicity, enzyme concentration, eemdoptimizingthese parametevgould
allow the identification of a formulatiorthat balances the DZP production rate with the

absorption rate across membranes autieading to precipitation of DZP

Methods The reaction conditions were varied, antugon concentrations for the
AVF, ORI, andDZP were monitored using a second derivative spectroscopic method. The
time poinsand concentratiaat which DZP begato phaseseparat under each condition

were determined byght scattering. And the precipitates were analyzed for crystallinity.

Conclusiors. Phase separation obZP in prodrug/enzyme formulations that
produce DZP concentrations in excess of theeapimit of supersaturation would not be

detrimental tdN delivery of DZP by virtue of the precipitate being amorphous rather than
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crystalline. The presence of the amorphous precipitate leads to a constant, predictable, and
maximallevel of supersaturationPharmaceutical formulations BZP prodrug/enzyme
combinations should utilize buffering agents, pH, and enzyme concentréiaarachieve

the highest rate dDZP productionand absorptiomvithout causing nasal tissue irritation.

In the case of AVF/AOPa formulation pH at the upper bound of the physiological pH
range of the nasal cavity provdiéhe fastest reaction ratel'he iate of DZP production
increased wittAOP concentratioruntil a maximum waseaché, then counterintuitively

slowedwith increasinglyhigher enzymeconcentrations.

1.2.2Chapter 3. Intranasal cadministration of a diazepam prodrug witltanverting
enzyme results in rapid absorption of diazepam in rats

System examinedThis chapter discusses an vivo pharmacokineticstudy

performed in rat$o testIN delivery of DZP using a prodrug/enzyme formulatiohhe
prodrug,AVF, was ceadministered with the converting enzyme, human aminopeptidase

B (APB).

Initial _hypothesis: We hypothesized that intranasal administration af

prodrug/enzyme formulatiowould result in rapid and complete absorption of D&

systemic circulationwith correspondinglyapid distribution into the brain.

Methods A rat modelwas used to test the hypothesihieTplasma and brain
pharmacokinetics of IN AVF/APBiere comparedith IN AVF and IV DZP. In addition

to standard noncompartmental pharmacokinetic analyses, we augmented an established
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physiologically based pharmacokinetic (PKPB) model to incorporate mechanistic
components, including enzyme reaction kinetics, absormtidooth ORI and DZP across

the nasal mucosa, supersaturation of DZP, and lligidid phase separation of DZP.

Conclusiors. The esults indicated that IN eadministration of AVF with APB is
a viable method to rapidly deliver DZP into systemic catioh and subsequently the

brain.

1.2.3Chapter 4. Substrate stabilizes human aminopeptidase B during lyophilization

System examinedor the DZP prodrug/enzyme formulation, both AVF and APB

would need to have adequate stability to be used phaamaceutical product. Their

solution and solid state stabilities were investigated.

Initial hypothesis:We hypothesized thathe prodrug substrate, AVF, would

stabilize the enzyme, APy the solid statdy docking in the active sit@.e. substrate

binding pocketand prevenng thecollapse of the active site durihgpphilization

Methods Solutions of AVF, APB, and other excipients were combined at low
temperatures to prevent substrate turnover. The solutions werestiagrfrozen,
lyophilized, and storedWhen thelyophilizates were reconstituted warm buffer, DZP
production initiated. The DZP concentratitme profiles wereused to inferthe

concentration of active APBmaining in eackampleafter lyophilization and storage
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Corxlusiors. Co-lyophilization of the enzyme, APB, with low concentration of
its substrate, AVF, imparted initial stability on par wigh high concentration ofhe
commonly used lyoprotectant, trehalos@he ©mbination of substrate and trehalose
provided a greater stabilizing effect than either additive alombe use of asubstrate as
stabilizer for lyophilizing enzymes may be applicable to a variety of substrate/enzyme

pairs.

1.2.4Chapter 5. Reactive formulations for intranasal delivery of midazolam

System examinedtn this chapter, MDZ prodrug/enzyme reactions anbZ

acid/base reactions were investigated. Both-pad reactive formulation approaches

produce an open ring intermediate spe@Rl) that spontaneously cyclizes to form MDZ

Initial hypothesis:We hypothesized thgiroduction of ORI using an acid/base

reaction wouldresult in faster reaction rates athdis more rapid delivery of MDZ than

could be achieved by cleavage of an amino acid mébiety a prodrug usingn enzyme.

Methods UV spectroscopy was useddeermine the upper limit of supersaturation
for MDZ and measure the time course BfDZ prodrug/enzyme reactions andDZ
acid/base reactionsDrug transport studies were performed with selected formukation

using canine kidney epithelial cell monolayers asaalel for nasal epithelium.

Conclusiors. The ORI cyclization stepvasfound to beslow and rate limiting.

Thus, rapid liberation of ORI from both prodrug/enzyme reactions and acid/base iaction
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resulted in accumulation of ORI in solutioifhe permeability oORI and MDZ were pH
dependent, with thiastestrates of permeation for dobbserved athe highest pH tested,

pH 7.4 The MDZ prodrug/enzyme reaction was not amenable to formulation at
therapeutic concentrations near this pH because the pH dependent solubility of the prodrug
was not favorable Conversely, thdlDZ acid/base ractioncould be formulated to very

high concentrations and tlemount ofbase component adjusted subhat a specific pH

could be easily obtained.

1.2.5Chapter 6. Nasal spray device for administration of-fveot drug formulations

System examinedThe reactive components of a twiart reactive formulation
mustbe eitherinactivated okept separate from each otloriring storage At the time of
administration, mixing the components or otherwise activating itrelsites a metastable
solution that can be sprayed into the nasal cavity to deliver drug. In this chapter, a
specializedhasal spray deviceapable of mixing components of a drug formulatnd

atomizing the mixturas part of the actuation procespresented.

Initial hypothesis: Rapid reconstitution of alyophilizate and subsequent

atomization of the mixture can be automated in a dual chamber nasal spray device, thereby
enabling convenient storage and administration of-pead reactive formulationgor

intranasal delivery of benzodiazepines.
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Methods A pneumatically driven, dual chamber nasal spray device that utilizes
single dose drug cartridges was desinprototyped, and tested.Testing included
measurements of spray cone angle as a function of stagnation pressure, dye formulation
deposition experiments using silicone nasal cavity molds, measurements of enzyme
degradation upon spraying using a DZP prodrug/enzyme formulationjsaradization of

the pH profiles of spray patterns produced by an MDZ acid/base formulation.

Conclusiors. The performance of the nasal spray device was dependent on the
formulation properties. In most cases, lyophilizates could be rapidly reconstinded
atomized without an issuthus demonstrating the potential to use a device such as the one
described here to administer tpart drug formulations. However, the slow dissolution of
formulations withcollapsedyophilizatesor lyophilizateghat contined a lot of mass (e.g.
>25 mg AVF) tended to clog the atomizer tiphe device parameters (pressure, atomizer
tip orifice size, etc.) would need to be optimized for specific formulations. Furthermore,
instantaneous dissolutiar lyophilizatesand content uniformity between individual spray
dropletsdoes noappear to beritical sincemixing and continued dissolution can ocaur

the surface of the nasal mucosa.
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Chapter 2: Conversion of a soluble diazepam prodrug to supersatated

diazepam for rapid intranasal delivery: kinetics and stability

The contents of this chapter werablished in

Rautiola D, Cloyd JC, Siegel RA. Conversion of a soluble diazepam prodrug to
supersaturated diazepam for rapid intranasal delivery: Kinetics and stalailitnal
of Controlled Releas€018Nov 10;289:1:9.
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2.1 Summary

The low aqueous solubility of diazepam (DZP) presents a challenge in formulating
nasal sprays without the use of organic solvents. One approach to overcome this challenge
involves coeadministration of a soluble prodrug, avizafone (AVF), with a converting
enzyme to produce supersaturated DZP at the site of administration. In addition to
overcoming solubility issues, the supersaturated state of DZP provides an increased driving
force for enhanced permeation across nasal mucosa. However, supersaturatet solu
are metastable, and there is a limit to the degree of supersaturation (S) that can be reached
without causing spontaneous phase separation of the solute. The aim of this article was to
determine how formulation parameters affect the rate of DZPrsafpeation, maximum
degree of supersaturation, and phase separation kinetics. A model eAzpaillus
oryzaeprotease (AOP) was used to convert AVF to DZP, via an open ring intermediate
(ORI). A second derivative UV spectroscopic method was deweltipsimultaneously
monitor DZP solution concentration and the time course of DZP phase separation. Fitting
a kinetic model, with prior knowledge of the enzyme kinetic parameters, the rate constant
for conversion of ORI to DZP was found to be 0.470 + P.@din. Kinetics and
supersaturated solution stability were studied as a function of formulation parameters,
including temperature, pH, buffering agent, AVF concentration, and enzyme
concentration. The maximum aqueous solution concentration for DZR A 3vas
determined to be 1.22 + 0.03 mM DZP (S = 9.38) and was insensitive to changes in
formulation parameters, excepting temperature. Supersaturated solutions of DZP could be
maintained at the maximum concentration for more than 24 hr, even in tlenqerest

phase separated DZP. Polarized light microscopy, PXRD, and DSC analysis indicated that
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the phase separated DZP was amorphous upon formation and remained so for more than
24 hr. Our findings suggest that @@ministration of AVF with a suitable man
converting enzyme will provide a viable mechanism for IN delivery of DZP and result in

very rapid and complete absorption to quickly terminate seizure emergencies.

2.2 Introduction

Patients with epilepsy who experience acute repesvaures or sustained seizure
activity (status epilepticus) require immediate medical attention. Left untreated, these
seizure emergencies can result in death or debilitating neurological deficits, and it is
estimated that costs associated with hospisatisvdue to status epilepticus are on the order
of $4 billion/year*® Thus, here is substantial interest in developing formulations of
diazepam (DZP) for rapid outpatient treatment of seizure emergencies. Currently the only
approvedoutpatient treatment is a rectal diazepam gel (Diastat®), which relies on a drug
delivery route that is inconvenient and acceptable to very few. Among possible alternative
routes of administration, intranasal (IN) drug delivery is noninvasive and dfiers
potential for rapid drug absorptigh3444 However, the low aqueous solubility of DZP
presents a challenge in foalating nasal sprays. The nasal cavity accommodates up to 200
uL of liquid, so IN formulation concentrations must be higf**> The aqueous
thermodynamic equilibrium solubility of DZP (DZRk) i s 130 N 11 &M (O
mg/mL) at pH 74 and 32C.?2% In comparison, the therapeutic dose of IN DZP is®@3l
mg/kg with a maximunof 20 mg/dosg®3°3¢ Extensive literature, reviewed iiaf **, exists

in which the solubility of DZP is improved by adding organic cosolvents andctamts.
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While these formulations enable liquid sprays, the additives are irritating and potentially

toxic.

A prodrug approach can be utilized to overcome the poor aqueous solubility of

DZP. Avizafone (AVF) is a soluble prodrug of DZP reported by Hassall.in 1977 and
subsequently developed by the French military to terminate seizures caused by battlefield
nerve agent®*’ The dihydrochloride salt of AVF is so hydrophilic that the solid material
will deliquesce when exposed to the atmosphere. Structurally, AVF is@lyydipeptide
derivative of a 2Zmethylamine5-chlorobenzophenone, which is susceptible to enzgmat
hydrolysis of lysine (Lys) at the peptide borkdgure3). Cleavage of the ferminal Lys

by an endopeptidase produces an open ring intermedi®® (@rm of DZP, which

undergoes intramolecular condensation to close the diazepirf&.ring

\ 00  NH o) 0. NH, \'" 0 0 NH,
N\( N\.<\ N\/S
enzyme
O 0 " > Q o 2 "o > O =N e
cl +H,0 ¢ H0  C
O NH, O NH, O NH>
AVF ORI Lys DzP Lys

Figure 3. Hydrolysis of AVF to form DZP. Transformation of the hydrophilic prodrug
AVF to hydrophobic active drug DZP progresses through an open ring intermediate, ORI.

AVF has a large polar surface area, so it is expected to have low membrane
permeability and IN bioavailabilit}’ Indeed, we showed previously thatthpparent
permeability coefficient (p of AVF across wild type Madubarby canine kidney
epithelial cell (MDCHI-wt) monolayers is negligible compared tgf= 2.2 x 1 cm/s

for DZP.2® Therefore, we have been investigating the feasibility edidministering AVF
19



with a converting enzyme to produce D#Psitu?®424° Following rapid mixing at the

point of administration, the prodrug/enzyme systems can quickly generate supersaturated
solutions of DZP when the initial molar concentration of AVF ([AMFHxceeds the
equilibrium solubility of DZP, with degree of supersaturation S = [R4P}ZP]ag,sat

Since the flux of a drug that passively diffusesoss mucosal membranes is proportional

to its thermodynamic activity gradient, the supersaturated solution of DZP on the apica
side of the nasal mucosa is expected to be more rapidly absorbed compared to DZP whose
solubility is increased by incorporating a cosolvent, surfactant, or other solubilizing

additive38-°

Supersaturated solutions are metastadohd will ultimately form crystalhe
precipitate$®®! When supersaturated concentrations are sufficiently high, the solute can
phase separate to form a concentrated amorphous phase that precedes crystallization, as
illustrated in Figure 4. This process i s knligwdmphases 6o |
separation (LLPS)**® The amorphous precipitate is in quasuilibrium with the
relatively dilute, but still supersaturated solution. If absorption of drug, either directly from
the solutim or from the coexisting amorphous precipitate, is faster than crystallization,

then crystallization will be averted.
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Figure 4. Supersaturation of DZP produced enzymatically from AVF drives
absorption and precipitation. Dotted arrows indicate the slow crystallization process.
Dashed arrow indicates potential absorption directly from the amorphous precipitate.

The aim of the work presented in this article was to determine how formulation
parameters affect the rate of DZP supersaturation, maximum degree of supersaturation, and
precipitation kinetics. Kinetic studies of conversion of aqueous AVF to supersaturated
DZP and subsequent phase separation of DZP were perfarmeitto. Effects of
temperature, pH, buffering agent, AVF concentration, and enzyme concentration on these
processes were determined using second derivative UV spectroscopy to measure DZP
solution concentrations and zero order UV spectroscopy to monitor for phase separation.
When the DZP concentration exceeded a critical concentratiag), (Shase separation
commenced and caused light scatting. This scattering was detected in the zero order
spectra as a sharp increase in the extinction (Ext) of incident light at the induction time
(tnd). Analysis of the precipitated phase by polarized light microscopy, differential
scanning calorimetry (DSC), and powdetay diffraction (PXRD) indicated th#élte phase
separated DZP was initially amorphous and kinetically stable against crystallization for
several days. The amorphous precipitate was also shown to undergo rapid dissolution.
Therefore, the precipitate can serve as a high activity reservoitaldeato supply the

concentration gradient driving DZP absorption through the nasal mucosa. Direct transfer
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of DZP from the amorphous precipitate into the mucosal membrane is also a possibility

(Figure4).

2.3 Methods

2.3.1Materials

Diazepam USP (DZP, cat# 803899) was purchased from FagromAspergillus
oryzae protease (AOP, 1470 U/mL, cat# P6110),-(2sydroxyethyl}1-
piperazineethanesulfonacid (HEPES, cat# H4034), ang2-morpholino)ethanesulfonic
acid (MES, cat# M3671) were purchased from Sigkidrich Corporation. (AOP was
selected to probe the potential utility of an enzyme/prodrug combinatiatro; it is not
a suitable enzyme f@ commercial drug product owing to its fungal origin anddfined
composition.) Phosphate buffered saline (PBS, 20 mM phosphate and 100 mM NacCl) was
prepared from sodium phosphate dibasic and sodium phosphate monobasic purchased from
Fisher Scientific Savizafone dihydrochloride (AVF, 99% ee) was synthesized from 5

chloro-2-methylaminobenzophenone according to the procedure described preffously

2.3.2 UV spectroscopy

UV measurements to simultaneously determine [AVF], [ORI], [RZRINd #d
(see below) were performed in a quartz cuvette (path length 1 cm) in an Agilent
Technologies, Inc. Cary 100 Bio UV/Vis Double Beam Spectrophotometer equipped with
a temperature controller. Prior to data collection, working solutions of the AVF and AOP
reactants were prepared in buffer and equilibrated to the desired experimental temperature.

Reaction progress was monitored by collecting scans over time in the vicinity of 338 nm
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at a scan rate of 600 nm/min using the Cary WinUV version 3.10(246) Scaicakjol.

At low concentrations where all species were in solution, the scans revealed isosbestic
points at 301 and 338 nm, with maximum absorption sensitivity at 315 nm. Phase
separation of DZP at high concentrations was detected by the appearanceaufmaind
scattering contribution to the spectrum which eliminated the isosbestic points. As shown

in the AppendicesAl Section 2 the concentration of DZP in solution at time t ([D&R)]
could be monitored by taking the second derivative of extincEdih, atl =338 nm, and
using the formula

2 2 2
FExt /d ? -£(f &d?)l  [AVF

zgdze/d F)DZP (ol2 /daz) | 9

AVF U

[DZP].. =

aq.,t

(1)

where e is molar absorptivity and is the optical path length. At 3Z, where most of
our measurements were made, this expression reduced to

d’E

[DZP],, .= (0.183 M nm )T)z(tt - 0.0495[AVF] (2)

aq,t

where [AVF], was the initial molar concentration of AVF.

2.3.3 Polarized lightmicroscopy

AVF (2.00 mM) was hydrolyzed by 8.0 U/mL AOP in pH 7.4 PBS &G form
DZP precipitates. Aliquots of the reaction mixture were removed at regular time points to
view under a Nikon A microscope equipped with a Nikon 40x/0.65 NWW/D 0.65 Pol
objective, Nikon Digital Sight D&Fil1 camera, antemperatureontrolledstage. Images

were captured using NiElements F 3.0 software.
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2.3.4 Powder xray diffraction (PXRD)

AVF (7.9 mg) was dissolved in 108L of 20 mM phosphate buffer pH 7.4
containing 4.0 U/mL AOP, and the solution was immediately transferred to a PXRD
sample holder. The reaction was allowed to proceed for 1 hr at room temperature, during
which DZP precipitate settled to the bottom of the holder. A Kimwipe was used to wick
away the supernatant containing the soluble species. The solid residue remaitiieg
bottom of the sample holder was dried at room temperature for 1 hr before analysis. The
PXRD patterns of the residue and a crystalline DZP standard were obtained using a Bruker
D8 ADVANCE X-ray Powder Diffractometer with DiffraPlus data acquisgn and
anal ysis software packag®a5 numb8rcod stepspldt3a met e

time/step 0.5 sec.

2.3.5 Differential scanning calorimetry (DSC)

Precipitate from the reaction of 20 mg AVF with 8.0 U/mL AOP in800f 20
mM phosphate buffer pH.4 at 32°C was collected by filtration and dried under high
vacuum at room temperature for 5 hr. Approximately 3.5 mg of the collected solid was
placed in an aluminum Tzero pan. Measurements were performed in triplicate-1@0n O
°C at a rate of 10C/min under nitrogen purge (50 mL/min) using a TA Instruments Q2000
V24.11 Build 124 DSC with a standard cell and Universal V4.5A software. Glass
transition temperatures ¢Jlwere determined at the inflection point. Melting temperature
ranges () were ctermined by the onset and peak of the melting endotherm. Similar

measurements were made with crystalline DZP.
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2.4Results

2.41 Governing equations for the reaction and parameter identification
The following equations were assumed to describe enzymatic conversion of AVF

to ORI followed by cyclization of ORI to aqueous DZP, as depictédiguare3:

d[AVF] _ V. ..[AVF]

dt K,, +[AVF] )
d[ORI] _ V.__[AVF]
= — max k,[ORI
dt K, +[AVF] ALORI @
d[DZP],, _&k,[ORI] [DZP],, ¢[DZP],,m 5)
dt - :' O [DZP]aq > [sz]aq,lim

where K and Vinaxare the usual Michaelslenten parameters aid is a first order rate
constant. The initial conditions at t = 0 were [AVF] = [AVREnd [ORI] = [DZP] = 0.
Equation 5 assumes an upper limit to the DZP concentration (iR#pPand that any DZP
produced in excess of this limit will phase separate asraorphous precipitate with
negligible crystallization. In this article, Cing is distinct from [DZP]ag,im Since the
concentration at which DZP begins to phase separate does not necessarily coincide with

the concentration in quasquilibrium with the amrphous precipitate.

In previous work, where the disappearance of AVF in the presence of AOP was
tracked using HPLC, we fouriiv = 3.38 + 0.34 mM and ¥ax= 0.518 £ 0.030 mM/min
(+ SEM) with 0.25 U/mL AOP in pH 7.4 buffer at 32.4> Using these values, the only

paramegr requiring adjustment to fit the data was Equations & were integrated, and
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the method of least squares fitting to DZP concentrdtioe profile data was used to

provide the best estimate far.

Figure 5 shows the best fit of Equations53obtained with[AVF]o = 65 uM
converted by 0.25 U/mL AOP in pH 7.4 PBS at’82 The cyclization rate constant Xk
SD, was determined to be 0.47M0H12 mint (half-life t12 = 1.47 min). The fit is quite
good, excepting minor systematic deviations at early times, which suggest slight
overestimation ok,. Better fits might have been obtained byestimating K1 and Vinax
but we did not pursue thisute. In addition to the [DZRjurve, we plot the inferred values
of [ORI]: and [AVF}. As expected, the substrate AVF is depleted by the enzyme, while

the intermedi ate ORI 6s concentration rises

_____
_____

M
o
=]

|

& fit curve
a0 4 5 —— AVF predicted
= ORI predicted

DZP experimental

Concentration (pM)
W
o

5 10 15 2 2 30

Time (min)
Figure 5. Kinetics of conversion of AVF to DZP, with ORI intermediate. Blue points:
[DZPJagmeasured at 315 nm during conversion ofi65AVF by 0.25 U/mL AOP in pH
7.4 PBS at 32C. Grey curve: fit of Equations3used to determinekRedcurve: [AVF]
predicted using Equation 3. Green curve: [ORI] predicted using Equations 4 and 5 with

determined k
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2.4.2 Varying prodrug/AVF) concentration

Figure6A displays the concentratieime profiles of DZP at different initial AVF
concentrations. Increasing [AVIHhcreased the rate of the reaction as expeotedlid
not significantly affect 4. Solid curves are predictions based on Equatiésnsngth Ky,
Vmax and k all fixed. Given the uncertainties in these parameter values, the predictions
can be regarded as satisfactory, despite minor nonrandom residuals. Fos $FAY 80,
3.00, 200, and 1.25 mM, g was found to be constant a2 + 0.01 mM DZRzx SD).
Samples withAVF]o at or exceeding 2.00 mMecame visibly turbid and there was a
substantial increase in measured Ext at 338 nmqg&aiFtgure 6B). Turbidity from the
precipitation of DZP is demonstratedkigure? (note that these images were captured at

room temperature).

For [AVF]o = 1.25 mM, which is a molar concentration near [D4R}, the
[DZP]agplateau occurred at 1.22 mM. After reacting for 1 hr, the 1.25 mM [§S&thples
appeared completely translucent to the naked eye; however, light scattering was detectable
at tna = 30 min (corresponding toifg= 1.21 mM) when the axis of the Ext measurements
at 338 nm or 400 nm was sufficiently scal€h(re6C inset). For samples with [AVE]
< Cind, completion of the reactiowas evident by the [DZB] plateaus near [AVk] In
these sulCing Samplessupersaturationgrsisted withno precipitate detectable for more

than 24 hr.

With high [AVF]o (3.90 and 3.00 mM) there were oscillations accompanied by a
dip in [DZP]aq observed immediately afterd When the AVF substrate was exhausted,

[DZP]aqrecovered from thee dips and rose to a plateau near(Eigure6D). It is unclear
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if this behavior was due to depletion of aqueous DZP by precipitate particle growth
outpacing dissolution and enzymatic DZP production, or an artifact in the measurement
due to excessive precipitate in these samples. Precipitate suspended in the reaction mixture
eventually settled to the bottom of the sample cuvette after about adinddo reduced

turbidity and a decrease in the Ext measurements.
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Figure 6. Effect of varying AVF concentration. (A) Concentratiostime profiles of
aqueous DZP following enzymatic conversion from 0.500, 1.00, 1.25, 2.00, 3.00, and 3.90
mM initial AVF converted by 0.25 U/mL AOP in pH 7.4 PBS at’82 n = 3. Averages

of experimental data shown as points with model iptexhs overlaid as lines. Bj Ext
measurements corresponding to data in @) .25 mM AVF experimental data from A,
n=1. Grey arrow: 98% conversion of [A\6Fb DZP at t = 30.3 min. Inset shows light
scatting from DZP phase separation was deteated= 30.0 min. ) 3.90 mM AVF
experimental data from A, n = 1. Green arrow: 98% conversion of [AMHPZP at t =

35.3 min.
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Fiure_7. Tie-lapse imag—es of DZP preéipitation.Turbidity due top‘recitation of

DZP appears suddenly, with 17.0i5 € 17.5 min at room temperature (<22). Left vial:
2.00 mM AVF control. Right vial: 2.00 mM AVF with 0.25 U/mL AOP in pH 7.4 PBS.

Times indicated above the images are in minutes.

Concentrations aboveif¢were not sustainable for more than a few minutes as
[DZP]aq quickly dropped to or below the upper limit of the metastable zone. After the
enzymatic conversion of AVF was complete, [D&RJersisted at higleoncentrations in
the metastable zon€&igure8). The concentrations began to decrease after 24 hr standing
at room temperature, but stayed well abf¥8P]aqsat This decrease was attributedhe
slow crystallization of DZP, a separate process from the rapid precipitation, i.e. phase
separation, of amorphous DZP. Hé8WF]o = 1.00, 1.25, and 1.50 mM; [DZRkedays=
0.79, 0.95, and 1.16 mM with=56.10, 7.34, and 8.89 respectively. It should be noted that
the relevant time frame for IN delivery is on the order of tens of minutes. Thus,
crystallization would not be relevant in the therapeutic context. More evidence that the

immediate precipita is amorphous will be presented below.
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Figure 8. Kinetic stability of supersaturated DZP left standing. Extended time points

for concentratiostime profiles of 1.00, 1.25, and 1.50 mM AVF converted to DZP by 0.25
U/mL AOP inpH 7.4 PBS, n = 3. The enzymatic reactions were conducted®@tfd® 1

hr, after which the samples were allowed to stand at room temperature. Blue dashed line:
spectrum of DZP in buffer at [DZR]sa= 0.130 mM (S = 1.00)

2.43 Varying enzym@AOP) concentration

Increasing the concentration of the AOP also increased the rate of the reaction
(Figure9A) and the onset of turthty (Figure9B) as expected, but onl
U/mL. The rate of DZP production saturated at ~3.6 mM/min with 4.0 U/mL AOP due, in
part, to he finite value of k With [AOP] > 4.0 U/mL, increasing the enzyme concentration
resulted in progressively slower rates of DZP production as showigume 9C. This
6hook effectdé was attributed to unspecifie
components of the AOP preparation (refer to the Discussion section for more details).
These interactions sequester AVF, effectively reducingaheentration of AVF available
to enter the active site of the enzyme. In a similar fashion, binding of ORI hinders its
cyclization. If we introduce scaling factotkandb, then an empirical correction for the

effective concentrations for AVF and OBan be obtained by
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[AVF]

[AVF], 1+ 40F| (6)
[ORI]_, :% (7)

Modifying the righthand side of Equations3with the effective concentrations of AVF

and ORI provided a more accurate prediction of the change in solution concentrations of
DZP when the amount of AOP was varied. The values of the scaling fatamah, were
determined concurrently by performing a lesgtiares fit of the modified differential
equations to a matrix of DZP concentratione profiles for t = 0.00 4.75 min generated

by reacting AOP = 0.076 8.0 U/mL with 2.00 mM AVF in PBS pH 7.4 82 °C to give

U= 0.629 and = 0.00813.

The isosbestic point at 338 nm remained consistent prior to precipitation when
[AOP] was varied Figure9B), confirming thatUfor each of the reaction species was not
affected by AOP in this region. With faster rates of DZP production there were decaying
oscillations in [DZP}q near Gnd observed immediately aftemdt At very low AOP
concentrations, thus slow reaction rates, these oscillations were imperceptiblegand C

more closely reflected [DZR}im.
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Figure 9. Effect of varying AOP concentration. 2.00 mM AVF converted by AOP in
pH 7.4 PBS at 32C, n = 3. Averages of experimental data shown as points with model
predictions overlaid as lines.AY Concentratioftime profiles with AOP = 0.075, 0.15,
0.25, 0.50, 1.0, 2.0, or 4.0 U/mLB) Ext measurements corresponding to data in@). (
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The rate ©DZP production decreased when the concentration of AOP was increased from
4.0 to 8.0 U/mL.

2.4.4 Varying temperature

Ideally, a nasal spray device containing AVF and a converting enzyme would be
operated near room temperature. The components would be combined in a mixing
chamber and then sprayed into the nasal cavity where nasal mucosal temperatures range
from 30.2 + 17 °C to 34.4 + 1.7°C and fluctuate with the respiratory cyéfe Because
portable devices might be used at different temperatures, we looked at the effect of
temperature over thenmge 20i 40°C on the AVF/AOP system. Within this temperature
range, dU / %1838 nm for AVF and ORI had negligible temperature dependence while
d?0 / 2das-DZP decreased with increasing temperatéependices AlFigure A1.54).
Slopes for the linear portion of the DZP concentratiore profiles increased with
increasing temperatur€igure10A). At each temperature, there was an abrupt increase in
Ext measurements at 338 nm, corresponding to phase separation of DZP wheg [DZP]
reached q. With lower temperatures, bothn€and [DZP}q,im decreased, although the

effect of temperature was less prominent fag -igure10B).
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Figure 10. Effect of varying temperature. (A) Concentratiostime profiles of 2.00 mM
AVF converted by 0.25 U/mL AOP in pH 7.4 PBS at-2D°C. Precipitation occurred at
tind,4a0c= 4.75 min, iha,35c= 6.5 MiN, td,30c= 13.3 MinN, ihg2s5c= 18.0 min, andidy 20c= 24.5

min. (B) Cina and [DZP}q,im decreased with temperature.

2.4.5 Varying pH

The average anterior pH of the nasal cavity is 6.40 (rangei B1B) and average
posterior pH is 6.27 (range: 5.2(8.00)°°> Nasal sprays should be formulated within the
normal pH rangen order to avoid irritating the mucosa and reduce the amount of buffer
needed to overcome the natural buffering capacity of nasal mudws.identity of the

buffering agent used to control pH for the AVF/AOP system did not markedly affect the
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enzyme actiity, Cing, Or [DZPhLq,im (Figure11A). However, there was a reduction in the
rate of DZP production (188 to 23161/min) when pH was lowered from4'to 6.0 Figure
11B). Lowering pH to 6.0 did not affect{gor [DZPlaq,im Since these concentrations are

related to the intrinsic solubility of the amorphous form and theop®ZP is ~3.
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Figure 11. Effect of buffing agent and pH. Concentratiortime profiles (solid lines) of
2.00 mM AVF conveted by 0.50 U/mL AOP at 32C overlaid with zero order Ext
measured at 338 nm (dashed line#)) Reactions performed at pH 7.0 with 20 mM of the
indicated buffer agent. Solutions were made isotonic by adding N&J}|.Rd€actions
performed in PBS pH 6.07.4.

36



2.4.5 Nature of the precipitate

DSC Figurel2A) and PXRD Figure12B) comparisons between crystalline DZP
standards and DZP predigie formed from the enzymattonversion of AVF indicated
that the initial precipitate was amorphous. The melting temperatwjadmge observed
for the crystalline DZP standard was 130.832.4°C (onset to peak) with molar heat of
fusionDH: = 26.0 KI/mol. These measurements agree with the literature, which reports T
= 131.571 134.5°C andDH: = 25.87 27.1 kJ/maf%°® Melting endotherms were not
observed in the DSC curves of the precipitate samples. Instead, a glass trangitias (T
found with an inflection point at 45.3 + @8 (+ SD), close to previously reported values
of T4 for amorphous DZP, 46.8 + 0% °’ and 42.1 + 0.£C.*® The characteristic
diffraction peaks that would be expected for a crystalline sample of DZP were abserve
the PXRD pattern of the DZP standard, while only an amorphous halo was observed for
the reaction precipitate. Polarized light microscope images of crystalline DZP standard in
buffer showed irregular, angular particles with birefringerféigure 12C). However,
images of the precipitate formed by enzymatic conversion of AVF display spherical
particles and a lack of birefringence, confirming the @hous nature of the precipitate

(Figurel2D).

Further evidence that the DZP precipitate was-trystalline was obtained by
demonstrating its rapidissolution and high solubilityHigure13). Samples with [AVH]
= 2.00 mM and 0.25 U/mL AOP were allowed to generate DZP beyand1 min) to
accumulate precipitate. Att =20 min, conversion of AVF to DZP was expected to be 89%

complete by enzyme kinetics and [D4&ominwas measured to be 1.21 £ 0.02 mM, S =
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9.34 (i.e. 68% of the generated DZP was in solution and 32% was phase separated). At
this time point, the volume of the reaction mixture was doubled by adding buffer. DZP
precipitate immediately returned to solution upon dilution of the reaction miésineas
evident by the elimination of light scattering and determination of a new solution
concentration, ([DZR}; 20.smin= 0.852 + 0.009 mM, S = 6.56, experimentally compared to
0.890 mM, S = 6.85, theoretical). These observations also confirm thatyghe L

endopeptidase activity of AOP was unaffected by the presence of the DZP precipitate.
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D

Figure 12. Characterization of DZP precipitate. (A) Overlaid DSC curves. Crystalline
DZP standard (blue) withoT= 131.5i 134.5 °C,Hs = 26.0 kJ/mol. Amorphous reaction
precipitate (red) with J=45.3£ 0.8°C,n =3 (B) PXRD patterns. Crystalline standard
shows characteristic peaks for DZP (blue). Amorphous halo of reaction precipitate (red).
(C) Polarized light microscope image of crystalline DZP standard in buffer. Scale bar: 100

>m. (D) Polarized light microscope images of reaction mixture with precipitate particles.

Image att =1 hr. Scale bar: 5.
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Figure 13. Dissolution of DZP precipitate. Concentratiortime profiles of 2.00 mM
AVF converted by 0.25 U/mL AOP in pH 7.4 PBS at’82n = 3. Initial reaction mixture
volume: 200 pL. Att =20 min, 200 pL of buffer was added to the reaction mixture and
the precipitate went back into solutionBlue points: measured [DZR] Grey line:
theoretical [DZP]qwith and without dilution. Orange points: zero order extinction at 338

nm.

2.5Discussion andconclusion

Using a second derivative Uspectroscopic method to monitor the conversion of

AVF to DZP offers several distinct advantages over chromatographic techniques such as
HPLC. Foremost, it eliminates the need to filter or centrifuge precipitated DZP in order to
obtain the solution concemation. Monitoring of [AVF], [ORI], [DZP}q and 4 can be
accomplished in real time with short time intervals between data points. The time interval
is limited only by the scan rate of the instrument in the region of the analytical wavelength.
Chromaographic techniques require stopping the enzymatic reaction to preserve substrate
and product concentrations at a particular time point. This is commonly accomplished by
adding a miscible organic solvent to denature the enzyme. However, denaturing the

enzyme does not prevent ORI from progressing to DZP, resulting in measurements that
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reflect the sum of [OR{land [DZP}q: Furthermore, adding organic solvent to denature
the enzyme may also solvate precipitated DZP and lead to an erroneous measurement o
the solution concentration. Nevertheless, HPLC is critical in determining the rate of
conversion of AVF to ORI. Using HPLC data and enzyme parameter identifications from
our previous publication in tandem with the spectroscopic determination of DZP
acaimulation achieved in the present work enabled us to determine the rate constant for
ring closure. While Bayesian fitting of all parameters might have been a better procedure,

the small improvement in fits would be unlikely to justify the added effort.

Second derivative spectra are derived from zero order spectra. Zero order spectral
data can provide additional information about phase separation of solutes from
supersaturated solutions. Often, a wavelength beyond the tail of the absorbance peak is
cho®en to determineisti for systems that form such precipitates. For example, Ext
measurements at 400 nm have been used to detect precipitation upon dilution of injectable
DZP formulations® By selecting an isosbestic point to simultaneously measure
concentration andht, we eliminate error associated with correlatingtd Gna that would
arise from the time lag between measurements made by scanning between the analyte peak
and tail wavelengths, such as 315 nm and 400 nm, respectively, for DZP. Error
compounding in the determination of [DZRJdue to the combined uncertainty in
(0 / B and 62U / Abs should also be considered when selecting an analytical
wavelength. At 338 nm, this error compounding is mitigated since AVF contributes < 5%

to the combined calibration curve sensitivippendices ALFigureAl.55).
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In addition to methodology for monitoring the conversion of AVF to DZP in-real
time, an accurate predictive model was needed to-sgatke reaction for formulation at
therapeutically relevant condeations. The basic reaction model described by Equations
3-5 was successfully used to model the sigmoidal behavior of concentiat®profiles
at higher substrate concentratiofg(ire 6A) with k. = 0.470 mint for 0.25 U/mL AOP
in PBS pH 7.4 at 32C. However, directly scaling nax to model different AOP
concentrations resulted in substantial deviations from experimental data with slower than
predicted rates of DZP production observed at higher [AOP]. Increasing [AOP] leads to
an accumulation of ORI; thus, it was thought that perhaps ORI was inhibiting the AOP
enzyme. Incorporating traditional enzyme inhibition models for cases where ORI, DZP,
or Lys was the inhibiting species did not result in better agreement between the model and
the data set. The lack of inhibition from DZP or Lys was also confirmed experimentally
(Appendices AlFigureAl.60). Instead, the AOP preparation itself was found to slow the

reaction.

Commercially available AOP is a protein mixture that has endoprotease,
exopeptidase, and amylase activity from at least 8 diffezarymes® In addition to
proteins, the stock solution of AOP from the manufacturer contains 42.8% w/w water, 30%
w/w sucrose, 10% w/w potassium chloride, and 0.20% w/w potassium sbrbate
Benzophenones and benzodiazepines tend to bingpwifically to proteins, with the
fraction unbound in plasmayffestimated to be 0.21 for AVF and 0.19 for ORI based on a
quantitative structuiigactivity relationship calculatidd®®and f, = 0.017 0.04 for DZP

reported in the literatur® It was thought that intermittent binding of AVF and ORI to
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proteins in the AOP preparationaw responsible for the attenuation of the reaction rate
observed when [AOP] was increased. Binding of AVF reduces the free concentration of
AVF available to the enzyme, and binding of ORI inhibits the formation of DZP by
restricting the degrees of freedonecessary for the molecule to cyclize. However,
equilibrium dialysis of 13QuM DZP with 4 U/mL AOP did not result in a reduction of free
DZP, suggesting that the concentration of proteins in AOP was too low fespsmific
binding interactions to be giificant. The expressions in Equations 6 and 7 remain
empirical corrections to the model since the binding of ORI to AOP could not be verified

experimentally and it is unknown which component of AOP could be causing this effect.

Although it is unlikelythat a nonhuman enzyme preparation, such as AOP, would
be chosen as the biocatalyst in a pharmaceutical product, the counterproductive rate of DZP
production observed with high concentrations of AGR)fre 9C) exemplifies the need
for careful characterization of these prodrug/enzyme systems. When the enzymatic
conversion of AVF is fast, the rate of ORI cyclization becomes reaction rate limiting.
Adding excessive amounts of enzyme beyond the amount needed to achieve an optimal
DZP absorption rate may also increase the possibility of an allergic reaction or other

adverse effects from the enzyme.

One of the more interesting aspects of ANG-/AOP system is that [DZR] was
sustained at the upper limit of the metastable zone even in the presence of precipitate and
after the DZP production had ceased. A so
to correspond to the maximum achievabieefsolute concentratiGA®’ Based on our
observations, the amorphous solubility does indeed correspond to the upper limit of the
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metastable zone. Polarized light microscopy, DSC, and PXRD analysis indicated that the
DZP precipitate wasamorphous. This means that the absorption rate enhancement
afforded by supersaturated formulations is limited by the amorphous solubflitg
amorphous solubility of DZP, hence [DZR]m was found to be 1.22 + 0.03 mM (S =

9.38) at 32C.

This cortentration limit was unaffected by pH in the rangei624, but the rate
of DZP production decreased with decreasing pH. The rate of DZP production also
decreased with temperature.These behaviors were consistent with the- @hd
temperaturalependentaminopeptidase activity of AOP reported in the litergfire
however, the intramolecular cyclization of ORI is expected to beagud temperature
dependent as well. While kould increase with increasing temperature according to the
Arrhenius reaction rate equation, the reaction temperature for the drug product is
essentially fixed at the average temperature of the nasal cavitg)3®n the other hand,
pH can be controlled. The basic amine group of ORI, with a predictedfgk7,®® must
be neutral to react with the ketortlédure3). At pH 6.0 only 1.7% would exist as the free

base compared to 30% at pH 7.4, 300f ORI is expected to be shorter at higher pH.

The ionization state of ORI would may also affect its membrane permeability.
While AVF and Lys would have negligible absorption across nasal epithelium due to their
hydrophilicity, ORI is somewhat hydrophobic and may undergo passive transcellular
diffusion (pH 7.4 cLogD =1.71 for AVF,-4.98 for Lys, 1.69 for ORI, and 3.08 for DZ¥)
Membrane permeability to ORS$ iexpected to contribute to the delivery of DZP into
systemic circulation, so controlling the concentration of ORI may be important. As an
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intermediate, ORI reaches peak concentrations at early time points. In our experiments the
highest [ORI] reached vgal.8 mM with no detectable precipitation in the vicinity of that
time point. Thus, adjusting the formulation parameters to produce higher [ORI] may be
desirable from a drug delivery perspective. Although the toxicological profile of ORI is
unknown, theoverallin vivo exposure would be low because the lifetime of ORI is short.
Investigations to characterize the biopharmaceutical significance of ORI are ongoing in

our lab.

At the outset of these studies, our goal was to understand how formulation
parameters such as pbljffering agent, temperature, and enzyme concentraffected
the maximum level of DZP supersaturation that could be obtained and the time course of
preciptation. We intended to use this information to balance the DZP production rate with
the rate of DZP diffusion across cell membranes to afford rapid absorption while avoiding
precipitation. However, we found that the amorphous precipitate, ladkmgrange
crystalline order and the accompanying crystal lattice energy barrier to dissaledidity
underwent dissolutior{{gurel3). Therefore, precisely controlling the prodrug conversion
rate to avoid precipitation of DZP is moot. The fawpstalline precipitate acts as a source
for DZP and serves a useful function the formulation by maintaining maximum
supersaturation during the absorption process. It may also contribute directly to permeation
across the membrandn general, a high and consistent supersaturation was obtained at
each experimental conditionghastrating that the eadministration of AVF with a
converting enzyme is a robust strategy to generate predictable levels of supersaturated

DZP.
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We conclude by reiterating that AOP, while inexpensive and therefore useful in
conducting the studies repadten this contribution, is unsuitable for human use due to its
fungal origin. Furthermore, as purchased, it is a mixture of several enzymes. We do not
know how each fraction contributes to the conversion of AVF to ORI, and ultimately DZP.
Recently we dicovered that a human enzynaeinopeptidase BAPB) is also active
against AVF. A purified stock has been produced and characterized. A repoviad
DZP pharmacokinetic studies in rats receiving intranasal AVF/APB solutions is in

preparation.
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Chapter 3: Intranasal co-administration of a diazepam prodrug with a

converting enzyme results in rapid absorption of diazepam in rats

The contents of this chapter werablished in

Rautiola D, Maglalang PD, Cheryala N, Nelson KM, Georg GI, Fine JM, Svitak AL,
Faltesek KA, Hanson LR, Mishra U, Coles LD, Cloyd JC, Siegel RA. Intranasal co
administration of a diazepam prodrug with a converting enzyme results in rapid
absorption of diazgam in rats.Journal of Pharmacology and Experimental

Therapeutics2019Sept;370796-805
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3.1Summary

Intranasal administration is an attractive route sgstemicdelivery of small,
lipophilic drugsbecausehey are rapidlyabsorkedthrough the nasal mucos#o systemic
circulation. Howeverthe low solubility of lipophilic drugs often precludes aqueous nasal
spray formulations. A unique approach to circumvent solubility issues involves co
administration of a hydrophilic prodrug thi an exogenous converting enzyme. This
strategy not only addresses poor solubility, but also leads to an increase in the chemical
activity gradient driving drug absorption. Herein, we repplasma and brain
concentrationsn rats following co-administation of ahydrophilic diazepam prodrug
avizafone,with the converting enzym human aminopeptidase. B Single doses of
avizafone equivalent to diazepam at 0.500, 1.00, and 1.50 mg/kg were administered
intranasally, resulting i77.8+ 6.0, 112 +10, and 114 +7 % bioavailability; maximum
plasma concentrations 71.98, 388 £31, and 355 A487ng/mL; and times to peak plasma
concentration 5, 8, and 5 min for each dose level respectively. Both diazepam and a
transient intermediate were absorbed. Enzymetics incorporated into a physiologically
based pharmacokinetic model enabled estimation of the first order absorption rate
constants: 0.068% 0.0080 mint for diazepam and).122 + 0.022 mint for the
intermediate. Our results demonstrate that diazepdrich is practically insoluble, can
be delivered intranasally with rapid and complete absorption bgdounistering
avizafone with aminopeptidase B. Furthermore, even faster rates of absorption might be
attained simply by increasing the enzyme conegiuin, potentially supplanting
intravenous diazepam or lorazepam or intramuscular midazolam in the treatment of seizure

emergencies.
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3.2Introduction

Status epilepticuand acute repetitive seizures aegious medical emergansthat
can causéastingneurological damage and other itfereatening complication$rolonged
seizure activityassociated with these conditiomay lead to hypoxia, metabolic acidosis,
hyperthermia, aspiration, pulmonary edema, brain injury, and an increasdikeliheod
of experiencing additional seizures in the futtfre The risk of injury medical
complicationspr death can be mitigated by prompt medical treatrhéenzodiazepines
are the drugs of choice for treating seizure emergenicigavenous (IV) diazepam (DZP),
IV lorazepam, or intramuscular midazolam (MDZ) are the preferredifiestrescue
therapes!® However, drug deliveryy injectioncan be problematic, especiallyhen
administered byhonrmedical personnel.njection isdifficult to carry out on obese or
emaciated individuals, in the presence of multiple layers of clothing, or in public places.
Furthermore,reatment of seizure emergencies can be significantly delayed if the patient
must wait for medical personnel or transportatiotheoemergency room. Therefore, there
is a need for outpatient treatments that can be administered immediately at the onset of a

seizure by nommedical personnel.

Currently, the only outpatient treatment of a seizure emergencies approved by the
United StatesFood and Drug AdministratiofFDA) is rectally administeredDZP
(Diastaf). Patients often object to this route of administration despitefiestiveness®
Off-label alternatives to rectal diazepam including intranasal (IN) and buccal MDZ using,

respectively, injectable and oral solution formulatibhs Other routes to deliver
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benzodiazepines for the treatment of seizure emergencies currently under development

include becal DZP filmg2and IN sprays for DZP or MD¥""3

IntranasalDZP is an attractivetreatment optiorbecauseadministrationis easily
performed by nommedical personnelnd it has an extended duration of action otk
risk of adverse events However, the poaaqueous solubility dbenzodiazepingsresents
a challengen formulatingthem asasal spraybecause they requim-solvents or other
additives o improve solubility?® These solubilizing excipientsan be highly irritating to
nasal mucosa. Transient epistaxis, nasal discomfort, nasal congestion, and rhinitis have
been reported aside effectswith some of thesdormulations including those with
DzP.2%3137 Fyrther, the time to reach tmeaximum plasma concentratiom4f) for IN
DZP formulationsutilizing solubilizing excipients is relatively slow, ranging find®.75

1.5 hrS.12’37’74

One strategy towercome these challenges is to formulate a nasal DZP spray in an
aqueous vehicle employing a wataluble lysine prodrug of DZP, avizafone (AVF).
While prodrug formulations typically rely on endogenous enzymes ifiorvivo
biotransformationto the activedrug** unpublished results from a pilot canine study
performed by our group suggested that examgis enzyme would need to be included in
the formulation to achieve the desired prodrug conversion rate and bioavailability. A series
of in vitro experiments combining water soluble benzodiazepine prodrugs with the fungal
converting enzymdspergillus oryzaproteas€ AOP) demonstrated that the formulations
were capable of producingupersaturated solutisrof the activedrug leading to an
enhancd permeation rate of drug across cultured cell monol&§ét$34° Furtherin vitro
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studies characterized the conversion kinetics of AVF to ,[5ZRhich first involves
enzymatically catalyzed release of the lysine and formation of an open ring intermediate
(ORI), followed by spontaneous closure of ORI to form DERyfre14). These studies

also showed that supersaturated DZP undergoes liquid/liquid phase separation at a critical

degree of supersaturation, and resists crystallization over periods of days.

\ 00 NH; \ 0 O, NH, \' o
N%— N\< N\/g
APB O
O 0 a » o o " Ho > N
cl Cl cl
O NH> O NH, O
AVF ORI Lys DZP

Figure 14. Prodrug/enzyme reaction scheme Formation of DZP by enzymatic

hydrolysis of AVF with APB progresses through an intermediate, ORI.

Based on thesm vitro results, we hypothesized that intranasal administration of
prodrug/enzyme formulations should ritsn rapid and completén vivo absorption of
DZP, with rapid distribution into the brainn the present study, we tested this hypothesis
in a rat model, in which we replaced AOP with a human enzyme, aminopeptidaB88 (
and compared the plasma andib pharmacokinetics of IN AVAPB with IN AVF and
IV DZP. In addition to standard noncompartmental pharmacokinetic analyses, we
augmented an established physiologically based pharmacokinetic (PKPB) model to
incorporate mechanistic components, includemgyme reaction kinetics, absorption of
both ORI and DZP across the nasal mucosa, supersaturation of DZP, andidigdid
phase separation of DZP. Finally, we carried out preliminary histological studies to

determine whether acute damage would resoihfthe AVF/APB formulations.
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3.4 Materials and methods

3.4.1Experimental design

The primary aim of this study was to determine whether IN administration of an
AVF/APB combination to rats would result in rapid absorption of DZP without damaging
the nasal mucosa. In brief, single doses of admixed solutions of AVF and APB equivalent
to DZP at either 1.50 mg/kg, 1.00 mg/kg, or 0.500 mg/kg were deposited in the nasal
cavities of rats. Plasma samples arairs were collectedt time points ranging from 2 to
90 min. DZP concentrations measured in these tissues were compared against
concentrations measured in samples collected from rats that were administered a 1.00
mg/kg dose of DZhtravenouly (1V). Nasal tissue samples collected from rats sacrificed
at the 90 nm time point were examined for lesions. Details about the dosing and sample
collection schedule are given in the sections that follow and summaritteAppendices

A2, TableA2.5.

3.4.2Animals

All animal experiments were approved by the Institutional Animal Care and Use
Committees of theUniversity of Minnesota (protocdls0832889A principal investigatar
J.C. Cloyd and HealthPartners (protocol 48%73, principalinvestigator: LR. Hansoi
The experiments were conductatl the HealthPartners Animal Care Facilignd in
accordance witlthe Guide for the Care and Use of Laboratory Animals (U.S. National
Institutes of Health). Sixtgix male Sprague Dawley rats8weeks old (0.271 + 0.023

kg) fromEnvigo RMS, Inc(Indianapolis, IN were used for this study. Rats were housed

52



under controlled environmental conditions with a standard 12 hr light/dark cycle and free

access to food and water.

3.4.3Formulationcompments

S-avizafone dihydrochloride (AVARHCI) was synthesizedith > 99% purity99%
ee from 5chloro-2-methylaminobenzophenone according to the procedure described
previously*?> Recombinant human aminopeptidase B enzyiRB) was produced by
inserting the RNPEP DNA sequence encodingABB and a His tag into a pQBD Xa
vector, transforming JM10R. coli with the resultat plasmid, inducing AB expression
with IPTG, and purifying the expressed BPoy affinity capture chromatograpA§’’
Purity of APB was>80% by gel electrophoresisPhosphate buffered saline (PBS) IN
delivery vehicle was prepatat pH 7.4 and concentration 20 mM usindiam phosphate
dibasicand dium phosphate monobagigrchased frorrisher Scientific, IncgHampton,
NH: cat# BP332 and BP329), made isotonic with sodium chloride purchasedtM@n
Millipore (Burlington, MA: cat#56744(0, and sterile filtered during formulation. For the
IV control arm of the study, a commercial formulation of injectabézebamUSP &
mg/mL DZP, 40% propylene glycoll0% alcohal 5% benzoatébenzoic acidand 1.5%
benzyl alcohdlwas purchased from Hospira, InRdcky Mount, NC NDC 04093213

12, lot 58257-EV).

3.4.4Enzymekinetics
The Michaelis constant @ and maximum reaction velocity (dy for the

hydrolysis of AVF by APB in pH 7.4 PBS at 3Z °were determined by fitting the
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MichaelisMenten equation to the initial rates of substrate consumption for a series of AVF
concentrations. Reactions with 62.5000 uM AVF and 15 pg/mL (0.203 uM) APB were
carried out in an Eppendorf Thermomixer 5436580 rpm. After 1 min, APB was
denatured by addition of methanol. Cyclization of ORI to DZP was allowed to progress to
completion before measuring UV spectra of the quenched reaction mixtures in a Cary 100
Bio UV/Vis spectrophotometer (Agilent Technolegij Inc., Santa Clara, CA). The second
derivative of the spectrum at 338 nm was used to quantify DZP, and this quantity was taken
to be the molar equivalent to the amount of AVF consumed. A curve was fit to the AVF
consumption versus initial AVF conceation with Ky and inaxas fitting parameters using

the nlinfit function in MATLAB® version R2017b by The MathWorks, Inc. (Natick, MA).

3.4.5Dosing

For IN dosing, rats were anesthetized, placed in the supine position, and cannulated
Ratsdesignated fonasal tissue histology were not cannulated. Solutions of AVF and APB
prepared in PBS were admixed to the appropriate concentration for each animal
immediately prior to administration. Séeable 1 for dose levels. After mixing, the
formulation was quickly instilled into the nasal cavity using=gpendorf pipettowith a
gel loading pipette tip inserted to a depth of 14 mm past the nares. A total volume of 30
ML was ddivered, 15 pL into the right nostril followed by 15 pL into the left nostril within
0.5 min. There were four IN dose groups: AVF/APB at low, medium, and high doses, and
an AVFonly group at the medium dose. These doses were chosen because DZP near 1
mgkg is commonly used in rat studies and results in plasma concentrations in rats that are

clinically relevant.
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Table 1. IN doses.

Dose | Equivalent DZP | AVFARHCI APB
level (mg/kg) (mglkg) | (Hglkg)
high 1.50 2.66 91.4
med 1.00 1.77 60.7
low 0.500 0.885 30.4

For IV dosing, a commercial formulation of DZP was injected directly into the
femoral vein. A small incision was made in the skin along the mid line of the left hind leg
of anesthetized rats that were already cannulated in the right femoral vein. iBl@ninc
was enlarged by blunt dissection to expose the left femoral vein.-gadge needle was
inserted into the vein to deliver a bolus dose of 1 mg/kg (medium dose levgll )54
DZP using al00 pL syringe. Upon withdrawal of the needlepoderate presurewas
applied to thesite of injection with a cotton swab forl® seconds ttacilitate coagulation

andseal the puncture

3.4.6Samplecollection

Prior to cannulation for serial blood draws, rats were anesthetized with a 1.0 mL/kg
subcutaneous ketamine cocktail containing 43 mg/mL ketamine HCI, 8.6 mg/mL xylazine
HCI, and 1.4 mg/mL acepromazine. Anesthesia was maintained throughout surgery,
dosing, and sample collection by administering subcutaneous boosters of 50 mg/kg
ketamine dernating with boosters of ketamine cocktail. Blood was drawn from the right

femoral vein through an PBFr 25cmcatheter lhstech Laboratories IncPlymouth
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Meeting, PA cat#C30PURFV1309. Leapfrog sampling was performed, with one cohort

of 3 rats smpled at 210, 20, 30and60 min and another cohort of 3 rats sample8,dl5,

45, 75 and 90 mifor each dosinggroup. Each blood draw was 5QQ, with a 500uL

saline replacement volume pushed following evetlier draw. Whole blood was
centrifugedat 2000 g for 3 min iBD Microtainer™ Tubes(Becton Dickinson Co.,
Franklin Lakes, NJcat# 365974¢ontaining EDTA to obtain plasmaAdditional cohorts

of 3 rats each were designated for destructive sampling to obtain 2, 5, 8, and 10 min brain
sampledor the medium dose IV DZP and medium dose IN AVF/APB groups. At the final
time points, blood samples were collected by cardiac puncture. The rats were then
euthanized byranscardiaperfusionwith 120 mL saline Brains, including the olfactory
bulbs, were removely gross dissectioand hemisected sagélly. Brain and plasma

samples werenapfrozen in liquid nitrogen and stored-&0 °C until analysis.

3.4.7LC-MS/MSmethod

DZP and AVF were extracted from plagrand brain samples and quantified by
LC-MS/MS. For extraction, brain tissue was first combined with two volumes (w/v) of
lysis buffer and homogenized. The lysis buffer was composed of 25% methanol in PBS.
An internal standard, tolbutamide, was spiketb 50 ¢ Laliquotsofp | asma and 200
aliquots ofbrain lysats. The aliquots were thextracted with 2.5nL ethyl acetate. The
supernatant waeemoved by centnifgation at 2500 rpm for 10 miand evaporated to
dryness under nitrogeat 37 °C. The ded extractwas e suspended in 150 ¢

phase for LCMS/MS analysis.
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A Dionex™ UltiMateé™ 3000 LC and TSQ Quantufif Access MAX triple
guadrupolanass spectrometer (M8S5) with electrospray ionization (ESI) manufactured
by Thermo Fisher Scientd, Inc. Waltham, MA) was used for the analysis. Analyte
separation wagerformedat a flow rate 00.2 mL/minthrough aZorbax Ecipse XDB C18
(3.0 x 150 mm x 34m) column (Agilent Technologiednc., Santa Clara, CAcat#
963954302 with a stepgradient mobile phase. Retention times for AVF, DZP, and
internal standard were 3.4, 9.3, and 7.6 min, respectively. The mobile phase consisted of
acetonitrile (solvent A) and D% acetic acid in watdsolvent B) The composition of the
mobie phase ws held for 2 mirat 595 A/B, increased to 640 A/B for 8 min, andinally
decreased to 85 A/B for 3 minto condition the colmn before the next injection. The
mass spectrometer waperated in multiple reaction monitoring (MRM) mod&h a
capillary wltage of 3200 V andapillary temperature of 250C. Precursor and product
ionsfor the analytesvere detected in positive ion mode with &L [MH]" A 246 for
AVF and286 [MH]* A 193 for DZP; thenternal standar@as detected in negative mode
with m/z 269 [M-H]" A 170. The concentration ranges fDZP were25.0' 1600ng/mL

in plasmaand 6.25400ng/mL inbrain lysate.

3.4.8Nasaltissuehistology

A separate cohort of rats was utilized to assess potential trauma to the nasal mucosa
from the prodrug/ezyme formulation. This cohort did not receive catheters and no blood
or brain samples were collected, but the animals did receive anesthesia and were dosed
intranasally in the same manner as the others. Three rats at each dose levelduihicle

low, medium, and high, n = 12) were euthanized 90 min-gosé byperfuson with 120
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mL saline followed by 120 mL of 10% neutral buffered formalin (NBFhe headsvere
removed, fixedn 10% NBF, and submitted t€olorado HistePrep(Fort Collins, CQ for
histopathological evaluation by a boarertified veterinary pathologisiThe samples were
decalcified, trimmedprocessed, embedded, and section&die sections of the nasal
turbinates from each of the rats were stained with hematoxylin andcedosimicroscopic
imaging. Slides of the sections were read without knowledge of the dose group. The
observed tissue changes were categorized using standardized toxicological pathology

criteria’®7°

3.4.9Noncompartmentanalysis

Naive pooled noncompartmental analysis (NCApf plasma and brain
concentratiortime profiles was performed usivginNonlin® softwareversion 8.0.0.3176
by Certara USA, Inc. (Princeton, NJ). Maximum concentrationuJ@nd the $ax were
determined from the average concentrations at nominal timespdiheapparent terminal
rate constan(ey) was estimated by regressiortio¢log-linear portion of theoncentration
time profiles. The apparent terminal hiife (ti2,) was calculated as In(2Y
Concentrations measured from animals subjected to destructive and repeated sampling
were pooled. Data was treated as sparse and the linear trapezoidal method was used for
calculatingthe area under the cur¢@UC) from the time of dosingp 90 min. Inranasal
bioavailability (F) was calculated by

| 5 #p, 751 OA
| 5 #; 751 OA

pTT 1)

Drug targeting efficiency (DTE) was used to assess directtods@in transport via the

olfactory or trigeminal pathway¥ DTE represents the time averagartition ratio
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between brain and plasma for IN admirasibn versus IV administration. EBafrom the
medium dose level from time of dosing to 90 min was used to calculate DTE from the

following equation

' 5# N 54#
0,
$4/0!5#71.5# pTTT (2)

3.4.10PBPKmodel

A physiologically based pharmacokinetic (PBPK) model was used ftineiu
analysisThe model 6s structure and parameters f
reported bylgari et al®! Variants of the model have been utilized by other researchers,
such asGueorguieva et & andThompson et al®? to explore aspects of predicting DZP
concentration in tissues. We have appended the model with a nasal compartment for IN

delivery of AVF and APB aslustrated inFigure15.

59



nasal cavity DE— brain <
IF ------- \
o \ I h t H
: ORI :-—b e
lv < muscle P—
S H I 8
DZP == ©
e ! S | adipose % o
= ©
2 T
g skin =
>
| —— kidneys k—
| —— testis P—
| ———| remainder P—
stomach }4—
4* liver
1 splanchnic }4—
CI-int

Figure 15. PBPK model schematic.An established PBPK model for DZP disposition in
rats was modified to include a nasal cavity compartment. ORI and DZP absorb from the
nasal cavity into circulation after IN administration of AVF and APB.

The conversion rate for AVF to DZP in timasal cavity is governed by enzyme
kinetics and the rate of ORI cyclization. To characterize the enzyme re&giiangd Vinax
were measureih vitro in the formulation vehicle (pH 7.4 PB&) 32 °C This temperature
is approximately the average temperatof rodent nasal passagésThe catalytic rate
constant (ky for enzymatic hydrolysis was then calculated fromay i.e. kat =
VmadCnasaiape Where Gasaarg is the concentration of enzyme in the nasal cavity. Thus,
the rate of AVF hydrolysigs vivocan be predicted by

At B E # noH# S 3)
AO + # R
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where Gasalavr is the concentration of AVF in the nasal cavity. ORI, the idhiate
product ofAVF hydrolysis can accumulate in the nasal cavity and has physicochemical
properties such that this species has the potential to passively diffuse across nasal
epithelium. Transport of ORI was modeled as unidirectional due to the egfasiwmall
volume of the nasal cavity. The volume of the nasal cavityg{Avas assumed to be the
volume of the deposited formulation, 0. Thus, the rate of change in the concentration

of ORI (Giasajori) in the nasal cavity can be expressed as

i

N N S S PO 4
A@ +#F| h h ()

where k is the first order intramolecular cyclization rate constant of ORI anéiks the

nasal absorption rate constant of ORI. Similarly, DZP has an associated absorgtion rat
constant (kpzp). However, DZP generated in excess gffim forms an amorphous phase
separate from the solution phase. Assuming drug transport only occurs from the solution
phase, the rate of change in the concentration of D4Ra$zr) in the nasal cavity can be

expressed as

Js

_ E # - E: # sk 5
x F i FooR (5)

O) =

where Gasapzpsol IS the concentration of DZP in the solution phase ar@azpso O

Cbzp,jim.

This PBPK model assumes perfusioatelimited distribution and issue

compartmentoncentratios that are in instantaneoeguilibrium with venousloodflows.
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A generalexpression for the rate of change in concentratibDZP in noneliminating

organ or tissue compartments can be amiths

- 6
AO 6 + 5 (6)

where GssueiS the concentration in the specified tissugs)éis thevolume of that tissue,
Qiissuels the blood flow rate, &ery is the concentration in the arterial blo@thdKpissueiS

the partition coefficient

DZP is extensively metabolized the liverand minimally excreted unchangesib
elimination was assumed to be solely by hepatic metabolism. The hepatic extraction ratio
for DZP in rats ispproximately unity, even for doses as high as 4 nfy/Kiherefore, the
concentration of DZP in the liver was assumed to stay well belpioKmetabolism by
liver enzymes. An expressidor the rate of change in the concentration of DZP in the

liver can be written as

AO 6 + K + K

4.8 mR 1 1 1 # 0
+ 2

h

where Cliy is intrinsic clearancef, is thefraction unbound in plasmand R is the blood
to plasma ratio. In rats, the blood to plasma DZP concentration ratio has been reported to

be R = 1.03% 0.007 with the fraction unbound in plasmasf0.14+ 0.00381.86

Expressions for the rate ohange in the concentration of DZP in the venous and

arterial blood compartments are
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(8)

— 1 # )

wherei represents each tissue compartntbat has an outflow to the venous pool and j
represents each tissue compartment that has an inflow from the aooedialAt pH 7.4,
the halflife for cyclizationof ORI is 1.47 min’® so we assume most of the conversion to
DZP occurs in the nasal cavity. Absord@RI would continueto transform intaDZP in

the mucosa anih the blood®” Therefore systemicexposure to ORWaslimited, andany
ORI that did reach the circulation was regarded as DZPrfdhe purposes of

pharmacokinetic analysis.

The PBPK model, represented by Equatios®s 8/as constructed iMATLAB ©.
Values for the parameters of interest {;ka,or, Ka,pzp, andCpzp,iim) Were determined by
fitting numerically solved solutions of the differential equations to experimental data using
the ode45 function in conjunction with thegcurvefitfunction. Experimental data was
input as averages of the DZP concentrations meaatitbd nominal time points, with data
from animals subjected to destructive and repeated sampling pooled. Fitting was
performed in two stages. FirsELinx was determined by fitting the model to DZP
concentrations measured in plasma from rats administer®ZP. Tissue compartment
volumes, blood flow rates, and partition coefficients were fixed at the values reported by
Gueorgieva et & andThompson et & These constants are listadAppendices A2,

TableA2.6. Then,CLint wasfixed andin vivo values for K or, Kapze, andCpzp im Were
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determined by fitting the model to a matrix of DZP concentrations measured in plasma

from rats administered IN AVF/APB at the low, medium, and high dose levels.

3.4.11 Statisticalmethods

Naive poolednoncompartmental analysis was performed uspayse sampling
computation$® Concentrations of DZP measured below the limit of quantification were
retained in the data s Squarel correlation coefficientadjustedR%.q) for the number
of points used in the estimationafwere >0.7 for all treatent groups.For AUC, standard
error (SE) of the mean estimate was calculated uSiwgNonlin®, which employs
equations described hyedelman and J& andunbiased sample covariance estiiomat
described byHolder®® The SEs associated with F estimates were calculated by
propagating the SEs from the AUCSIimilarly, the SEs of DTEs were calculated by
propagating the SEs from the AUCsedariptive statistigfor the variability in faxare not
reported because leapfregrial and destructive samplidgta were pooledThe standard
deviation (SD) of measad concentrations ahdc was used to describe the dispersion of
Cmax SEs reported for determined PBPK parameter estimates were obtained from
MATLAB ® by backcalulating from 95% confidence intervals computed usingparci
function with theJacobiarfrom thelsqcurvefitfunction. Root mean square error (RMSE)
for the model fits were calculated from the average concentrations at the nominal time

points.
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3.5Results

3.5.1Noncompartmentanalysis

As shown inFigure 16, DZP generated from IN administration of the AVF/APB
formulation appeared rapidly iplasma. Plasma and brain tissue samples were also
analyzed for AVF, but carentrations were below the limit of quantification. The short
half-life of ORI did not allow for its quantification. The averggasma concentration of
DZP at the first measured time point, 2 min, was greater for IN AVF/APB than for IV DZP
at an equivant dose due to rapid distribution following IV dosimggure16A). Plasma
concentrations from IN administration continued to rise, reachipg=388 +31 ng/mL
at tnax = 8 min for the medium dose level. Similaktvalues were observed at each dose
level, but Ghaxwas not proportional to the dose. In factaffor the high dose was not
statistically different from that of the medium dod&g(re 16B). When AVF was
administered without APB, there was a prominent decrease in the rate of DZP absorption.

As shown inTable2, Cnaxwas nearly fourfold lower without eadministered enzyme.
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Figure 16. DZP concentrationtime profiles measured in plasma.Error bars aré&D.
Forl1V DZP and INAVF/APB at the medium dodevel (equivalent to DZP at 1.00 mg/kg)
n=6 at 2, 5, and 10 min time points= 3 for all other data points(A) IN-administered
AVF/APB compared with IYadministered DZRndicated high bioavalabilitpf the IN
formulation, F = 112 A0 % ¢&SE) ThelN-administered AVFAPB formulation has a
pharmacokinetic advantage with regards tex@nd AUG.1smin When compared tthe
AVF-only control (B) Saturation of the absorption process resulted in nearly identical
initial rates of absorption for Mddministered AVF/APB at the medium and high dose

levels.
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There was complete absorption of DZP from IN AVF/APB at the medium and high
dose levelsas was evident by bioavailabilities of 12210 and114 + 7 % respectively.
The AVFonly control group and low dose APB/AVF group had nearly identical
bioavailability (F = 77.8%) based on exposure from 0 to 90 min. However, there was a
notable differencebetween these groups at early time poirfgyre 16B). Dose
normalized AUG.1smin Was twice as large for the AVF/APB low dose group compared to

the AVF-only control Table2). AUCo.15minfor the IN AVF/APB medium and high dose

groups were similar, suggesting saturation of the DZP absorption rate.

Table 2. Noncompartmental analysis of plasma DZP concentrations.

Formulation DZP AVF AVF/APB | AVF/APB | AVF/APB
Route IV IN IN IN IN
Equiv. DZP 1.00 1.00 0.500 1.00 1.50
dose (mg/kg) . . . .
[dose level] [medium] | [medium] [low] [medium] [high]
T max (Min) 0@ 10 5 8 5
Cmax SD 4412 108+30 | 71.5+9.3 | 388+31 | 355+ 187
(ng/mL)
taz,2 (min) 32.9 33.4 1360 26.7 37.8
AUCO—lSmin

. 1910+ 70 | 837+28 | 793+54 | 3250+ 190 | 3850+ 270
(min.ng/mL)
AUCosomin£ SE | £ /31, 190 4230+ 120 | 2110+ 150 | 6080+ 510 | 9280+ 470
(min.ng/mL)
F %+ SE n/a 77.8+35 | 77.8+6.0 | 112+10 | 114+7

a Cmax reported for IV DZP is the concentration extrapolated to t = 0 min (i.e. the initial
concentration € as calculated by WinNonffhNCA analysis. P Overestimation ofiiz
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due to inherent variability of data below limit of quantification in terminal prafdow

dose group.

NCA results for DZP measured in brain tissue are listeBainle 3. For the IN
AVF/APB medium dose groupmixwas reached at 8 min in both plas@ind brain tissue.
However, the concentration of DZP measured in plasma at the first time @gietaozp
=270+ 181 ng/mLtSDat t = 2 min) was already greater than the therapeutic concentration
that is expected to lead to seizure thresktddation in rats,Cpiasma,pzr O70 Nng/mL? Brain
concentrations were not measured at time points between 10 and 60 min, but comparable
concentrations were observed at 8 and 10 min (415 £ 32 and 404 * 35 ng/g respectively),
suggesting the true maxima were imsthegion. Brain Gaxfor IV DZP was recorded at
the first time point, 2 min. Rapid transport from blood into brain tissue is normal for small,
lipophilic drugs. DTE, a metric commonly used to assesstwalsein transportwas less

than unity, negatig significanttransport of DZP through direct nesebrainpathways

Table 3. Noncompartmental analysis of brain DZP concentrations.

EqUiV. t AUC 0-90min £ DTE
Formulation | DZP dose| Cmax/i f D SE

(mglkg) | (Min) (ng/mL) (min.ng/mL) | %*SE
IV DZP 1.00 2 938 + 142| 18600 £ 200 n/a
IN AVF/APB 1.00 8 415 + 33 15400 £500 | 74.0+ 7.3
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3.5.2PBPKmodel

Concentratiortime profiles were well described by a PBPK model with the rate of
drug input controlled bgnzyme kinetics. At 32 °C in pH 7.4 PBS, the Micha®lenten
enzyme kinetic parameters for APB measureditro were Ky = 370 £ 63uM and kat=
1250 + 60 mint +SE (seeAppendices A2FigureA2.67). The rate constant, kSD, for
cyclization of ORI, previously measuredvitro under the same conditiofiswas assumed
to remain constant at 0.470 + 0.012 rhim vivo. As listed in Table 1, the APB
concentrations were scaled with the AVF concentration so that hydrolysis of AVF would
be complete atd 4 min, regardless of the dose level. This also means that the predicted
mole fractionof the total doséhat had beenonveted to DZP washe same for each dose
level at a givertime point. For exampl@pproximately 7% of the dosevas expected to

beconverted to DZP at# 5 min regardless of the dose level.

Fitting the PBPK model to DZP concentrations measured in plaamales from
the IV DZP group resulted in Gt= 15.4 L/min, which was expected since DZP is well
known to have a hepatic extraction ratio of approximately one i? exigl confirms the
assumption that DZP clearance from the liver was dliavited in this PBPK model.
Subsequent fitting ahe model to DZP concentrations measured in plasma samples from
the IN APB/AVF groups allowed estimation of the parameters govemmiigoabsorption
from the nasal cavity: dori = 0.122+ 0.022 mint, kapze = 0.0689+ 0.0080 mint, and
Cozp,im=20.8+ 3.1 mM(£SE). Conversion of AVF to DZP was faster than the combined
absorption of ORI and DZP, leading to an accumulation of DZP in the nasal cavity. Since

the aqueous equilibrium solubility of DZP is only 130 uM, concentrations entered the
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supersatwated region. The apparent concentration at whigersaturateBdZP began to
phase separate from solution in the nasal ca@iyp,im, was a useful parameter to model
the nonlinearabsorption kineticobservedat early time points. Howevethe value of
Cozp,im Should be interpretedithin the context of thassumptions that\dsawas equal to

the dose volume arwhly DZP in the solution phase could desobed

Well-stirred PBPK models predict high initial plasma concentrations with IV
administraibn because the initial volume of distribution is assumed to be the volume of
the venous blood compartmenthis is illustrated inFigure 17A where the predicted
plasma oncentration for the IV DZP group decreases dramatically from the time of dosing
as it distributes out of the venous compartment to reach the first measured plasma
concentration at t = 2 min. The high concentrations of DZP measured in the brain at the
first time point were predicted more accurately with this PBPK distribution behavior
compared to a modeling approach which relied on a standarddampartment model
function to drive brain concentrations. In generahaentrations of DZP in the brain were
predicted reasonably well by the PBPK model. For the IN AVF/APB medium dose group,
brain concentrations lagged behind plasmacentrations during the first femin. This
observation provided additional evidence that transport of DZP through directonose

brain pathways was not significant.
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Figure 17. DZP concentrationtime profiles in plasma and brain tissue Experimental

data (points) and model predictions (lines) at the medium dose level (equivalent to DZP at
1.00 mg/kg). For plasma concentrations = 6 at 2, 5, and 10 min time points= 3 at all

other timepointsfor plasma and brainError bars are 3. (A) IV-administered DZP.
RMSE of the predicted curve was 44 ng/mL for plasma and 246 ng/g for bain. The open
purple triangle at the origin is a marker to highlight the steep initial increase in brain DZP
concentration; it is not a measured data po(Bf) IN-administered AVF/APB. Predicted

curve RMSE = 66 ng/mL for plasma and 67 ng/g for bain.

Although there was significant variablity in the data, similar average plasma
concentrations were observed for the medium and high IN AVF/APBgios@s at early
time points Figure 18A). This indicated the absorption process was saturable. The
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nonlinearity was likely caused by phase separation of DZP from@oltien Gzp im was
reached in the nasal cavity, pnenomenorthat has been observéa vitro.”> Phase
separation attenuated DZP absorption and produced a shoulder at t = 10 min in the
predicted concentratietime profile for the high dose groupigure 18A, green curve).

The peak preceding the shoulder comes from the absorption of ORI, which contributes to
the concentration of DZP observed in plasma. In the first few min after administtiagion,
amount of DZP produced by the reaction is relatively low compared to ORI. Predictions
for the relative amount of each reaction species in the nasal cavity are shbigare

18B. Decomposition of the plasma concentrafiiome profile for the medium IN
AVF/APB dose group, shown figurel8C, illustrates how absorption of ORI contitbs

to the rate at which DZP enters the circulation.
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Figure 18. DZP concentrationtime profiles in plasma from IN administration of
AVF/APB at each dose level.Experimental data (points) and model predictions (lines).
For medium dose level (equivalent to DZP at 1.00 mg/kg) 6 at 2, 5, and.0 min time
points;n = 3 for all otherdatapoints. Error barareSD. (A) Saturation of absorption rate

observed wi the high dosePredicted curve RMSE 43 ng/mL forlow dose, 66 ng/mL
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for medium dose, and 61 ng/nfidr the high dose(B) Predicted amounts of each reaction
species in the nasal cavit§golid lines represent the low dose, dashed lines medium dose,
ard dotted lines high dose level for a 0.250 kg tatet shows expanded view of the first
10 min. C) Absorption of ORI contributes to the rate of DZP delivery into the systemic

circulation.

3.5.3Nasaltissuehistology

No inflammatory respnse was observed in the nasal tissue samples. Lesions
(changes) found in the samples were few, with severities graded as either minimal or mild.
These were located in the anterior portion of the nasal cavity and were consistent with
mechanical traumadm insertion of the pipette tip used for dosing. There were some
small, focal areas of missing epithelium on the wall of the nasal septum and/or
nasoturbinate, and occasionally the maxilloturbinate. Cellular debris, consisting of small
clusters of slougkd epithelial cells and cellular fragments, were found on the wall of the
nasal septum or the nasoturbinate and anterior meatus. Other than two instances of minimal
focal hemorrhage, the blank vehicle control group was unremarkable. There were no
lesionsobserved in the ethmroid turbinates, olfactory nerves, and olfactory bulbs. The low,
medium, and high dose groups (IN AVF/APB equivalent to 0.500, 1.00, and 1.50 mg/kg
DZP respectively) did not display a dose response with regard to location, freqoency,
severity of the lesions. Some examples of the tissue sections are shieigarail9. A
detailed enumeration of the locations and severity of the observations can banfound

Appendices A2TableA2.8.
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Figure 19. Representative examples of nasal tissue section imagkinor mechanical
trauma from insertion of the dosing pipette tip was observed in some animals. There were
no lesions attributed to the drug forlation. (A) Normal tissue. ) Hemorrhage. @)

Necrosis.

3.6 Discussionand conclusion

Intranasal ceadministration of AVF and APB resulted in rapid absorption of DZP
with excellent bioavailability, thus demonstrating that a prodrug/enzyme cotioina
an aqueous vehicle efficiently delivers a hydrophobic drug. PBPK analysis indicated that
both DZP and transient ORI were readily absorbed through the nasal mucosa into the
systemic circulation. There was no evidence of transport through dirsetadbrain
pathways. Histological analysis of the nasal tissuesqust did not reveal significant
differences between the vehiabaly control group and treatment groups, suggesting that

the formulation was well tolerated.

Althoughaminopeptidases capable of hydrolyzing Lys from AVF to produce DZP
exist in the nasal mucosa and blood of both rats and hyih&nexogenous APB is
necessary to ensureraplete and rapid conversion of AVF. Figurel6B, the appearance
of DZP in plasma at early time points for the IN AdRly control group suggests that

some AVF conversiooccurred in the nasal cavity by endogenous enzyimewseverthe
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therapeuticoncentration of DZRhat is expected to lead to seizure threshold elevation in
rats (Colasmapze O 7 0 ) gvdsmdat reached until t = I®in and washot sustained
thereafter. AVF also converts to DZP when absorbed into the circulatioshall et af’

found the haHife for conversim of AVF in blood was 0.42 0.06, 3.1 0.09, and 3.85

+ 0.26 min for guinea pig, rhesus monkey, and human, respectively (blood and plasma
were not significantly different). However, substantial transport of AVF across nasal
epithelium is unlikely since it does not readily partition into membranes. Usindypid
Madin-Darby canine kidney epithelial cell (MDCKWt) monolayersas ann vitro model

for nasal epithelium to estimate apparent permeability coefficienty,(Re observed
negligible permeation of AV, = 1.0-1.5x10° cm/9 compared to DZPRgpp= 2.2x10

®cm/9.%8

IN-administered drugs tend to exhibit variable absorption rates aadddabilities
when mucociliary clearance to the digestive tract competes with absorption though the
nasal mucosa. The high bioavailability calculated for the medium and high IN AVF/APB
dose groups suggests that those doses were fully converted arzbdliboough the nasal
mucosa of the ratsT@ble 2). The lower bioavailability observed for the low dose IN
AVF/APB and AVFonly groups may have been due to a portion of the dose being cleared
from the nasal cavity before complete conversiaund occur. Thédirst order rate constant
for mucociliary clearance is roughly 0.035 mim healthy adult humafsand 0.14 mirt
in SpragueDawley rats® However, the rate of clearance depends on many factors

including dose valme, viscosity, pH, tonicity, component concentrations, and

76



pharmacodynamic effects on the cilia. A separate study to assess the effects of dose level

on the beat frequency of cilia may be warranted to reconcile the discrepant bioavailabilities.

From theplasma DZP concentratidime profilesmeasured aeach dose level
(Figure 18A), absorptionduring the first 15 min displayed nonlinear pharmacokinetics
while concentrabns at later time points werapproximately dose proportionalThis
behavior was not entirely unexpected since it was known that phase separation of DZP
would occur if the accumulation of DZP in the nasal cavity exceedeslit However,
it was surprsing that then vivo estimate ofCpzp,im (20.8+ 3.1 mM +SE) determined by
fitting the PBPK model, was nearly 17 times greater thasm t» measuredn vitro (1.22
+ 0.03mM #SD).”®> The in vivo estimation is conspicuously high becausgsywas
assumed to be equiwlt to the dosed formulation volume. However, the total volume

would increase when the deposited dose mixes with nasal mucus.

Absorption of DZP directly from phase separated DZP could also cause
overestimation of &pim. Transcytosis of the precipied DZP colloidal particles presents
one possible mechanism of transport across the nasal epith@rooking et aP’reported
size dependent transcytosis of latex nanopatrticles through the nasal mucosa and into the
blood of rats. Andter potential mechanism invokes an increase in driving force for
absorption arising from higher local concentrations of DZP in the diffuse layer of particles
that are proximal to cell membranes. Both mechanisms require that DZP precipitate
particles be @se to cell membranes. Confounding of DZP absorption from solution with

absorption from the precipitated phase is exacerbated by the small viohsundace area
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ratio that results when the formulation spreads across the surface of the mucosa,

minimizing the distance particles need to travel to reach the cell membranes.

The hydrophobic reaction intermediate, ORI, can accumulate in the nasal cavity as
well, so there is potential for phase separation of this spe€iege v did not observe
precipitate formation at time points where there was expected to be high canmesfa
ORI during ourin vitro experimentg® phase separation of ORas not considectkin this
PBPK model.However, t was necessary to incorporate absorption of ORI into the model
to account for the rapid appearance of DZP in plasmaheshape of the concentration
time profiles. SatisfyingLipinski's rule of five with cLogD = 1.69 aipH 7.4%8 ORI can
partition into membranes angermeateepithelium. Rpp for ORI acrossMDCKII -wt
monolayes was predicted to b&.77x1@ cm/s using structure activity relationship
calculations'®®1°! Since OR quickly transforms into DZP, absorption of ORItuitously
contributes to the rate at which DZP appeam plasma. This contribution is illustrated by
the dotted curve ifrigure 18C, but the area under the ORI curve is not representative of

exposure. Exposure to ORI was miniscule due to its shortitealf

Exposure to the other reaction species, AVF and APB, was similarly short and most
likely only topical. Based on enzyme kinetic calculations, AVF was completely
hydrolyzed in the nasal cavity in less than 4 min and increasing the amount of APB could
easily speed up its consumption. The residence time of APB in the nasal cavity is
controlled by mucociliary clearance and possibly by proteases in the mucus. Once APB or
its degradation products reach the digestive tract, they would be digested like any other
protein. Histological analysis of the posterior, absorptive nasal tissue sections suggested
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that the formulation wasnocuous However, the histological findings are incomplete.
Collection of tissue samples 90 min pdsise does not provide sufficigite to develop
an inflammatory response. Futumevivostudies will incorporate later time points to more

fully assess acute nasal toxicology

Approximately 50% of the nasal surface in a rat is olfactory epithéffam
Althoughdosing did not specifically targ#te olfactory epithelium, rats werethesupine
position during treatment Presumably the formulation spread across the olfactory
epithelium providing anple opportunity for direct noge-brain transport via the olfactory
bulb. However, there was no evidettleat drect noseto-brain transport was an important
pathway for delivery of DZP to the brain, in agreement with the findaigsaur and
Kim.1%® DTE was only 74%Table3) and DZP concentrations in plasma preceded brain
concentrationsKigure17B), indicating absorption into the blood and subsequent advection

to the brainvas faster than diffusive transpatbngolfactoryor trigeminalnerves.

In conclusion, the pharmacokinetic results presented here demonstrate that IN co
administration of AVF with APB is a viable method to rapidly deliver DZP into the
systemic circulation and, subsequently, the braigince the highly concentrated
formulation does not contain organic solvents, it is expected to be better tolerated and
absorb faster than IN formulations of DZP that utilize solubilizing excipients.
Administered as a noninvasive nasal spray, IN AVF/APB could be used to quickly
terminate seizuremergencies in humans, resulting in reduced emergency department
visits andan improvedquality of life for patients who experience seizure emergencies.
Further progress necessitates development of a device which can store the prodrug and
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enzyme separatgl and then combine them as into sprayed solution at the time of

administration.
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Chapter 4. Substrate stabilizes human aminopeptidase B

during lyophilization
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4.1 Summary

Human aminopeptidase B (APB) is a hydrolytic zinc metalloenzyme currently
being investigated as a biocatalyst for intranasal delivery of prodrug/enzyme combinations.
APB is known to be unstable in solution, with significant degradation over the course of
24 hr at room temperature. Therefore, enzyme stability is a major concern to ensure a
viable drug product. Lyophilization is one technique commonly used to increase the
activation energy for denaturization of proteins and confer an extendedlifehelf
However, the lyophilization process itself can cause conformational changes and
aggregationleading to inactivation of the enzyme. In this study, we demonstrate the use
of the substrate avizafone (AVF), a prodrug for diazepam, as a stabilizer to minimize
inactivation of APB during lyophilization. Permutations of APB samples combined with
AVF, trehalose, and/or mannitol were snap frozen and lyophilized at 0.016 mbar and 24
°C for 18 hr. The lyophilizates were then reconstituted in pH 7.4 PBS at 321i€akure
the activity of APB. Of the permutations, an APB+AVF+trehalose combination resulted
in minimum degradation with 71% retention of activity. This was followed by APB+AVF
and APB+trehalose with 60% and 56% retention of activity respectively. Iparson,
APB+mannitol and APB alone retained only 16% and 6.4% activity. Lyophilizates of the
APB+AVF+trehalose formulation were subjected toménth accelerated stability study,
at the end of which negligible reduction in activity was observed. Tiesskts suggest
co-lyophilization of an enzyme with its substrate can impart stability on par with the
commonly used lyoprotectant, trehalose, but the combination of substrate and trehalose

provides a greater stabilizing effect than either additive alone.
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4.2 Introduction

Stabilization of enzymes by lyophilization is a common process that is used
ubiquitously across many industries, from textiles to food proce&¥irgnzymes tend to
lose activity during th lyophilization process and many can become completely
inactivated. To prevent inactivation, cryand lyoprotecting excipients are added to the
enzyme formulation before lyophilization. A variety of excipients can be used for this
purpose, but the guntity and combination required for adequate stabilization can differ for
a given enzyme and lyophilization cycle. Some common additives are trehalose (Tre),
polyvinylpyrrolidone, and serum albumin. These excipients are not substrates, so they do
not natrally dock into the active sites of enzymes. They are added in high concentrations
relative to the concentration of the enzyme in order to limit molecular mobility, thereby
minimizing perturbations in the protein structure that can lead to denaturatiog the
freezing and drying steg®> Conscientious selection and reduction of excipient is
especially inportant in pharmaceutical preparations wheregpthgicochemicaproperties
(e.g. viscosity, rate of dissolution, volume) and biocompatibility (e.g. tonicity, pH, toxicity,

immunogenicity) of the formulation are critic&f:1%7

Herein, we report the use of an enzyme?o:
We hypothesized that substrate occupatibthe active site (i.e. substrate binding pocket)
during lyophilization would prevent collapse of the active site in a similar fashion as
traditional excipients. Furthermore, substrates offer the potential to preserve enzymatic
activity at lower concenaitions than other excipients because they have high binding

affinity and are structurally complimentary to the arrangement of amino acid residues in the
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active site. Our experiments suggest that substrate alone can be as effective at stabilizing
enzymes s nonsubstrate excipients. A cooperative effect was also observed in which the
inclusion of both substrate and the common stabilizing excipient, Tre, resulted in greater

enzyme stability than the use of either additive by itself.

This work was born dwf a desire to stabilize human aminopeptidase B (APB) in
a pharmaceutical preparation. We have been developing pharmaceutical formulations that
allow intranasal delivery of poorly soluble drugs viaagministration of a soluble prodrug
with an exogenasiconverting enzym®&:1% One such formulation contains the diazepam
prodrug avizafone (AVF) and APB. When combiradl sprayed into the nasal cavity,
hydrolysis of AVF by APB produces an open ring intermediate (ORI) species that
spontaneously cyclizes to form supersaturated, rapidly permeating diazepam (DZP)
(Figure3). This drug delivery strategy requires AVF and APB to be in an inactivated state
during storage. Segregating the two reactive components in a nasal spray device as two
separate solutions wanot feasible because APB is unstable in solution and AVF is
marginally stable in solution. Storing AVF and APB as solids and reconstituting them at
the time of administration seemed to be the most expedient way to achieve an acceptable
sheltlife. It was thought that etyophilizing AVF and APB would improve the overall
stability of the formulation, reduce the need for high concentrations of stabilizing
excipients, and result in a homogeneous mixture that produces DZP upon reconstitution in

a nasal spsa
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Figure 20. Reaction scheme for the ¥drolysis of AVF by APB. Transformation of

AVF to DZP progresses through an open ring intermediate, ORI.

The process of combining AVF and APB ipelyophilization solution relies on
reduced enzymatic activity of APB at low temperatures. When solutions of the two
components were cooled in an ice bath, they could be mixed without generating BeZP.
mixtureswere thercooled further to freeze fdyophilization. Afterdrying under vacuum
the resuiing lyophilizates contairedbothAVF andAPB in a stableunreactive solid state.
Reconstitution of the lyophilizaseat room temperaturactivatal the readive system
producing DZP andllowing quantification of active APBThis proces&nd the concept
of using substrates as stabilizers for lyophilizing enzymes may be applicablatety

of substrate/enzyme pairs.

4.3 Methods

4.3.1 Materials

S-avizafonedihydrochloride(AVF) was synthesizewith > 99% purity,99% ee
from 5-chloro-2-methylaminobenzophenone according to the procedure described
previously*?> Recombinant human aminopeptidase B enzy#BB), expressed and
isolatedwith > 80% purity from JM109 E. coli cells, was producedby the praedure
described previoushP® Aspergillus oryzae proteaseS-Lys-para-nitroanilide

dihydrobromide (LpNA), and paranitroaniline pNA) were purchased fromSigma
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Aldrich, Inc. (St. Louis, MQ cat#P611Q L7002 and31569. D-trehalose(Tre) as a
dihydrateand Dmannitol (Man) were purchased from MP Biomedicals, LLC (Soldt, O
cat# 103097 andl02248. Tris(hydroxymethyl)aminomethan€Tris) and pH 7.4
phosphate buffered saline (PBS) were purchased Fistrer Scientific(Hampton, NH
cat#BP152and100106023). The mass of the anhydrous form of Tre was reported for the

sampleconcentrations.

4.3.2Lyophilization procedure

Aqueous stock solutions of APB, AVF, Tre, Man, pH 7.4 Tris, and pure water were
cooled in an ice bath to ~ 0 °C. Aliquots of the stock solutions pipedtedinto cold 2
mL glass vials in theppropriate ratios to give the indicated component concentrations and
an equal final volume for each sample. For samples that contained AVF, the AVF solution
was added last. These coldyephilization solutions were mixed briefly with a pipette
beforeplacing the vials in liquid nitrogen for 5 min to snap freeze the contents. The vials
were then removed from the liquid nitrogen, transferred to a lyophilization flask, and dried
at room temperature under 0.016 mbar vacuum for 48ding a Labconco, i (Kansas
City, MO) FreeZone 6 manifold freeze dryérhe vials containing theybphilizates were
capped andgtored in desiccatsruntil analysis Storage was at room temperature unless

otherwise stated.

4.3.3 Measurement of active enzyme

The anount of active enzyme remaining after sample processing, lyophilization,

and storage was determined using spectroscopic techniques. Absorbance (Abs)
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measurements to track the hydrolysis of substrates were made asinggilent
Technologies, Inc.(Santa Chra, CA Cary 100 Bio UV/Vis double beam
spectrophotometer equipped with a temperature controllerless stated otherwise, the
temperature controller was det32 °C, which is the average temperature of the human
nasal cavity* Samples were analyzed in @agtz ultramicrocuvettewith 1 cm pathlength

(/i and 50pL minimum fill volume. Solutions of APB, Tre, Tris, and Man at the
concentrations used in this study wetansparent at the wavelengths used for

spectroscopic quantification of the substrate and product concentrations.

To measure specific enzyme activity, lyophilizates were reconstituted with 1.00
mM LpNA in PBS that had been warmed to 32 °C. The resul§alutions were
immediately transferred toauvettealready positioned in the temperataantrolled block
of the spectrophotometer. The change in Abs due to hydrolysighoA lvas monitored
at 405 nm. Readings were taken every 100 ms. The slope @borbance change
(dAbs/dt) during the first 0.25 min was used to calculate the reaction rphéA(dft) by
An. ! /b Av AO

=

AO R R AO

(1)

where# denotes molar absorptivity. In pH 7.4 PBS at 32%&, = 9860M"‘cm' ! and
5 pna = 55.9M"lem’ at 405 nm. (Refer tAppendicesTable A39 for the temperature

dependence ¢f.) Specific enzyme activity was calculated byp{dp]/dt)/[APB].

The chromogenic substratepNLA, could not be used to measure the amount of

actve APB in samples that contained the prodrug substrate, AVF. To measure active APB
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in these samples, the lyophilizates were reconstituted withulLGff either PBS or 1.00
mM AVF in PBS that had been warmed to 32 °C, and the resulting solutions were
immediately transferred to auvetteembedded in the spectrophotometer as described
above. The change in Abs due to conversion of AVF to DZP was monitored for 20 min at
315 nm. Readings were taken every 0.25 min. The concentration of DZP at time t was
calaulated by

I AO! AO

$:0 - . (2

where Abs is the initial absorbance of the sample and:Abthe absorbance measured at

timet. In pH 7.4 PBS at 32 °€zp = 2040M" icm' t and®ave = 753M" e t at 315 nm.
The temperature dependence#sfr andéavr, andthe validity of neglectingori in the

calculation of DZP concentrations from absorbance measurements, have been discussed
previously” After obtaining DZP concentratietime profiles, the following set of

coupled differential equations was fit to the data with [APB] as the lone fitting parameter:

Al6& E !0"'6&

AO + I 6 & (3)
A/Z)E !O"!G&E/2 @)
AO + I 6 & )
A$: 0 .

S 5
55 E/2) (5)

Fitting was performedsing the ode45 function in conjunction with tegcurvefitfunction

in MATLAB ® version R2017tby The MathWoks, Inc. (Natick, MA). The catalytic rate
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constant (ks), Michaelis constantKwv), and gclization rate constant gkfor conversion
of AVF to DZP by APB in pH 7.4 PBS at 32 °C were reported previollGly= 370 ¢ M,

Keat= 1250 mint, k2 = 0.470 min* 1%

4.3.4Accelerated stability studies

Accelerated stabilitgtudies were performed at three storage temperatures for solid
state APB and solution state AVF. Each study was 6 months long with measurements of
active analyte remaining in the samples taken every 30 days. For Wafiatural log of
the ratios of AVFconcentration remaining at time t to the initial concentration were plotted
as a function of time. Linear regression was performed, ancetiradhtion rate constant
(kdeg at each temperature wdstermined from the slop@gcording to théentegrated fist

order rate equation

E O (6)

»
R0

4.4Results

The enzymatic activity of APB was temperature dependent. For hydrolysis of
LpNA, the maximum enzyme activity was observed at 25FiGufe 21A, blue circles).
At 1 °C, the rate of hydrolysis was more than 34 times slower. SolutiongNA and
APB could be held at 1 °C for several mies without causing substantial product
formation as demonstrated by a lack of increase in Abs fr& Onin inFigure 21B.
When temperature was incredsto 32 °C at the 2.5 min time point, enzyme activity

recovered, and Abs measurements began to increase due to produphidn & similar
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rate of Abs increase was observed for a control reaction initiated at Eayt@e1B, red

line) compared to the reaction that had been initiated at 1 °C and subsequently brought to
32 °C, indicating that stalling the reaction at low temperatures did not caus¢ éogyme
activity. The reaction could be successfully stalled at low temperatures for longer periods,
but the maximum duration a reaction could be stalled without adverse effect was not

determined.

Similarly, the rate of DZP production increased witbreasing temperature, with
the highest rate observed at the highest temperature condition tested, MQUTEA1A,
red diamonds). However, the trewds not strictly due to temperature effects on the rate
of enzymatic hydrolysis. Conversion of AVF to DZP is a {step reactionKigure 3).
The rate of the secontep, cyclization of to form the diazepine, is known to increase with
increasing temperatufél®® No DZP production was observed over the course of 20 min
at 1 °C. In order to determine if the low temperature had stalled the enzymatic hydrolysis
reaction step or the ring closing reaction step, the enzgmesdiction was quenched by
denaturing APB with the addition of 2x volume of methanol after being hel@Gtdr 20
min. Subsequently raising and holding the temperature &C3&d not result in the
formation of DZP in the quenched solution. This observation suggested that ORI had not

accumulated, and the enzymatic reaction was indeed stallé€at 1
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Figure 21. Temperature dependence of APB enzye activity. (A) Slow rate of product
formation at 1 °C allowed APB and AVF to be combined in thelyophilization solution
without substantial changes in the species concentratReactionconditions: 1.0 mM

LpNA or 2.00 mM AVF with 5.0 pg/mL APBin pH 7.4 PBSn = 3,+SD. The rate of DZP
production was determined by regression of the linear portion of measured concentration
time profiles. (B) 1.00 mM LpNA with 0.50 ug/mL APB in pH 7.4 PBS digroduce the
chromophore produ@NA when held for 2.5 min at 1 °CThe enzymatic activity of APB

fully recovered when the temperature was brought to 32°€1.

APB was not stable when stored in solutiotigiéots from solutions of APB stored
at 4 °C in PBS were taken at speciftede points and combined with a solution @NA

in PBS to measure the change in enzyme activity over the course of Bigiayg R2A).
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Production ofpNA in the analytical samples, containing 1.00 mpNIA and 12ug/mL

APB, was measured at 32.°@ comparison of the average enzyme activity at each time
point by oneway ANOVA indicatedhatstatistically significant degradation had occurred,
F(3,8) = 35.2p < 0.0001 A Tukey HSD post hoc test revealed that the average enzyme
activity +SD was significantly lower at the 4 hr time point (&9.3 U/mg, p = (0399

and 16 hr time point (7. 0.2 U/mg, p< 0.000) compared to the 1 hr time point (%5

0.1 Umg). There was no statistically significant difference betweeritheand hr time

points, p = 0.174.

A large initial drop in enzyme activity was observed when APB solutions were
lyophilized (Figure22B). The loss in activity was most dramatic when no excipient was
added (i.e. stock solutions of APB diluted to-prephilization sample concentrations with
just water), with only 6.4% recovepf active enzyme after lyophilization. Adding Tre to
the formulation stabilized APB during the lyophilization process. The extent of
stabilization was dependent on the Tre concentration,aeiticentrations 12.5 mg/nr
greaterproviding ~57% recovenrf active APB. Co-lyophilizing APB with LpNA, also
had a stabilizing effect. There were siatistically significant differences betwedre
average enzyme activity for APB lyophilized in the presence of 1.00 pNAL 12.5
mg/mL Tre, or 25.0ng/mL Treasdetermined by on&vay ANOVA, F(26) =0.853 p =

0.472.

The prelyophilization controls, shown as blue bargigure22B, demonstrate that
enzyme activity was unaffected by theesence ofre or Man. Although the addition of
the bulking agent, Man, produced elegant cakes, it did not markedly stabilize ARB duri
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the lyophilization process. The cakes produced by samples with APB and 12.5 and 25.0
mg/mL Tre were uniform, but samples with 6.25 or 3.13 mg/mL Tre wereunidorm

and wispy. Similarly, the low mass contained in lyophilizates produced from sanfiples o
APB lyophilized in the presence ofpNA resulted indiminutive, nonuniform, wispy

cakes. The lyophilized samples that contained only APB did not contain enough mass to
produce visible cakes. However, changes in cake appearance do not necessatrily impac

product quality:©
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Figure 22. Pilot stability studiesfor APB. The chromogenic substratepNLA, was used

to measure enzyme activity for preliminary formulation studies. Reactions perfarmed
pH 7.4 PBS at 32 °(h = 3,£SD. (A) Solution state stability of 5ag/mL APB storedn

pH 7.4 PBS at 4 °CStatistically significant degradation was ebgedover the course of

a day (B) Stability of APB upon lyophilization. Lyophilizatesmade from solutions
containingl5 pg/mL APB with mannitol Man) and/or trehaloseTte) were stored for 2
days at room temperature before analysiscdRstituion of APB only lyophilizateswith

1.00 mM LpNA in PBS showed nearly complete loss of enzyme activity, while those
containing 12.5 mg/mL or greater Tre provided optimum stabilization of APB.
Lyophilizing APB in the presence of 1.00 mMpNA substrateresulted in equivalent

stabilization compared to the high concentration Tre formulations.
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Inclusion of the prodrug substrate, AVF, in the lyophilizate formulation had a
stabilizing effect against degradation of APB during the lyophilization prodegaré
23A). A two-way ANOVA conducted to examine the effect of formulation composition
and time on active APB concentration in the lyophilizates indicetere were significant
differences between the formulation groups [F(2,18) = 90.6, p < 0.0001], significant
differences over timeH(2,18) = 21.5 p < 0.0001], and a significant interaction effect
[F(4,18) = 3.59 p = 0.0255]. Tukey HSD post hoc anatysomparing the formulation
groups revealed that the AVF+APB+Tre formulation provided statistically significant
better stabilization than the AVF+APB (p < 0.0001) or APB+Tre (p < 0.0001)
formulations, but no significant difference between the AVF+APB arleBATre
formulation groups (p = 0.928). Therefore, the combination of AVF and Tre had a greater
stabilizing effect against degradation during the lyophilization process than either additive

alone.

As was observed with APB only lyophilizates, the loancentration of the
AVF+APB lyophilizates did not allow visible cakes to form. Instead, the collapsed
material appeared as residue adhering to the surface of the vial. There was a gradual loss
in enzyme activity observed over the course of 6 monthsthéiiAVF+APB formulation,
as can be seen Figure23A. Tukey HSD analysis comparing the average active APB
concentration in the AVF+APB lyophilizates stored for 2 dayigh veoncentrations
measured after storage for 90 and 180 days confirmed that there was significant

degradation of APB over time (p < 0.0001 for both comparisons). When Tre was included
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in the formulation, uniform cakes were formed and the loss of enzgthatyaover the
course of 6 months was not statistically significant. For the AVF+APB+Tre formulation
on day 2 compared to day 90 and 180, p = 0.502 and 0.356, respectively. For the APB+Tre

formulation on day 2 compared to day 90 and 180, p = 0.528.420, respectively.
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Figure 23. Room temperature stability studies. Error bars are SD with n = 3(A)
Optimum stability was achieved by -tygophilization of APB with AVF and Tre.
Concentrations of active APB the lyophilizatesweremeasured in pH 7.4 PBS at 32 °C
after storage for the specified time at 24 ®relyophilization solutions containefdlVF
=1.00 mM, APB =50 pg/mLand/orTre = 12.5 mg/mL. B) Controls of 1.0 mM AVF
lyophilized with 12.5 mg/mL Tre and subsequently reconstituted with 50 pg/mL APB in
pH 7.4 PBS at 32 °@roduced an equimolar concentration of D&Rlicaing AVF was

stable in the lyophilizate.

The concentration of active APB was also measured in a series of lyophilizate
formulation controls in order to rule out potential mechanisms of degradation or
stabilization. Lyophilizate antrolscontainingAVF andTre, but no AMB, indicatedthat

AVF wasstableduring the lyophilization process and upon subsequent storagysddisl
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at room temperatureF{gure 23B). The additionof pH 7.4 Tris buffer to the pre
lyophilization solutions did not result in greater enzyme stabilitgpendices Figure
A3.73). Likewise, formulations containing pH®%PBS or phosphate buffer without salt

did not result in greater enzyme stability

The lyophilizate formulation showing the greatest stability at room temperature,
that which contained AVF+APB+Tre, was subjected to an accelerated stability study
(Figure 24A). The production of DZP upon reconstitution of the lyophilizates was
measured, anducve fitting the coupledifferential equations(Equations &%) to the
resulting concentratictime profiles allowedthe concentration of active APB be
determined. A twavay ANOVA conducted to examine the effect of temperature and time
on active APB concentration in the lyophilizates indicated that there were mificsigt
differences over timeH(6,42) = 1.93 p = 0.0977] and that the interaction of the factors
was not significant f(1242) = 0.243 p = 0.994]. However, theraere significant
differencesobservedetween the temperature grolfip§2,42) =6.28, p = 0.00412 Tukey
HSD post hoc analysis indicated storage & &vas not statistically different than storage
at 24°C (p = 0.840), while statistically significant lower active APB concentrations were
observed upon storage at 4D compared to 4C (p = 0.00533) and 2°C (p = 0.0234).

The results suggest APB was highly stable in the AVF+APB+Tre lyophilizates even

though there was an initial loss of active enzyme from the lyophilization procedure.

The solution state stability of the prodrdg/F, was also investigateérigure24B).
The initial AVF concentration and subsequent concentrations remaining in samples
prepared for the stability studyeredetermined by measuring the total DZP produetfeer
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hydrolysis with 20 U/mL of Aspergillus oryzagrotease.(APB was not used here as it
was unnecessary and more expensivudg degradationf AVF was found to follow first
order kinetics witltdegadationrate constanfkaeg+SE = 0.3+ 0.03, 0.44+ 0.04, and 2.9

+ 0.1 yrlfor 4, 24, and 60 °C, respectively.
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Figure 24. Accelerated stability studies.Error bars areSD. (A) Solid state stability of
50 pg/mL APBco-lyophilized with 1.@ mM AVF and 12.5 mg/mL Tre. B) Solution
state stability of 2.0mM AVF in pH 7.4 PBS.

4.5Discussion
Aminopeptidase BERENDA:EC3.4.11.phas been isolated from animals, plants,

bacteria, and fundt! It is an endopeptidaswith catalytic activity confined to the cleavage
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of basic amino acids from the-fdrminus of certain oligopeptides or synthetic substrates
by hydrolysis of the peptide bond. There are conflicting reports in the literature regarding
the stability of thisenzyme that seem to depend on the source species and expression
system, but the consensus is that purified enzyme preparations tend to be dtistable.
We found that recombinant human aminopeptidase B, referred to here as APB, was stable
enough in PBS to work with at room temperature for several hours, but there was a
noticeable decrease ina/me activity by the end of the dayigure22A demonstrates the
solution state instability of APB. The enzyme did not tolerate freeze/thaw cycles well
either. Considerable reduction in enzyme activity was observed after thawing from
overnight storage aR0 °C. It may be that the difference in enzyme activity between the
pre-lyophilization solutions and day 2 lyophilizates shownHigure 23A was due to

insufficient cryoprotection.

AVF is a LysGly dipeptide derivative of a-ehethylamine5-chlorobenzophenone
and substrate for APB-(gure3). There are conflicting reports in the literature regarding
the stability of AVF. Claiet al measured the solution state stapilit a combination drug
product over a 6 month period at pH 4 and temperatures as high as 40 °C and found only
5% degradation of AVE!* Bretonet al performed 24 hr photolytic, oxidative, hydrolytic,
and thermal stress testing of solid and solution state AYFhe latter authors concluded
that AVF in solution was susceptible to photolytic and thermal degradation but was stable
in the solid state. Both stability stedi utilized chromatographic techniques that would
not be able to distinguish between the S and R isomers of AVF. Therefore, degradation by

enantiomerization to the inactive isomer would notdeeected? In the present study,

98



active AVF was measured by product formation from enzymatic hyslsolyUsing this
technique, we found that AVF was stable in the solid sktgi(e23B) but predicted only
42% active AVF would remain after room tempgera storage in solution at pH 7.4 for 2
yr based on dgat 24 °C determined from the data represented by red diamoFRdgine

24B.

Since the intembn was to use both APB and AVF in a nasal spray formulation, we
began investigating ways to prepare them as a mixture of stable, unreactive solids that
could be rapidly reconstituted and subsequently atomized for deposition in the nasal cavity.
Colyophilizing the components into a single lyophilizate offered several advantages in
this regard: homogeneous mixtures of the components could be made in the pre
lyophilization solutions, the increased surface area due to cake formation would facilitate
rapid dssolution, and the solid state of the lyophilizates would extend theligaelf the
drug product!® The AVF+APB+Tre formulation provided the most stabilization, with
71% recovery of active APBmmediatelyafter lyophilizationand minimal degadation
thereafterFigure23A). In comparison, APB+Tre provided 56% and AVF+APB provided
60% recovery of active APB immediately after lyophilizatidmterestingly, lyophilization
of APB in the presence of a chromogenic substrgiA. also conferred stabilization on
par with Tre Figure22B). The relatively high irtial recovery observed with just substrate
and enzyme was an impressive result, even though the amount of active APB in the
AVF+APB lyophilizate steadily decreased over tinkég(re 23A). Presumably enough

molecular mobility remained in the samples to slowly turnover the docked substrate that
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was supporting the active site structure, thus leading to eventual degradation. Further

studies are needed to investigate thisalvedr.

The effect of varying substrate concentration on the stabilization of APB during the
lyophilization process was not examined here, but the exceptionally low concentration of
substrate used for the experiment (1.00 mM, i.e. 0.504 mg/mL of AVH@8B80ng/L of
LpNA) demonstrates the remarkable potential to stabilize enzymes with the addition of far
less material than is normally required with the use of traditicmgdprotectantor
lyoprotectant excipients. For example, the molar concentratigkP&f in the samples
shown inFigure23A was 0.68.1M based on the molecular mass of APB (74 kDa), giving
a mole ratio of 1,500 AVF:APB. In comparison, the molar conceatratf Tre was 36.5
mM, giving a mole ratio of 54,000 Tre:APB. The prevailing theories used to explain the
stabilization of proteins by sugars such as Tre involve maintenance of the native protein
structure through vitrification and water replaceméntThe sugars are thought to act as
scaffolding, preventing molecular mibty that can lead to unfolding and chemical
degradation.Smaller, flexible oligosaccharidélsat can more easily occupy the cavities
within a protein structure have been shown to be more effective stabilizers than rigid,
polymeric sugars!® In this view, a large number of excipient molecules would be needed
to provide structural support thd entire protein. Thus, the high mole ratio of Tre to APB

needed for stabilization seems reasonable.

Preservation of the peripheral protein structure is not as critical to the retention of
enzyme activity as preserving the structure of the actieé'Sit?° Docking of a substrate
in the active site of APB provides a wadlilored support scaffold, preventing misalignment
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of the binding/catalytic residues and collapse of the active site pocket as water molecules
are removed during the drying step. This mechanism for the stabilizé#dtBodoes not

rely on protection of the entire protein, which explains why stabilization was observed with

a much lower concentration of substrate compared to Tre. In the solution state, the degree
of enzyme stabilization has been shown to depend ottratébstructure. Better substrates
(those with lower I values) were better stabilizefd. The trend is likely to extend to

improved stabilization during lyophilsion.

Reports of the inclusion of an enzyme substrate as a stabilizer for lyophilization are
scant, presumably because substrate turnover complicates the process and would need to
be controlled to produce consistent lyophilizates. However, the teshnig describe for
limiting substrate turnover by combining the formulation components at low temperature
can be generalized to a wide variety of enzyfMésFor example, Dai and Klibanov
describel snap freezing substragéeizyme pairs during the lyophilization process to
improve enzyme activity upon reconstitution of the lyophilizates in organic soffénts.
They tested four different oxidases with several substrates and obsemgidete
elimination of lyophilizatiorinduced activity loss in some cases. There are some reports
of using enzyme inhibitors for stabilization of lyophilizates, but inhibitors have the
potential to imprint an altered conformation for the active site Hyermhanging the

selectivity and specificity of the enzyrm.

We conclude by recognizing that this study, while demonstrating the effect of
substrate on the stability of an enzyme during lyophilization, was limited in scope to APB.
The primary goal of these experiments was to assess the feasibilithyaiptalizing the
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AVF/APB pair to stabilize the pharmaceutical formulation for further translational
development and guide design requirements for a specialized nasal spray device.
Additional experiments for scalgp to therapeutically relevant concentrations,
optimization of the lyophilization process parameters, full characterization of the

lyophilizates, and performance testing in the delivery device are ongoing.
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Chapter 5: Reactive formulations for intranasal delivery of midazolam
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5.1 Summary

Systemic delivery of many lipophilic drugs can be achieved quickly and
conveniently by intranasal administration. However, the low agueous solubility of these
drugs can make it difficult to formulate a therapeutic dose in the small volume required for
nasl sprays. One formulation strategy to circumvent solubility issues reli@s situ
production of drug from cadministration of soluble reactants. Herein, we describe how
a prodrug/enzyme reaction or an acid/base reaction could be used to formelate th
lipophilic drug, midazolam, in an aqueous solution for intranasal delivery. In both
formulation approaches, the reactions progress through an intermediate open ring form of
midazolam. The hatlife of the open ring form was measured at 32 °C by UVispscopy
and found to be pH dependent, with a local minimur3.d6+ 0.27 min at pH 5.0 and
local maximum ofL7.2+ 1.7 min at pH 6.5In vitro drug transport studies were performed
at pH 5.5, 6.5, and 7.4 using MDCHKAlt cell monolayers as a model for nasal epithelium.
Apparent permeability coefficients respective to each pH condition were found tatbe 33
20, 40 £ 14, and 145 + 64nis for theopen ring form. Permeability of midazolam was
also pH dependent and over twofold greater than that of the open ring form. Generation of
midazolam in these low volume reactive formulations led to metastable supersaturated
solutions and an upper limit tihe supersaturation was observe@ihe upper limit of
supersaturation for unionized midazolam was determined to be 1.1%indWe this limit,
amorphous midazolam phase separated from solution. The prodrug/enzyme reaction was
less flexible in regard to #ng the formulation pH for optimum enzyme activity and drug
absorption, whereas the final pH of the acid/base formulation can be adjusted by choosing

the appropriate base concentration. Absorption of midazolam generated from these
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reactive formulationsvould be controlled by the upper limit of supersaturation and

cyclization rate of the open ring form.
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5.2 Introduction

Midazolam (MDZ) is a shoracting @ntral nervous system depressant with
hypnotic, sedative, anxiolytic, amnesic, muscle relaxamtamiconvulsant properties. It
is the most common sedative administered pri@rnesthesian the United States, and it
is a drug of choice for firsline rescue therapy in the treatment of seizure emergencies,
such as tatusepilepticus'®!?® Considered safe and effective for addressing a variety of
public health needs globaJlMDZ has been deemed an essential medication by the World
Health Organizatio?® The dosage forms currently available on the market are oral
tablets, oral syrupsgromucosalsolutions (only available in Europe), and solutions for
intravenous or intramuscular injectiéi:1?® Several intranasal (IN) formulations have
been investigaté@'?®'3* or are under developmehf, but a dosage form specifically

designed for IN delivery has not yet become commercially available.

IN delivery of MDZ is attractive becaugeoffers manyimportantadvantages over
other routes of administration, especially in emergesituationst* A therapeutic plasma
concentration can be attained quickly due to the large absorptive surface area, high
vascularization, rad thin epithelium of the nasal mucosa. Orally administered MDZ
reaches a peak plasma concentration in approximately 1 hr and has low bioavailability
(~30%) due to extensive gastrointestinal and hepatic-fass metabolistt®1®” In
comparison, peak plasma concentrations have been reported in2Benii range with
bioavailabilities ranging from 500% for IN formulationg®3+133  Furthermore, IN
administration is convenient and noninvasive. Operation of nasal spray devices does not

require special skills and is generally intuitive. There is no need to remove articles of
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clothing or puncture the skimosing a lower risk ofnjury to the patient compared to

parenteral routes of administration

For three decades, caregivers have been administering commercially available
injectable MDZ dwmeImiltahrn ommgh 6toHd | N route b
or attaching anasal nucosalatomizationdevice (MAD) to a syringe and spraying the
solution into the nose of the patiedt*® An IN dose 0f0.2 mg/kg(max 10 mg) is often
used for treating status epilepticus @#0.5mg/kg(max 10 mg) for sedation in pediatric
patientst®* Although generally effetive, the injectable MDZ formulations are not ideal
for IN delivery. A large volume of the injectable formulation (2 mL split between each
nostril) is required to administer a 10 mg dose. The volume of liquid that can be deposited
in the human nasal ciy without causing significant loss of drug by drainage from the
nostril or into thenasopharynis less than 200L,?%2*and low bioavailability due to runoff
is a welkknown issue with IN administration of injectable MDZ formulatidfis-*?
Thereforea highly concentrated MDZ nasal spray is needed to reliably deliver the intended

dose.

Although MDZ has been touted as the first waeluble benzodiazepine, its
solublity is pH dependent?® The lipophilic, neutral microspecies predominates at pH 7.4
and has a thermodynamic aqueous solubility of 6r0{8 + 0.001 mg/mi55 + 4 pM).*?

The nitrogen at position 2 of the imidazole ring has an estimatgdfg2 8 producing a
somewhat watesoluble cation when protonated. At pH < 5, protonation of the imine in
the diazepine ring leads to a reversable-dopgning reaction and a highly soluble open
ring species (MDéen that is in equilibrium with the closed ring species. The oromucosal,

107



intravenous, and intramuscular dosage forms are formulated to a concentration of 5 mg/mL
by lowering the pH to ~3 and contain up to 25% MRz ?®14414°Reducing the pH further
would permit higher concentrations; however, the pH of an IN formulation should be close
to the physiological pH range of the nasal cavity to avoid causing discomfort, inducing
secretion, hampering absorption, and damaging the sait®d*’ Theaverage anterior pH

of the nasal cavity i6.40 (range:5.171 8.13) and asrage posterior pH is 6.27 (range:
5.20 1 8.00)>° Temporary distress, &urning unpleasant taste, stinging, sneezing,
coughing, swallowingwatery eyes, and other mild adverse résereported from IN
administration of agueous MDZ formulations have been attributed to low'spH.
Concentrated formulations of MDZ have been made by utilizing organic co
solventd®0 1341518 g increame the thermodynamic solubility or by sequestering the drug
in carriers like emulsions! polymeric particles?? or inclusion complexe¥® However,

these additives can reduce the driving force for permeation of drug across

membrane®2°153gndirritate sensitive nasal tissués*®

Our grop has been developing a napproach tdormulatedrugs that have low
solubility or poor stability in an aqueous vehicle. The strategyives ceadministration
of atwo-part, reactive system to generate drugjtu. In the case of small lypophilic dis,
such as MDZa metastablesupersaturated solutia the drug can be produced at the site
of administration and result in rapid absorptiée previously reporteth vitro?842:43:49.75
andin vivo'® experiments lat demonstrated enhanced permeation of drug across cell
membranes using reactive prodrug/enzyme formulations to generate supersaturated

solutions of phenytoin diazepam, or MDZ. The MDZ prodrug/enzyme formulation
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consisted of MDZpen derivatized at the pomary amine with lysine (Ly$MDZp0) and a
fungal converting enzyméspergillus oryzaproteas€ AOP). Cleavage of the-d¢rminal
lysine from LysMDZ o is catalyzed by AOP through enzymatic hydrolysis of the peptide
bond and liberates MDgen MDZgpen Can then undergo spontaneous intramolecular
cyclization to form MDZ. In the current report, an analogous version of the prodrug
derivatized with phenylahine (PheMIDZ,) is introduced. Ph&DZyo can be

hydrolyzed by a human enzyme, aminopeptidase N (APN).

The MDZyJ/enzyme formulations were compared to a reactive acid/base
formulation approach that combines the dihydrochloride salt of MR@IDZ ope2 HCI)
with an aqueous base at the time of administration to produce a supersaturated solution of
MDZ with a pH and volume appropriate for IN deliveryiFigure 25 illustrates the
relationship between these reactive formulation approaciBegh approaches rely on
watersoluble forms of MDZpenthat do not undergo cyclization during storage because the
amine is occupied, either by a covalent bond withramo acid or as a primary ammonium
salt. We hypothesized that recovery of the free amine through deprotonation of
MDZ opel2HCI with a strong base would result in faster reaction rates and more rapid
delivery of MDZ than could be achieved by cleavagamfamino acid moiety with an
enzyme. However, further investigation revealed that the ring closing step was rate
limiting. Thus, rapid liberation of MDggen from the precursor species would result in
accumulation of MDZ%pen in the nasal cavity. These sdyvations prompted a series of
experiments aimed at determining the pH dependence of therfilest cyclization rate

constant (K), supersaturation behavior of MDZ, and permeation of each reaction species
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across epithelium to evaluate the viability ofngsan open ring precursor for rapid IN

delivery of MDZ.

\r/N Prodrug / Enzyme
N\< AA Approach
/
O NH
Cl 0] enzyme

F
O “AA N
—
amino acid derivitized
prodrug (AA-MDZ,) ‘ NH,
Cl
_ F
4o (>

—
he _ _
N\{\Jr NaOH / open ring form midazolam
NH3 (MDzopen) (MDZ)
Cl a

O ¢
on
salt of open ring form Acid / Base
(MDZypen2HCI) Approach

Figure 25. Reactive IN formulations produce MDZin situ. Potential twepart, reactive
formulationsfor IN delivery of MDZ include a prodrug/enzyme pair or an acid/base pair.

The reactants would be stored in separate compartments of a specially designed nasal spray
device. Upon actuation of the device, the taats are rapidly mixed and atomized into a
spray to be deposited as a single solution onto the surface of the nasal mucosa. Production

of MDZ from the mixed formulation proceeds in the nasal cavity. AA =amino acid moiety.
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5.3 Materials

5.3.1Prodrugs

The trihydrochloride salt of th&-lysyl-midazolam prodrugLys-MDZro/8HCI)
was synthesizedith > 99% purity and> 94% eefrom MDZ by opening the diazepine ring
and adding a lysine group. Similarly, the dihydrochloride salt ofSiphenylalany
midazolam prodrugPheMDZ,/®2HCI) wassynthesized with > 99% purity and 98% ee
by addinga phenylalanine group to the open ringhhi of MDZ. Details for the synthesis,

purification, and characterization of |-y8DZ o were describe@reviously*?

5.3.2 Converting enzymes

Recombinant human aminopeptidase N (ARMpressed and isolated with > 95%
purity from aan NSO murine cell linewas purchased from R&D Systems (Minneapolis,
MN: cat# 3815ZN, lot PQP011809A).Recombinant human aminopeptidase B enzyme
(APB), expressed and isolated witg0% purity from aJM109 E. coli cell line, was
produced in house by the procedure describedqusly.”® Purity of APB was>80% by
gel electrophoresis Aspergillus oryzaerotease (AOP was purchased fronsigma

Aldrich, Inc. (St. Louis, MQ cat# P6110lot SLBQ4182\}.

5.3.3 Mdazolam open ring salt

MDZ openWas isolated as a solid dihydrochloride salt (MRZ2HCI) by ogening
the diazepine ring of MDZ in acidic medium using a procedure first described by Walser
et al’® MDZ (253 mg, 777umol), purchased froMEDISCA Pharmaceutique Inc.

(Plattsburgh, NYNDC 38779251906, lot 888378/G), was dissolved in 14@ of 12 N
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HCI. Then, 2 mL of isopropanol (IPA) was added, and the mixture was ogieally

dried by reducing the volume to approximately 0.5 mL with a rotovap. The solids were
collected by filtration and purified by esolvent recrystallization. Recrystallization was
performed by dissolving the crude in a minimum volume of MeOH. il@é added slowly

until the cloud point was reached. After cooling-8® °C, the purified material was
collected by filtration, washed with cold IPA, and dried under vacuum to yield 87% (281
mg, 674 umol) of (2-(5-(aminomethyl)2-methyt1H-imidazol1-yl)-5-chlorophenyl)(2
fluorophenyl)methanondihydrochloride as shiny, white, hygroscopic crystals. Mp: 247
°C dec. ATRFTIR neatimidazole 3102300 cm' (s, br), aromatic overtond956 and

1799 cmt (w), C=01651 cnt (s, sh).'H NMR (400 MHz,D2Q U 7.92 (dd, 1H
1H), 7.727.47 (m, 4H), 7.31 (t, 1H), 7.23 (g, 1H), 4.10 (s, 2B)37 (s, 3H) See

AppendicesA4, Section A4.%or ART-FTIR and*H NMR spectra.

5.4 Methods

5.4.1 Determination of rign closing reaction rate

To obtain the cyclization reaction rate dependence with respect tdJpH,
absorbance (Abs) spectra were measured asirfggilent Technologies, In¢Santa Clara,
CA) Cary 100 Bio UV/Visdouble beampectrophotometer equipped withtemperature
controller. The temperature controller was getthe average temperature of the nasal
cavity, 32 °C>* Prior to data collection, solutions @8 mM phosphate buffered saline
(PBS) 0r23 mM citrate buffered saline (CBS$.00 mM MDZpe2HCI in water, and 1
cm pathlength/§ quartz ultramicrocuvettes were warmed 32 °C. A 25.0uL aliquot of
the MDZpe2HCI solution was mixed with 17fL of buffer in the sample cuvette to
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obtain a 1.00 mM total analyte concentration ([total]) in 20 mM of buffer. The
concentration of MD4en at the start of data collection ([MRg&{o) was not 1.00 mM
because MDgen began to equilibrate with MDZ as soon as sMM®Z qpe2HCI was
dissolved to make the stock solution. Tkaation progress was monitored by collecting
scans over tim&om 300400 nm at a scan rate of 600 nm/mirsingthe Cary WinUV

version 3.10(246) Scan Applicatiomhe molar absorptivities) of MDZ gpenand MDZ at

300 nm were used to calculate concentrations of each species at time t.

- $: ' (1)
-$: Ol OAl $: (2)

Linear regression of In([MDgedt/[MDZ opedo) versus t, plotted from t =-05 min, gave
the firstorder ring closing rate constanto(kas the slope according to the integrated

reaction rate law.

P T— o) 3)
The halflife (t12) of MDZopenWas calculated byt = In(2)/ke.

5.4.2Polarized lightmicroscopy
MDZ oper2HCI (100pL, 8.00 mM) was combined with 100 pL of 16.0 mM NaOH
in a small glass vial. The solution became turbid as MDZ phase sepakhtpobts of the

turbid reaction mixture were removed at reguiiatervalsto view under a Nikoninc.
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(Tokyo, Japah P-1 microscope equipped with a Nikon 40x/0.65 NAVD 0.65 Pol
objective, Nikon Digital Sight D$i1 camera, and temperattzentrolled stage. Images

were captured using NiElements F 3.0 software.

5.4.3Differential scanning calorimetry (DSC)

Samplesfor DSC were placed in hermetically sealed aluminum Tzercs. pan
Measurements were performed from-3@ °C at a heating rate of 10 °C/min under
nitrogen purge (45 mL/min) using a TA Instruments Q2000 V24.11 Build 124 DSC with
a standard cell and Univetsd4.5A software. Glass transition temperatureg) (Vere
determined at the inflection point. Melting temperaturg) @nhd cold crystallization (f)
ranges were determined by the onset and peak of the melting endotherm or crystallization
exotherm. Fothe MDZ precipitate samples, MRZ#HCI (14.2 mg) in 10QuL of water
was combined with 10QL of 0.681 M NaOH to form MDZ which subsequently phase
separated from solution. The precipitate from the reaction was allowed to sediment before
the supernatardontaining soluble species was removed. The precipitate was then washed
once with 5QuL of water and dried under high vacuum at room temperature for 3 hr before
performing measurements. There were no special preparation steps for the MDZ standard

or MDZoper2HCI sample.

5.4.4Liquid Chromatography (HPLC)

Measurements of PHdDZ,, and MDZ concentrations were performed usamg
Agilent 1260 Infinity LC system: quaternary pump G1311B, autosampler G1329B,
thermostatted column compartment G1316A, diaday detector G4212Bnd Agilent

OpenLAB CDS software.The isocratic mobile phase wa8 tnM acetate buffer pH 5.0
114



and acetonitrile (60@tv/v) with a flow rate of @5 mL/min through an Agilent ZORBAX

Eclipse XDBC18 col umn (3. 0 x 150 Dimaepam Vs dsedasn par
theinternal standardS). Aqueous amples werespiked with IS prepared in acetonitrile
toobtan8. 00 & M ( 4S. Ar&alytesgremtib) ¢ L i njections of e
detected aB10 nm with retention times of 3.6,36 and 8.4nin observed foPheMDZ o,

MDZ, and IS respectively. &@ibration curve wereconstructedn triplicate using MDZ

standard solutions prepared in the molplease with IS. For PH&DZy, LOD
(3.3xSEy/slopé was 0.297 uM (0.146 pg/mL), and LOQ ¢BEy/slope) was 0.901 uM

(0.443 pg/mL). For MDZ, LOD was 0.0696 puM (0.0227 pg/mL), and LOQ was 0.211 pM
(0.0687 pg/mL). Representative examples of the chromatmsyeand calibration curves

can be found iMppendices A4, Section A4.1The peak area ratios (RNMDZr, OF

MDZ/1S) and dilution factorsvere used to calculatine analyteconcentrations in the

samples.

5.4.5Enzyme kinetics

The Michaelis constant (9 and maximum reaction velocity My for hydrolysis
of PheMDZp0 by APN in pH 5.5 CBS at 32 °C were determitgditting the Michaelis
Menten equation to the initial rates of product formation for a series cVIBIZgo
concentrations. Reactions with 62.2000 pM PheMDZpo and 15 pg/mL APN were
carried outat a volume of 50 plin an Eppendorf Thermomixer 5436 at 500 rpm. After 1
min, the enzymatic reaction was quenched by denaturing APN with 100 uL of acetonitrile.
Cyclization of the liberated MDsgento MDZ was allowed to progress to completion before

measuring MDZ in the reaction mixtures by HPLC. A curve was fit to the MDZ production
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versus initial PheMDZ o concentration with I and imax as fitting parametenssing the

nlinfit function in MATLAB® version R2017b by The MathWorks, Inc. (Natick, MA).

5.4.6Cell culture

Madin-Darby canine kidney Hild type (MDCKII-wt) epithelial cells provided by
The Netherlands Cancer Institute, Amsterdaeneused as a model for nasal epithelium.
Cells werecultured in DMEM media with10% FBS and antibiotics (100 mg/mi
streptomycin, 100 U/in penicillin, and 250 ng/h amphotericin B) in 125 flasks a7
°C with 5% CQ atmosphere Only cells between passage®-20 were used for
experiments. Confluent cells were trypsinized aséeded at 0.5x2@ells/mL irto cell
culture plates for drug transport experimentedia wasreplaced every second day until
cell monolayes had formed The media was removed, and the cells were rinsed with PBS

prior to treatment with drug formulations.

5.4.7Drug transport studies

MDCKII -wt cell monolayers were cultured on the apical insert of Tran8ueil
well tissue culture plates from Corningcln(Corning, NY: cat# 3460). Transepithelial
electrical resistance (TEER) was monitored regularly usingEsOM Epithelial
Voltohmmeter with STX2 electrode from World Precision Instruments, Inc. (Sarasota, FL).
The monolayers were considered confluerd aeady for experiments when the TEER
measurements were no longer increasing, which took approximately 5 days. For transport
experiments, thevells andconfluent monolayersvere first rinsed withassay buffer
(specified by the apical well treatment groughen 1.9 mL of assay buffewas added to

the basal well and mL of the drug formulatiorwas added to the apical well. The
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apical wells contained eithgyH 7.4 PBS only, pH 6.5 PBS only, pH 5.5 PBS only, pH 5.5
CBSonly, 500uM MDZ ope2HCI soluton in each buffer500uM supersaturated solution

of MDZ in each buffer500uM PheMDZ poin CBS,200ug/mL APN in CBS or 500uM
PheMDZ o with 200 pg/mL APN in CBS Each condition was performed in triplicate.
The treated cells were placadan incubator aB2 °Cwith a 150 rpm orbital shakerAt t

=5, 15, and 30 min, a §8- sample for analysis was removed from the basal wells. After
the last sample was colled, the cells were rinsed with pH 7.4 PBS and checked for
confluency by confirming that TEER had not decreased and by performing a standard
Lucifer yellow dye permeability assaj? MDZ and PheMDZy, Were quantified in the

basal well samples by HEL

To infer the permeation of each reaction species across the cell monolayers, a
mathematical model of drug transport was constructed MAXTLA B®. A schematic of
the model is shown iRigure26, where k and ki are rate constants for reversible binding
of PheMDZpro to the active site of APB, andakis the enzyme catalytic rate constant for
conversion of Ph&IDZpro to MDZqpen  The relationship of these rate constants to
Michaelig Menten enzyme kinetic parametéssgiven by Ki = (kiat+keca)/kes and Vinax =
kca{ APN]. In the prodrug/enzyme formulatigrathway, edogenous enzyme activity was
assumed to be small and negligible. In the acid/base formulation pathway, deprotonation
of cationicMDZqpent0 the ionization state prescribed by the buffer pH was assumed to be

fast and negligible.
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MDZ,,.,2HCl + NaOH

open

kl kcat kz
Phe-MDme + APN —= Phe'MDZpro|APN —> MDZopen > MDZ

apical well (a) k, Kiq
MDCK cells (C) Papp,MDZpro Papp,MDZopen
Tbasalwell (b) | e Kout
ky
Phe-MDZ,,, MDZ,per, — MDZ

Figure 26. Schematic of transport in Transwell assay.

Values for theapparent permeability coefficieriPapy) of PheMDZpro, Papp Of
MDZ qpen and rate constants for transport of MDZ through thengetiolayer (k and ku)
were determined by fittingumericalsolutions of the following differential equations to

experimental data:

Al E 1 1 ! !
— - 4
AO 6 + | 0 s 3 6 6 (4)
Al E ! !
— =3
AO 6 + | E
! ! ()
0 3 6 5
Al . .
— | | 6
5 E ! E | (6)
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— | | 7
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where A is mole amount with the species
for apical well, 6bd for basal well, and

the volume of the compartment denobgtthe superscript, arfflis thesurface area dhe

cell monolayer Experimental data was input as averages of the concentrations measured
in the basal well at eacdampling timepoint. Model fits were obtained using tloele45
functionin conjunction wih the Isqcurvefit functionand standard errors (SEs) for each
parameteestimate were calculatédm confidence intervals given Iblygenlparci function

in MATLAB ©.

Fitting to estimate the dg, of MDZgpen Was performed intwo stages. ifst,
Equations5, 7, and 10 were used to estimateakd kut by adding supersaturated MDZ
(500 uM) to the apical well and fitting the model to concentrations of MDZ measured in
the basal well. The supersaturatedlutiors of MDZ were created by admixing
MDZoped 2 H @ith assaybuffer 1.5 hr before addition to the apical welso the
concentration oMDZqpen Was assumed to be zero. Thenadnd k. were fixed at the
determined values, and Equations 5, 6, 7, 9, and 10 were used to estimaig the P
MDZopen from the combined transport of MR#&L, and MDZ when 500uM of
MDZope2HCI was added to the pical well. Concentrated stockolstions of
MDZ opei2HCI were preparedmmediately beforeaddition to assay buffer in the apical

wells, so the initial concentration of MDZ was assumed to be Zsmce cyclization of
119
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MDZ opencontinued to completion in the samples removed from the basal wells for analysis,
the concentratianof MDZ measured at each time point were considered to be equivalent

to the sum of théasalMDZ openand MDZ concentrations

5.5Results

5.5.1Rate limitation for MD%o/enzyme formulations

Afungal enzyme, AOP, was used to convert lysyl derivatives of the open ring forms
of diazepam and MDZ in our previous work, although the catalytic efficiengiK) for
hydrolysis of the Lg-diazepam prodrug was 36 fold greater than for-MBZ ,..*? Co-
administering an exogenous human enzyme with an amino acid derivatized prodrug is
preferable over the fungal enzyme to avoid potential immune respGhséshuman
enzyme, APB, was found to efficiently convert the ddygzepam prodrugkm = 0.370
MM andVmax= 0.254mM/min with 15 pg/mL APBat 32 °Cin pH 7.4 PBS, determined
by HPLC)!°® However, there was essentially no conversion ofMyBZ ,rowith 15 pg/mL
APB under the same conditions, anttomplete conversion with 50Qg/mL APB.
Therefore, a different MDg£/enzyme combination was sdig Various peptid@-
aminobenzophenonegrodrugs have been shown to convert to their respective
benzodiazepine parent drugsvivo by endogenous enzym&st>’ The rate of hydrolysi
was dependent on the amino acid moiety, WiteandLys derivatives cleaving fasténan
Gly andGlu derivatives. It was thought that APN, a human endopeptidase that catalyzes
cleavage of neutral amino acids, would efficiently convegihanylalanylversion of

MDZpro. Indeed, PhMDZpo was found to be fully converted to MDZ by APN, but
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cyclization of the intermediate species Mip#was slow at pH 7.4Figure27 illustrates

this point. The absorbance for each reaction mixture started near 2.5 and progressed to 1.3
as a molar concentration of MDZ equivalent to the initial M@Zoncentration was
formed. The time course of the absorbance changehwasame for the PRADZ 1o/ APN
combination and the Ly®IDZ/AOP combination regardless of enzyme concentration,

suggesting that the ring closing step was rate limiting.
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Lys-MDZpro+8.0 U/mL AOP Phe-MDZpro+250 pg/mL APN

Figure 27. MDZpro/lenzymereactions tracked by UV spectroscopy. Identical time
courses were observed for EMDZ ., AOP and PhéMDZ ./ APN, regardless of enzyme
concentration. Incomplete conversion to MDZ was observed with th&D&,:J/APB
combination. Reactions performed fwthe indicated enzyme and 1.00 mM M4t 32
°CinpH7.4PBS,n=1.

5.5.2pH dependence of MRgncyclization

A dynamic equilibrium exists between Mé,and MDZ when the pH is below
518 Above pH 5, equilibrium is completely in thérection of MDZ. MDZ gpenCan be
isolated as a solid in the form of a dihydrochloride salt, Mi@#HCI, by bringing the pH
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very low and removing the solvent. This salt was convenient for studying the ring closing
rate as a function of pH by Uspectroscopy. Aqueous solutions of the salt are acidic with
predicted pks of 5.7 at the imidazole nitrogen and 8.4 at the primary affiAéiquoting

a stock solution of the salt into a buffer led to rapid deprotonation of the,pd@Ation

and an absorbance change at 300 nm corresponding to the formation of MDZ. The
cyclization rate constantpkwas measutkby tracking this absorbance changégure28

shows theit, of MDZpencalculated from k The slowest ring closing rate occurred at pH
6.5 with 2= 17.2+ 1.7 min,£SD. The fastest ring closing rate occurred at pH 5.0 with

ti2 = 3.45+ 0.27 min.
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Figure 28. pH dependence of MDZpen half-life. Formation of MDZ from cyclization
of MDZ openbecame slow between pH 6/%4, 32 °C, n = 3+ SD.

5.5.3Phase separation of MDZ from supersaturated solutions

Cyclization of MDZypen produced supersaturated solutions of MD#When the
MDZ concentration wsdriven sufficiently high, an upper limit of supersaturation was
reached, and spontaneous phase separatiamofphousviDZ occurred throughout the

liquid. This processknownas 06 o0i | i n gligwdyhade separatibni(Ld RS>
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caused the samples to become turbldhe total extinction (absorbance + scatteriraf)
transmitted light was monitored at a wavelength beyond the tail of analyte absorbance
peaks (& = 400 nm) to det ec tFigard2@ shmwsshet o f
abrupt increase in extinction that was observed when solution concentrations of MDZ
generated from the cyclization of Migiénreached the upper limit of supersaturation. The
reactions were pesfmed under alkaline conditions by adding an excess of strong base to
solutions of MDZope&2HCI, so the resultant MDZ was unionizesiamples that produced

a final concentration of 1.14 mM MDZ or less did not undergo LLPS. For higher
concentration sampleELPS consistently initiated when the reactions progressed to about
1.15 mM MDZ. Therefore, the upper limit of supersaturation or amorphous solubility was

estimated to be 1.15 mM for the neutral MDZ microspecies.

123



o

(o]

o
1

1.30 mM _ "“ll“lMHH

1.20 mM
¢ 1.15mM L4

o
=
u
1
H

1.14 mM I

0.10 A

Extinction @ 400 nm

0.05 A

T H
: HT;IIIIIIIII}

0.00 'MOW’V\,{X -------------- R
0 5 10 15 20
A Time (min)

19 = pH 5.5 pH7.4 pH 7.4 cryst.

0 20 40 60 80 100 120
B Time (min)

Figure 29. Precipitation of MDZ observed by UV spectroscopy.(A) Light scattering

from precipitation of amorphous MDZ was observed when the concentration reached the
upper limit of supersaturation: ~1.15 mM MDZ. Reaction conditions: 1.30, 1.20, 1.15, or
1.14 MMMDZ opeid 2 Ha6, ¥.34 mM NaOH, 32 °C, n = 2 for 1.30 mdéndition and n =

3 for all other conditions. B) Occasional crystal nucleation and growth led to a continual
drop in absorbance for some samples (green diamomiction conditions: 1.00 mM
MDZoperd 2 Hagin PBS, 32 °C, n = 1 for pM.4 sample thabegan to form crystals and

n = 3for all other data. Error bars are SD.

Crystallization events were also observable by UV spectroscdpgure 298
shows absorbance measurements for MEMcyclization upon the addition of a

MDZ ope2HCI stock solution to buffer. Theeactions at a concentration of 1.00 mM,
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werebelow the upper limit of supersaturation but above the equilibrium solubility of MDZ.
When crystallization occurredhé measured absorbance tbé reactioncontinued to
decreasafter the reaction was complgteigure 298, green diamonds)Sequestering of
MDZ in the crystalline phase caused the absorbance todiavthat which wagxpected

for thefinal supersatuated MDZ solution(1.00 mM), towards thabsorbancef MDZ at

its thermodynami@quilibrium solubility 65 pM MDZ at pH 7.4 and 32 °C witAbs &
0.07at 300 nm).Crystallization was also observed with irregularity in higher concentration

samples thabad already undergone LLPS.

Images of the amorphous precipitate from ME4cyclization reactions performed
above the upper limit of supersaturation for MDZ were captured by polarized microscopy.
When the LLPS process initiated, an abundarieery small colloidal particles distributed
homogeneously throughout the reaction mixture was observed. These particles coalesced
and continued to grow, eventually forming aggregatéigufe 30A). The lack of
birefringence under polarized light and the spherical shape of the MDZ precipitate particles
from LLPS indicated that the precipitate was amorphdtigure 30B demonstrates that
crystals can be formed from the amorphous precipitate by introducing nucleation sites. As
the crystals grew, the amorphous precipitate particles began to shrink. Samples that did
not have crystal nucléan sites introduced would sometimes spontaneously form crystals

early on, while others remained amorphous for more than 24 hr.
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Figure 30. Polarized microscope images of MDZ precipitate. (A) Amorphous
precipitate in the reaction mixture at t = 40 min after turbidity was obserBdnduced

MDZ crystal formation.

Calorimetry performed on precipitates collected from a reaction mixture that had
undergone LLPS showed a glass transitiongat 0.2 °C cold crystallization exotherm
at Tee = 127136 °C, and characteristic melting endotherm for MDZ atT159163 °C
(Figure31A). The Tnof a crystallinedMDZ standard (162263 °C,Figure31B) was similar
to the T of the precipitate and in agreement with values that have been reported for MDZ

in the literdure,158-160°C and161-164 °C>%°° There were no other features present in
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the MDZ standard thermogram besides the melting endotherm. The thermogram of
MDZ opel2HCI did notreveal a § and did not have a melting endotherm corresponding to
MDZ, suggesting there was no MDZ in the sampligiire 31C). The observed melting
range was broad due to fusion of a metastable modification overlapping with fusion of a

stable form that hadd= 146147 °C.
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Figure 31 DSC thermograms. (A) MDZ precipitate from reaction of MDgeA2HCI
with NaOH solution. B) MDZ standard. €) MDZpe2HCI.

5.5.4Drug transport studies

To investigate the permeation of ME)é,across epithelium and the ability of this

species to contribute to the rate of MDZ delivery, transport studies were performed with

MDCKII-wt cell monolayers using Transw®lIplates. Freshly prepared, concentrated

stock solutions of MDe/2HCI wereadded to buffer on the apical side of the monolayers
in order to expose the cells to a known initial concentration of Mt a specified pH.
Since MDZypenis a transient species, the basal well MDZ concentrations shokigure

32A are the result of cyclization with simultaneous transport of both species. AnyMDZ
present in the samples removed from the basal well for analysis would have cotdinued

form MDZ, so only MDZ was observed by the time the samples were processed.
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Figure 32. Transport of MDZ across MDCKII -wt cell monolayers from acid/base
formulation approach. n = 3, averagesSD. (A) pH dependencef MDZqpentransport
from 500 uM MDZ qpenin apical well. MDZ measured in the basal well represents the sum
of MDZopenand MDZ at each time point. Lines are model fits withKeu, and k asfixed
parameters andafp) for MDZqen as a fitting parameter. Bf pH dependence of MDZ
transport from 50Q(M MDZ (supersaturated) in apical well. Lines are model fits with k

and kyt as fitting parameters

The permeation of MDZ at each pH was needed to deconvolute the permeation of
MDZ open from MDZ. Previously we had reportedip = 2.65 x10° cm/s for MDZ
measured at pH 7.4 with 58V MDZ in the apical welf? However, there was a lag

observed for the appearance of MDZ in the basal wells of monolayers treated with

supersaturated MDZFgure 32B). To account for this lag, the cell monolayers were
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modeled as a separate compartment where MDZ could accuntilgiee@6). The rate
constants determined for MDZ transport from the apical compartment into the monolayer
compartment, k, and out of the monolayer compartment to the basal compartregnt, k
are lised inTable4. (For reference,dpp=SE for MDZ would have beeh54 + 0.19<10

°>cm/s at pH 5.52.15 + 0.44x10° cm/s at pH 6.5, an8.24 + 0.56x10° cm/s at pH 7.4 in

this data set if the lag had been ignored.) Literature valuesgayfMDZ across MDCK

cells at pH 7.4 are generally higher, ranging fromZ®x10° cm/s%164 With kin, Kout,

and k as fixed parametersafgof MDZqpencould be estimated as a fitting parameter from

the data shown iRigure32A.

Table 4. Parameters for transport of each reaction species across MDCKkiit cell

monolayers.
: Parameter + pH
Species SE
55 6.5 7.4
Phe «
Papp (X 1 cm/s)| 0.545+ 0.056 ND ND
MDZ pro

MDZopen | Papp(x 1P cm/s)| 0.326+0.195 | 0.396+0.135 1.45+0.64

Kin (Min') 0.144 + 0.080 | 0.0405 + 0.0056 0.105 + 0.036
MDZ g (it 0.00284 + 0.00783 + 0.00674 +
out 0.00051 0.00079 0.00100

ND = not determined,PheMDZ o transport measured in CBS, all other species measured
in PBS.

PheMDZp0, and MDZ were found in the basal wells when fRHBZ o without
enzyme was added to the apical wells of the cell monolaiFegare33A). MDCK cells
express small amounts of endogenous APN that is localized to the apicalf shde

130



membrand® So some hydrolysis of PRADZ . likely occurred in tle apical well and
MDZ subsequently permeated to the basal well. When conversion é¥1PEg by
endogenous enzymes is ignored, thgfBr PheMDZ o at pH 5.5 was 0.545 min(Table

4). The Michaelis Mentenparameters for enzymatic hydrolysis of MMIBZyo by 15
Hg/MLAPNIinpH55CBS at32°Cwelkey =336 +3% M a pa-16/5£0.6 M/ mi n
(+SE). APN is a 104 kDa enzyme, so thissMgave kar= 114 = 5 min'. Under the same
conditions, measured kvas 0.126 + 0.015 mirtSD. When all of the model parameters
(Km, Keat, K2, Pappfor PheMDZ pro, Pappfor MDZopen kin, @and kuy) were fixed, the basal well
concentrations resulting from a RMDZ,o/APN reaction in the apical well could be
predicted remarkablyell by numerically solving Equations-¥. Curvesof the

predictions are shown iRgure33B.
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Figure 33.  Transport of MDZ across MDCKIl -wt cell monolayers from
prodrug/enzyme formulation approach. n = 3, averagesSD. (A) Transport of Phe
MDZproand MDZ in pH 5.5 CBS from 500 uM PHDZ 0 in apical well. Line is model
fit with Papp of PheMDZpro as a fitting parameter. Some conversion to MDZ from
endogenous enzymes occurre@®) Transport of PhDZpro and MDZ in pH 5.5 CBS
from 500 puM PheMDZp, combined with 200 pg/mL APN in apical well. Lines are

predicted concentrations with all model parameters fixed.

5.6Discussion

The cyclization rate of MDd&enis an important factor to consider when using an
open ring precursor to generate MDZ in a {paot, reactive formulation for rapid IN

delivery. Cyclizationwas slow in pH 7.4 buffer at 32 °C, witipt= 16.1+ 1.5 min. Other
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researchers have reporteahgar t1> for the cyclization of MD4,en Walser et al. estimated
the t2to be ~10 min at neutral pH, although the temperature was not spétifiddrecke
also estimated ~10 min in pH 7.4 buffer at 37**CLoftssonet al. reporteditz > 2 min at

pH 7.4 in human serum at 37 °C by HPt#€. Differences in temperature and analytical
technique likely account for the discreparmstween these measuremenihe fastest
rates for cyclization of MDé&en were observed near pH 5; however, transepithelial
transmrt of both MDZ and MDZ,enwas found to be optimal at alkaline pH.otd that
slow cyclization of MDZpenwill delay thepharmacodynamieffect of MDZ regardless of

whether the cyclization occurs in the nasal cavity or in the body.

The polnomial likeprofile observed for the pH dependent cyclization rate (shown
in terms of 1,2 in Figure 28) can be explained by a change in the protonation state of
functional groups alifferent locations on the MDxgenmolecule, thereby changing the rate
determining step faimine formation Deprotonation of the primary ammonium cation in
the basic region increases the concentration of the free amine, which is a better nucleophile
to attack the carbonyl carbon of the benzophenone moiety. In the acidic region, the
carbonyl can be activatdny protonating the oxygen, adéhydration of the carbinolamine
intermediatas facilitated by subsequent protonation of the hydroxyl (i.e. imine formation
is acid catalyzed). Alprazolam, driazolobenzodiazepine and azolam a

benzodiazepinderivative, also display polynomial like pH dependence to their cyclization

r.ate8109,166,167

Cyclization of MDZypenin the nasal cavity will lead to supersaturation of MDZ if
production of MDZ outpaces absorptiorSupersaturated solutions are metastdtand
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can phase separate to form crystalline or amorphmecipitates. Crystallization is
undesirable because drug trapped in the crystal lagtioé lower activity andcould be
transported from the nasal cavity to the digestive tract by mucociliary clearance,
diminishing the bioavailability. Oun vitro experiments suggest crystallization of MDZ

is asporadicprocessat short time scalesequiringa nucleationevent that only occurred

in some samples WhenMDZ concentrations were drivelpeyond theupper limit of
supersaturatignLLPS was spontaneousdthe dspersed phaseas amorphous MDZ.

The amorphous precipitate has no crystal lattice energy barrier to dissolution; therefore, it
existsin quastequilibrium with the supersaturated solution. This allows the amorphous
precipitate to act as a soufoe MDZ and maintains the solution concentration at the upper
limit of supersaturation during the absorption procdasother wordsLLPS effectively

caps the driving force for absorption of MDZ from the solupbaseat the upper limit of

supersaturabn, butMDZ in the amorphous precipitate is still bioavailable

Supersaturated solutions of MDZ had a greater propensity to crystalize than
supersaturated solutions of diazepam generated fromdiagepam prodrug/enzyme
reactions. This difference beterethe two benzodiazepine drugs was also manifest in DSC
analysis of the dried reaction precipitates. Diazepam reaction precipitates showed a glass
transition, but no cold crystallization or melting pedksin contrast, MDZ reaction
precipitates showed a glass transition, cold crystallization exotherm, and melting
endothermFigure31A). The presence ofe@old crystallizatiorpeak suggested that MDZ
readily underwentearrangemenin the amorphous regions tiorm a crystalline phase

Furthermore, the molar heat of solidificatignHs) was often slightly lower than the molar
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heat of fusionjfHr). For the sample shown gure31B, nHs = 24.1 kJ/mobandnH: was

26.5 kJ/mol, indicating the MDZ precipitate was initially only 91% amorphous.

The rate at which MDZ could be delivered systemically by IN administration of an
open ring precursor would be primarily controlled by the absorption rate of MDZ,
absorption rate of MD&en, and cyclization rate of MDsgen, all of which are pH dependent.

Both MDZ and MDZpen exhibited higher permeation at higher pH. The charge of the
predominate microspecies reflected the differences in permeation observed at each pH as
well as differences observed between the two species. Based @Gk about 94%

of MDZ is expected to exist as the neutral microspecies at pH 7.4 while 82% is
monocationic at pH 5.5. With pK at 5.7 and 8.4, about 89% of MBéis expected to

exist as the monocation at pH 7.4 while 60% is dicationic at pH 5.5. Since MDZ was less
charged than MDgenat a given pH, it was more readily transported across émhrane.
Therefore, the cyclization rate in the nasal cavity is also important. This is demonstrated
in Figure32B. At pH 5.5 (blue circles), MDZ wastuhately delivered to the basal wells

at a faster rate than at pH 6.5 (orange triangles) even though MDZ angpdvtiad higher

permeation at pH 6.5.

A formulation pH of 7.4 for delivery of MDZ is desirable because it would afford
rapid @sorption and is within the pH range of the nasal cavity. For j¥enzyme
formulations, the pH dependent solubility of MExmust be taken into consideration.
Precipitation of Ph&/DZ o from solution was observed at pH 5.8 and concentration of
160 mM Appendices A4FigureA4.86). At this concentration, which is equivalent to 52

mg/mL of MDZ, a volumeof 192 uL would be needed to deliver a 10 mg dose of MDZ.
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Transport studies and enzyme kinetics for the -WMB&Z/APN formulation were

performed at pH 5.5 because of this solubility limitation.

The amount of enzyme required to hydrolyze high conagatrs of PhéviDZ o
within a reasonable time frame is another factor that must be considered for the
MDZprdenzyme formulation approach. To hydrolyze ®RhBZ o equivalent to 10 mg
MDZ in 10 min at pH 5.5, 2.8 mg of APN would be needed. Even thenyttheation
reaction would take additional time to complete. Slow reaction rates coupled with slow
absorption could lead to low bioavailability if a significant portion of the dose is carried to
the digestive tract by mucociliary clearance. The tramsi fior mucus in the nasal cavity
has been reported to be-28 min at a rate of 5 mm/mii® Depending on the scalability
of enzyme production, the amount of enzyme requiresdifiiciently fast hydrolysis could
make the cost per dose prohibitively expensive. It should be noted that the enzymatic
activity of APN was suboptimal at pH 5.B\gpendices A4 Figure A4.84). Different
MDZprdenzyme combinations formulated at different pH may not require such large
amounts of enzyme. The stability of the enzyme and level of endogenous enzymes in the
nasal cavity that can convert Mixdwill also affectthe amount of exogenous enzyme

needed per dose.

At low pH, the open ring forms of benzodiazepines like diazepam undergo chemical
degradatiort®® Open ring forms of triazoloand imidazobenzodiazepines such as
alprazolam and MDZ do not allow for further acid hydrolysis and are chemically stable in
solution!?® Thus, the stability of MDZenat low pH presents the possibility of delivering
MDZ by co-administering MDZpe2HCI with a solution of base to bring the pH within
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an acceptable range for IN delivery and rapid absorption. BZHCI is highly soluble

and undergoes very rapid dissolutioAn amount equivalent to 10 mg of MD&an be
dissolved in as little as 50L of water. With this acid/base formulation approach, there is
no need for amino acid derivatization and subsequent hydrolysis of the amino acid moiety

to liberate MDZpenas is he case with the MDy/enzyme formulation approach.

5.7 Conclusions

Despite a long history of cffibel IN administration of MDZ injectable solutions,
an approved nasal spray formulation has been elusive. This is because MDZ has low
aqueous solubiyt Formulations that utilize solubilizing excipients or low pH to achieve
a dose volume appropriate for IN delivery tend to irritate the nasal mucosa. However, it is
possible to generate aqueous MDZ in a volume and at a pH appropriate for IN delivery by
mixing a precursor with a reactant immediately before administration. The metastable,
supersaturated solution of MDZ that results providesincreased driving forcéor
enhanced permeation acrosembranes, but there is a limit to the degree of supeasiatu
that can be reached without causing spontaneous phase separation of MDZ. Precipitate
from MDZ generated above the supersaturation limit was found to be amorphous. MDZ
in the amorphous precipitate remains available for absorption. Phase sepHr&toA
into a crystalline phase was also observed, but only sporadically. It is unclear if nucleation
would occurin vivo or if crystallization would sequester a significant amount of MDZ
before the dose is absorbed. The most critical barrier to actapigedelivery and high
bioavailability of MDZ using an open ring precursor was found to be the cyclization rate

of MDZopen Cyclization was pH dependent. A formulation pH of 7.4 was found to be
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optimal for permeation of MDZ and MD¢gen across cell memhnes, but the slow
cyclization rate for MDZpenat this pH would control the rate at which MDZ appears in the

body.

Different reactions can be used to liberate Mf£in an agqueous formulation and
generate MDZ. The acid/base formulation approach is preferable to thgJ#DZyme
formulation approach, because the latter is more difficult to optimize. Enzyme stability is
often an issue, and catalytic activity can le@sstive to changes in pH or temperature.
Furthermore, the prodrugs themselves may have solubility limits, as was the case with Phe
MDZpro. In contrast, an acid/base reaction is robust and straightforward. The final pH of
the acid/base formulation care tselected simply by choosing the appropriate base
concentration, but the acid and base components must be adequately mixed during
administration to avoid heterogeneous deposition and pH spikes on the surface of the nasal
mucosa. Either formulation appdarequires the reactantslie kept segregatetliring
storage. This is most conveniently accomplished wittagalspray devicespecifically
designed to store, mix, and atomize tpart reactive formulations. When the dose is ready
to be administered, ixing of the two formulation components would be initiated and the
mixture sprayed into the nasal cavity where formation of MDZ would occur. Our group is
currently prototyping and testing nasal spray devices for administration of these types of

formulations.
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Chapter 6: Nasal spray device for administration of twepart drug formulations
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6.1 Summary

Intranasal drug delivery is an attractive route to noninvasively achieve a rapid
therapeutic effect, avoid first pass metabolism, and bypass the blood brain barrier.
However, the types of drugs that can be administered by this route have been limited, in
part, by device technology. Herein, we describe a pneumatic nasal spray device that is
capable of mixing liquid and solid components of a drug formulation as part of the
actuation process during dose administration. The ability to store a nasal spyay dru
formulation as two separate components can be leveraged to solve a variety of stability
issues that would otherwise preclude intranasal administration. Examples of drugs that
could be delivered intranasally by utilizing this tpart formulation stratgginclude
biomolecules that are unstable in solution and low solubility drugs that can be rendered
into metastable supersaturated solutions. A proof of concept nasal spray device prototype
was constructed to demonstrate that a liquid and solid can layrapked and atomized
into a spray in a single action. The primary breakup distance and angle of the spray cone
were measured as a function of the propellant gas pressure, and silicone nasal cavity molds
were used to assess the effect of cone angle romufation deposition within the nasal
cavity. Higher pressures produced wider cone angles, but the deposition area within the
nasal cavity was found to be generally independent of cone angle. Variationspartwo
drug formulations for intranasal deliyeof insoluble benzodiazepines in an aqueous
vehicle were tested with the prototype device. An acid/base formulation that generates
midazolam demonstrated rapid dissolution of the solid component and effective ,mixing
while a prodrug/enzyme formulatiomat generates diazepam demonstrated the ability to

conveniently store and administer labile biomolecules with this device.
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6.2 Introduction

The intranasal route for systemic drug delivery has been gaining popularity in
recent years. This ibecause it offers several advantages over traditional routes of
administration. The highly vascularized nasal mucosa contains fenestrated capillaries and
has a porous basement membrane, making the tissue an ideal site for rapid drug
absorptiort® Since tle capillaries drain directly into the systemic circulation, the
bioavailability of drugs that undergo firgass metabolism or gastrointestinal degradation
by the oral route can be improved by delivemptigh the intranasal route. In addition to
capillaiies, the nasal mucosa has a network of lymphatic vessels that can be targeted for
efficient, needldree delivery of vaccine¥° The intranasal route also offers the possibility
of bypassing the blood brain barrier and deliveringgdrdirectly to the brain via the
olfactory or trigeminal nerve pathwayd From a patient perspective, convenient and
essentlly painless dosing makes the intranasal route preferable to other parenteral routes.
Furthermore, the nasal cavity is easily accessible and operation of a nasal spray device is
generally intuitive, so administration can be performed by untrained ¢hdils even in

emergency situations

Even though intranasal delivery has been shown to be practical and safe for many
drugs®® there are challenges that have prevented formulation of certain types of drugs as
nasal sprays. Most notably, the volume that can be reliably deposited in the nasal cavity is
limited to 200 uL'’? Larger volumes tend to drain out of the nostrils and/or into the
nasopharynx, causing slower absorption and lower bioavailability. Organic solvents and

other solubilizers have been investigated to obtain an acceptable alose\for drugs
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with low solubility, but these additives tend to cause irritation and can damage sensitive
nasal tissue¥*° Another major challenge to formulating some drugs as nasalssigray

poor stability!® Biopharmaceuticals have notoriously short shelf lives when stored in
solution becaus they are susceptible to denaturation, aggregation, and chemical
degradation reactions. Degradation reactions are also accelerated for small molecule drugs
stored in solution. Challenges related to low solubility or poor stability can be overcome
for avariety of drugs by strategically selecting some components of the formulation to be
stored separately as sdidimmediately prior to administration, the liquid and solid parts
would be combined to make supersaturated or metastable solutions thaspeaybd into

the nasal cavity without concern for processes that would normally render the formulation

unstable over a longer timescale.

To our knowledge, there is moarketechasal spray device that is capable of mixing
liquid and solid parts of Bormulation during administration of the dose. The availability
of such a device would revolutionize intranasal delivery by enablingpawbformulation
strategies and opening up the pharmacokinetic advantages of intranasal delivery to drugs
that cannotbe stored in solution. Born out of a desire tcadminister reactive
prodrug/enzyme combinations for intranasal delivery of drugs with low solyfilityve
have designed a pneumatically driven, dual chamber nasal sptiag €& rapid mixing
and atomization of prenetered doses. A description of the device mechanism
demonstration of proof of concept prototypeesults from preliminary testing tie proof
of concept prototype with twpart drug formulations, and an example of a functional

prototypefollow.
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6.3 Device mechanism

6.3.1Dual chamber drug cartridge
The nasal spray device relies on ,dispos

prreet ered dichsee drug carfFigBdebdasi t wostcoapead t

keep the |l iquid and solid parts ©hethieqdr d
part of the drug formulation (e.g. buffer,
solution, liquid excipients, excipients in

the first compartment .t heSoMiisdes utnhsatabdmree in
hermetically sealed in the second compartr

breakabl e membrane near the atomizer tip.

During actuation of the device, a burst of propellant such as compressed air or inert
gas isreleased into the aft end of the drug cartridge. Initially, the force of the propellant
gas causes Piston 1, the liquid, and Piston 2 to move down the drug cartridge barrel with
the same displacement. When Piston 2 reaches the slot near the centebanfeth
becomes stationary as the liquid moves around Piston 2, through Channel 1, and into the
solids compartment. The liquid and solid parts of the formulation mix as Piston 1 continues
to advance down the cartridge barrel, pushing liquid into thdsscompartment. When
Piston 1 reaches Piston 2, they make contact. This contact forces Piston 2 past the slot
region, at which point Piston 1 becomes stationary and Piston 2 advances down the barrel
under the force of the propellant gas. The moveroéRiston 2 causes the mixed drug

formulation to fill the atomizer tip and exit the drug cartridge as a spray. When Piston 2
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reaches the atomizer tip, the propellant gas flows through Channel 2 and expels any

remaining drug formulation out of the atomizigr.

6.3.2 Propellant gas system

The drug cartridgeanbe integrated with a small, mechanical system to generate a
single burst of propellant as illustratedrigure 35. Actuation of the device is as simple
as pressing the button. The button moves a compressed gas cartridge toward a flow
regulating, hollow puncture pin. When the pin punctures the gas cartridge, the gas is
released into the drug cadge. This iteration of the propellant gas system is fortome

use, making the entire device disposable.

propellant

propellant

propellant

propellant
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Figure 34. Sequence of drug cartridge cross sections demonstrate mechanism for
mixing and spraying the drug formulation. The cartridge body is a long, thin, hollow
cylinder. @) Compartmenfor storing liquid portion of formulation. B) Compartment
for storingsolids portion of formulation. @) Piston 1. D) Piston 2. E) Channel 1. k)

Channel 2 with a membrane to seal the sam@spartmenturing storage. G) Atomizer

tip.

Figure 35. Cross section of disposable, single dose, dual chamber nasal spray device.
(A) Mechanical button for actuationB) Locking mechanism to keep button depressed.
(C) Micro sized propellant gas cartridge charged for single UsgElastomer receiveo
create seal with gas cartridgeE) (Hollow piercing pin to puncture gas cannisteF) (

Plastic body. @) Soft foam tip for contact with nostril.

Alternatively, the propellant gas system could be reusable as illustrakeguie
36. In this iteration of the design the drug cartridge is still single use, removable, and
disposal®. The body of the device is meant to be reused. The gas cartridig® is a
replaceable and disposable, but it contains enough charge to be used many times before
replacement The device has an electronically controlled solenoid to release a metered
burst of propellant gas into the drug cartridge when the button is pusheliscifarge

counter would keep track of how many times the device was used and be reset every time
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a fresh gas cartridge is installed. The status of the device (ready, full, empty, battery

warning, etc.) can be indicated to the user on a display or witlglas.
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Figure 36. Reusable nasal spray device that accepts disposable, single use, dual
chamber drug cartridges. (A) Propellant gas cartridge charged for multiple dos&3. (
Elastomer receiver to create seal wgtks cartridge. &) Hollow piercing pin to puncture

gas cannister. ) Metered flow solenoid and counterk)(Status indicator display.FJ

O-ring. (G) Button for actuation. H) Power cell. i) Drug cartridge positioning pins. (J)

Main plastic bodymolded to house the component&) Soft foam tip for contact with

nostril. L) Viewing window to determine if cartridge has been spekit) Top shell that

can be removed to access and replace the internal components (drug cartridge, propellant

gas cantidge, and power cell).

6.4 Materials and methods

6.4.1Proof of concept device prototype construction
A fully functional proof of concept nasal spray device was constructedtkath

following basic elements: dual chamber drug cartridge, propellant gas cartridge, flow
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regulator, valve, and switching mechanism. A 0.3 mL polypropylene insulin syringe
(Becton Dickinson Co.Franklin Lakes, NJ: cat. #324702) having an ID of 3.2 mm and
length of 50 mm was repurposed for the drug cartridge barrel. Slots, approximately 4 mm
long, were cut through the wall of the barrel and covered with sections of sititaing

to form Channels 1 and 2 as illustratedrigure34. Polyisoprene pistons 2.5 mm in length
were fashioned from syringe plunger tipBhe pistonsvere lightly ubricaedwith PFPE

based DuPont Krytox GPL 100 Oil (DowDuPont Inc., Midland, Mihichis compatible

with elastomeric seal materials and engineering plasté®r loading the drug cartridge

with a test formulation, a presseseirl type atomizer tip was affixed to one end of the
drug cartridge using silicone tubing as showfigure37. The atomizer tip was obtained
from a generic nasaspray bottle(Pirlo International Cgq.Zhejiang, China cat. #
391333528 The other endf the drug cartridge was connected to a fast response (< 20
ms), normally closed solenoid val{®/IC Valve Co, San Jose, CA: cat. #2ACK/4). The

valve was operatkeusing a triggered relay timer that was prograhle in millisecond
increments with 0.1% precision (QiYuanFei Electronic Technology Ltd., Shanghai, China:
cat. #JDQSX11SH). Triggering the relay caused the release of propellant gas into the drug
cartridgefor a specified time interval. The propellant gas was pressurizedrG@ a
standard 8 gr cartridge attached to an adjustable regulator-d/&B psi gauge (Interstate

Pneumatic Manufacturing, Vista, CA: cat. #WRCO2).
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Figure 37. Prototype drug cartridge prior to actuation. Inset shows examples of the
elastomer pistons, which are situated in the cartridge but obscured by opaque tubing in the
main image. (A) Liquid compartmentcontaining buffer. B) Solids compartment
containing lyophilized prodrug and enzymeC) (Location of elastomer piston 1.D)
Location of elastomer piston 2E) Location of channel 1.F) Location of channel 2.Q)
Atomizer tip. @) Barbed connector from solenoid thatesses a controlled burst of

propellant gas, C©O

6.4.2Spray cone measurements

Drug cartridges were loaded with 150 water in the liquid compartment and 15
mg mannitol lyophilizate in the solids compartment to simulate a-pavb drug
formulation. The relay timer and regulator were set to releasen@ithe drug cartridge
at specified stagnation pressures for a duration of 100 ms. The resulting spray was filmed
with a Sony Exmor RS 12 MP camera at a frame rate of 240 fps. Indifidoees were
examined to locate three representative images of the fully developed spray cone at each
condition tested. Examples of the images are showigimre38. To measure the primary
breakup distance and cone angle, the features and margins of the spray were identified
using the Sobel edge detector in the Fiji distribution of ImageJ software versiort’$.51s

Primary breakup distance (d) was definedhasaixial distance from the atomizer tip orifice
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to the point at which the liquid sheet became unstable and began to form droplets. Cone
angle @) was defined as the angle between two rays drawn from a vertex located at the

atomizer tip orifice along thepper and lower margins of the droplet cone.

Figure 38. Images of fully developed spray cone produced by different stagnation
pressures. (A) 30 psi. B) 35 psi. C) 40 psi. D) 45 psi.

6.4.3Nasal cavitydeposition tests

Human and canine nasal cavity molds were made by 3D printing a cast of the
interstitial space usingwatersolublepolymer, molding clear silicone around the cast, and
then dissolving out the cast with water. To print the casts, 30erggs$ wereequired
For the human nasal cavity, an STL figDPX-002305 was downloaded from the NIH

3D Print Exchangé’® For the canine nasal cavity, the interstitial space representing the
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cavity of a 21.6 kg mixed breed canine with @asmcephalisnout was segmented from CT
scan DICOM files (103 imagesioxel spacing 0.449.44%3 mm) using ITKSNAP
version3.6.0developed byrushkevichet al'”™ The STL files were cleaned up to remove
artifacts and unnecessary sinuses in Meshmixer versio(A8tbdesk Inc. San Rafael,
CA), sliced usingJltimaker Curaversion 4.0(Ultimaker, Geldermalsen, Nberland$ to
generate theG-code and subsequently printed on GR-10 3D Printer(Creality3D
Technology Cq.Shenzhen, China) usingtlas Supportwater soluble polyvinyl alcohol

(PVA) blend filameni{Formfutura BV, Nijmegen, Netherlandgat. #901034.

To create the molds, twoart SYLGARD® 184 Silicone Elastomer(Dow Corning
Co, Midland, MI) was mixed in a glass container and degassed under vacuum. Then the
3D printed nasal cavity casts were submerged in the silicone and the combinatexh pla
in an oven to cure at 50 °C for 8 hr. After curing, the glass was fractured for easy removal
from the outer surface. The PVA casts were dissolved from the inside of the silicone molds
using a combination of water bath soaking and periodic presswiat rinses from a

Water FlossefWater Pik Inc, Fort Collins, @). Removal of the PVA took about 3 days.

Before each spray test, the nasal cavity molds were prepared by rinsing them with
an aqueous solution of 100 mg/mL surfact@hiconox Inc, White Plains, NY cat#
MFCDO0014574Y and dried to leave a thin coat of surfactant on the inner surface. The
surfactant mitigated the amount of beading, pooling, and dripping that occurred when dye
was sprayed into the cavities. The drug cartridges @isedieposition experiments
containedl50pL of aqueous erioglaucine dye (FD&C Blue #i}he liquid compartment
and 15 mg mannitol lyophilizate in the solids compartment to simulate -pavialrug
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formulation The CQ propellant gas system set to 30, 35, 40, and 45 psi with a gate interval
of 100 ms was used to spray the dye formulation into the nasal cavity molds. The
anatomical regions where dye deposited was determined by visual inspection through the
sides of theclear molds, and the penetration depth was measured from the opening of the
nare to the furthest boundary of bulk solution deposition (light splattering and mists were

ignored).

6.4.4Acid/base formulation testing

An acid/base drug formulation was dde assess the ability to mix reactive species
using the dual chamber drug cartridges. The acid component was a solid dihydrochloride
salt of an open ring form of midazolam (MRZ&RHCI), which is a watesoluble
precursor to the insoluble drug midazolgMDZ). MDZope2HCI was synthesized from
MDZ according to the procedure describedGhapter 5.To load the drug cartridge, a
lyophilizate of MDZpe2HCI was formed and stored within the solids compartment. The
lyophilizate was prepared by dissolviMDZ ope2HCI in water at ~0 °C in an ice bath to
obtain a solution concentration of 0.154 M. Then, @aD®f the solution (equivalent to 5
mg of MDZ) was quickly transferred into a drug cartridge that had a plunger situated near
Channel 1 to prevent tlsample from leaking out of the other end. The cartridge containing
the solution was dipped in liquid nitrogen to freeze the liquid, the plunger was removed,
and the cartridge containing the frozen sample was placed in a lyophilization chamber to
dry under0.016 mbar vacuum at room temperature for 18 hr uskrg@Zone 6 manifold
freeze dryer(Labconcolinc., Kansas City, MQ. After lyophilization, the cartridge

assembly was completed by placing an atomizer tip at the end of the solids compartment,
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positioning Piston 2 near Channel 1, filling thguid compartment witd00uL of pH 13.4
NaOHin water(0.276 M) capping the end of the liquid compartment with Piston 1, and
attaching the loaded drug cartridge to the:@@pellant gas systeset to 40 psi wit a 50

ms gate interval

To test the performance of the drug cartridges that contained this acid/base
formulation, the pH profile of the spray pattern was visualized on pH indicator paper. The
cartridge contents were sprayed onto a sheatr@reblue litmus paper or red litmus paper
from Precision Laboratories, LLC (Waukegan, IL: cat#-288B10 and 2924-8X10).

The distance between the atomizer tip and the litmus paper was 7 cm. Images of the spray

pattern were captured ~10 s after therfulation had been sprayed.

6.4.5Prodrug/enzyme formulation testing

A prodrug/enzyme formulation was used to assess the ability to reconstitute and
atomize lyophilized fragile biomolecules using the dual chamber drug cartridges. The
prodrug,avizafone(AVF), was synthesized in house accordinghmprocedure described
previously*? The enzyme,acombinant human amineptidase B enzyme (APB)as also
produced in housby the procedure described previous. In the drug cartridge, both
AVF and APB were contained in the solids compartment as a lyophilizate. To prepare the
lyophilizate, stock solutions of AVF, APB, and the lyoprotectant trehalose were mixed at
~0 °C in an ice bath to obtamsample concentration of 1.00 mM AVF, g§/mL APB,
and 25 or 50 mg/mL trehalose. Then, 1800f the resulting solution was injected into
the end of a drug cartridge that had a plunger situated near Channel 1 to prevent the sample

from leaking out of th other end. The cartridge containing the solution was dipped in
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liquid nitrogen to freeze the solution, the plunger was removed, and the cartridge
containing the frozen sample was placed in a lyophilization chamber to dry under 0.016
mbar vacuum at rooemperature for 18 hr. After lyophilization, the cartridge assembly
was completed by placing an atomizer tip at the end of the solids compartment, positioning
Piston 2 near Channel 1, filling thiguid compartment witid50puL of pH 7.4 phosphate
buffered saline (PBS), capping the end of the liquid compartment with Piston 1, and
attaching the loaded drug cartridge to the@f@pellant gas system set to 45 psi with a 50

ms gate interval

To test the performance of the drug cartridges ¢batained this prodrug/enzyme
formulation, the concentration of active APB in the spray was calculated from the rate of
drug production in the ejected solution. When AVF and APB are combined in solution at
physiological temperature, they generate the diagepam (DZP}*® DZP was measured
by second derivative UV spectroscamsdescribed previousl$. In brief, the contents of
a cartridge were expelled directhyto aquartz ultramicrocuvettethat was pravarmed to
32 °C in the temperature controlled block Gary 100 Bio UV/Visdouble beam
spectrophotometgiAgilent Technologies IngSanta Clara, CA Scans from 306@00 nm
were collected every 0.25 min for 2@in. The second derivative of the extinction
measured at 338 nm was used to determine the DZP concentratiorthd hencentration
of activeAPB was determined by fitting the differential equations that describe the reaction

kinetics to the measured PZoncentratioime profiles(Chapter 4, Section 3.3).
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6.5 Results and Discussion

6.5.1Device functionality

Visual inspection of spent drug cartridges indicateat the prototype device was
operating properly. The final position for Piston 1 was at Channel 1, and the final position
of Piston 2 was at Channel 2. Nearly all of the formulation was cleared frarartnege
and atomizer tip. The way that the dual chamdrug cartridge functions in this nasal
spray device is similar to that of prefilled dual chamber syrihtfeBual chamber syringes
are marketed for parenteral drug delivery by injection. These syringes use a mechanical
plunger, so there will always be some amount of defigih the deadpace between the
plunger and end of the needle. Since volumes on the order of milliliters are common for
injectable formulations, the amount trapped in the dpade of a dual chamber syringe is
only a small fraction of the dose. Muaimaller dose volumes (25200uL) are required
for nasal spray formulatiord$? The anount of drug left in the deagpace and atomizer tip
would be a significant fraction of the dose if a mechanical plunger were to be used as the
driving force. Unspent drug can be dangerous or abused. By using compressed air or
propellent gas as the dmg force for actuatiorvirtually all of the drug can be expelled
from the drug cartridge. This meathstcartridges do not have to be loaded with excess

drug, and the empty cartridges can be safely disposed in household trash.

The premetered drug cémdges and automated action of this nasal spray device
reduce the risk of improper dosing, but adequate deposition of the dose in the correct region
of the nasal cavity is also important for effective intranasal delivery. Deposition is

controlled by theatomizer tip insertion depth and angle, as well as spray plume
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characteristics. Spray characteristics include cone angle, spray pattern, breakup distance,
droplet velocity, and droplet size. As one might expect, the spray characteristics were
found to bedependent on the type of atomizer tip used, composition of the formulation,
propellant gas pressure, and duration of the applied pressure. When these device conditions
were held constant, the cone angle and primary breakup distance for the jet were
repraducible. Other spray characteristics were not measured during preliminary testing.
Cone anglewas approximately proportional and breakup distamas inversely
proportional to pressure, for pressures between 30 and 45 psi as sogure39. Below

30 psi, erratic spray patterns were observed, and the device occasionally failed to expel the
entire dose. Pressures above 45 psi produced a qualitatively finer mist but did not result

larger cone angles.
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Figure 39. Fully developed spray cone geometry as a function of stagnation pressure.

Averages +SD plotted, n = 3.

6.5.2Nasal cavity deposition

Some spray parameters, such as droplet k&g a relatively minor influence on

deposition efficiency and area of deposition within the nasal cavity compared to cone angle
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and administration angfé’ For small cone angles, the emtation of the device in the
nostril becomes more important. A strebke spray could impact a surface at the anterior
of the nasal cavity, limiting the deposition t@mallerareain a regionthat is not optimal

for drug absorption.Conversely spray plumes with large cone angles may not clear the
nasal valvgtapered rgion between the vestibule and atriuand deposit predominantly

in thevestibulerather than the nasal cavity. Ideally the spray would develop beyond the
valve and deposibn thehighly permeable respiratory epithelium at the anterior region of
the turbnates’>'’® The surface tension of the drug formulation and lateral movement of
the mucus layer towards the nasopharynx (a process known as mucociliary cl@arance)
will cause the formuldon to spread over the surface of the turbin&téDeposition too
deep within the nasal cavity, at the posterior ofttireinates would limit the residence
time of the drug in the nakcavity and may lead to lower bioavailability if absorption

cannot occur before mucociliary clearance carries the drug to the digestive tract.

Images of a human nasal cavity mold that was used for spray deposition testing are
shown inFigure40. The contents of drug cartridges with a solution of blue dye in the
liquid compartment and a mannitol lyophilizate in the solids compartment were sprayed
into the mold using # CQ propellant gas system set to various stagnation pressures to
produce a range of spray cone angdls (L9, 31, 54, and 67°). The primary deposition
area, regardless of spray cone angle, was in the atrium region of the nasal cavity. Spray
cone angles of 67° tended to impact the nasal valve, and the buildup of solution in that area
caused dripping of thiormulation back out though the naféqure40D1). The higher

pressures used to produce wider cone angles also led to more splattering within the nasal
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cavity, but theboundaries of the splattered region did not extend much further than the
atrium region. This is because theatuf the atrium and turbinates form a thiortuous

path with no linear route for spray droplets to travel to the deeper recesses ofathe nas
cavity. Formulations sprayed with the smallest cone angle tested, 19°, deposited beyond
the nasal valve region and were less likely to drip back out through the=iganeed0D?2).

One of the most critical factors affecting the region where dye deposited in the nasal cavity
was found to be the angle of administration. Perhaps not surprisingly, greater deposition
on the respiratory epithelium at the anterior of thbihates could be achieved by angling

the spray device towards the turbinates (at about a 40° angle from the plane of the nare).
These observations and deposition areas are similar to the findings of other reséatthers.
Sumaret al noted that benchtop spray plume characterizatieasurementsroplet size,

cone anglepvality ratio, etc.) thatan portray two spray devices as having different

performance desnot necssarily equate to differences in performance in vivo.
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Figure 40. Human nasal cavity mold. (A1-3) Castof interstitial space of human nasal
cavity that was 3D printed with soluble PVA filamentB) (Nasal cavity cast inside of
silicone mold. C) PVA dissolved out of silicone to leave empty mold of nasal cavity.
(D1-2) Blue dye from drug cartridge spray#abugh left nare into nasal cavity mold
depositedn the atrium region Spray impacting the nasal valve tended to drip back out of

the nare as shown in D1.

A canine nasal cavity mold was also made to test the device for precliratzal tr
and potetial applications in veterinary medicinBigure4l). Again, the deposition area
was found to be largely independent of spray cone angle. The narrow meatus of the nasal
cavity and impact of the dye formulation on the walls of the nasal cavity did not allow for
fully developed spray plumes even at the smallest cone angle tested, 19°. The region of
deposition was at the anterior of the nasal cavity and was well distribateegen the
dorsal, middle, and ventral meatus when the spray was directed toward the common meatus
and aligned parallel to thestralaxis (Figure41C). This islikely the ideal region for

deposition since mucociliary clearance will carry the formulation across the respiratory
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epithelium from the anterior to the posterior of the nasal cavity, allowing maximal

residence time for drug absorption to occur.

dorsal view

space obtained from CT scan segmentati&i-3) Empty silicone mold. ¢1-3) Blue dye
from drug cartridge sprayed though left nare into nasal cavity mold deposited past the
osseous hasal aperture and spread across the anterior regions of the dorsal, middle, ventral

meatus.

6.5.3Drug formulation testing

Our group iscurrently investigatinga two-part formulation stratgg for the
intranasal delivery oinsoluble benzodiazepines to treat seizure emergenci€sese
formulations contain reactive species that must be kept separate during.siitzgethe
reactants are combineghd sprayed into the nasal cavity, a metastable supersaturated

solution of the benzodiazepine is created which leads to very rapid absorption across the
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nasal mucosa intthe systemic circulation®® Two different versions of these tvaart
benzodiazepine formulations were tested in the drug cartridges. An acid/base formulation
that generates the benzodiazepine MDZ was used to demonstrate rapid dissolution and
mixing, and a prodrug/enzyme formulatitimat generates the benzodiazepine DZP was
used to demonstrate the applicability of this strategy to the delivery of unstablaileslec

or molecular assembilies.

6.5.3.1Acid/base formulation

The drug MDZ is insoluble in water at physiological pH. Formulations that are
concentrated enough to deliver a therapeutic dose in a volume acceptable for intranasal
delivery rely on lowpH, organic cesolvents, or inclusion complexes. These formulation
strategies can irritate sensitive nasal tissues and slow drug absorptior,NIBICI is a
soluble precursasf MDZ. When dissolved in water at high concentrations, Mi@#&HCI
results in an acidic solution and exists predominately as an inactive open ring form of MDZ.
Increasing the pH of the solution shifts the equilibrium toward MDZ, creating a
supersaturatesblution and a bioavailable amorphous phase. This slurry of supersaturated
and amorphous MDZ cannot be stored for long periods of time without leading to
undesirable crystallization of MDZ. Therefore, the pH shift shoulgdréormedat the
time of admnistration. Refer to Chapter 5 fobackground and details about this

formulation.

The dual chamber drug cartridges offer an opportunity to conveniently store
MDZ ope2HCI separately from a base and the ability to rapidly atomize a mixture of them

for deposition in the nasal cavity at the time of administration. In the drug cartridge,
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MDZ opel2HCI was stored within the solids compartment as a lyophilizate. The base
component, aqueous NaOH, was stored in the liquid compartment. In order to avoid a
hetergenous mixture and pH spikes on the surface of the nasal mucosa;partwo
acid/base formulation would need to undergo very rapid mixing or dissolution. As a
lyophilizate, dissolution of MD&ef2HCI was observed to be nearly instantaneous. The
formation of low density, porous cakes during lyophilization greatly increases the surface
area of the solid material and enhances dissoldfforAdditionally, the lyophilization
process can result in high energy amorphous and/or polymorphic crystalline forms of a
material that are more readily solvated compared to the thermodynamically stable crystal
form.*®! Samples of the MDge£2HCI lyophilizates characterized bifférential scanning
calorimety according to the procedure described Ghapter 5 ndicatedamorphous

MDZ opei2HCI was present in the lyophilizates, evidenttny glass transition at 74.3 °C

and crystallization exotherm at 1343 °C Figure4?2). As the lyophilized sampavere
heated, several metastable modifications wesenied that correspoedto high energy
polymorphs. Lyophilization will likely improve the dissolution rate of many drugs or drug
precursors as it does for MRZAHCI, but the extent of improvement will depend on the

specific compound, excipients, and lyophilization cycle parameters.
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Figure 42. DSC thermograms of the MDZ acid/base formulation reactants and
products. (A) Insoluble, crystalline MDZ standard.BY Amorphous MDZ precipitate
recovered from reaction of MDRZ<2HCI with NaOH solution. ) Crystalline
MDZ operf2HCI from synthesis of stock.Dj Rapidly dissolving amorphous material and
metastable modificationg@sent after lyophilization of MDge2HCI.

Homogeneous mixing of the formulation components at the site of deposition is
importantfor two-part reactive formulations sucthe MDZ acid/base formulationThe
reactive specieshould bethoroughly mixedto ensurethat complete and efficient
production of the active drug oceur To test the mixing of NaOH in solution with

MDZ opel2HCI in the lyophilizate, permutations of the formulation were sprayed from drug
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cartridges onto litmus paper using the Q@opellant gas system. Control drug cartridges
containing water and MDZeA£2HCI lyophilizate sprayed onto blue litmus paper created a
circular orange spray patterfigure43A). Blue litmus becomes orange when exposed to
acidic solutions. This control demonstrated that rapid dissolution of the.pEZECI
lyophilizates resulted in an acidic spray plume. The pH of the expelled solution was
measured tbe 1.3 when the spray was captured in a vial and subsequently measured with
a low volume pH meterFigure43B shows the converse control with only NaOHusion

in the liquid compartment of the drug cartridge and nothing in the solids compartment
sprayed onto red litmus papéRed litmus becomes blue when exposed to basic soljtions.
Figure43C andFigure43D show the spray patterns from drug cartridges containing both
NaOH solution and MD&e£2HCI lyophilizate. On bluditmus, a light orange hue
(corresponding to pH ~7.4) was observed in a circular pattern with a smaller radius than
the radius of the full spray plume, suggesting a higher concentration ofMREICI at

the center of the plume. However, a faint blue feorresponding to pH ~8) was observed

in the same area from the same formulation sprayed on red litmus. Multiple replicates
yielded the same conflicting results. It seems likleftthe entire plume had a pH 7840,

but a color change was only detectable at the center of the blue litmus because that is where
a larger volume of formulation deposited. The pH profile of the spray pattern from this
acid/base formulation demonstrates thege pH shifts can be performed with this device,
opening up the possibility to administer soluble salts of poorly soluble drugs at a pH

appropriate for intranasal delivery.
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Figure 43. Images of acidbase formulations sprayed onto litmus paper.Each image
shows the pH profile of the spray pattern that resulted from spraying drug cartridges
containing a twepart formulation with 10QuL liquid and 6.4 mg solid of the stated
components onto pH indicatpaper. Scale bar on left is in units of cm. Buffer solutions
spotted on right to show color scale for pH. Each condition was tested in tripliégte. (
Water and solid MDZe/#2HCI sprayed onto blue litmus paperB) (pH 13.4 NaOH
solution and no solidprayed onto red litmus papeC)(pH 13.4 NaOH solution and solid
MDZ oper2HCI sprayed onto blue litmus paperD) (pH 13.4 NaOH solution and solid
MDZ opei2HCI sprayed onto red litmus paper.

Instantaneous dissolution anahtent uniformitybetweenmdividual spray droplets
may not be asritical as homogeneous mixing on the surface of the nasal mucosa. As can
be seen irrigure43C and D, orange spkles were observed throughout the spray pattern,
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indicating punctate acidity. The formulation in those experiments was expelled from the
drug cartridges with a 50 ms burst of £@opellant. Given this short time frame, it is
reasonable to assume thatreoof the lyophilized material exits the atomizer as a slurry.
For an acid/base formulation, these scattered droplets of low acidity would quickly dilute
in the nasal mucus and probably do not contain enough acidic material to overcome the
natural buffemng capacity of the mucus. Furthermore, mixing of the acid and base
components does not necessarily have to occur in the cartriigere 44 demonstrates
mixing on a deposition surface rather than inside the drug cartridge. The drug cartridge
containing a liquid/liquid formulation witan aqueous solution of tartrazine dye (FD&C
Yellow #5) in onecompartmenandan agueous solution of erioglgne dye (FD&C Blue

#1) in the other compartment was sprayed onto a paper towel. The blue dye exited the
atomizer first, followed by the yellow dye. The resultant spray pattern was a green color
because the deposition area for the blue dye was the asuthe deposition area of the
yellow dye. As long as the components of a-praot reactive formulation are deposited

on the same area of the nasal mucosa, homogeneous mixing within the drug is not

imperative.
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Figure 44. Mixing of a sprayed liquid/liquid dye formulation. (A) Drug cartridge
containedl25 L yellow dyein one compartment and %Q blue dye in the other. The
liquids were separated by an elastomer piston that was obscured from view under the
siliconetubing. @) Cartridge pictured in A sprayed onto a paperer towel produced a green
spray pattern from the mixing of the yellow and blue dyes. Image captured immediately

after spraying.

6.5.3.2Prodrug/enzyme formulation

Intranasal delivery is an adictive alternative for drugs that would otherwise need
to be administered intravenously. In the case of biologics and molecular assemblies, the
intranasal route also offers the potential to bypass the blood brain barrier through direct
noseto-brain pathvays!®2 However, the solution statghysicochemical instabilityf
many of these therapeutics does novrle adequate shelf life to formulate them as nasal
sprayst® Solid state stability is typically much bett thus lyophilization has been used as
a means to extend the shelf life of unstable pharmacutitalBor example, liposomal

formulations tend to be unstable in solution and lyophilization is often unavoifable.
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Enzymes also tend to be unstable when stored in solutdfe havebeen
investigating the feasibility of eadministrating a soluble prodrug with a converting
enzyme in an aqueous vehicle for rapitldnasal delivery of insoluble drufs.One such
formulation employs the labile enzyme, APB. APB can be stabilized forterngstorage
by lyophilizing it in the presence of its prodrug substrate, AVF, and a common
lyoprotectant, trehalosgChapter 4) In fact, theimpetusfor designing a dual chamber
nasal spray device was the desire to quickly reconstitute these APB lyophilizates and
subsequently atomize the solution for convenient intranasal administration of the

prodrug/enzyme formulation.

There are several mechamis by which APB can degrade during the processes of
filling the drug cartridges and actuating the device to atomize formulation. Lyophilizing
material in long, slim containers can be problematic because the geometry is prone to
uneven heat and mass trasf® Differences in APB lyophilizate cake morphology were
observed at the closed end of a drugrge compared to the open end when frozen
solutions of the APB and trehalose were lyophilized with Piston 2 in place. While changes
in cake appearance do not necessarily equate to changes in product performance, if the
morphology difference was duepartial meltback there could be excess moisture trapped
in that region that would affect stability and the reduction in surface area could cause
slower dissolutiort!® Leaving both ends of the drug cartridge open during lyophilization
produced uniform cakes; however, the freezing) @rying steps caused ~30% loss in APB
activity regardless of the container material or geometry that was used to prepare the
lyophilizate. The degradation associated with the lyophilization process is evident when
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comparing the active APB concentratiangrelyophilization solutions shown ifigure

45A to the active concentration after lyophilization shown by the blue baiigime45B.

During actuationshear stresgrom forcing the formulation out of the drug cartridge
and through the atomizer orifi@andamage fragilenolecules, especiallgiomoleales
like APB.X® The amount of slkae stress introduced, hence the extent of degradation, is
correlated to the shear ratdzigure 45A shows that the concentration of active APB,
measured by turnover of the prodrug substrate AVF, was unchanged when the solutions
were sprayed manually using a syringe attached to an atomizer tip. Depressynggjee s
plunger by hand generated relatively low ahmtes. Much higher shear rates can be
obtained using the G@ropellant gas system to discharge drug formulations from the drug
cartridges. The orange barskigure 45B show a reduction in APB activity when the
prodrug/enzyme formulation was sprayed at high pressure (P = 45 psi) compared to simply
reconstituting the formulation without pressure or spraying (blue bars). Samples
containing different concentrations of thy@protectant excipient, trehalose, were tested
(25 and 50 mg/mL in the pilgophilization solution). Twetailed, unpaired-test analysis
indicated that there was no statistical difference in enzyme activity with these
concentrations of trehalos#4) = 0.80 with p = 0.47 for the controls at{d) = 1.1 with p
= 0.35 for the sprayed sampleBesting ofprodrug/enzymdormulations for tolerance to

shexr stress using the dual chamber nasal spray device prototype is ongoing.
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Figure 45. Stability of enzyme upon sprayingorodrug/enzymeformulations. (A) No

difference in active enzyme concentration was observed between prodrug and enzyme
admixed from stock solutions without spraying (blue bar) versus mixtures that were drawn
into a syringe and sprayed though an atomizer by thumb pressure on the syringe plunger
(orange bar). The components were not lyophilized. Reactions were performed in PBS, n
= 3, +SD. B) Reduction in active enzyme was observed between prodrug/enzyme
lyophilizates reconstituted with PBS and rinsed out (blue bars) versus those that were
sprayed out of the drug cartridge using the:@@pellant gas system (orange bars), n = 3,
+SD.

6.5.4Example of a functional prototype

ThelaboratoryCO; propellant gas systeased for benchtop testing of the proof of
concept prototype was too bulky tecorporate in a handheld device, sduactional
prototype was constructed that fasaar through the drug cartridgesing a compressed
spring air pump Since air is a compressible gas, the pump needs to push a volume of air
larger than the volume of the drug cartridge in order to generate enough pressure to expel
the formulation from the cartridge. Additionally, there msiaverse relationship between
the pressure that can be generated from the spring force and the area of the piston within

the pump. In the prototype picturedrigure46, the air pump was fashioned from a 1 mL
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syringe that had an inner cressctional area 2.3 times larger than the inner egsesgonal

area of the drug cartridge. With a compression spring rate of 1.05 Ibs/in, this prototype
was able to pduce fully developed spray cone angles of ~ 40° when the drug cartridge
was loaded witld50 pL water in the liquid compartment and 15 mg mannitol lyophilizate

in the solids compartment Frictional forces, formulation properties, and atomizer tip
geomety had a significant impact on the performance of the device. The air pump and
drug cartridge pistons required a thin coat of lubrication to reduce friction and operate
consistently. Some test formulations with high viscosity or slowly dissolving lyaptes
caused too much back pressure to be effectively atomized with this prot&asple.nasal
spray drug formulation will have different fluid properties such as viscosity, density,
thixotropic behavior, elasticity, and surface tension. These proparflasnce spray
characteristics and ultimatehasal cavitydepositior® so thedevice parameters (spring
force, atomizer orifice, etc.) would needlde optimizedo suit the properties of specific
formulations. If the device is to be reusable, then a mechanism to retract the spring when

a new drug cartridge is inserted would also need to be incorporated into the design.
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J,

spent drug cartridge

Figure 46. Functional prototype.(A) External surface.B) Internal components showing

liquid compartment of drug cartridge containing water, solid compartment containing
mannitol, and retracted spring of air pump held in place by a triggehanism. @)

Internal components after actuation of device by pressing the trigger button. Extension of
the spring forced air though the drug cartridge, causing the pistons to advance forward and

expel the formulation.
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6.6 Conclusions

Many drug cannot be formulated as nasal sprays for use in standard nasal spray
devices because they are either too unstable or poorly soluble to be stored in solution. The
dual chamber nasal spray device we have desceballles shel§table formulations of
thes types of drugs by segregating the reactive or otherwise unstable components of the
formulation into separate compartments during storage. Actuation of the device at the time
of administration combines the components to create a metastable mixtusesihratyed
into the nasal cavity.

We began this report by describing the device mechanism, which is a pneumatically
driven adaptation of dual chamber syringe technology. A proof of concept prototype was
constructed and tested with a placebo formulattmonstrating that the spray plume
geometry could be controlled by adjusting the propellant pressure. However, using the
device to spray dyed placebo formulations into silicone nasal cavity molds and observing
the extent of deposition in the target regremealed that optimizing the spray cone angle
is less important than controlling the angle of administration. Then, the device was tested
using twepart reactive formulations that generate supersaturated solutions of
benzodiazepines. An acid/base foratidn that generates supersaturated midazolam
demonstrated rapid mixing solid and liquid components could be achieved during actuation
of the device. A prodrug/enzyme formulation that generates supersaturated diazepam
demonstrated the feasibility of usitigs device to stabilize and deliver labile proteins. In
general, gamples of drugs that could be used in this device include biomolecules,

water/air/heat sensitive compounds, combinations that produce metastable states such as
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supersaturation, lyophikkd molecular assemblies such as liposomes and emulsions,
reactive species, or any other incompatible formulation components that need to be

separated during storage but combined during administration.
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Chapter 7: Future directions
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Theseries of experimentescribedhus farprovides a basicframework for investigating
potential twoepart reactive formulationgor intranasal delivery of poorly soluble drugsd
demonstratea viable path from benchtop to pharmaceutical proddotwvever, here is muchhat
remains tobe discoveed by expanding the experiments to support generalization of this
formulation strategy to other drugs ataddelve deeper intahe minutiaeof the phenomenahat
have been observed.The following subsections provide examptE#savenueghat areripe for

exploration.

7.1Phaseseparation processes

Theprodrug/enzymand acid/baseeactions could be used as wtol furtherstudy
amorphoussolubility. Even though the thermodynamic equilibrium solubilities of DZP
and MDZ are different, theyere observed to have essentially the samgnsic
amorphous solubilityas determined by thgoper limit for their superstatia@oncentrations
at a pHin whichthereaction products argeutral Theoretical calculatiosof Gamorphous
solubility advantagérely on accurate measurement of the equilibrium solubility of a stable
crystalline form andGibbs free energy difference betwale amorphous and crystele
forms'8” Perhapgorrelations between the upper limits of supensdion measured from
for a curated series abmpoundsandthe theoretical calculations of ¢ir corresponding
free energesof mixing can be found whickvill shed light on the molecular properties that
dictate solubility limits in nondeal solutions.This may lead to an empirical or theoretical
model for accurate prediction of amorphous solubility without the nepérforma priori

measurements.
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The reactions could also be used to investigate precipitation behever the
upper limit d supersaturation is reached A metastable zone (i.e. supersaturated
concentration range) exists between the binodal and spinodal curves of a phase’8fagram.
The binodal curve is defined as the mole fraction of a mixture where the chemical potential
of the all the components are equal. The binodal curve corresponds to the boundary
between conditions where a solution is thermodynamically favoreslseconditions
where phase separation is thermodynamically favored. The spinodal curve is defined as
the mole fraction of a mixture where the second derivative of the free energy of mixing
with respect to mole fraction is zet¥. The spinodals the boundary beyondhich the
solution is unstable and there is essentially no barrigghtiise separation Spinodal
decomposition (i.e. rapid growth and coalescence of phase separated solute clusters) occurs
spontaneously throughout the solution when solute is generateckigseof the spinodat®
These initial solute clusters arideir aggregation behavianay explain some of the
aberrant light scattering observed that was notrgelg proportional to wavelength under
certain reaction condition&igure47). FurthermoreDZP and MDZ precipitates displayed
different aggregation behaviorBigure48). Experiments such as measuring the changes
in the particle count and size distributions by dynamic light scatting as a function of time
for different rateof solute production, measurements of zeta potential to characterize the
tendency for the clusters of different drugs to coalesce or flocculate during spinodal
decomposition, and cryogenic transmission electron microscopy of the initial stages of
spinodal decomgsition could be useful to characterize thpsocess anddentify the

physiochemical properties that control it.
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Figure 47. Evolution of light scatting from a high concentrationreaction. Reaction
conditions: 3.90 mMAVF, 0.25 U/mL AOR pH 7.4 PB$32°C. (A) DZP solution state
concentratiortime profile(green line) as determined by second derivative spectroscopy
overlaid with corresponding extinctigmime profile (blue dashes)Green arrow marks
approximate time afeaction completion98% conversion of [AVFRJto DZP att = 35.3
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min). Red point marks t = 50 min, corresponding totthee point of the red colored
spectrum shown in B and CB)(Spectra of reaction measured from t = 0 to 50 min, 1
scan/min. Precipgite particle formation, growth, and aggregatio@) $pectra of
reaction measureddm t = 50 to 120 min, 1 scan/min. Precipitate settling.

Figure 48. Microscope images of precipitate (A) Ramified aggregation dzZP
precipitate particlesBehavior is typically associated with a fast or diffusion limited
aggregation regim&? Image capture80 minafter combining AVF and AOP in pH 7.4
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PBS. (B) Compact clustering d¥1IDZ precipitate particlesBehavior is typically
associated with a slow or reaction limited aggregation regitnenage capture@0 min
after combining solutions of MDZeA2HCI and NaOH.

7.21n vivo versusin vitro supersaturation limits

A much higher limit of DZP supersaturation was inferred from fittingRB®K
model to plasma concentratitime in thein vivorat study Cpzp,iim = 20.8+ 3.1 mM £SE,
Chapter 3 compared ton vitro measurements ¢z im = 1.22+ 0.03 mMzSD in PBS
Chapter 2. Some data has been collected sugggshathigher limits of supersaturation
can beobtainedn different media, such as tivethe presence @bumin(AppendiceAl,
FigureAl1.61). In addition to lipids, nasal mucus contains proteins such as mucin, albumin,
immunoglobulins, lysozyme, and lactoferrifihus, protein binding may playrale in the
higherlimit that was observenh vivo. Testing the twgpart reactive drug formulations in
simulated nasal mucus would help gauge the influence of the matrix on the upper limit of
supersaturation. Recipes for simulated nasal mucus can be found in refétemoas:,
If the upper limit of supersaturation cantbe increaseth simulated mucus as dramatically
as thein vivo datasuggeststhen another possibilityfor the apparentlyigh in vivo value
for the upper limit of supersaturation could teerestimabn due totransportof DZP
across the nasal mucosa directly from the phase separated Ti2@ PBPK model in
Chapter 3 assumes thatlp DZP in the solution phase is absorbeReconcilng the
discrepancypetween thén vivo andin vitro determinations of £p im would help make
predictive PK models more accurate for DZP as well as other supersaturating drug delivery

systems
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7.3 Propensity to crystalize

In vitro, MDZ was observed to have a gredtrdencyto crystallize compared to
DZP. A series of physidtemical characterization experiments to measure differences in
mobility and lattice stacking interactions between these molecules would likely explain
why MDZ crystalizes more readily, but the more interesting question would be whether or
not MDZ crystallzation would be slowed or even naxistent when supersaturated
solutions are created in a biological systefdifference in the propensity of MDZ to
crystalize in buffer versus a biological medium would be relativity easy to test using the

simulated naa mucus recipgmentioned in Section 7.2.

When attempting to measure crystal nucleation frequency and growththates
method used to generate the supersaturated state may be impdfeahaive observed
greater tendency for crystallization from supersaturated solutions created by a solvent shift
method compared to a prodrug/enzyme reaction method. It may be that the protein in the
prodrug/enzyme reactiohas some crystallization inhibiting effect, drcould be that
creating supersaturation by a solvent shift offers more opportunity for crystal nucleation
from very high concentration spikes during the mixing proc#ssystallizationproceeds
in nasal mucusthen the crystallization observed witletNMDZ formulations (albeit slow
and sporadic) mayotbenegligible The fraction of the dose sequestered in the crystalline
phase within the timeframe of mucociliary should be quantified to assess the potential
impact on the bioavailability of MDZ delived intranasally via a twpart reactive

formulation.
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7.4 Absorption of ORI

All of the prodrugs and precursors used in our studies dereged from open
diazepine ring structures of the parent benzodiazepines. There are reasons why creating
an intermediate species in the pathway from precursor to active drug may be desirable, and
there are reasons why avoiding the creation of an inteateeshay be desirable. The ORI
species of DZP and MDZ are able to permeate memb(ame©RI| of MDZto a lesser
extent than the ORI of DZPand they are more soluble than the closed ring DZP and MDZ
drugs. Therefore, higher concentrations of the ORIEacreated in the twoart reactive
formulations compared to the insoluble parent drugs that quickly reach an upper limit of
supersaturation and subsequently phase separate. The high concentration of accumulated
ORI, hencehigh driving force for absormn across membranes, may lead to faster delivery
of drug into the body than could be achievethe activedrug wasthe onlypermeating
species The absorption rate advantagethesetwo-part formulations can be evaluated
though modeling since estimatef the ORI permeability coefficientan be obtained from
Transwell drug transport studies: MBénPapp= 1.45+ 0.64x 1P cm/s (Table4) and ORI
of DZP Papp = 5.54 + 2.07x 1 cm/s (unpublished datajpcross MDCKlwt cell
monolayersat pH 7.4 and 32C. External and internal exposure to ORI also depends on
the ring closing rates in the respective biological meide. cyclization rateshould be
characterizedh nasal mucus mixed with the drug formulatemwell asn bloodto more
accurately predicthe time course of ORI and active drug in the body. Although the

exposure to ORI is expected to be short, it would be prudent to assess its toxicity.
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7.5 Cytotoxicity

The high concentrations of ORthat can accumulaten the nasal cavity and
potertial for ORI to enter the body beg the question of whether or not the ORI species are
toxic. There are a variety of software tools commercially available for the prediction of
Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) properties.
These tools offer a starting point to help identify potential mechanisms of toxi@tgby
aiding in thedesignof in vitro experimentsto quantify toxic effects or selection of
tissues/biomarkers to examine for signs of toxicitynimivo studies.

In Transwell drug transport studies, we obseraeceduction in the confluency
MDCKII -wt cell monolayers exposed to tb&€P and MDZtwo-part formulations for long
periods of time (~2 hr)Confluency was assessed by comparmagsepitheliaklectrical
resistance(TEER) measurements before and after treatment, and by measuring dye
permeability at the conclusion of the experimeritshould be noted that a 2tmeframe
is not physiologically relevant considering the rate of mucociliary clearance and continual
reduction indirectexposureo the nasal epitheliufnom dilution, conversion, and transport
in vivo. However cell monolagr toxicity data does provide some indication of the limits
of exposure thatanlead to compromisechembranes

Figure 49 shows representative images lofe/dead staining ogpithelial cell
monolayerggrown intissue culture platesfter exposure to permutations of the MDZ two
part reactive formulationThe cels were then exposed to 200 pf.each treatrant. The
treatment groups for experiments performed at pH 7.4 were: PBS only, 1.00 mM
MDZ opel2HCI solution that was admixed in PBS immediately before exposure, and 1.00

mM supersaturated solution of MDZ thaasvcreated by admixing MRg&ALHCI with
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PBS 1 hr before exposure. The treatment groups for experiments performed at pH 5.5
were: CBS only, 1.00 mM MDge#HCI solution that was admixed in CBS at
immediately before exposure,00 mM PheMDZ o in CBS, 100 mM PheMDZ o with

200 ug/mL APN in CBS admixed immediately before exposure, and 1.00 mM
supersaturated solution of MDZ that was created by admixing MBZHCI and CBS 1

hr before exposure. After exposing the cells for 30 min at 32 °C on a 150 btad or
shaker, the treatment solutions were removed, and cell survival was assessed by live/dead
staining using acetoxymethyl calcein (Calcein AM) live cell stain and ethidium
homodimerl (EthD-1) dead cell stainThe resultsndicated that theellsremainedsiable

after 30 min exposur@ all treatmengroups. The monolayerslid become damagemuth
exposurs longer than 1 hr. However, the residence time for the drug formulation in the
nasal cavity is expected to be less than 30 min dddDd permetion through nasal
epithelium and mucociliary clearanoé any remaining formulation componentsThe
formulation is likely to be well toleratedhoughmore extensive histology and foity

studies should be performed.
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Figure 49. Fluorescence images d¥IDCKII -wt cells exposdto MDZ formulations.

Green color indicates live cells; red color indicates dead cells. Exposure duration was 30
min, except where indicated. Experiments at pH 7.4 were performed in PRS &nd

in CBS. Scale bar = 1Q@m. (A) pH 7.4 PBSbufferonly. (B) 1.00 mM MDZypeA 2 HC |
pH7.4 (C)1.00 MM MDZ pH 7.4 t =30 min (D) 1.00 mM MDZ pH 7.4 t = 60 min

(E) ph 5.5 CBSonly. (F) 1.00 MM MDZopeR 2 H GH 5.5. G) 1.00mM PheMDZ o,

pH 5.5. d) 1.00mM PheMDZ, with 200 ug/mL APN, pH 5.5(1) 1.00 mMMDZ,

pH 5.5.

Flow cytometry could be used for more detailed quantification of live, dead, and
injured cells. For example, edflourescent Clzesorufin could be used to mark
metabolically active (live) cells and gre@aurescent SYTOXcould be used to mark the

nuclec acids released from late apoptotic and necrotic cells. Injuredtoatiaould have
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combined red and green fluoresceti¥eOr, the amount of lactatiehydrogenasesleased

into the medium by the cells with damaged membranes can be used ascdaonetil

injury. Lactatedehydrogenasis normally quantified using commercially available kits

and a plate reader. The morphology and function of the cells after exposure could also be
examined. Light microscopy can be used to determine if thernallstain their shape or

show abnormalities like crenatiorkinally, any cytotoxicity observed may be temporary.
Some of these techniqueanalso be used to determine if and when the cells recover after

exposure.

7.6 Acid/base formulations

The acid/base formulatiofor MDZ thatwas describedth Chapter =liminatesthe
need for an enzyme in thermulation. Enzymes require additional characterization, can
be more challenging to stabilize, increase the cost of the drug product, may cause an
immune response, and have potential for off target action. It is possible to make a DZP
acid/base formulation, but creation of the DZP open ring salt is more challehgnigp
hydrolysis of the open ring structure at the low pH required to open the diazepy.
However, the side products could be removed by purification of the salt or the salt could
be obtained under milder conditions by convergent synthesis. A DZP acid/base
formulation may be a better choice for a commercial product than a DZP peyttyige

formulation.

Acid/base reactions are exothermic. Some amount of heat evolution may be
desirable. The ring closing rate of MDZ has been observed to be temperature dependent

and follows standar@rrhenius reaction rate kinetic3 herefore, allowing temperature of
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the formulation to gickly rise from room temperature to physiological temperatune

even a couple of degrees above physiological temperature, may result in more rapid
delivery of MDZ. Too much heat generation would bedesirable, since it also has the
potential to damage tissues and cause pEi@ enthalpyxhangefor theMDZ operd 2 HE |
NaOH reaction could be quantified using calorimetry. Results from calorimetry
experiments would help determinglie heageneratd by this reaction is of any concern
andallow for a more accurate prediction of the ring closing rate of M solutions

that are concentrated to deliver a full dose intranasally.

7.7 Enzyme engineering

APB wasfound to be moreffective at hydrojzing Lys from AVF than from Lys
MDZ o (Figure 27). This difference in APB activity presents an opportunity to study
substrate binding mechanisms in the active site of APB. By identifying the substrate
enzyme interactions responsible tanding and correctly positioning the substrate in the
active sitejt may be possible to moditire primary structure APB so that it more readily
acceps MDZr0 as a substrate. Strategic amino acid substitutions in the actiewslite
be guided by simations of substrate docking into the 3D structure of APB. Currently,
there is no experimentally determined 3D structure of APB available in the protein
databanks because APB is difficult to crystali¥e.Finding the right conditions (pH,
temperature, cosolvents or other additives) can dmomplishedwith automated
instrumentatiorthat enablesdentification of the optimum crystallization conditions for

biomolecules by high throughput, lomlume,sample processing.
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In lieu of acrystal structure, wlecular modeling approaches can be used. APB has
37.2 % sequence identity with human leukotriene Adrblase (LTA4H)'*® Both APB
and LTA4H are members fothe M1 peptidase family that encompassesc z
metalloenzyme with aminopeptidase activity. LTA4H has been crystalized, so its
secondary and tertiary structure can be used as a template to model the 3D structure of
APB. This approach has been used ®easchers at the University of Paris to model rat
APB (rAPB)!%> The catalytic domains afAPB and LTA4H are similar with a Zh
catalytic site bhelicavandthe othamo x ke ehbliehs Bindnga U
the substrate in the e site of rAPB positions the peptide bond of the substrate in
proximity to the zinaofactor(Figure50). The carbonyl is polarized upon coordination to

zinc, catalyzing cleavage of the peptide bond by nucleophilic substitution with water

present in the active site.

Zn?*  carbonyl
™

/
\— -
) Q\ )
. , peptide bond
jigtand B C
Figure 50. Dockng of AVF and MDZpro into active site of rAPB. (A) Expanded view
of rAPB stick model with active sight highlighted in greeB) Closeup of AVF docked

in the active site ofAPB. Surflexdocking score: 12.6,istance between Zhand
carbonyl: 2.74A. (C) Closeup ofLys-MDZr, docked in the active site oAPB.
Surflexdocking score: 12.7, distance betweeR*zmd carbonyl: 4.2A.
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Preliminary docking studies were performed udingosSYBYL SurflexDockv.
2.1 software and the inferred rAPB enzyme structure from refef@ho&VF and Lys-
MDZro had similar docking scores. The docking score is related to binding avfimése
higher scores indicate stronger affinityrhese scores indicatéidat both prodrugs have
good affinity for the active site. However, the carbonyl at the reactive ditesdf1DZ pro
was further away from the zinc atom, suggesting the positioning®MDZr, in the
active site was preventing coordination to zinc. Residuesl&@®n Phe297, Asp406 of
human APB have been shown to be involved in substrate recogfiitiomockedLys-
MDZrocouldbe checked for favorable sractions with these residues. Unlike AVkys-
MDZ o has @ additionabasicmoiety (theimidazole ring. Interactions of residues in the
active site with imidazole is the most likely cause of poor substrate positioning and
inactivity. One or two strategic amino acid substitutions to reposition the imidazole may

lead to APB activity towardkys-MDZ pro.

7.8 Scaleup for prodrug/enzymeformulations

Experimentswith the prodrug/enzyme formulations aimed diterminng the
MichaelisMentenenzyme knetics parametersgneasuringn vitro drug transport across
cell monolayersand charactering the precipitéion behavior of drugrom supersaturated
solutionswere performed at low concentratiordative to the concentrations that would
be used to deliver a full dose to humans. The behavior of the system can change when the

concentrations are scakeigh to hunan doses.
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For example, high concentration solusoof AVFA 2 H @h the order of
decimolar) are very acidic. Using a separate buffering agent to control the pH is
unreasonabléor the formulationsince the amount of the buffering agent required would
be excessiveFortunately AVF has goKathat enables the Lys moiety of the prodrug to be
utilized as the buffering agent (Appendices Adgure A3.74). High concentration
solutions of AVF titrated to pH 7.4 have been observed to drift to a more acidic pH upon
storage. Inturn, the pH drift was observed to affecttineersion rateko DZP when APB
was added to these AVF solutions. It is important to allow adequate time for solutions of
AVF to reachpH equilibrium during the titration unit operation of manufacturing.
Additionally, it is important toensurethat enzyme cefactors such a Zn and Clnie are

sufficiently abundantn the formulatiorto maintain optimum enzyme activity.

Chapter 4 discussesformulation stagey that entails combining AVF and APB into
a single lyophilizate to stabilize ARBtabilize AVF,and ensure a homogeneous ratio of
AVF:APB upon reconstitution and deposition in the nasal cavity. In order to achieve rapid
dissolution of AVFand avoid clogging in the spray device atomizer orjfiice lyophilizate
must have very high surface areédample C irFigure51 shows a collapsed cake that was
produced from lyophilizing an aqueous solution of AVE HWith no other additives.
Dissolution of this sample was slalue to the low surface area of the material. Adding a
bulking agent and/or optimizing the haycle to produce more elegant cakes can vastly
improve the rate of dissolutiomcidentally, AVF titrated to pH 7.4 produces more elegant

cakes than utitrated solutions of AVR 2 H C |
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sample Man AVF Volume AVF Man Man sol.
(mg/mL) (mM) (mL) (mg) (mg) (% w/w)

A 50 176 0.200 17.7 10.0 50

B 25 176 0.200 17.7 5.00 33

C 0 176 0.200 17.7 0 0

Figure 51. Mannitol prevents AVF lyophilizate cake collapse. Adding the bulking
agent, mannitol (man), to ptgophilization solutions helps to prevent the collapse of

AVF cakes and improves the eadf dissolution.

7.9 Delivery device optimization

Nasal sprays have been shown to provide a more uniform distribution of drug on
the nasal epithelium and lead to a slower, more consistent rate of mucociliary clearance
compared to nose drop¥:1% Preliminary testing of the dual chamber nasal spray device
described in Chapter 6 has demonstrated that rapid mixing and atomization for intranasal
co-administation of twepart reactive formulations ieaside. There are many other
conceivable ways to automate low volume mixing and atomization in a nasal spray device.

An example of a alternativedesign that incorporates check valves to separate solid and
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liquid components prior to actuation is showirigure52. Ultimately, it will be necessary

to settle on a design that performs well and is user friendly.

solid AVF and enzyme
one-way / in sealed chamber

valve \

one-way ——
valve ¥ collapsible
blister of buffer

Figure 52. Alternative nasal spray devicelesign In this design, there is a oreay

check valve between the chambers containing the components of tpartweactive
formulation. Pulling the plunger draws solution into the main barrel of the device and
allows the components of the formulation to mix. Pushiegaiunger back into the body
of the device forces the mixed formulation through the atomizer tip to produce a spray.
Note that the action of this device cotewholly or partiallyautomatedvith a spring

and trigger mechanism.

Thetotal area oformulationdepositionin the nasal cavity andsfribution of the
formulationoveroverciliated versus nowgiliated nasal mucosa cettaninfluencethedrug
absorption ratand rate Designing a device that deposits the formulation in anafrdee
nasa cavity conducive to optimum absorption depends, in part, on controllingdiey

plumecharacteristics such as droplet size, diameter of the cone at auipréahgth, and

192



cone anglé’® The device design and physicochemical properties dbtinaulation, such

as viscosity, dictate these characteristicdhe effect of device design and formulation
parameters on spray characteristiosuld be investigated using standard imaging
techniques such as pata/droplet image analysis (PDIA) and particle image velocimetry

(PIV).

The romogeneity of the sprayed mixtures will also need tavélécharacterized to
ensure full and rapid conversion to the active drug in the nasal cé&visude method for
assesing the homogeneity of sprayed acid/base formulations was demonstraigdren
43. That method is qualitative, relying on changes in pH to visualiz@ngnof the
formulation componentsTestingprodrugenzymeformulations would requira different
technique. A quantitative way to assess the homogeneity of prodrug/enzyme formulations
could involve sprayinghe formulation on a microtiter plate and mitoring wavelengths
corresponding to product formation. The matrix arrangement of microtiter plates allows
for spatial mapping of the deposition profile and identification of areas that have variable
benzodiazepineoncentration and/or result in precgiibn of the benzodiazepine An
alternative to the microtiter plate method for analyzing mixing and deposition involves the
use of dyes. Lypara-nitroaniline (LyspNA) is a chromogenic substrate for both AOP
and APB. Enzymatic hydrolysis of LysNA releases the fluorescent chromophore para
nitroaniline PNA) with a visible absorbancandemission peak The deposition profile
for the enzyme can be visualized by spraying an enaymheformulation onto the surface
of a native agarose or polyacrylamids that is impregnated with LysNA.%° Regions of

high concentratiom of active enzymevill fluoresce from the pNA reaction product. A
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second chromophore or fluorophore could be included in the liquid phase of the
formulation. Thiswould allow spatial visualetion (on a gel) or spatial quanttion
(with a microtiter plate readenf the distribution of the liquid phase overlaid with the

distribution of active enzyme.
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Chapter 8: Conclusion
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Systemic drug delivery by intranasal administration has been gaining popularity in
recent years because the route offers a host of advantages that cannot be achieved by other
routes. Dense capillary beds and thin epithelium in the nasal cavity allowtdrgigiskly
enter the blood stream, leading to a rapid onset of therapeutic effect. There is even potential
for drugs targeting the central nervous system to bypass the blood brain barrier through
direct noseo-brain pathways. The intranasal route canldveraged to avoid firftass
metabolism or degradation of drugs in the gut. Furthermore, operation of a nasal spray
device is generally intuitive. Nasal sprays are-mwasive, convenient, and discrete,

making the intranasal route of drug administnatpreferable to many patients.

However, not all drugs are amenable to formulation as a rapid acting nasal spray.
Drugs with poor aqueous solubility or poor solution stability are often not even considered
for formulation as a nasal spray. Thisysoon change with the introduction of reactive
nasal spray formulationsHere we have demonstrated that highly effectivetastable
formulations can be created at the time of administratiging a twepart formulation
strategy For these formulations, theeactive components arstored in separate
compartmentsvithin a specially engineered nasal spray device. The components are

metered, mixed, and atomized during actuation of the device.

One of the primaryexample of this two-part reactive nasal sprafprmulation
strategywe presentedtilizes a highly soluble prodrug of an insoluble active drug and an
exogenous enzyme to efficiently convert the prodrug into the active drug. The prodrug and
labile enzymecan bestabilized for storage in the deviceambBomogeneously mixed solid
lyophilizate. When a patierdr caregiveractuates the device, the solid lyophilizate is
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automatically reconstituted with buffer and simultaneously atomized into a spray. In the
nasal cavity, the deposited droplets contairmngdrug and enzyme react to produce a
metastable supersaturated solution of the active drug. The active drug is then rapidly
absorbed into the body. Other reactive nasal spray formulations utilize acid/base
chemistry, click chemistry, and even simple #ieactive physical phase changes. This
two-part formulation strategy to create metastable solutions of drug at the time of

administration willenable many lifesaving therapies that might not otherwise be possible.
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Appendices

Al: Supporting information for Chapter 2

Al.1Flow chartfor DZP precipitation experiments

Characterization of Precipitate

Reaction of Interest « Polarized Microscopy

AOP K, + Differential scanning calorimetry
AVF » ORI » DZP * Powder X-Ray Diffraction
u * Dissolution Test

4 Second Derivative UV Spectroscopic Method Development )

1. Construct d2e/dA? calibration curves from AVF and DZP standards
2. Assume (d?e/dA2) = (d2e/dA2) g at 338 nm based on:
* Transparency of lysine at 338 nm
* Identical absorbing moieties for AVF and ORI
* Presence of two isosbestic points
* Stagnation of absorbance change at initial time point during reactions
3. Use Equation 4 to calculate [DZP],, for reactions
Measure enzyme kinetic parameters by HPLC
5. Using enzyme kinetic parameters, fit DZP concentration time profiles to
determine value of k,
6. Verify assumption holds true by predicting DZP concentration time profiles
at different AVF concentrations Y,

~ ™

Change Formulation Parameters Monitor Solution Concentrations

* [AVF], * pH
+ [AOP] * temperature
* buffer agent

B

N

* Relative rates of [DZP],, production
*  Maximum degree of supersaturation
* Persistence of supersaturation

* Phase separation (light scattering)

J

Al.2Derivation ofspectroscopic second derivative relationship (eq. 1)

Absorbances for calibration curveskigureA1.53 A, B, C, and D were measured
in pH 7.4PBS at32°C. Limit of quantitation (LOQ) andimit of detection(LOD) were
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calculated from the standard error in the y intercept and slope of the regressiomaccordi

to ICH Q2 guidelined® The correlation relating supersaturated DZP concentrations to

absorbance was confirmed by measuring the absorbaAsd-d¢nzyme reactios allowed

to go to completion.

HPLC determinations of [DZR}, were done on aAgilent 1260 Infinity system:

quaternay pump G1311B, autosampler G1329B, thermostatted column compartment
G1316A, diodearray detector G4212B, Agilent OpenLAB CDS software. The isocratic
mobile phase was 50 mM phosphate buffer pH 3.0 and acetonitrile (40:60 v/v) with a flow
rate of 0.4 mL/m through an Agilent ZORBAX Eclipse XBDB18 column (3.0 x 150

mm, 3.

eg/ mL)

5 em part.i

tol buat mi

cl e
de

size) .
(Tol)

as an i

Sampl es

nt er nal

wer e

St

sample were detectead 220 nm with retention times of 2.75 and 3.83 min observed for

Tol and DZP respectively. A DZP standard calibration curve was constructed and the peak

area ratios of DZP:Tol were used to calculate DZP concentrations in the samples.
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Absorbance

pH 6.0 PBS
pH 7.4 PBS
pH 7.4 phosphate

pH 7.4 HEPES
——pH 7.4 MES

Absorbance

pH 6.0 PBS
pH 7.4 PBS

pH 7.4 phosphate
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Wavelength (nm)

380 400

Figure A1.53. Calibration curves. (A) Secand derivative calibration curvior AVF,

LOQ = 269 uM, LOD = 88.7 uM. B) Secod derivative calibration curvier DZP in
supersaturated regiphOQ: 83.3 uM, LOD: 27.5 pM (C) Secaond derivative calibration
curvefor DZP belowsaturationL.OQ = 23.4 uM, LOD = 7.73 uM (D) Validation of UV
method by HPLC (E) Zero order spectra of 2.00 mM AVF in different 20 ntMffers

and at the bounds of tonicity and pH for the experimental conditi6)&e¢o order spectra

of 0.100 mM DZP in different 20 mM buffers and at the bounds of tonicity and pH for the
experimental conditions.
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Figure A1.54. Effect of temperature on molar absorptivity. (A) Second derivative
spectra of 2.00 mM of AVF in PBS pH 7.4 ati280°C. (B) Second derivative spectra of
0.125 mM of DZP in PBS pH 7.4 at 2010°C. (C) Zero order spectra of 8.00 mM Lys in

different 20 mM buffers and at the experimental bounds of temperature and pH. Lys was
transparent in the region of interest (300400 nm). (D) Calibration curve slope
temperature dependence for AVF and DZP.
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Figure A1.55. Sensitivity analysis for calibration curves at different wavelengthsAt
338 nm:d?U / 2= ®.271Mcm*nm? for AVF, 0.275Mcminm? for ORI, and5.74 M
emitnm? for DZP.

A derivation of Equation 1 for the determination of [D&f]s below. We start
from theBeeil Lambert law for the attenuation of lightthere Abs is the absorbance of
light, Ext is the extinction of light,lis the intensity of incident light, I is the transmitted
intensity, JHs the path lengthl(cm), Uis molar absorptivity, and & concentratiorwith
C = [AVF] + [ORI] + [DZP)ag

Az oz o~ s A A

In the absence of prectpte Ext = Abs.Light scatting from precipitate particles produces
a very broad peakrelative to sharper analyte peaks. Thus, the contribution of light

scattering to the second derivative of Ext is small.
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Since (0 / 3bm >> (d?0/ Jne, error in the determination of [DZR} in the
precipitation regime due to imbalance of the stoichiometric relationship between the
species in solution is negligible when [AVU] slightly greater than [DZBJjm. This error
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becomes more important when [A\dF}> [DZPJagim, and is correctedby tracking the

remaining concentrations of AVF and ORI.
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5;1/"—@0 16& /2) ®xp 11
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Al.3Determination of Michaelidenten parameters

The enzymdinetic parameters iKand Vinaxfor AVF substrate hydrolyzed by 0.25

U/mL AOP at pH 7.4 and 3Z were first determined by measuring [D4f8hin by HPLC
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and fitting the integrated Michaelidenten equation shown below to the data using the
nlinfit function in MATLAB software (The MathWorks, Inc.).
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o

Figure A1.56. Enzyme kinetics forAVF/AOP system. Concentrations determindxy
HPLC (points) withleast squares fit to the integrated Michadlisnten equatiorgline).
Km = 3.38 £ 0.34 mM, Vax= 0.518 + 0.030 mM/min with 0.25 U/mL AGR pH 7.4cell
assay buffeat t = 5 min*?

Al.4Spectroscopic methatkvelopment

In this section we demonstrate how zero order UV spectra, second derivative UV
spectra, and Equations53were combined to track ttenversion of AVF to DZP and

formation of DZP precipitate.

Zero order spectra

UV spectroscopic determinat of [AVF], [ORI], and [DZP}q during the course
of the reaction requires knowledge of the molar absorptitfor each species in the
reaction mixture. The absorbance spectra of AVF and DZP were readily obtained from
standard solutions. Although Lgsid AOP were also present in the reaction mixiuwys,
did not have a detectable absorbance at 8.00 mM over the wavelength region of interest
(300-400 nm) and AOP was included in the reference c@he Uof ORI was more

challenging to discern becausésthpeciess transient and cannot be physically isolaed
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physiologically relevant pialues However, its presence was evident from the sigmoidal
shape of the absorbantime profile. AOP hydrolysis of Lys from a chromogenic
substrateS-Lys-para-nitroanilide, whichdoes noproducean intermediate specigiid not
display this behavior (Supporting Informatidagure A1.62 andFigureA1.63).

In the absence of precipitation ([AVWH Cindg), zero order gectra collected durg
enzymatic conversion of AVF to DZP exhigitisosbestic poirta t 381 and338 nm
wi t h1810+ 68 and255 + 7 M*cmi? (+ SD) respectively, as shown FigureA1.57 for
[AVFlo=1.00mM. The val ues thdseisasbestio poisttid rfotodeviate
significantly within the range of formulation parameters tesfeithe reaction progressed
a characteristic absorbance peak for DaP315 nm developed between the isosbestic
points (J= 204M-cm* at 315 nm for DZP).

Isosbestic points typically occur when there is stochiometric conversion between
two species. Therefore, the presence of twshsstic points was a strong indication that
two of the reaction species in the conversion of AVF to DZP had similar molar absorptivity
throughout th&00-400 nmregion. The only two reaction species that could exhibit similar
spectra were AVF and ORI. AVand ORI share the same conjugated ring structure and
minimal ring strain, so the energy requiredetcite electrons to antiondingmolecular
orbitalsis expected to be simild?°® Furthermore, the Lys moiety of AVF was transparent
in this region. The change in conjugation and ring strain from formation of the
benzodiazepine moiety in DZP allows for a lower energy transitiomdsst the highest
occupied and antboning molecular orbitals. This structural feature was responsible for
the absorbance peak observed at 315 nm.
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Figure A1.57. UV spectra measured during the enzymatic conversion of AVF.
Sequence of spectra obtained during enzymatic conversion of 1.00 mM AVF to DZP by
0.25U/mL AOPin pH 7.4 PB&t32°C, 1 scan/min.Isosbestic points observed at 301
and 338 nm with an absorbance peak that is characteristic of DZP emerging at 315 nm.
Indeed decomposition of the reaction mixture spectrum by subtraction of the
component spectra revealed a spectrun©Ofet resemblinghat of AVF, withU= 753M-
lem?! for AVF and707 M*cm for ORI at 315 nm. To perform the decomposition, the
spectrum of a 2.00 mM reaction was captured at t = 3.75FguareALl.58, purple curve).
All three small molecule reaction species were expected to be present in significant
guantities at this time point. The second derivative of the reaction mixture spectrum was
calculated, and Equation 2 was used to deiteg [DZP}hq,3.7smifrom cPAbs/ ¢ @& 338 nm,
where Abs is the absorbance (note tifdtbd/ o = PExt/ & & this case) The use of
Equation 2 is described in more detail in the following section. Then, the zero order
spectrum of [DZP};3.7smin(i.€. purely [DZP}q = 0.424 mM) was simulated based dh
measurements from DZP standard solutions at lower concentratidhse.simulated
spectrum of [DZP};3.7smin Shown as a blue curve Fgure A1.58, was taken to be the
absorbance contribution from DZP present in the reaction mixtdree absorbance
contribution due to AVF present in the reaction mixture was obtainediby Equation 3
to predict[AVF]s.7smin and then measuring the spectrum of an AVF standard solution
prepared to the predicted concentratioe. ppurely [AVF] = 109 mM, Figure A1.58, red
curve. Finally, the absorbance contributions form DZP and AVF were subtracted from
the absorbance measured for the reaction mixture at eacHewgitve to obtain the

spectrum of ORI shown as a green curvEigureA1.58.
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Figure A1.58. Resolving the ORI spectrum.Extraction of the zero order absorbance
spectrum for ORI from the reaction mixturf@urple curve: measuretsorbance spectrum
captured at t = 3.75 min during the conversio.60 mM AVFby 0.50 U/mL AOP in pH

7.4 PBS aB2°C. Red curve: measured albance spectrum of 1.09 mM AVF standard
solution. Blue curve: simulated spectrum of 0.424 mM DZP. Green curve: spectrum of
0.485 mM ORI obtained by subtraction of AVF and DZP spectra from the spectrum of the
reaction.

Al.5Spectralsubtraction for determination of ORI spectrum

To mathematically describe the decomposition the absorbance spectrum of a
mixture of AVF, ORI, and DZP, we start from tBeeii Lambert lawwhere Abs is the
absorbance of | i ght Ais$ theapattslengtii(icrf),ilds melarv el eng
absor pt i viiscygncenttatioe-The asorbanCe of any one species is given by:

IAO# R Jb
Absorbance is additive, meaning each of the species contributes to the total absorbance.
Thus, the total adorbance is given by:
A0y 1 AGy ' AOy ' AO;
Inserting the BeeLambert law gives
' A0y R (! 6& R 3/ 2J)bR ($:0/b
or
l'AO0; R ! 6&8& ! A0y R $:0/b
and rearranging gives
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lAGy; 'AOy R (F!'6&8 R ($:0/b

The variables [AVF], [DZP}, and/tare constant forany givem at a de&éri ned t
AVF hydrolysis by AOP, the concentration of AVF at a defined time point can be predicted
from Michaelis Mentenenzyme kinetics, and the concentration of DZP at @aestime
point can be measured using the second derivative of the spectrum produced by the mixture
(Equation 2). The other variabler {,R ,and! A O j are dependentoa a n d
obtained directly from UV measurements of AVF, DZP, and the reaatiature. With
R #,R p,and! AO knownoverthee range of inteflA®f, the
shown above will give the spectrum of ORI.

The spectrum of ORI is not entirely useful in and of itself. The useful parameter is
R 5. With! A O ; calculated by the decomposition technique described above and
knowledge of the stochiometric relationship between AVF, ORI, and DZP in the mixture,
we can solve forR . The total concentration of the mixture is given by

# 1'6& /1 2) $:0
and rearranging gives the concentration of ORI
| 2) # '6& $:0
For AVF hydrolysis by AOP, the total concentratidh, , is equal to the initial
concentration of AVF, i.e. [AVR] Therefore, [ORI] can be known when [AVF] and
[DZP] are known. Usingthe BeerLambert law again! A Oy determined from
decompositionknown [ORI], and knowtitgives the desired parameter,
I AOj
/I 2)b

Second derivative spectra

At high DZP concentrations, resulting frd@VF] o > Cing, light scattering due to
formation of precipitates produced a broad band signal as shokigure A1.59A. The
increased total extinction (Ext = absorbance + séatfeexceeded the linear rangieour
instrument (Ext < 3.7) at 315 nm most cases.To permittrackng of aqueousnalyte
concentrations in the presence of precipgaa second derivative spectroscopiethod
was developedAs shown inFigureA1.59B, the broad brand effects due to scattering are

essentially eliminated in the second derivative spectr@alibration curves were
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constructed based on the second @erre absorbance spectra of AVF and DZP standard
solutions (Supporting InformatioRjgureA1.53), withas = 3 Gi@enrasrihe analytical
wavelength At 338 nm,d?U / % 6.271+ 0.004 M'cm*nm? for AVF and d0 / & 8.74

+ 0.09 Mlcmnm? (+ SD) for DZP in32°C pH 7.4 PBS. These values were robust to
changes in the buffer composition (pH, ionic strength, and buffering agentj@t 8@me
weak temperature effects are discussed in the Supporting Informafibe second
derivative ORIspectrum, inferred by subtraction as fbe zero order spectrum, was not
significantly different than that of AVF at this isosbestic poing. (0 / 3na &
(PO / Fber at 338 nmwith (d?0 / b= 0.275 Mcminmi2. Based onthe second
derivative calibration curveand thestoichiometricrelationship of the absorbing species,
the following equationwas used to calculate [DZR], where Extis the measured

extinction of light at time,t/Bs the path length of the sample (1 ¢emdes = 380 nm

| _ [AVF}, d?Ext,

AVE £0.183 M i Xt 0.0495[AVF]
2

(-d2 /® 2)A\/IF 8 dl

- _dPExt /d (P A ?)
(DZPhas = rgderd f)

DzpP

SeeFigureAl.53for a derivation of this equation and method validation by HPLC.
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Figure A1.59. Using second derivative spectra to measure [DZR]in the presence of
precipitate. Rxn: 2.00 mM AVF, 0.25 U/mL AOP, pH 7.4 PBS, 82 (A) Sequence of
UV spectra collecteduring conversion of AVF to DZP, 1 scan/miBarly spectra parallel
those ofFigure A1.57, with an isosbestic point at 338 nrRrecipitation of DZP caused
turbidity and broad band interferensgarting atitas = 12 min. Blue dashed line: spectrum
of [DZPJagsat(0.130 mM, S = 1.00) B) Second derivative spectra of data shown in A.
There was &igh signal to noise ratio observed at the isosbestic point, 33§@pDZP
concentratiortime profile with time course of precipitation overlaid, n =Blue points:
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[DZP]aq determined by the second derivative of Ext at 338 nm. Grey line: theoretical
[DZP]aqin the absence of precipitation. Orange points: zero order Ext ain33®ouble
headed arrow: onset of DZP precipitationi@att 11.5 min, G = 1.24 mM (S = 9.54).

The blue points ifrigureA1.59C arerepresentative afoncentationtime profiles
observed for the enzymateonversionof AVF to DZP using the second derivative UV
spectroscopic methaalith [AVF] 0 > CGina. Theconcentration of DZP in solution plateaued
near Gna even though enzymatic hyalysis of AVF continued to n@duce DZP This
plateau demarcated [DZR]m By neglecting the [DZR},im condition in Equation 5,
Equations & can be used to predict the theoretical [R4Phat would result if no
precipitation occurred. Departure of measured [RLBlue points) from theoretical
[DZP]aq (grey curve) coincided with light scattering ad (orange arrow).DZP produced
in excess ofDZP]aq,im phase separated from soluti@ausinglight scattering from the
resultant precipitate dt> tng and an abrupt rise in the zero ordedt measured at the
isosbestic point (orange points). Due to variations in precipitate particle positions between

samples, error bars became widec® phase separation began.

Al.6Inhibition of closing reaction by AOP

To explore potential enzyme inhibition, the following differential equations were
solved numerically usinfl/ATLAB . Comparing theoretical concentratibme profiles

with experimentaldata precluded enzyme inhibition by the small molecule reaction

species.
Al 6 136 ' 6 &
AO JL+ I 6 &
Al 2) Pe 168
= E/2)
AO Ji+ I 6 &
A$: 0 £ o
TRoO )
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None of these enzymighibition models explained the observed concentrations. Instead,
it was found that inhibition of the ring closing reaction was occurring with increasing
[AOP]. This was thought to be due to rgpecific binding of ORI to proteins in the AOP
mixture. Bwine serum albumin (BSA) was added to the AVF + AOP reaction to
investigate potential nespecific binding and its effect on the reaction rate. The addition
of BSA did slow the reaction. However, AOP is a protease mixture withagxbende
peptidase actity. BSA might act as a competitive substrate thereby reducing the rate of

DZP production, rending these results inconclusive.
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Figure A1.60. No enzyme inhibition from DZP or Lys. Experimental confirmation that
neither DZP nor Lys have an inhibitory effect on the Lys endopeptidase activity of AOP.
Concentratiortime profiles of 2.00 mM AVF converted by2ZhU/mL AOPin pH 7.4 PBS
at 32°C containing initial concentrations of DZ# Lys as indicated in the legend. DZP
was added as a methanolic solution (i1 390 uL of PBS.
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Figure A1.61. Bovine serum albumin controls to determine the effect of protein
binding. Concentratiortime profiles of 2.00 mM AVF converted byZb U/mL AOPin

pH 7.4 PBSat 32°C containing initial concentrations of albumin (BSA) indicated in the
legend. The addition of BSA reduced the rate of DZP production, increagse@r
increased [DZR}jim. Gnda= 1.20mM for 0 mg/mL BSA and.36 mM for 1 mg/mL BSA.

Al.7 Additional figures and discussion

O, NH Q. NH2
OZN@NH OzN@NHz HO
—_— +
NH, NH
Lys-pNA pNA Lys

Figure A1.62. Reaction scheme for the hydrolysis of LypNA. The chromogenic
substrateS-Lys-para-nitroanilide(Lys-pNA), can be hydrolyzed by Lys aminopeptidases
to release the chromophgrara-nitroaniline(pNA) that typically monitored at absorbance
&= 405 nm.
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Figure A1.63. Hydrolysis of LyspNA by AOP. Concentratiortime profile of S-Lys-
para-nitroanilide (Lys-pNA) converted topara-nitroaniline pNA) chromophore by 1.0

U/mL AOP in pH 7.4 PBS at 3, monitored ag-= 405nm (Uosnm= 1 0 , 6000 at M
pH 7.4).
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Figure A1.64. Reaction with low enzyme concentration Concentratiortime profile of
2.00 mM AVF converted by 0.005 U/mL AOP in pH 7.4 PBS at@2
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Figure A1.65. Concentration-time profile of AVF conversion with high [AVF]o.
Replicates of th&.90 mM AVF reactiorshowed similar decreases in [DZ§4fter Cind
was reachedReaction condition®.25 U/mL AOP in pH 7.4 PBS at 32.

Other Formulation Considerations

There is considerable intersubject and intrasubject variation in nasal cavity pH. A
study of 12 healthy volunteers found that the average anterior pH wag#&14@:5.171
8.13) and asrage posterior pH 6.27 (rande20i 8.00f° In order to control the rate of
enzymatic hydrolys of AVF in the nasal cavity, an appropriate formulation buffer was
needed. According to the FDA Orange Bogk’ the most common buffers used in
commercial nasal spray formulations are cit(atgferingrange pH 3.0 6.2), phosphate
(bufferingrangepH 5.81 8.0), or a combination of citrate and phosph@tgfferingrange
pH 2.61 7.6). In addition to citrate and phosphate, HEPES (buffering range: pHS62}
and MES (buffering range: pH 5i56.7) were considered as potentialffering agents.
HEPES andMES are biologically compatible buffers that daot readily cross cell
membranes®:

Nasal mucus is isotonic with®o w/v NaCl. Buffers made isotonic by the addition
of NaCl were used in these studies, although hypotonic solutions afforded better
aminopeptidase activity with the AOP enzynkégUire A1.66). Tonicities in the range of
0.6 7 1.8% w/v NaCl equivalency are generally acceptable for IN drug delivery
applicationg®? The minimum buffer strength needed to overcome the naturkiering
capacity of nasal mucumas been estimated to be 18M.%° IN formulations resulting in
a therapeutic dose of DZP would be in the hypertonic region when the tonicity
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contributions from the buffering agent and the salt form of AVF are summed, metiadi

need for a tonicity adjusting agent.
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Figure A1.66. Comparison of buffers. Concentratiortime profiles of 2.00 mM AVF

converted by 0.50 U/mL AOP at 32. (A) Buffered with 20 mM HEPES made isotonic

with NaCl. @) Buffered with 20 mM MES made isotonic with NaC[)(Buffered with

20 mM phosphate at pH 6.0 with 100 mM Na@D) Conversion rate of AVF to DZP
increased in hypotonic solution. Reaction
7.4, 32°C, monitored at abs 315 nnCell assay bufferl22 mMNacCl, 25 mM NaHC@,

10 mM glucose, 10 mM HEPES,mM KClI, 1.2 mM MgSQ, 1.4 mM CaC4, and 0.4 mM

KoHPQw. Hypotonic: 20 mM HEPES. Isotonic: 20 mM HEPES, 145 mM NacCl.
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A2: Supporting information for Chapter 3

Diazepam iscommonly studied in ratsat doses nearl mg/kg'®320%219 Tg
investigate dose proportionality, doses equivalent to diazepam at 0.50, 1.00, and 1.50
kg/mgwere chosen Since the prodrug has a different molar mass than the active drug, the
equivalent prodrug dosegere0.885, 1.77, and 2.66 mg/k&gee Table 1S for dosing and
sampling details.

Table A2.5. AVF/APB rat PK study design. Low dose level is equivalent to diazepam

at 0.5 mg/kg, medium dose level is equivalent to diazepam at 1.0 mg/kg, and high dose
level is equivalent to diazepam at 1.5 mg/kly. = brain tissue, h = nasal tissues for
histolog

. Do | n Blood draw Tissue collection
Group | Formulation| Route level | rats (min) (min)
1 Vehicle IN nla | 3 none ooh
3 | 2,10, 20, 30, 60 60°
2 AVF N med =175 15 45, 75, 90 90"
3 | 2,10, 20, 30, 60 60°
3 AVF/APB IN low | 3 | 5, 15,45, 75,90 90"
3 none ooh
3 | 2,10, 20, 30, 60 60"
4 AVF/APB | IN | med| 3 | 5, 15,45, 75, 90 90"
3 none ooh
3 | 2,10, 20, 30, 60 60°
5 AVF/APB | IN | high| 3 | 5,15,45, 75,90 90P
3 none ooh
3 2 2b
3 5 50
6 AVF/APB | IN | med 3 3 gb
3 10 10"
3 | 2,10, 20, 30, 60 60°
! DZP Vol med a5 15 45, 75, 90 90"
3 2 2P
3 5 5P
8 DZP v med 3 3 ghb
3 10 10°
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Table A2.6. PBPK model parameters for DZP disposition in ratsObtained from
reference$? and®?,

Tissue Flow Q VolumeV Partition
(mL/min) (mL) coefficient Ko

Adipose 2.55 10 21.28
Brain 0.78 1.2 1.67
Heart 4.2 1 5.46
Kidney 16.61 2 5.08
Liver 3.55 11 7.62
Lung 80 1.2 491
Muscle 16.25 125 1.88
Skin 7.1 43.8 3.30
Splanchnic 20.25 15 3.67
Stomach 1.9 1.1 5.16
Testes 1.9 2.5 5.13
Remainder 491 15.8 17.44
\Venousblood 80 13.6

Arterial blood 80 6.8

Enzyme kinetic parameters for hydrolysis of AVF by APB and the ring closing rate
of ORI measuredh vitro were used to predict the rate of DZP productionivo. The
Michaelig Mentenfit is shown inFigureA2.67. Asillustrated inFigureA2.67B, the APB
concentrations were scaled with the AVF carication so thahydrolysis ofAVF would
be completeat t & 4 min, regardless of the dose leveWith calculated log partition
coefficients (cLogD) of-1.71 at pH 7.4 and2.85 at pH 6.5% AVF does not radily
partition into membranes. However, ORI and DZP can under passive transcellular

transport. Absorption of these species is illustratdeldgnre A2.68.
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Figure A2.67. Predicted time course for the conversion of AVF to DZP by APB(A)
Michaelig Mentenequation fit to conversion rates measured usingg/tL APB in pH
7.4PBSat32°C,n=8%=0.988Kv=370#63c M a magd=28+13c M/ n{tSE).
(B) Time course pedictionfor the amountgach reaction speciaseach doséevel based
on measured MichaeliMenten enzyme kinetic parametersy land ka: Solid lines
represent the low dose level (0.43®0l AVF + 0.103 nmolAPB), dashed lines medium
dose level (0.87&mol AVF + 0.205 nmolAPB), and dotted lines high dos=vel (1.32
pmol AVF + 0.309 nmolAPB) for a 0.250 kg rat In vitro conditions simulated, i.e. no
absorption.
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k1 kcat k2
AVF + APB —= AVFIAPB ——> ORI ——> DZP

_Resaleavity - .

Figure A2.68. Schematic of AVF conversion to DZP The rates constants for reversible
binding of AVF to the active site of APB are &nd ki. The catalytic rate constant for
conversion of AVF to ORI is & ORI spontaneously cyclizes to form DZP with
cyclization rate constantpk The values of thesreaction rate constants were determined
from in vitro measurements and their relationshipMichaelis Menten enzyme kinetic

parametersire shown in Equations2.1-3.

E E .
+ = 3 7106 2M (A2.1)
6 E # + E pcuomeTt ET (A2.2)
(A2.3)

E myxynmighEI

| |
[Zal .

I \ |

A .
DZP (50 ng/mL) IS

AVF (Soo ng/.mL) IS
Figure A2.69. Representative LGMS/MS chromatograms AVF and DZP standards

in plasma
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AVF IS DZP (226 ng/mlL) IS
Figure A2.70. Representative LGMS/MS chromatograms: rat #36, IN AVF+APB
high dose, 10 min, plasma In the AVF chromatogram, the red arrow indicates the

location of the AVF retention time. There was no AVF detectable in this sample, only

noise.
Table A2.7. lons monitored by MS/MS.
Compound Rete_ntion Precursor ion Product ion
(min) (m/z) (m/z)
AVF 3.4 431 [MH]" 246
DzP 9.3 286 [MH]" (Cl isotope) | 193
Tolbutamide (IS) | 7.6 269 [M-H] 170
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Table A2.8. Nasal tissue histologyncident report. NSF = nothing significant found.

Dose Group 1 3 4 5
Number of Animals 3 3 3 3
Tissue Lesion Type Severity Number of Incidents Observed
Turbinate 1 Cellular debris Minimal 2 1
Cellular debris Mild 1
Eosinophilic fluid Moderate 1
Epithelium missing Minimal 3
Hemorrhage Minimal 1
Necrosis Minimal 1
Necrosis Mild 1
Ulcer Minimal 1
Artifact Minimal 1
NSF 3
Turbinate 2 Cellular debris Minimal
Cellular debris Mild
Degeneration Mild 1
epithelium
Hemorrhage Minimal 1
Hemorrhage Mild 1
NSF 2 3 2 1
Turbinate 3 Hemorrhage Minimal
Hemorrhage Mild 1
NSF 2 3 2
Turbinate 4 NSF 3
Turbinate 5 NSF 3
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A3: Supporting information for Chapter 4

A4.1Measurement of enzyme activity

An alternative nordrug chromogenisubstratel.pNA, was used as a surrogate for
AVF in some experiments because there is no intermediate species formed upon
hydrolysis. Hence, the active APB concentration (expressed as specific activity) was
conveniently determined directly from the slope of linear dimure increase at 405 nm,

which is due to formation of the chromophore prodpisit.

O, NH, O, NHz
OzN@NH APB OZN@NHQ HO
R +
NH2 NH2
Lys-pNA PpNA Lys

Figure A3.71. Reaction scheme for the hydrolysis of pNA. The chromogenic substrate,
S-Lys-para-nitroanilide(LpNA), can be hydrolyzed by Lys aminopeptidases to release the
chromophorgara-nitroaniline(pNA) that typically monitored at absorbanee 405 nm.

Table A39. Molar absorptivity temperature dependence.

Molar Absorptivity
Temp (UM1cm?)
(0 LpNA pPNA

0 3.01E05 0.00948

5 3.27E05 0.009%
10 3.61E05 0.00964
15 4.01E05 0.00971
20 4.41E05 0.00977
25 4.86E05 0.009&
30 5.39E05 0.009%
32 5.59E05 0.00986
35 5.89E05 0.009¢%
40 6.49E05 0.0098
45 7.05E05 0.009&
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Figure A3.72. SDSPAGE gel of APB 4i 20% gradient SD®AGE with purifiedAPB
in lane 1 at ~ 4 kDa and moleculaweight size marker in lane 3

A4 2 Stability oflyophilizatesat room temperature
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Figure A3.73. Lyophilizate formulations buffered with Tris. Optimum stability was
achieved by cdyophilization of APB+AVF+Tre without Tris buffer. Concentrations of
active APB in the lyophilizates were measured in pH 7.4 PBS at 32 °C after storage for the
specified time at 24 °C. PRigophilization solutions camined AVF = 1.00 mM, APB =

50 pg/mL, Tre = 12.5 mg/mL, and/or pH 7.4 Tris buffer = 10 mM. Error bars are SD with
n=3.

A4 3 Base titration of AVF
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The dihydrochloride salt of AVF17.9 mg, equivalent to 10.1 mg of DZP) was
dissolved inl00 pL of waer and the solution was placed in the electrode welHiréba,
Ltd. (Kyoto, Japan LAQUAtwin pH-22 low volumepH meter The initial concentration
of AVF was0.355 M with a measured pH of 2.72. The solution was titrated with 2.0 pL
aliquots of pH 13.9NaOH (0.316 M). The titrand solution was thoroughly mixed by
stirring with the pipette tip and allowed to equilibrate to a stable pH after each addition.
An inflection point indicating an apparent pias observed at pH 7.54 after 56 pL of base
was added

10 4

0 NH,

R pKa ~79
[
4 4 KT \<o_
@ al *—.A‘;O

\
N-
\
/ NH;
@ pKa ~102
=
T

0 50 100 150
Volume of base (pL)

pH
[=)]

Figure A3.74. Titration curve for AVF. Titration of AVF, n = 1. Inset shows predicted
pKa values obtained fro@dChemby ChemAxon Ltd. https:// chemicalize.com!/.
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A4: Supporting information for Chapter 5

A4.1Characterization of MD&e2HCI

A4.1.1Infrared spectroscopy (ATRTIR)

IR spectraof neatMDZ standard andMDZpe2HCI were measuredt room
temperature usingBruker, Inc. (Billerica, MA) Vertex 80 spectrometequipped with an
attenuated totaleflectanceg(ATR) accessory. The solid samples were pulverized and 64
scans from4000800 cm'! at a resolution of 4 cht were averaged. Samples were

measured in triplicate, representative spectra a showigume A4.75.

The IR spectrum of the MDZ standard was unremarkable betweer4DEB0cM
1 (Figure A4.75A). The fused ring structure of MDZ did not allow for the imidazole
vibrational frequencies that observed with Mig#2HCI. The unique peaks in the IR
spectrum of MDZpe2HCI included a broad, jagged peak between 2B cmt' that is
characteristic the imidazole group; aromatic overtones at 1956 and 1799annh a
carbonyl stretch from thieenzophenongroup at 1651 crh(Figure A4.75B).
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Figure A4.75. ATR-FTIR spectra. (A) MDZ standard. §) MDZope2HCI.

A4.1.2Nuclear magnetic resonanceéiNMR)

Solution statéHNMR spectra oMDZ standard anMDZ ope2HCI were measured
at room temperature using awvance Il HD spectrometeifrom Bruker Corporation
(Billerica, MA). The spectra were processed with Mestrelab ResearchESdor{dido,
CA) MestReNova software version 12.22023. Automatic phase correuti full auto
Bernsteinpolynomial baseline correction, and residual solvent peak suppression were
performed before integrating the peaks. Samples were dissoN2@®irDMSO-ds, or
CDCl; had been allowed to equilibrate for more than 6 hrs. MR2HCI was visibly

insoluble inCDClz, even when subjected to heating and sonication.

The spectrum of MD&e#2HCI in CDCk (Figure A4.76A) did not show analyte

peaks because MRZA2HCI was insoluble in CDGI There were no detectable levels of
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