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Continuous Processing of Liposomesto Control and Predict Physical
Properties

Antonio P. Costa, PhD

University of Connecticut, 2016

Liposomes are specialized drug delivery systems dletiver drugs efficiently and may be used in
targeted and/or extended-release applicationse@ilyr the processing and manufacturing of thesg dr
products is by batch processing in the pharmacautidustry. Batch processing has disadvantagds suc
as scalability, irreproducibility, down-time betwebatches and other issues leading to reduced grodu
availability, product waste and increased monetarsts. As a way to circumvent traditional problems
associated with batch processing, the U.S. FDA phasished guidance focusing on the continuous

manufacturing of drug products, quality by desigd ¢he incorporation of process analytical techgylo

In the current work, a continuous process for trenaition of liposomes was developed. This process w
based on the ethanol-injection process, which deduinjecting ethanol with dissolved lipid into an
aqueous phase. The process included additional stewam processes such as in-line dilution, in-line
concentrating, and at-line particle size analysetional Instruments (NI) LabVIEW was used to deyel
the entire process into an automatic, continuowsq®s. All control and measurement devices were
controlled by a single computer program. The compytrogram contained algorithms that enabled
prediction measurement of liposomal characterigges particle size, particle size distribution and dipi
concentration). Moreover, a quality-by-design (Qb&pproach was followed from the onset of the
project. Following QbD minimized the overall rigk developing the system and established an ex&nsiv
understanding of liposomes. With the use of mudtigesign of experiment studies, algorithms and
prediction equations were included in the custonit-bamputer program and established accurate abntr

over the liposome formation process.
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Fig. 3.1 A risk assessment comparing two procesgnfgniques to make liposomes with the
intention to develop the current process into &inapus process.

Fig 3.2: A cause and effect diagram highlighting thain stages of the continuous process with
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Fig 3.3: The control design for the concentratiygtem. This design uses feedback control
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a mathematical model used to predict the lipid eotr@ation.

Fig 3.4: A cause and effect diagram outlining Valea that result in obtaining accurate particle
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Fig 3.5: A cause and effect diagram outlining Malea that affect the lipid concentration
detection via a NIR sensor.

Fig 3.6: A cause and effect diagram outlining Valea that affect the liposome formation
process with respect to material and process asab

Fig. 4.1 Overall schematic of the lipid mixing pess and the injection port (not shown to scale).
Ethanol or lipid dissolved in ethanol is addedhe pressurized tanks. NI LabVIEW is used to
control the entire process and sensors such asrfieters are installed to control/monitor the
flow conditions.

Fig. 4.2 The design space of the DOE study on iiygact of lipid concentration and aqueous

phase flow rate on particle size. The initial das@pnsisted of 2 factors at 4-levels (black

circles) and center points (red star). The desiga augmented with additional runs to extend the
model design space (blue triangles).

Fig. 4.3 Schematics and photographic image of tiectiion port that allows formation of a
coaxial turbulent jet. Both the aqueous and ethatteams are flowing in the same direction (co-
flow). Arrows indicate the direction of liquid flawThe photograph is of lipid dissolved in
ethanol (visualized through the use of Nile Redjttls being injected in the center of the
agueous stream. Additionally, the jet locationhewn as a schematic where there is a limited
mixing zone followed by a concentration gradientha ethanol+lipid phase.
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Fig. 4.4 Relationship between liposome polydispersidex and flow properties. 4a) Flow
velocity ratio (FVR)vs the mixture Reynolds Number (Reurd. The region above the solid line
produced monodispersed liposomes (PDI <0.10) ardrelgion below the solid line formed
polydispersed liposomes (PDI >0.10). 4b) Flow ingagerresponding to locations (1, 2, 3, and
4) from Fig. 4a demonstrating flow profiles leaditmgmonodispersed or polydispersed systems.
To cover a range of FVR and Regue the ethanol containing inner tube diametegi) @hd the
agueous containing outer tube diametey) (dere changed accordingly. 4c) Z-average particle
size vs. Rgixwure fOr only monodispersed liposomesy & 3.175 mm, g = 4.572 mm, g =
0.508 mm, €,=1.016 mm.

Fig. 4.5 A Surface profile plot of the Z-averageatiote size vs. the aqueous phase flow rate
(AFR) and lipid concentration. The liposome paedidize increases with an increase in the
injected lipid concentration and/or a decreasejireaus phase flow rate

Fig. 4.6 The effect of lipid type.€. DMPC, DPPC, DSPC, DOPC) on mean particle size and
PDI. The formed liposomes were mostly monodispervsidad the majority of PDI values 0.05.
Some polydispersity was evident for DOPC liposomras for liposomes formed at low aqueous
phase flow rates. The dotted line in the bottomt pépresents the limit on monodispersity
(PDI<0.10). The standard deviation from the Z-Agergoarticle size plot was less than the
symbols representing the data.

Fig. 4.7 The effect of aqueous phase additives @anmparticle size. The aqueous phase
consisted of 10 mM phosphate buffer plus the agllitf certain additives.€. NaCl, glycerol
and ethanol). All additives were pre-mixed with Hogueous phase prior to liposome formation.
The 10 mM Phosphate buffer sample was used as @otomhe Z-average particle size
measured by DLS and PDI are plotted above.

Fig. 4.8 Comparison of different particle sizingchiaiques (dynamic light scattering,
nanoparticle tracking and particle countwig NS-TEM to assess liposome mean particle size
and particle size distribution. DLS and nanopagtichcking are in good agreement with both
mean size and size distribution. NS-TEM producksger particle size and size distribution. For
all three techniques, the mean particle size tretide same,e. an increase in mean particle size
for a decrease in the aqueous phase flow raten&itfiaw rate = e (mL/min); Aqueous flow rate

= a (mL/min).

Fig. 4.9 Liposome mean patrticle size and standardations for DLS, nanoparticle tracking,
NS-TEM and Cryo-TEM. The z-average standard dewiatvas calculated from the PDle( o =
[mean*PDI]“Z). The intensity standard deviation was reportedatlly from the intensity width.
The nanoparticle tracking standard deviation wasnted by the Nanosight® software. The NS-
TEM standard deviation was from the Gaussian tistion fit (RZ > 0.913 for all cases). Error
bars represent the standard deviation for the pleltdata sets. No error bars were reported for
Cryo-TEM since the particle count was limited. Etblaflow rate = e (mL/min); Aqueous flow
rate = a (mL/min).

Xiv



Antonio P. Costa, PhD — University of Connecti@@16

Fig. 4.10 Negative stain TEM micrographs of lipossnfor three liposome samples produced
using different flow conditions. a) 40e:100a sample40e:150a, c) 40e:375a and d) 40e:375a
zoomed. Ethanol flow rate = e (mL/min); Aqueousilate = a (mL/min).

Fig. 4.11 Cryo-TEM micrographs of liposomes foretharliposome samples produced using
different flow conditions. a) 40e:100a sample, 8¢450a and c) 40e:375a. Ethanol flow rate =
e (mL/min); Aqueous flow rate = a (mL/min).

Fig. 4.12 Proposed model for liposome formatiomfra coaxial turbulent jet mixer in co-flow.
A schematic of a turbulent jet is shown with a adithanol concentration gradient (top left). In
the liposome formation model, lipid and ethanol ecoles aggregate (forming pro-liposomes) as
the ethanol concentration decreases. The pro-lipesogrow in size by “recruiting” lipid
molecules. The growth continues until the ethamwmicentration reduces below a critical level.
Image not shown to scale.

Fig. 5.1 Schematic representation of the liposowmnéation stage followed by the ethanol
dilution stage. Two temperature readings via theonples are taken at each stage and a
contactor (degassing unit) is positioned in sonsesat the end of the liposome formation stage.

Fig 5.2 Liposome mean particle size and polydispersidex for both lipid:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes, whdigid refers to either DMPC or DPPC. Both z-average
particle size (top) and polydispersity index (PbBdttom) are plotted vs. aqueous phase | flow
rate (mL/min).

Fig 5.3 Liposome mean particle size and polydispemsdex for DPPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean particle size RbBdl is plotted against the temperature (°C) at
the liposome formation site (see Fig 5.1). The agsehase | flow rate was kept constant at 80
mL/min.

Fig 5.4 Liposome mean particle size and polydispenmsdex for DMPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean particle size RbBdlis plotted against the temperature (°C) at
the liposome formation site (see Fig 5.1). The agsehase | flow rate was kept constant at 70
mL/min.

Fig 5.5 A comparison of manual DLS measuremeninggstton the liposome particle size (z-
average), the PDI and the DLS count rate (kcpd)reSults were from a single run at either 3, 9
or 15 seconds. The liposome formulation was theesmmall measurements and had a z-average
of 56.50 + 0.03 nm, a PDI of 0.05 + 0.02 and a toate of 401.4 + 2.77 kcps.

Fig 5.6 Liposome mean particle size and polydispensdex for DPPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean patrticle size RbBd is plotted against aqueous phase | flow
rate. The flow rates in the bottom plot in red #re DLS flow rates or the flow rate of the
sample during the DLS measurement.

Fig 5.7 Liposome mean particle size and polydispeiadex (PDI) for DMPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM Phosphatffer. The mean patrticle size, PDI and
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agueous phase | flow rate is plotted over a peoiotime. The DLS flow rate was fixed at 1
mL/min. The aqueous phase was initially at 15°@mo liposome formation.

Fig 5.8 Liposome mean particle size and polydispeisdex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM Hepedfdsu The mean particle size, PDI and
aqueous phase | flow rate is plotted over a peobtime. The DLS flow rate was fixed at 1
mL/min.

Fig 5.9 Liposome mean particle size and polydispetisadex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM NaClheTmean particle size, PDI and aqueous
phase | (AFR 1) flow rate is plotted over a peraidime.

Fig 5.10 Liposome mean particle size and polydspelindex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 75 mM NaClheTmean patrticle size, PDI and aqueous
phase | (AFR 1) flow rate is plotted over a peradime.

Fig 5.11 Liposome mean particle size and polydspeiindex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 140 mM NaCrhe mean particle size, PDI and aqueous
phase | (AFR 1) flow rate is plotted over a peradime.

Fig 5.12 Liposome mean particle size (z-averaganyifor DPPC:Chol:DPPG (4.5:3:0.4 molar
ratio) liposomes in 10-140 mM NaCl (green, red,ebland 10 mM PB (orange). The mean
particle size is plotted against the aqueous phie@ rate and the ionic strength.

Fig 5.13 Liposome zeta potential for DPPC:Chol:DRRG:3:0.4 molar ratio) liposomes in 10-
140 mM NaCl and 10 mM phosphate buffer. The zetemtial is plotted against the agueous
phase | flow rate.

Fig 5.14 An example of automatic particle size oontor HSPC:Chol:DPPG (4.5:3:0.4 molar
ratio) liposomes prepared in 10 mM NaCl is showhe mean patrticle size, polydispersity index
(PDI), count rate (kcps) and aqueous phase | flae ¢mL/min) is plotted against time (s). The
arrows indicate when the user changed the pasdizieset point in the software.

Fig 6.1. Schematic of the lipid concentration stagesisting of multiple components such as
pumps, a tangential flow filtration unit, a flow teeand an NIR turbidity sensor.

Fig 6.2: Experimental design of the lipid concetitra prediction model based on scattered light
from an NIR turbidity sensor.

Fig 6.3: Model 2 experimental design for the ligmhcentration with factors including particle
size (d.nm), polydispersity index (PDI), ppm and.dUe PDI was from 0.03 — 0.21, with “low
PDI” as PDI< 0.1 and “high PDI” as PDI > 0.1.

Fig 6.4: Surface Profile plot for the lipid concextion [Lipid] prediction model. The scattered
light from the NIR turbidity detector was measunedinits of ppm. ppm vs. particle size (d.nm)
vs. the total lipid concentration (mM) was plotted.
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Fig 6.5: The Lipid Concentration prediction modglation based on the study outlined in Fig.
6.2 and Fig. 6.4.

Fig 6.6: The Lipid Concentration prediction modguation for Model 2. The response for the
model is the total lipid concentration denotedlapifl] and has four factors: particle size (d.nm),
polydispersity (PDI), ppm and CU. Both ppm and G& @etected by an NIR turbidity meter.

Fig 6.7: An example of how the NIR signal outpuPRM is affected by the polydispersity of a

liposomal formation. The polydispersity index (PDas approximately 0.16 for the high PDI

sample and was <0.1 for the low PDI sample. Inctdme of larger liposomes, the NIR scattered
light signal should be greater.

Fig. 7.1. Patrticle size of liposomes under varioosditions. Samples either underwent a freeze-
thaw (FT) cycle or a freeze-anneal-thaw (&) cycle. All liposomes were frozen in liquid
nitrogen (-196°C). All FANT samples were thawed at 65°C. Both pre-extrusioth post-
extrusion particle size properties are detailedvab®he error bar represents the PDI distribution
width. The inset above each group of data repredtuet PDI of the samples for pre- and post-
extrusion.

Fig. 7.2. Zeta-potential of the liposome formulatidhe zeta-potential is provided for both pre-
and post-extrusion for the samples listed in Fify. 7

Fig. 7.3. Encapsulation efficiency for samples tedwinder various conditions. All samples
were frozen in liquid nitrogen at -196°C. The sagspthawed directly at 65°C represent normal
freeze-thaw cycling. All other samples underwergirggle freeze-thaw or freeze-anneal-thaw
cycle. The effects on EE% of thawing at temperatuabove 0°C and annealing at subzero
temperatures is demonstrated (n=3).

Fig. 7.4. Cryo-SEM images of PFE-liposomes with ofemir. In all the images, the
smooth/darker areas represent the ice phase wieiladn-smooth/lighter regions are liposomes.
(A) Sample frozen to -196°C, magnification (magQ@®x. (B) 30,000x mag. of sample from A
with liposomes clearly visible. (C) Sample frozen-196°C, annealed at -20°C overnight, and
then refrozen to -196°C prior to imaging, mag. 5XdQD) 30,000x mag. of sample from C. In
D, the top right hand corner is ice while the ghe image is of liposomes in an apparent fused
state. (D Inset) 30,000x mag. of a thin channdipaolsomes between the ice-phases.

Fig. 7.5. DSC profile of annealed liposomes. Samplere first frozen in liquid nitrogen (-
196°C) and heated to the annealing temperaturé@-22 -1.4°C) and held at that temperature
for 10 min (not shown). The sample was then reedd -60°C (shown above). HEPES buffer
without liposomes was shown as a control. All s@sphere run in triplicate and the average
standard deviation was <0.4 in all cases.
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Chapter 1

Liposomes as Drug Delivery Systems

1.1 Abstract

There has been extensive research over the yeausirig on liposomes as drug delivery
systems. Liposomes are vesicles composed of aedipgl-bilayer or multiple/concentric lipid-
bilayers that surround an aqueous core. Liposomad) dielivery systems are designed to
encapsulate drug substances in the aqueous cofer andorporate drug substances into the
lipid-bilayer. The route of administration is oftparental but may also be via other routes such
as intra-muscular or oral. This chapter explairskhsic principles of liposomes and is divided
into two major sections. The first section outlintke liposome formation mechanism and
liposomal physicochemical properties. The secondti@e outlines liposomal processing

techniques.

1.2 Liposomal Basic Principles

1.2.1 Properties of Lipid Molecules

Lipid is one of the four classes of biological caupds and the compounds in this class share
the chemical property of being insoluble in waténlike the other classes such as proteins,
nucleic acids and carbohydrates, lipid compounds lshigh degree of structural diverSitor
example, lipid compounds may be further subdivided fatty acids, surfactants, triglycerides,

phospholipids, terpenes, steroids, and lipid selwithmins. Lipids that are typically used in the
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formulation of liposomes are amphiphilic in thag$le compounds have both a hydrophilic and a
hydrophobic region. The chemical structure of thigiel compounds consist of a backbone
region €.g.glycerol or sphingosine), a hydrophilic head grdem. phosphatidylcholine), and
two hydrophobic hydrocarbon tails. The head grong Aydrocarbon tails are esterified to the
backbone and form specific classes of lipiadsg( glycerophospholipids). Many different
esterified groups exist, forming an abundance pid$d. With respect to head groups, these
groups may be neutral/zwitterionie.¢. phosphatidyl choline) or have either a positive or
negative charge. Moreover, hydrocarbon chains nmeagdiurated or unsaturated and may be
derived naturally or synthetically. Saturated lgpuaib not have double bonds in the hydrocarbon
chains while unsaturated do. Typically, unsaturdieids used in liposomes consist of either
only one or two sites of double bonds, as highlyatarated lipids would not form liposomes as

a result of their packing parameters as detailéalnbe

Individual lipid molecules have an important prdgeknown as the lipid phase transition
temperature. This property outlines a transitioresghthe lipid molecule goes from a gel, solid-
ordered phase (below the)To a fluid, disordered phase (above th¥.TThis transition can be
determined by differential scanning caloriméthywith respect to liposomes, this transition may
cause in increase in membrane permeahili8aturated lipids generally have a higher lipid
phase-transition compared to unsaturated lipidsigh lipid phase-transition keeps the lipids in
the gel form at physiological temperature or abavieich can increase liposomial vitro andin
vivo stability. For lipids with a low phase transititemperature, the lipid may be disordered in
the lipid bilayer at storage and processing cooddj leading to increased molecular

permeability (e.g. drug leakage) and reduced liposomal stability. Tiheorporation of
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cholesterol in a lipid bilayer is known to be armpontant addition to liposomes as it broadens or
diminishes the lipid phase-transition and incredigesomal stabilitj®. Cholesterol does this by
forming a new phase, the liquid, ordered pRaais phase exists below and above the lipid
phase transition temperature of the pure lipid coment and reduce the intensity of the phase
transitio®. Therefore, it may be important to incorporate lekterol into liposomal

formulations for drug delivery applications.

Depending on the application, different types gidimay be incorporated into liposomes to
modify liposomal properties. For example, fusogdips such as DOPE are used in cellular
delivery of nucleic acids to improve endosomal pscd he fusogenic property is one that causes
the liposomes to fuse with the cellular membtaheor with the endosomal membrafe
resulting in the release of contents into the dg®m. The liposomes fuse with the endosomal
membrane post cellular uptdRecausing the liposome and the nucleic acid to retheh
cytoplasm. Another type of lipid is DSPE-mPEG atsdderivatives. The chemical structure of
these lipids consists of a phosphoglycerol lipelg( DSPE) linked to a long chained
polyethylene-glycol€.g.mPEG-2000). This class of lipids adds a polymgeddo the outside of
the liposome and enhances liposomal stability. & Hippsomes were originally termed “stealth”
liposome$® as the hydrated polymer layer considerably delgysomal cellular uptake once
administeredn vivo. In addition, these polymer lipids may be modiftedintroduce targeting
moieties to the outer-leaflet of the lipid-bilaydmhese targeting moieties are important for a

variety of applications whein vivo passive targeting is insufficient.
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Another property of lipid molecules is the criticalicking parameter. The critical packing

parameterP, is defined as:

<

Q
*

Where V is the volume of the hydrophobic regiorihf lipid, a is the cross-sectional polar head
group area where the head group connects withyttiephobic region, andis the length of the
hydrocarbon chains. The importance of the cri@adking parameter is that it indicates the lipid
structure/phase that may form for that individugild. Different lipid structures include: lamellar
phase (p~1), hexagonal | phase (P<1) and hexagoplahse (P>1J. Lipid molecules that have
P~1 will form liposomes under certain conditionse(section 1.2.2), whereas lipid molecules
with P<1 and P>1 will form micelles or inverted milies, respectively. In addition, this packing
parameter can be used to determine whether lipituneis will form liposomesi.e. certain
weight ratios of lipids of different phases mayulesn an average packing parameter of
approximately 1, thus forming liposomes. Moreoitical packing parameters are known for

the vast majority of lipids used in liposomal apgations.

1.2.2 Thermodynamics of Liposome Formation

Since lipid molecules used in liposome preparatiame amphiphiles and have a large
hydrophobic region, these molecules are insoluhleagqueous medium. Depending on the
aqueous phase weight percentage with respect i \Weight percentage and temperature,
different structures may form. For lipids with a Pafd at high lipid weight percentages, a

stacked lamellar network will form. For lipids with>1 or P<1, stacked hexagonal | phase
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cylinders or stacked hexagonal Il phase cylindeils farm, respectively. In order to form
liposomes, the lipid weight percentage must be dond sufficient energy must be applied to the
system. Due to these constraints, liposomes arededised as being in a thermodynamically
metastable state. Along the same line of thinkiggsomal bilayers may be considered as
kinetic energy traps. With this in mind, liposonveil tend to aggregate over time and approach
a thermodynamically stable stateg. a stacked lamellar phase. Therefore, the additibn
charged lipids or polymeric lipids must be addedhe lipid mixtures to establish long term

physical stability of liposomes.

1.2.3 Liposomal Physicochemical Properties

Physicochemical properties of liposomes includerbggnamic radius (size), polydispersity,

lamellarity, mechanical properties, gel-liquid p&dsansition temperature, surface properties
(e.g.zeta-potential and polymers), oxidation and hyghigl All of these properties are important

for both formulation stability and pharmaceuticppbcation.

The patrticle size of liposomes ranges from 30 nml@00 nm. Liposomes can be formed as uni-
lamellar or multi-lamellar vesicles. Moreover, @amiellar liposomes are normally classified as
small-unilamellar vesicles (SUVs, < 100 nm in dia@ngeor large uni-lamellar vesicles (LUVs,
>100 nm in diameter). The zeta-potential is an irtgodrcharacteristic that may signify liposome
stability. The zeta-potential is the electric poignat the shear plane of the particle, where the
shear plane is an imaginary layer of ions boundht surface of the particle. Particles are

considered to exhibit full electrostatic stabiliatwhen the zeta-potential is > |30| mV, or >|60|
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mV for optimum stability'® In addition, polymers such as polyethylene-gly(REG) increase

the liposomal steric stability and increaseivo circulation times (biological stabilit}j™*2

1.2.4 Liposome Formulation Techniques

There are a vast number of techniques to formlifadsomes. Each technique has its advantages
and drawbacks. Some of the more common methodsdeadhin-film hydration, reverse-phase
evaporation, adaptive-focused acoustic (AFA) tettuy and ethanol (or organic solvent)

injection.

Briefly, the thin-film hydration method includessdpblving the lipid (in powder form) to
chloroform and subsequently removing the chlorofamethanol followed by hydration (with an
aqueous phase). This method is simple but uses Ergpunts of United States Pharmacopeia
(USP) Class 2 residual solvehitsUnder this class, the permitted daily exposurBEJP of
chloroform is 60 ppm and the PDE of methanol is®Bppm®. Reverse-phase evaporation is a
demulsifaction method where an immiscible orgarotvent .g. diethyl ether) is depleted.
AFA, on the other hand, does not require any oryaaivents. AFA uses focused ultrasound to
induce cavitation and break apart the lipid powidenied liposomes in an aqueous medium. The
downside to this technique is that it requires latneely long amount of time to dissolve the
lipid/form liposomes and some drug substances nwdybe stable during sonication. The last
method is the ethanol injection method. This metiwad chosen for the current work since it is
naturally a continuous process. Briefly, lipid issblved in ethanol and the ethanol is injected
into an aqueous medium. During this process, lipeso are formed. This process can be

controlled by a variety of factors, but the exaacimanism is remains unclear. In addition,



Antonio P. Costa, PhD — University of Connecti@@16

ethanol is considered a USP class 3 residual sobueth is acceptable under 5000 ppm or 50

mg/day®, which is more attractive than class 2 residualigesits.

Once the liposomes are formed, additional stepst rhesincluded to produce a final drug
product. These steps include the addition of drugleoules, downsizing techniques,
concentration and purification. For the ethancédtipn technique, drug molecules may be added
to the ethanol phase or to the aqueous phase (@iegeon solubility). Drug substances may
even be added after the liposomes are formed, mmadditional step such as freeze-thaw cycling

would need to be incorporated to encapsulate thg slibstance.

1.2.5 Intercalation of Molecules in the Liposomal Mmbrane

For the ethanol injection method, drug substaneesbe added to the agueous and/or organic
phase prior to liposome formation or to the aquephase after liposome formation. Drug
substances that are soluble in an organic pleageethanol, may interact with the nonpolar,
hydrocarbon chain of the lipid. In this way, theselecules will be either fully or partially
embedded in the lipid-bilayer. Molecules that ar@essoluble may be added to the aqueous
phase and these molecules will be entrapped blpibgomes upon formation. One downside to
the ethanol injection method for water-soluble drug that this method is highly dilutive;
meaning the amount of lipid injected into the aquephase is very low. For this reason, the
amount of drug entrapped during the liposome foimnaprocess will be extremely love.g.
~1%). Therefore, the drug must be lipophilic or #&ddal techniques will need to be
implemented to encapsulate the drug. One way tapsutate larger quantities of water-soluble

drugs is to concentrate the liposomes and thenrgadeeeze-thaw cyclingsée section 1.2)6
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This approach is suitable for small molecules ardgins. For weak acids and weak bases that
are able to permeate the lipid membrane, anothproaph termed active loading has been

widely used (see section 1.2.7).

1.2.6 Passive Encapsulation: Freeze-Thaw Cycling

Freeze-thaw cycling is a processing techniqueithpacts the liposomes in multiple ways. This
technique has been shown to: reduce the lamellafitgulti-lamellar liposomé$; form a more
monodispersed system from a polydispersed systendisypting the lipid-bilayéf; and
increase drug diffusion into the liposomes — résgltn higher drug encapsulation efficieAty

24 Briefly, this technique consists of mixing presfeed liposomes with drug followed by
immersion in a << 0°C bath (typically liquid nitreig). The sample is allowed to completely
freeze and is then thawed in a second bath abagt@pically 25-50°C). This cycle may be
repeated multiple times. During each cycle, drufusés into the aqueous core of the liposome
and become passively encapsulated. The encapsujasedity is highly dependent on the lipid
concentration and liposomal particle $fzeAchieving large trapping volumes >40-50% is
generally not feasible with this approach. A maififreeze-thaw cycling technique termed
freeze-anneal-thaw cycling has been developeddioceethe number of freeze-thaw cycles and
increase liposome permeability, thus allowing mdrag molecules to enter the liposorfes
Moreover, this technique takes advantage of crywentration of drug substances to increase
the amount of drug molecules encapsulated. Howevisrapproach also suffers from relatively

low trapping volumes.
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1.2.7 Active or “Remote” Loading of Molecules

Active loading is a suitable technique to load wealds or weak bases into the aqueous core
and achieve high load efficiencies (>96%¥. This technique has been used for the FDA-
approved Doxil® drug product. There are differemitegies to active loading, and each strategy
is typically drug dependent. However, the basi@itlehind each strategy is to establish an ion
gradient or pH gradiefit>% Briefly, the liposomes are first formed with aga amount of salt in
the liposomal interior €.g. 300 mM ammonium sulfate, pH=6). The external phsak is
exchangedia dialysis or other means with an isotonic mediurthvei pH near the pKa of the
drug. The difference in pH of the internal phasd arternal phase, along with an ion gradient,
establishes an electrochemical gradient acrossipisebilayer®?. The drug is then added to the
external phase and is partially unionized sinceptfigs close to the pKa. The unionized form of
the drug permeates the lipid bilayer and ionizesdim the liposomes since the pH << pKa.(

for a weak base). Since ionized drugs do not peemtbaough the lipid bilayer the drug then

becomes trapped inside the liposomes.

1.2.8 Liposomal Drug Products Overview

Liposomes as drug delivery carriers have been sstuly developed and marketed in the
pharmaceutical industry. To date, liposomes haws hused to treat or mitigate cancer, macular
degeneration, fungal infections and vaccines wiftpraved products such as Doxil®,
Ambisome®, and Exparel®, respectiv&ly Currently, there are eight FDA-approved drug
product lines classified as “injectable, liposomatcording to the drugs@FDA database. In
addition, there are over 100 open clinical triklgttare investigating new liposomal drugs, drug

combinations or new indications for existing liposd drug products.
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1.3 Continuous Processing of Liposomal Drug Produst

1.3.1 Batch vs. Continuous Manufacturing

A batch-type manufacturing process is one in winghk material is charged and processed as a
unit and that entire unit is processed from stagstdge. Upon completion, the entire product is

discharged. For multiple stage processing operstiath material must be finished processing in

the first stage before being charged into the seage. A continuous manufacturing process is
one in which raw material is constantly chargedlevtiie product is discharg&dFor processing

at multiple stages, material is constantly beingrghd and discharged through each stage until
the material reaches the final stage. In this cts®e is a final product at one end with raw

material at the other. For a continuous processtdelm “batch” or “lot” is still applicable and

refers to a drug product that has uniform charaaterquality produced over a unit time.

There are advantages and disadvantages of botkensysand in some cases; continuous
manufacturing may not be entirely possible. Theveational approach of batch processing has
been successful in the pharmaceutical industry. é¥ew recent advances in technology such as
those related to process analytical technology (P#ave opened the door for improvements in
the manufacturing and regulation of pharmaceupcatessing. In general, batch manufacturing
has disadvantages related to open system trangétch-to-batch variations, scale-up issues, and
supervised production. As the production of lipossns a multi-stage process, the transfer of
material from each stage may lead to material dmsscontamination. Both of which will further

result in batch-to-batch variations and possiblpw quality product. In some cases, quality

assurance of a batch process may be high by megeltitches; however, this results in wasting

material and increasing processing and productmoelines. Lastly, scaling up a batch process

10



Antonio P. Costa, PhD — University of Connecti@@16

typically leads to further problems. Since smalb@tches are made for clinical trials, larger
batches may result in formulation differences ie fimal product. Due to the possibility of

formulation differences, additional testing neenl®¢ performed to validate and confirm that the
increase in batch size did not alter the formuitatie this increases production time and

regulatory burden.

On the other hand, a continuous manufacturing pewoids many of the issues associated
with batch processing. There are no open systemsfaes (except possibly for the final product),
low variations in the formulation as long as theteyn is running under set conditions, minimal
supervision is required and no scale-up issuesndrease the amount of final product, the only
variable that needs to be adjusted for is timeallgehe same equipment can be used for a small
pilot study and for large production batches. Tis #nd, continuous manufacturing may reduce

production time, costs and regulatory burden coeghér a batch process.

1.3.2 Process Analytical Technology

Process analytical technology is a framework oetlinby the U.S. FDA that combines
components such as multivariate tools, process/agrabnd process control tools as a means to
measure and control critical quality attributesdaig products® For continuous measurements,
measurements are either taken in-line, at-linerslire. In-line refers to measurements taken
where the sample was not removed from the procesans. At-line measurements refer to
samples being removed from the process streamyzathhnd discarded. On-line measurements
refer to samples being removed from the procesarsir analyzed and may be diverted back to

the process. One such process analyzer is focjeasize and zeta potential measurements. Two

11
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techniques considered for the current work werg:dyinamic light scattering (DLS), or (2)
acoustic (particle size) and electro-acoustic ¢petential) spectroscopy. Both dynamic light

scattering and acoustic spectroscopy will be erpldin more detail in Chapter 5.

In order for these techniques to be implementdtiencontinuous process, a flow cell is required
that connects the process stream to the procepgandn addition, the process analyzer must
have a means of communication to a computer am#ar acquisition device. For example, the
Malvern Zetasizer® can be used in conjunction Withlvern Link-2 software to communicate
with National Instruments (NI) LabVIEW™. A custoneraputer program can be written in NI
LabVIEW™ that controls the entire continuous pratesThe Malvern Link-2 software uses an
OPC server/client architecture and provides a weagxtract data such as the particle size and
zeta potential and to send measurement informatiom and to the Malvern Zetasizer,
respectively. In the current work, the goal wasdidreal timeparticle size analysis (necessary)

and zeta-potential (if possible) measurementsdsyistem.

Raman spectroscopy may also be utilized as a PAlyzar. This technique has the ability to be
used for both quantitative and qualitative purpo&&e fundamentals of Raman spectroscopy
are based on the inelastic scattering of electrowtag radiation by exciting the sample at a
specific wavelength. The excitation wavelength wipend on the laser source and may range
from the visible light to the near infrared wavejérs. The outputs of this technique are Raman
bands or vibrational modes of a molecule. Moreotke, intensity of the Raman bands is
proportional to the inverse fourth power of the ieat@n wavelength. This means that a laser

source with a shorter wavelength would provide aemiotense signal. However, molecules may
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also fluoresce in the visible light range, whichuleb create background noise. To avoid this
noise, a higher wavelength may be chosen. Therenareerous applications of Raman
spectroscopy and it can be used to quantify anergitehd a process. For example, metoprolol
tartrate was quantified in the range from 10-4094@6mL)>° Moreover, a qualitative study on
doxorubicin interacting with malignant hepatocyaesl the overall impact on the lipid content in
the hepatocytes was reporf@dLastly, Raman spectroscopy may be used to determhing

crystallinity or amorphous contefit.
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Chapter 2

Specific Aims and Tasks

2.1. Specific Aim 1

Design and Fabrication of a Continuous Process to form Liposomes based on the Ethanol

I njection Technique

The ethanol injection method was chosen since tithod does not require the use of
potentially carcinogenic organic solvents. Moreouhis method is inherently a continuous
method since lipid dissolved in ethanol is injectet an aqueous phase and the liposomes form
during this process. The control of processing d@r was achieved by creating a custom-
built computer program (National Instruments (NBOVIEW) to communicate with the entire
process/system. A block diagram of the processutbned in Fig. 2.1. A computer program
connected to a data acquisition device controledentire process (Fig. 2.2). The first stage was
the lipid mixing stage, where multiple sources ipfd dissolved in ethanol were mixed at the
specified ratio. The next stage was the liposomm#tion stage, where an agueous stream was
mixed with the lipid+ethanol stream. This stageaixluded a second aqueous stream that was
used to dilute the ethanol down to approximately\&% ethanol. The last major stage was the
concentrating stage, where the liposomes were otrated in-line to a desired concentratitin.
was hypothesizedhat by controlling processing conditions in tlmiinuous process based on
the ethanol injection method, critical quality dutites of liposomese(g. particle size, size

distribution and zeta-potential) would be precisaintrolled.
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2.1.1Task 1

I mplement a QbD Approach to Design/Fabricate the Ethanol-I njection System

As an initial step, a QbD approach was implememtereduce the overall risk associated with
different aspects of this work. A risk assessmauttiong each processing step to increase
chances of success was conducted. This approasimaiéveloping a full understanding of each

stage before fabrication to avoid unnecessary @gtdo support time management.

2.1.2 Task 2

QbD Approach to Determine Factors involved with Liposome Formation

As a continuation of the QbD approach, design gbeexnent studies were completed to
understand how liposomes were formed and to ulélpatetermine a mechanism of liposome
formation. The first step was to understand theerursystem and its limitations. For example, it
was necessary to determine the minimum and maxiroomtrollable flow rates for both the
ethanol and aqueous phases. Also, the systemllintieeded to be adaptable such that tubing
and other parts could be exchanged to test thedimgdadifferent dimensioned parts. Once the
limitations of the system were known, a list ofttas was generated that were thought to impact
the liposome formation. This list of factors wasgeated from a literature review and known
system constraints. Below is a list of factors thaty impact liposome formation: (1) lipid
concentration; (2) ethanol flow-rate; (3) waterwlaate; (4) ethanol-phase temperature; (5)

water-phase temperature; (6) tubing diameters (Watker and ethanol).
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The outcomes or responses of the DOE study folipesome formation process were critical
quality attributes of liposomes such as particleesipolydispersity index (PDI) and zeta-
potential. Factors that demonstrated statisticghicance for critical quality attributes are

considered key factors and were studied in moraildet

2.1.3Task 3

I ntroduce Process Analytical Technology to the System

The overall goal of PAT is consistent with the FBRAIrug quality system: “...quality cannot be
tested into products; it should be built-in or skiobe by design®® When quality is built into a
system, the product quality is ensured, the pradumte processed to achieve certain
characteristics based on a mechanistic understgyréa timequality assurance is provided, the
manufacturing is more likely to accommodate curmegulatory policies and procedures, and

lastly, the risk-based approach reduces the charfqasor product quality.

A PAT tool is any tool that fits under the followgncategories: (1) acquire/analyze data
(multivariate capable); (2) processing analyzej; g®cess control tool; and (4) management
tool that allow for continuous improvement and kiexnlge of a process. Multivariate tools may
be statistical designs of experiments describegligquely. Combining these DOE studies with

some type of computer software (as a process dottod) to control and alter processing

conditions would fit under this category. In th&se, a predictive equation or results from a DOE
study is then used to adjust the final formulatishen process variations are encountered.
Process analyzing tools can be implemented in thia@gs: (1) at-line, or where a sample is

removed and isolated from a system; (2) on-linewbere a sample is diverted, measured and
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returned to the process; or (3) in-line, or whersample is measured directly in the process.
Process analyzers generate large amounts of datacdh be collected and stored for quality
control purposes and reporting. Lastly, analysidata to build on the understanding of the
overall process will aid in a continuous learningd dmprovement of the processing stream,
which will facilitate regulatory acceptance and \pde evidence to support alterations to an

existing process.

An example of a possible at-line or on-line measwaet is using the Malvern Zetasizer with a
flow-cell attachment. A solenoid valve opens anmecais the flow of the sample to the Zetasizer
flow cell and closes once enough sample is loadethe cell. The Zetasizer then performs a
measurement and this information is sent to theoowbuilt LabVIEW program. In the
LabVIEW program, this value is analyzed and procaswditions €.g. flow rates) are altered
based on the aforementioned DOE studies to redatiesparticle size to be within quality

control limits.

2.2 Specific Aim 2

Impact of Freeze-Anneal-Thaw Cycling on Liposomal Drug Encapsulation Efficiency and
Particle Size

Freeze-Thaw cycling is a technique used for mdtlirposes, one of which is to encapsulate
drug substances inside liposomes. By understanti@gnechanism in which drug substances
enter a liposome, it may be possible to incorpatfaitetechnique in the continuous processing of

liposomes detailed in Specific Aim 1.
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Once liposomes are formed, the only way for watéuwtde drugs to enter liposomesvia active

or “remote” loading. However, active loading is ysuitable for weak acids/bases. Other water-
soluble molecules such as proteins, nucleic aedd, small molecules cannot diffuse into the
liposomes. The only way to get these molecules lipimsomes is to break the liposomes or
cause the lipid-bilayer to become permeable endagiilow diffusion of these molecules into
the core of the liposomét was hypothesizedthat a more detailed understanding of a possible
mechanism on how drug substances enter liposonrasgdine freeze-thaw cycling technique
will aid in the development of a modified method &ntrapping drug substances. It is further
hypothesized that due to permeability changeserigid-bilayer during freezing, in conjunction
with cryo-concentration of liposomes and drugs,réased amounts of drugs will enter the
liposomes and become encapsulated. Additionallg,necessary to maintain physical properties

of the liposomes such as particle size and zetangiat during this process.

2.2.1Task 1

Design a Formulation that is Stable against Freezing (i.e. minimal changes in physical
properties).

To determine the impact that freezing has on tpesbbmal encapsulation efficiency, it is
important to perform these studies with a formolatthat will not change liposomal critical
quality attributes throughout this process. Morepwmparing the encapsulation efficiency
from a monodispersed population of liposomes tolydispersed population of liposomes is
incorrect. Therefore, a stable liposome formulatieas investigated and the addition of cryo-

protectants€.g.sugars) to the formulation was assessed.
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2.2.3Task 2

Determine Factors that may I nfluence Drug Substance Encapsulation Efficiency.

During the freeze-thaw cycling step, the followifagtors were thought to impact how drug
substances enter liposomes: (1) freezing ratefir{d) freeze temperature; (3) thawing rate; (4)
final thawing temperature; (5) annealing (or hofgitime at subzero temperatures; (6) annealing
temperature. The first four factors have been prgly reported on in the literature, but only in
the release of drug substances or chemical marketsin the encapsulatiomt was further
hypothesizedthat water crystallization and ice growth and sgjently cryo-concentration will
influence the amount of drug substance that eritexdiposomes. In this case, annealing the
sample at a specified subzero temperature foriagef time promotes ice growth followed by

increased drug encapsulation.
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2.3. Figures
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Figure 2.1: Block diagram of the entire system.ofws indicate the flow direction of the
process.
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Figure 2.2: Front panel of the custom computer g The computer program is divided

into five parts: lipid mixing, agueous phase/buffaqueous phase dilution, tangential flow
filtration (TFF) system and particle size.
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Chapter 3

Quiality by Design: Risk Assessment of Continuous Bressing Stages

3.1 Introduction

The quality by design (QbD) framework is a set mh@ples that aids in maintaining quality and
managing risks associated with product developnfmme of these principles applicable to the
current work include: (1) identifying/determiningtcal quality attributes (CQAs), (2) selecting
an appropriate process, (3) identifying material processing parameters that impact the CQAs
and (4) form a relationship between material arat@ss parametefdTo identify material and
process parameters, risk assessment tools suchaase cand effect diagrams and a
severity/frequency analysis chart were generatedaddition, to form relationships between
materials and process parameters, design of experistudies were used. A more detailed
explanation for drug product development is outdinen the Q8(R2) Pharmaceutical

Developmerit.

In the case of liposomes, CQAs may include partgilee, particle size distribution, zeta-
potential, drug loading (lipophilic drug), encapsion efficiency (hydrophilic drug), final
drug/lipid weight ratio and drug release rateshkn current work, the focus was primarily on the
first three CQAs listed above. Since a part of thisk was to develop a continuous process to
form liposomes, different liposome preparation teghes were compared and analyzed at the

onset of the work to determine whether an existipgroach could be modified into a continuous
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process. After a literature review and preliminarperiments, material and process parameters
were identified that would impact CQAs. Lastly, idesof experiment studies were performed
for multiple stages of the continuous process tteated material properties to process

properties.

3.2 Risk Assessments

3.2.1 Liposomal Process Selection

Prior to any work being completed, an initial tag&s to compare different liposome processing
techniques and attempt to de-risk implementingpiaeess as a fully continuous process. As
described chapter 1, there are many approachasd¢ess liposomes. Two approaches that were
initially considered were the thin-film hydrationethod* and the ethanol injection mett5d°

At the onset, it was known that the thin film hytivsa method would end up being a semi-
continuous process, as opposed to continuous. @yeaavform a risk assessment is by using a
severity-frequency analysis. This type of analydéntifies risks associated with each process. In
this case, the severity is an indication of howellkthe risk may negatively impact the ability of
each technique to be used in a continuous prodéssfrequency indicated how often the risk
would occur. Even though a risk analysis may begestive in some cases, it does provide
significant insight into what may develop into frgyproblems. From Fig. 3.1, it is clear that for
the listed risks, the ethanol injection process &asverall lower risk when compared to the
thin-film hydration method. Three key risks are thed loss, lipid solubility and whether the
system is inherently continuous. When considefirggthin-film hydration process, this approach
requires dissolving the lipid in an organic solvésitowed by solvent removal and then adding

an aqueous phase to promote lipid hydration. Thixgss would resemble more of a batch
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process and only additional downstream processiglme continuous, resulting in a semi-batch
process followed by a continuous process. In adtditihis approach would most likely lead to

lipid loss since the hydrated lipid may cause theemus phase to be highly viscous. As it is
more difficult to transfer a high viscosity mixtutée risk associated with sample loss would be

higher.

To the contrary, the ethanol injection approaclnigerently continuousi.e. the ethanol with

dissolved lipid is injected directly into the aquegohase forming liposomes. In addition, lipid
loss would be negligible since the entire amountdiskolved lipid should form liposomes.
However, one drawback is that not all of the phosipids (especially charged lipid) may be
soluble in ethanol at high concentrations. This Is@lubility may introduce limitations on

preparing some liposomal formulations using thshteéque. The overall risk is lower for the
ethanol injection approach compared to the thm-filydration method; therefore, the ethanol

injection approach was selected as the proceshifowork.

3.2.2 Ethanol injection Process Stages: A Risk Anais

A risk analysis was performed on the processingest@o adequately outline any possible issues
that may arise during the fabrication and develapnoé the system. From Fig. 2.1, the main
stages include: (1) data acquisition, (2) lipid mg (3) liposome formation and (4) liposome
concentrating. In addition to these main stagesce®ss analytical technology (PAT) was
incorporated into the process and was used to aaihie entire process. Each PAT was further
analyzed in an attempt to de-risk the implementapimocess. Fig. 3.2 is a risk analysis for the

entire process with the single effect of forminggaality liposome formulation”. For a quality
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liposome formulation, the process would need toieaeh sufficient control €.g. control of
particle size and particle size distribution), bproducible and accurate, and have the ability to
be adaptable to cover formulation changes. For plgnif liposomes with a mean diameter of
80 nm are initially sought, but after in-vitro aad/n-vivo studies it is determined liposomes
with a mean diameter of 150 nm are more efficagithesn the system should be adaptable for
such modifications. Limitations for every systemsgxand these limitations are clearly outlined

throughout this work.

3.2.2.1 System Requirements

At the onset of design process, outlining the sgystequirements to achieve a continuous
process was important. One property was the métahat were selected. Since ethanol and
lipid interact with certain polymers and metals tthemical compatibility of different materials
were assessed as a basis for selecting processmgpaents such as solenoid valves and tubing.
When it was possible, 316 stainless steel was ochdése its high chemical resistance and
ruggedness. In addition, many processing comporgatmade up of multiple materials that are
in contact with the liquids and each of these niateie.g. o-rings) needs to be confirmed for

chemical compatibility.

Other properties were: (1) type of data acquisisgatem, (2) types of sensors that would be
required to monitor/control the entire process #BHd power requirements to run the entire
system. Different types of data acquisition systexist, e.g.real-time, embedded systems and
PC-based systems. Since it was determined earlhainPAT would be incorporated in this

process, a PC-based system was chosen as some &#4Cesdcan only be controlleda
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software packages designed for PC-based systemeatrembedded systems. For this reason,
a PCI eXtensions for Instrumentation (PXI) datausition system was chosen as this system is

PC-based, is accurate, an industry standard aadhjstable for many measurement types.

Measurement type refers to the signal that is eitfeéng generated or acquired. Examples of
measurement types include analog signals and bgiggaals. Analog signals may be subdivided
further, e.g. voltage and current signals. Digital signals mbsp de subdividede.g. frequency

measurements and counters. As noted above, thed&4l acquisition system is capable of
generating and acquiring many signals, but sugfsgem requires specific modules designed for
each measurement type to be selected. As an exaom@emodule may be only for generating
analog/digital signals (typically 0-5 volts) whilanother module may be only to acquire
analog/digital signals (0-10 volt range). Additibmaodules may be to directly measure the
temperature from thermocouples or to measure #guéncy of incoming signale.(. devices

referred to as “counters”).

The third property is the power requirement for Yagious sensors. Only 12 or 24 volt direct
current (VDC) sensors were used so that the nuofiqggower supplies was reduced. Sensors and
devices are available with many different configior@s and to successfully implement all of the

sensors into a single system; it is desirablefersensors to share similar characteristics.

3.2.2.2 Lipid Mixing
The system consists of multiple tanks, each of Wwimay hold either pure ethanol or ethanol

with dissolved lipid. For the event that multipigpés of lipid are required, individual lipid
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molecules or drug molecules may be added to eah lia order to form a homogenous mixture
of lipid or lipid and drug prior to forming liposaes, a lipid mixing process was implemented
into the design. The lipid mixing process is whiea lipid or drug, dissolved in ethanol, is mixed
prior to entering the aqueous phase. The mixingagageved by the use of solenoid valves, flow
meters and precise flow control. In addition, distanixer was incorporated to create turbulence

and further induce mixing.

3.2.2.3 Liposome Formation with Dilution

The liposome formation (Chapter 4) with dilutionh@pter 5) stage can be divided into two
parts,i.e. liposome formation and ethanol dilution. The lipog formation refers to when the
ethanol with dissolved lipid or drug is mixed witfie aqueous phase, forming liposomes. The
dilution stage is in-line with the formation stagad adds an additional amount of aqueous
medium to the liposomes, causing a dilution witpeet to the ethanol content and the lipid. For
both parts of this stage, controlling the flow ratas important as it was previously determined
that flow rates impacted the liposome formationcpss. In addition, tubing diameters and the
liposome formation injection port design were atemsidered. For example, changing the inner
diameter of the tubing will cause changes in thimaorg of the liquid traveling through the
tubing. The flow velocity ratio of the agueous ph&s the ethanol phase was initially considered

as a potential critical factor that would influertbe formation of liposomes.

3.2.2.4 Concentrating Liposomes
A concentrating stage was implemented after thesbme formation and dilution stages. This

stage was added to provide additional control oer final formulation. When forming
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liposomes, the initial lipid concentration is low prevent non-liposomal structures from
forming®’. In addition, a dilution stage was added at the ehthe liposome formation stage
(Chapter 5). This dilution stage was incorporatedetuce the overall ethanol percentage down
to approximately 5% volume ethanol. By reducing #tbanol stage, the total amount of
lipid/drug would also be reduced. In order to readghid concentrations suitable for
pharmaceutical applications, the liposomes were@amated. For the concentrating stage, the
type of filtration unit and the properties of thdtration unit were assessed. For in-line
processing, a tangential flow filtration unit wasosen. In order to incorporate this system for
the in-line process, it was necessary to invesigatssible filtration rates and the hhgenerated

filtration pressures.

3.2.3 Risk Analysis of Process Analytical Technolgg

In addition to the process stages, PAT was incatpedrin the overall design. The purpose of
adding PAT was to implement enhanced control anditmang capabilities. The PAT that was
implemented into the system included a particle simalyzer (Chapter 5) and a near-infrared
(NIR) sensor (Chapter 6). The particle size analymek at-line measurements and provided
information such as mean particle size and parside distribution. The NIR sensor was placed
within the concentrating stage process loop and wssd to determine the total lipid

concentration.

To control the lipid concentration, a control lodfig. 3.3) was designed that used both feedback
and feedforward control. The feedback control cetesi of a pump that adjusts to maintain a set

flow rate and was used to increase or maintaidipine concentration. The particle size analyzer
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and NIR sensor were both used as feedforward deritrdhat these measurements were inputs

to a predictive model that is used to determindithié concentration.

3.2.3.1 Particle Size Analysis

There are many approaches to determine the pasiméedistribution of liposomes. Since the
liposomes in this work are less than 1000 nm, tieglas based on macroscopic fitting methods
were only considered. These techniques include rdimalight scatterind®*°, acoustic
spectroscopy, electron microscopy™? x-ray scatteriny™* etc. Since the process needs to be
implemented into a continuous process, the listeohniques was narrowed down to dynamic
light scattering and acoustic spectroscopy. Bathrigues are suitable to measure the full range
of the liposomes being analyzade(25 nm up to ~500nm) and both techniques have tiigyab

to measure concentrated samples (refer to chapteresbcomparison between each measurement
technique). For on-line or at-line measurementg, difference between the two techniques is
that dynamic light scattering requires either Very flow rates (~1 mL/min) or static conditions
(no flow) for accurate measurements whereas a@osigéctroscopy can provide measurements
at higher flow rates. A second difference was egldb the companies that manufactured these
instruments. For the implementation and use as RWAE particle sizing data would need to be
accessible with the custom computer program writtetNI LabVIEW. The company of the
acoustic spectroscopy device did not provide ectlimeans to communicate with NI LabVIEW.
However, the company that supplied the dynamict lgglattering instrument provided an option
with direct communicatiowia an open platform communications (OPC) client/seri#er this

reason, dynamic light scattering was chosen agmgitieiment of choice.
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A risk analysis was outlined for the particle sa®alysis (Fig. 3.4). The effect/outcome of this
diagram was the accurate measurement of partiziegsdata for a continuous process. The
causes were subdivided into flow conditions, floellcand DLS measurement. The flow
conditions outlined how to control the flow of tekample to the instrumenrg.§.pump selection)
and flow requirementse(g. continuous and laminar flows stopped flow). The flow cell has
limitations such as the total volume of the flowl @ad the pressure rating, which would limit
the flow rate of the sample through the flow célstly, DLS measurement parameters will
further impact the accuracy of particle sizing dathese parameters include temperature,
measurement duratior.g. 10 seconds), number of runs per measurement andtténuation
setting. As DLS uses a macroscopic fitting algonitto determine the particle size, the sample
temperature and photon count rate will impact theigle size analysis. For example, if the
temperature is set at 25°C, but the sample temperas actually 22°C, then the measured
particle size may be higher than actual since gagimove more slowly at lower temperatures
than higher temperatures. In this case, the sepasature and the actual sample temperature
must be similar to achieve accurate results. Ascarsd example, the photon count rate is the
rate at which photons are detected. For low coatasy there is not enough information for the
macroscopic fitting algorithm to determine the detsize. In addition, at higher count rates, the
DLS detector may no longer be operating in a lineage. Therefore, a range of count rates

should be determined that provide accurate data.

3.2.3.2 NIR Turbidity Sensor
A NIR sensor was implemented into the processrasans to determine the concentration of the

liposome sample. A NIR sensor has the ability ttecteturbidity changes and these changes can
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be related to the lipid concentratigra an algorithm. Rayleigh scattering is proportiottathe
sixth power of the particle diameter; thereforegéa particles scatter more light. It was then
hypothesized that for a known particle size, thacemtration of the liposomes could be
determined (Chapter 6). A risk analysis diagramlimesg possible factors that will influence
concentration detection via a NIR sensor (Fig..3%) instance, there are a two common NIR
sensor styleg,e. a probe design or a flow cell design. The prob&gitemay be more prone to
air bubble accumulations at the detection windawaddition, the probe design may have a
limited optical path lengthe(g. up to only 10 mm), whereas the flow cell designyrhave
longer optical pathse(g.up to 160 mm). The longer optical path would acemdate samples
that scatter a small amount of lighte( smaller diameter particles at low concentratioms).
addition, NIR probes may be designed at a singleeleagth or a band of wavelengths and at
various angles of detection. For angles of detactlmat are 0° from the light source, the
measurement is referred to as absorbance and radasumits such as CU. Scattered light may
be detected at angles such as 11° or 90°. Forctteered light, the unscattered light is used as a

reference to account for changes in the aqueousumed

3.2.4 Material and Process Parameters on ParticleiZ: Formation

There are many material properties in conjunctioth \rocess parameters that are thought to
influence the formation of liposomes. These maltemal process parameters are outlined in the
cause and effect diagram from Fig. 3.6. The caaseslivided into process variables, material
variables and lipid molar ratio. The process vdesbncludes types of flow (e.g. laminar vs.
turbulent), type of pump (e.g. pulsatile vs. norsptile) and Reynolds number. The Reynolds

number is a means to determine the extent of miximgth a higher Reynolds number indicating
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a greater extent of mixing. The Reynolds numbedapendent on viscosity, temperature and
flow velocities. The material variables are subd@d into type of lipid and aqueous phase. The
type of lipid will significantly impact the liposoenparticle size. For example, each lipid has a
transition temperature, which indicates the flyidif the lipid at a certain temperature. Lipids
that may be in the fluid state could possibly fderger liposomes; however, this is not clearly
understood at this time. The lipid molar ratio isother cause that my affect the liposome
particle size. As many liposomal formulations cehsif multiple lipids, the combination of the
lipids must result in a packing parameter that swgpthe lamellar structure; otherwise,
liposomes will not form. Therefore, the lipid raid, for example, cholesterol and other lipids
must equate to approximately 1 in order to supadaimellar phase — which is the phase that will

form liposomes.

3.3 Conclusion

The quality by design approach was implementedhatonset of this work and a risk analysis
was the initial tool used in this approach. A rehkalysis is an important tool for determining
critical material and processing parameters thanafgect a specific outcome. A risk analysis
was outlined for each processing stage, the impitetien of PAT and for the formation of

liposomes.
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3.4 Figures

Key
Severity | Frequency
1-3 1-3
Risk Assessment for Technique Conversion to a Continuous Process
Ethanol Injection Thin-Film Hydration
Risks
Severity | Frequency | Total Risk Severity | Frequency | Total Risk
Organic Solvent Removal 3 2 6 3 3 9
ic Solvent (Envi tal
Organic Solvent (Environmenta 5 3 6 3 3 9
Impact)
Lipid Loss 3 1 3 3 3 9
Lipid Solubility 2 2 4 2 1 2
Inherent Continuous Process 3 1 3 3 2 6
OVERALL RISK: 4 OVERALL RISK: 7

Fig. 3.1 A risk assessment comparing two procesgnfgniques to make liposomes with the
intention to develop the current process into &inapus process.
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Lipid Mixing

’ System Requiremedts

Analog

Sensor Transfer Tubing

Input/Outputs Vessel

o Dimensions
Digital Volume

Chemical Solenoid Valves

Compatibility Orifice Size Max/Min Rates

Materials
Flow Control

T fP
Power/Energy ype of Pump

Static Mixer
Voltage

Quality Liposomeg

Formulation
Surface Area

Diameter Length

Tubing

Filtration Unit ?

Dimensions

o Filter Size
Injection Port Max/Min Rates
Design Pressure
Flow Control
Flow Meter Type Filtration Rate Type of Pump

Flow Measurement
Max/Min Rates

Concentrating

“ T L Flow Control

Type of Pump

Liposome Formation with Dilution‘

Fig 3.2: A cause and effect diagram highlighting thain stages of the continuous process with

subdivisions for each main stage.
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- Particle Size Analyze

=

I |

Set Point .
Error Input
p Concentrating Actual

Cog?::rswltrrz(;on) - Controller System (Pump Concentration

Filtration Flow Rate

_________ NIR Sensor

Fig 3.3: The control design for the concentratiygtem. This design uses feedback control
(pump flow rate) and feedforward control (partisiee analyzer and an NIR sensor) to determine
the lipid concentration. The particle size data dath from the NIR sensor are incorporated into

a mathematical model used to predict the lipid eotration.
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Flow Condition%

Continuous
Laminar—3 '«— Turbulent
Total Volume *\ 5 r Type of Flow
Tubing l Stopped
Diameter Max/Min Rates
« T Flow Control
Degassing Unit Type of Pump
/ :I Accurate Particle Size Da*ta

\ 4

Duration

Automatic or Manual Total Volume

. v .
Attenuation / Pressure Rating
Number of Runs > Flow Cell
4 Temperature

DLS Measurement

Fig 3.4: A cause and effect diagram outlining Valea that result in obtaining accurate particle

size data for a continuous process.
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NIR Process Connectictan Flow Cell

Optical Path Length—»|
Total Volume —;
Flow Rate =~ —

«— Position
Pressure Ratings—»

T — Sensor Style
««— Optical Path Length

A

Air Bubble Interferenc «—— Position

Probe Design

]

.| Lipid Concentration Detectio
- via NIR Sensor

Absorbance Mode (CU)
Ethanol Percentage

Scattered Light Detection (PPM)
Band

Temperature
Wavelength

NIR Measurement

Fig 3.5: A cause and effect diagram outlining Malea that affect the lipid concentration

detection via a NIR sensor.
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| Process Variableis

Ethanol Percentage

Viscosity l
Reynolds Number N Laminar  Turbulent
(For Mixing) f Tub l l
ube
Temperature ;. eter ¢ Type of Flow
Flow Velocity
Max/Min Rates
N T Flow Control
Type of Pump
:I Liposome Particle Sizle
Hydrocarbon Tail
[¢—— Transition Temperature
Length—»
Charge |&—— Saturation
.. Non-Salt Additives
Type of Lipid l T— >
Phosphocholine — Ethanol
Sugars —»
Headgroup
28 N 3 Aqueous Phase
Lipid Molar Ratio 'y >
[¢—— Concentration
Lamellar Phase—,
Salt/Buffer Type

Packing Parameter

Material Variables

Fig 3.6: A cause and effect diagram outlining Valea that affect the liposome formation

process with respect to material and process asab
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Chapter 4

Liposome Formation using a Coaxial Turbulent Jet inCo-Flow

4.1 Abstract

Liposomes are robust drug delivery systems thae leeen developed into FDA-approved drug
products for several pharmaceutical indicationg.e@i control in producing liposomes of a
particular particle size and particle size disttitnu is extremely important since liposome size
may impact cellular uptake and biodistribution. Avite consisting of an injection-port was
fabricated to form a coaxial turbulent jet in cowl that produces liposomesga the ethanol
injection method. By altering the injection-portrdinsions and flow rates, a fluid flow profile
(i.e. flow velocity ratio vs. Reynolds number) was pldtend associated with the polydispersity
index of liposomes. Certain flow conditions proddicmilamellar, monodispersed liposomes and
the mean particle size was controllable from 25uprto >465 nm. The mean liposome size is
highly dependent on the Reynolds number of the chethanol/aqueous phase and independent
of the flow velocity ratio. The significance of shivork is that the Reynolds number is predictive
of the liposome patrticle size, independent of tjecdtion-port dimensions. In addition, a new
model describing liposome formation is outlinedeTignificance of the model is that it relates

fluid dynamic properties and lipid-molecule physipgeoperties to the final liposome size.
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4.2 Abbreviations

Reynolds Number — Re

Flow Velocity Ratio — FVR

Dynamic Light Scattering - DLS

Polydispersity Index - PDI

Design of Experiment - DOE

31 Phosphorous Nuclear Magnetic Resonarite-NMR
1,2-dimyristoylsnglycero-3-phosphocholine - DMPC
1,2-dipalmitoylsnglycero-3-phosphocholine - DPPC
1,2-distearoyl-sn-glycero-3-phosphocholine - DSPC
1,2-dipalmitoylsn-glycero-3-phospho-(Iac-glycerol) (sodium salt) - DPPG
1,2-dioleoylsn-glycero-3-phosphocholine — DOPC
Cholesterol — Chol

Negative Stain Transmission Electron MicroscopyS-TNeM
Cryogenic Transmission Electron Microscopy — Cryen
National Instruments — NI

International Conference on Harmonisation — ICH
Process Analytical Technology - PAT

Combined Output Flow Rate — Q

Kinematic Viscosity — v

Diameter — D

Outer Diameter — OD

Inner Diameter - ID
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Cross-Sectional Area — A

4.3 Introduction

The ethanol injection method is a well-known lipweo preparation methdd.This method
consists of dissolving lipid in ethanol (or a wateiscible organic solvent) and subsequently
injecting this solution into an aqueous phase. Urmbstain conditionsg.g at a low lipid
concentration and processing lipids in the fluatey, the result is a dispersion of liposomes. The
ethanol injection method offers the following adtzyes over other liposome preparation
techniques: (1) the possibility to use ICH clase&8dual solvents rather than more toxic ICH
class 2 solvents normally used in the thin-film tatibn methodi(e. chloroform§>; (2) precise
control over particle size and particle size dmition; (3) the avoidance of additional
downsizing techniques such as sonication and/augixin; and (4) this process is a naturally
continuous process. The latter is of high imporgasinice it is of current interest to implement
continuous processing in the pharmaceutical ingitfstt® . Continuous processing introduces
many benefits over batch processing. For instatiwe,process run-time determines the final
amount of product manufactured, not the size ofrdactor. Therefore, the numerous issues
related to process scalability may be lessenedadead when progressing through clinical trials
to large-scale manufacturing. In addition, contusigorocessing may be automated, which
reduces human involvement and error. An importaatture of continuous processing is the
ready implementation of process analytical techgwlPAT) that further enhances the overall
control of the systeffi. The implementation of PAT reduces energy usagEjyst waste and

ultimately leads to a higher quality product.
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There have been a number of recent reports on tisengthanol (or alcohol) injection process
for the preparation of unilamellar liposom&¥. There are two fundamentally different fluid
mixing schemes to form monodispersed liposomesgutiis technique. The first scheme is
based on molecular diffusion where the alcoholyidrbdynamically focused into the aqueous
phasé’ In this case, microfluidics devices are requiredptepare liposomes under laminar
conditions with a low Reynolds number (Re, where RA00f% Such liposome formation
appears to take place on the edges of the alcojueldas flow streams as water slowly mixes
with the alcohol phad& The second scheme is based on inertial conventixéng or rapid
mixing of the alcohol stream with the aqueous stiealhis scheme has been demonstrated by
creating a turbulent liquid jet either in co-flowith the aqueous phas@)or in cross-flow
(angled to the aqueous phadeMoreover, flow conditions based on this approagtically

operate at a higher Re from 100 to >3000.

In the current work, liposomes were prepared usingoaxial turbulent jet in co-flow. The
liposome formation process was investigated bytinglafluid dynamic properties and lipid
properties to liposomal physical properties. Mopedfically, it was hypothesized that under
certain processing conditions, altered fluid flovafges (e.g.changing volumetric flow rates to
increase/decrease the Reynolds Number) combinidferimulation propertiese(g. lipid type,
hydrocarbon tail saturation, and aqueous phasetiaek)i would result in the prediction of
liposomal physical propertieg.¢ mean particle size). In addition, a new modekbasn lipid
hydrocarbon tail length, hydrocarbon saturation agdeous phase additives was outlined that

explains the liposome formation process using lauent jet in co-flow.
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4.4 Materials and Methods

4.4.1. Overview of Process with Turbulent Mixer

Liposomes were prepared by a modified ethanol figeanethod. A schematic of this system is
demonstrated in Fig. 1. Three separate 316 stairdt=el tanks were fabricated to house the
lipid+ethanol solution. These tanks were pressdr{ae typically 20 psi) and the flow rates from
these tanks were controlled by analog flow metdsMillian) and proportioning solenoid
valves (Aalborg). The flow meters were factory loadied for water with less than 1% error. For
the lipid+ethanol flow streams, these flow senswese re-calibrated for ethanol and had an R-
squared value of 0.9989, with a working range fieB0 mL/min. The three tanks were then
connected at a single point using a 4-way conne¢Bwagelok). A static mixer was
implemented to ensure that the lipid+ethanol sohgifrom the three tanks were adequately
mixed prior to reaching the injection port where #thanol and aqueous streams converged. The
aqueous phase volumetric flow rate was controligé lgear pump (Micropump®). The mixed
lipid+ethanol solution was then injected into tligpi@ous phase at various flow rates. The tubing
ID of the ethanol phase was 0.508 or 1.016 mm @Lré& OD). The aqueous phase tubing ID
was fixed at 3.175 or 4.572 mm. Typical flow ratégshe lipid+ethanol phase were from 5-40

mL/min and of the agueous phase were from 60-400mmL

The entire process was controlled by a custom-rpaoigram written using National Instruments
(NI) LabVIEW® software. A data acquisition systerNl(PXle-1078) was combined with
multiple NI modules to accommodate various inpufjati signals €.g. analog and digital
inputs/outputs, counters, circuit switchet¢c). The entire system was automated and only

required the user to define the final lipid concation and molar ratios of lipid. Process
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variables such as flow rates, pressure, and tertyperaere monitored and, for some variables,
automatically adjusted using custom computer allgors. For example, proportional-integral-
derivative controls were implemented in the compptegram to precisely control the flow rates

of both the ethanol and aqueous phases.

4.4.2. Liposome Preparation

1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC), 1,2-dipalmiteylglycero-3-
phosphocholine (DPPC), 1,2-distearoyl-sn-glycenq@hdsphocholine (DSPC), 1,2-dipalmitoyl-
snglycero-3-phospho-(ITac-glycerol) (sodium salt) (DPPG) and 1,2-diolesyglycero-3-
phosphocholine (DOPC), were purchased from LipoidTholesterol (Chol) was purchased
from Sigma. The lipid (5-30 mM total lipid) was da@ved in ethanol (USP grade) and added to
one of the three tanks. To dissolve the lipid imaebl, the lipid mixture was typically heated to
60°C for 10 minutes and sonicated for 5 minutesrdil all of the lipid was fully dissolved. The
ethanol solution was then allowed to reach roomptmature (23°C) prior to running any
experiment. In some cases, the entire lipid wasbtoad into a single tank and pure ethanol was

added to the other tanks for dilution.

4.4.3 Dynamic Light Scattering for Particle Size ad Zeta-Potential

Measurements were performed with a Malvern Zetaswano ZS90 for zeta potential and a

Malvern Zetasizer Nano S for size. The samples wkxeed in plastic disposable cuvettes (or a
capillary cell for zeta-potential) and equilibratexd25°C prior to measurements. Since ethanol
was present in the samples, all samples were dilotd.64% v/v (ethanol/total solution) and the

viscosity and refractive index were adjusted fotha Malvern Zetasizer software. Particle size
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measurements included the z-average, PDI, volumeeptage, intensity mean and intensity
width. Zeta potential measurements included zetafi@al and zeta deviation. All measurements

were run in triplicate.

4.4.4 Flow Visualizations

Nile Red (Sigma-Aldrich®) was used as the dye aad dissolved in ethanol. This solution was
added to one of the three pressure tanks. Lipsbtied in ethanol was added to a second tank.
The lipid and Nile Red solutions were run at a Ydlumetric ratio under different flow
conditions. As Nile Red changes color based ortisolypolarity’, the solution appeared pink in
ethanol, pink/orange with lipid dissolved in ethband purple/bluish when dissolved or mixed

with water without lipid.

4.4.5 Nanopatrticle Tracking Analysis

Measurements were performed with a Malvern Nano®fgimstrument. The samples were
diluted down to 0.05% v/v ethanol. In some casdsljtmnal dilution was necessary to reach
acceptable conditions for particle size analysig.@s vesicle diameter decreases, the number of
vesicles increased exponentially). As for the measents, the mean and standard deviation

were recorded. All measurements were run in tighc

4.4.6 Negative Stain Transmission Electron Micros@y (NS-TEM)
Liposomes were prepared in 10 mM ammonium acetadeaacid buffer at pH 5.00. For each

sample, approximately 3 pl of liposomes was plased plasma cleaned carbon coated grid
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(Ted Pella Inc, #01840). After 1 minute incubatitme sample was flooded with several drops
of 0.25% of uranyl acetate stain. The excess swlutvas blotted off and the sample was air
dried for approximately 30 minutes. The grid wasaged at 80.0 kV in an FEI Tecnai 12
Biotwin TEM equipped with a LaB6 emitter and an Adeed Microscopy Techniques 2k XR40
CCD cameraFor each sample, 7-10 images were collected andigtmeter of more than 500
particles/sample were manually measured using lthagee data was then collected and the
mean particle size and standard deviations werrmeated by fitting a nonlinear analysis using

a Gaussian distribution fitting function.

4.4.7 Cryo-Transmission Electron Microscopy (cryo-EM)

Cryo-TEM was performed using cryo-transmission tetec microscopy (Jeol 1400
TEM/STEM) operated at 120 kV and viewed under theiMum Dose System. Briefly, 2 pL of
liposome sample was placed on a glow-dischargedyHtdrbon copper grid (Quantifoil R 2/1).
Using a grid plunge freezer (Leica EM GP) at 254&it@ 82% humidity, samples were blotted
automatically for 2 s to remove excess liquid alwhged into a bath of liquid ethane at =175 °C.
The samples were stored in liquid nitrogen untédytlwere transferred to a cryo-TEM holder
(Gatan 914) and observed in the pre-cooled cryo-EHENMR0 kV under Minimum Dose System.
Images were recorded with a digital CCD Camerad®&RIUS™ SC1000) at magnification of

10000 x- 20,000x.

4.4.8 Design of Experiment Study
A design of experiment was performed to analyzelighid concentration and aqueous phase

flow rates on liposome particle size. The aquetese flow rate range was designed to cover a
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broad range of flow conditions that led to low dmdh Reynolds Numbers (see “Reynolds
Number and Flow Velocity Ratio Calculations”). lddition, these flow rates cover the full
range of the system processing capabilities (i.emp flow rate working range). Lipid
Concentrations studied were based on reported hghb that would possibly lead to the
formation of liposomé8. A custom 2x4 full factorial design with 5 cenfagints, and 3 repeats
was chosen as the initial design (Fig. 2). Thisigiesvas chosen to support interaction and
higher order terms as well as stay within constsaim the final ethanol percentage. The original
design was augmented to increase the design spdd® éncrease the statistical significance of
the model (Fig. 2). With respect to model analysiie r-squared term, analysis of variance
(p<0.05) and lack of fit p-value (p>>0.05) were dige determine adequate fitting and the
inclusion of model interaction terms. Only the Mativ Zetasizer Nano S was used to determine
the particle size and PDI for this study. The matkdign and analysis was conducted using JMP

by SAS.

4.4.9 Reynolds Number and Flow Velocity Ratio Caldations

The Reynolds number (Re) is defined as Re =v@DwWhere Q is the combined output flow rate,
v is the kinematic viscosity of the mixture, D ietliameter of the output tube and A is the
cross-sectional area of the output tube. The kitemascosity was calculated for the final
ethanol-water mixture based on reported dynamicosisy and density valu¥s An equation
was created using JMP by SAS to predict the kinemascosity with dependence on ethanol
mole fraction and the output temperature (Suppleatddata Equation 1). As the enthalpy of
mixing for water and ethanol mixtures is exotherntie final output temperature varied from

the initial temperatures of both phase®.(23°C) up to ~32°C. These temperatures were
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recorded for the various flow conditions and wesediin the Re calculation. The flow velocity
ratio (FVR) is FVR = \/v,, where yis the inner tube velocity and is the outer tube velocity.
Both velocities are calculated directly from thduwmoetric flow rates and the geometry of the
tube. For the outer tube velocity calculation, itweer tube outer diameter was subtracted from

the outer tube inner diameter.

4.5. Results

4.5.1 Mixing of Ethanol and Aqueous Phase

An injection port was fabricated to accommodateftrenation of a coaxial turbulent jet in co-
flow. A cylindrical tube (inner tube) designed targ/ the ethanol phase was positioned
concentrically within second or outer cylindricabe (Fig. 3). The second cylindrical tube (outer
tube) carries the aqueous phase prior to jet foomat There are three criteria necessary to
achieve suitable conditions for a stable turbulent The first is that all flow rates must be
pulseless to reduce flow rate fluctuations to rggigle levels. The second two criteria come from
non-dimensional values of fluid dynamics: (1) Rdgsaumber (Re) and (2) flow velocity ratio
(FVR). The Re is that of the mixed ethanol/agueftors stream just downstream of the “jet

location” (in Fig. 3) and will subsequently be neésl to as the Rewre

4.5.2 Relationship between Fluid Flow Properties ahLiposomal Polydispersity Index

The fluid flow properties of the injection-port veerelated to the liposome polydispersity index.
Liposomes were analyzed using dynamic light saatigiDLS) and a polydispersity index (PDI)
of 0.10 was considered as the upper limit for maspetsity. The ethanol flow rate ranged from

5-40 mL/min and the aqueous phase flow rate rafiged 70-400 mL/min. The organic phase
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consisted of DPPC:DPPG:Chol (4.5:0.4:3 molar rati®solved in ethanol and the aqueous
phase was 10 mM phosphate buffer, pH 7.4. The ituiee diameter was 0.508 mm or 1.016
mm. The outer tube diameter was 3.175 mm or 4.5%#2 im addition, the maximum final
ethanol percentage was chosen to be less than 40%thanol to reduce the possibility of
forming any non-liposomal structufésFor this lipid formulation, the average zeta-poig was

-39.4+ 6.34 mV (averaged for all samples).

The flow rates were transformed to Rer and FVR as outlined in the methods section. To
achieve various R@wre and FVR combinations, different inner and outdretuliameters were
investigated. From Fig. 4a, it is clear that inesrdb achieve a monodispersed system, certain
Renmixwure @and FVR combinations are required to form a stpdile=ig. 4b depicts the fluid profiles
of four locations on the FVRs Reénixwre Plot from Fig. 4a. At a Rgxwure < 500 and FVR < 7, a
stratified flow is observed with the lipid+etharstying separated and moving to the top of the
tubing (Fig. 4b-1). Limited mixing occurs in thisge and the actual lipid mixing/liposome
formation would occur downstream.e( possibly in the collection vessel) — leading to
polydispersed liposomes. At F\VER2 and Regixwure >~ 500, a weak jet forms and this also leads to
polydispersed liposomes (Fig. 4b-2). The other fleov conditions depicted lead to rapid
mixing downstream of the injection site and stajelieformation, resulting in monodispersed
liposomes (Fig. 4b-3 and Fig. 4b-4). In the casenmddspersed liposomes, it is evident that
liposome formation is primarily dependent on mixengd can be predicted by theR&r (Fig.

4c). At a high FVRi(e. > 7), the liposome particle size is monodispersedi iadependent of

FVR and only changes according to the,R@e The latter case outlines that monodispersed
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liposomes may be formed under a variety of injecport dimensions that lead to the same FVR

and Reixture cONditions.

4.5.3 Design of Experiment: Lipid Concentration vsParticle Size

A design of experiment (DOE) study was completedémonstrate the effects of the injected
lipid concentration on liposomal particle size éomonodispersed population of liposomes. The
ethanol flow rate was fixed at 40 mL/min as thmwflrate corresponding to a flow region that
produces monodispersed particles (Fig. 4a). Thedsions of the injection port were fixed at an
aqueous phase tubing ID of 3.175 mm and an ethamede tubing ID of 0.508 mm. For the
DOE study, the factors included: (1) aqueous pflagerate (70-400 mL/min) and (2) injected
lipid concentration (5-30 mM). The aqueous phass W mM phosphate buffer. The lipid
composition was fixed at DPPC:DPPG:Chol (4.5:0mdar ratio). The DOE model has &R
value of the actual vs. predicted values of 0.@8banalysis of variance p-value <0.0001 and a
lack-of-fit p-value = 0.331 (Table I). The surfagefile for this study clearly demonstrates the
dependence of the mean particle size on the aqupbase flow rate (Fig. 5). For this
formulation, the smallest liposomes appeared ar@@dm and the largest around 240 nm. The
PDI value averaged 0.050.04 for all experiments, and only started to re@d® at the lower
aqueous phase flow ratee.d. 70 mL/min). Thus, the liposomes could be considere
monodispersed over the entire range of flow ratiediesd. The lipid concentration had a modest
positive impact on the particle size. It was appatbat the aqueous phase flow rate interaction

terms were dominant in controlling the z-averagedbome particle size.
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4.5.4 Types of Lipid on Liposome Particle Size

From the results above, it is clear that thg;Re and lipid concentration play an important role
in controlling liposome particle size. To determinkether lipid characteristics affect liposome
particle size, four differenlipid moleculeswere investigated, namely DOPC, DMPC, DPPC,
DSPC and a mixture of DPPC:DSPC (1:1 molar rat®ach formulation also contained
cholesterol and DPPG. The molar ratio was held temmgor lipid:DPPG:Chol (4.5:0.4:3.0) and
5 mM total lipid was dissolved in the ethanol phaBee z-average particle size and PDI values
are plotted (Fig. 4.6). It is clear that the lipisblecule significantly altered the liposome pasticl
size. Liposomes with a mean particle size wererotlably formed from approximately 25 nm
up to 465 nm and the maximum PDI value was equ8l18; however, the PDI was0.05 for

the majority of the samples (Fig. 4.6).

4.5.5 Aqueous Phase Additives on Liposome ParticBize

Additives to the aqueous phase were used to deteramy impact on liposome formation. For
this study, the lipid formulation was kept constanDPPC:DPPG:Chol (4.5:0.4:3 molar ratio, 5
mM lipid injected) and all samples contained 10 mMbsphate buffer, pH 7.4. NaCl; glycerol;
and ethanol were investigated as additives (FigLiposomes prepared in 10 mM phosphate
buffer with no additive was used as a control. &bflow conditions, the formulation containing
26 wt% glycerol was the most similar to the contiidie addition of 10-30% v/v ethanol to the
aqueous phase increased the particle size under floms conditions. The 30% v/v ethanol
addition caused the liposomes to be linearly dependn the aqueous phase flow rate. The
addition of 0.9 wt% NaCl dramatically increased thean particle size under all conditions

compared to the control.
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4.5.6 Comparison of Particle Size and Size Distrillion using Multiple Measurement
Techniques

To accurately assess the mean particle size atidlpaize distribution, multiple techniquase(
dynamic light scattering, nanoparticle tracking axedjative stain TEM) were used. Each of the
three techniques can be used to determine the peadiole size and particle size distribution;
however, each technique differs fundamentally. Dywalight scattering is an intensity-based
measurement, while nanoparticle tracking and negatiain TEM are number-based. Therefore,
it is not desired to compare absolute values frachdechnique, but instead to compare trends
and conclude if monomodal populations of partices present. Samples were prepared in 10
mM ammonium-acetate-acetic acid buffer at pH=5.0ettuce artifacts in the negative staining
procedure. The lipid composition for this study iiddPC:Chol:DPPG (4.5:3.0:0.4 molar ratio)
and 15 mM lipid was injected into the aqueous ph@ikeee samples were prepared at a constant
ethanol flow rate (40 mL/min) but at different aque phase flow rates.€. 100, 150 and 375
mL/min). The three samples were chosen as they esimated to produce liposomes with a
mean particle size around 350, 140 and 70 nm, c&sply (Fig. 6).Fig. 8 displays the mean
particle size data from the three separate tecksigli is clear that nanoparticle tracking and
dynamic light scattering display a monodispersegutation. Negative staining produces an
overall wider distribution of particles and posgilsimaller particles present in the larger-sized
liposome sample. However, the negative stain TEMulte may not adequately represent the
liposome population due to a low number count andtiple artifacts that can occur during
sample preparation. Fig. 9 is a plot of the meatigba size and the standard deviation for each
sample and technique. Most importantly, it was destrated that the mean particle size trend is

the same using all three particle sizing techniguesfor an increase in aqueous flow rates
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(higher Reuixwre), the particle size decreases. For all three sesrgohd each particle size analysis

technique, the standard deviations were 15.8 194.@Dthe mean.

4.5.7 Negative Stain TEM Micrographs of Liposomes

Fig. 10 (a-c) are micrographs of the three differemmples outlined above (Fig. 8) from the
particle size technique analysis. The microgragbarlty demonstrate particle size differences
between samples. Each sample set appears to bedispeised. Fig. 10d demonstrates how
liposomes are affected by the staining procesappiears that the liposomes are in one of three
possible states: (1) “partially-hydrated” liposonfégese liposomes appear to be dehydrated, but
partially retain the structure as in the hydrat¢atey; (2) flattened-stacked bilayers; or (3)
mixture of a flattened-stacked bilayer and/or snigllayer. The “partially- hydrated” liposomes
have an appearance of dehydrated liposomes andnmaresuniform size, while the “flattened”
states vary in size. This apparent size variatibat (results from the processing required for this
technique) can explain why the mean particle sim @ize distribution are overall greater from

the NS-TEM micrographs compared to the other dartize analysis techniques.

4.5.8 Cryo-TEM Micrographs of Liposomes

The micrographs from Fig. 11 (a-c) are of the thil@gerent samples outlined above in Fig. 8
and Fig. 10. These micrographs confirm the parsite trend stated previously and that these
liposomes are unilamellar. Comparing the visiblecklband of each liposome, the thickness of

the band is very similar for the small to the laligesomes.
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4.6 Discussion

4.6.1 Liposome Monodispersity via a Coaxial Turbulet Jet

Flow conditions, characterized by the FVR and tle,,R lead to either polydispersed or
monodispersed liposomes (Fig. 4a). Polydispergamkdimes were formed under two different
flow conditions —i.e. an apparent stratified flow (Fig. 4b-1) and a wegatk(Fig. 4b-2). The
stratified flow led to stream separation and unadl@d mixing. The weak jet appeared to

develop vortices that led to backflow along theqjetiso resulting in uncontrolled mixing.

In order to achieve monodispersed liposomes, thmdton of a jet was required (Fig. 3).
Depending on the flow conditions, it appeared tllatre was the coexistence of a
laminar/transitional flow followed by a jet thatdl¢o turbulent flow (Fig. 4b-3 and Fig. 4b-4).
For a similar set of Reynolds numbers, Kwairal. observed the same effect of a decrease in the
laminar/transitional region with an increase in B&’. It does not appear that the aqueous phase
significantly dilutes the ethanol phase in this ilaan/transitional flow region; otherwise, a color
change in the fluorescent marker (Nile Red) woudd dbserved due to the change in fluid
polarity"”. Accordingly, it may be stated that limited mixingccurs throughout the
laminar/transition region. For the formation ofed, jit has been shown that the center velocity
decreaség and the jet boundary spreads radially, resultin@ iconcentration gradiéftof the
injected phase (in this case, lipid+ethanol). Tfeese the majority of mixing occurs where the
center velocity decreases and jet boundary spraalisly. As the spreading of the lipid+ethanol
phase establishes a radial concentration gradiemd, proposed here that this promotes the

controlled formation of monodispersed liposomes.rédwer, convective inertial forces are
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dominant compared to viscous forces when Re >>ichwdupports the reasoning that increasing
Re will correspond to an increase in the extemhixing, thus forming different sized liposomes.
For the formation of monodispersed liposomes, tléar that Rexwre iS directly related to the
liposome particle size. In addition, above a FVRapproximately 7, liposome formation is
independent of FVR and dependent only on thg.Rke This observation is made by comparing
Fig 4a with Fig 4c, where the liposomes formechatdame Rguxwre have a similar particle size,
regardless of the FVR. This latter statement isllyigignificant because it outlines that liposome
formation from a turbulent jet is predominately @neective process and occurs at the radial

spreading in the turbulent region of the jet.

Considering the phospholipid formulation as welltas Rexure and FVR, the formulations
containing DSPC, DPPC and DMPC formed mostly maspetised liposomes (for an F\ARY).
Some polydispersity was evident at lower aqueons flates and may have been due to higher
ethanol percentages destabilizing the liposomesveer, the formulation containing DOPC
formed only monodispersed liposomes at the lowereags flow rates. For DOPC, a higher
Renmixwure appears to destabilize the formulation, which cdugddue to the high curvature of the
small particles (~25nm) and/or the low phase traorstemperature of DOPC — making the fluid

bilayer more susceptible to fusion at ambient tenaijpee conditions.

4.6.2 Liposome Formation Model using a Coaxial Turblent Jet
The injection of lipid dissolved in ethanol into agueous phase is further complicated by
changes in properties such as visc8Sitgensity®, molar volumé®, heat of mixing (exothermic

in this caséy, lipid solubility®, and lipid structureg(g. lipid molecular volume). It does not
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appear that any property above is solely relatedht observed particle size changes of
liposomes. By using the Rgure the following terms are taken into account: vty density

and sensible heat gains.

The exact mechanism of how liposomes form is stilkive; however, a detailed model for the
liposome formation process is beginning to emehgeugh experimental findings. The idea of
mixing lipid dissolved in a water miscible solveartd injected into an aqueous phase has been
around since the early 1978dnitial work in this field has outlined that bilesed phospholipid
fragments (BPF} form and fuse together as the volume percentagehainol decreases. For a
turbulent jet, a model based on the formation aundssquent fusion of BPF resulting in
monodispersed liposomes leads to some doubt. Dthiengenterline velocity dissipation of a jet,
multiple vortices form and subsequently shear 8ffice this process is turbulent, vortices of
different sizes would develop and the mixing insienicro-environments would appear to be
heterogeneous.  Consequently, BPFs that fused ¢dutiis process would only form

polydispersed particles.

A new model for liposome formation is proposed (Fid.2). This model is based on the growth
of a highly fluid lipid/ethanol aggregate (denotkdre as a pro-liposome). Initially, lipid is
dissolved in ethanol forming a solution. As outtiredbove, the ethanol spreads radially at the jet
location resulting in a concentration gradient.tidis point, water mixes with the ethanol+lipid
phase and pro-liposomes begin to grow in size antiiitical solubility is reached (~50-60% v/v

ethanol). The final liposome size is then dependarthe following factors: (1) ethanol diffusion
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out of the pro-liposome, (2) pro-liposome fluidi§g) lipid packing, (4) pro-liposome surface

charge and (5) lipid concentration.

Ethanol diffusion out of the pro-liposomes is exdfignl by the addition of excess ethanol to the
agueous phase. Ethanol is known to be able to thed#pid bilayer,.e. move from the aqueous
phase into one bilayer leaflet and cross from @adldt to the othéf. In addition,*'P-NMR
studies have confirmed that ethanol causes thesdipe bilayer to become less packéd.
Comparing 10-30% v/v excess ethanol to 0% v/v exetlsanol in the aqueous phase, ethanol
diffusion out of the pro-liposome would be sloweridg the mixing process and consequently
the bilayer would have higher permeability due lie targer amount of ethanol. Accordingly,
there would be more time and space for lipid mdksto enter the pro-liposome — thus growing
in size. Moreover, the addition of 26 wt% glycetinthe aqueous phase did not cause any major
change in particle size, which indicates that theraased bulk viscosity is less essential

compared to ethanol diffusion out of the pro-lipmsoand convective forces.

The lipid phase transition is important in assegshe fluidity of the pro-liposome. The phase
transition temperatures of the phospholipids irs thsiudy are ranked in the following order:
DSPC>DPPC>DMPC>DOPC (highest to low&st)By comparing only the saturated
phospholipids, DSPC is the most ordered while DM®@e most fluid over the temperature
range caused by exothermic mixing in these expearisnge. 23-32°C). It appears that liposomes
form when lipid molecules are in the fluid/disorelérstate rather than the gel/ordered state. For
example, DPPC:DPPG (7.5:0.4 molar ratio) formediscous, gel-like structure instead of

liposomes at a 5mM lipid injection (data not showlihshould be noted that adding cholesterol
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increases the fluidity/disorder of the lipid memiea thus, making it is possible to form
liposomes at temperatures below the lipid phasesifian temperature of the corresponding pure
lipid. A more ordered structure would prevent lipiblecules from entering the pro-liposome —
resulting in smaller liposomes. This reasoning axyd why liposomes form in the following
order of smallest to largest (DSPC<DPPC<DMPC). Aentetailed analysis that includes the
impact of temperature, cholesterol percentage dnadged lipid percentage may be useful to

thoroughly explain the above observation.

Changes in lipid packing are exemplified by DOP@jcl adds an additional complexity in that
this lipid is unsaturatedi.€. it has a double bond in each hydrocarbon tail)e Geometric
packing parameter of DOPCis = 1.08 and, when mixed with other lipids, maypport a
geometrically smaller sized particlee( as low as 25 nm in diameter). In comparison, DSPC,
DPPC, and DMPC lipid molecules have a packing patam~1 and are more cylindrical in
shape. Thus, these DOPC liposomes can supportriigheature/ smaller sized liposomes than
DSPC even though the phase transition temperafuBBO®C was much lower relative to the
experimental conditions. Moreover, the more cylicalrshape of DSPC, DPPC and DMPC may
explain why these liposomes appear to plateauratan particle size of ~60-70nm at a high
Remixwre This indicates that the overall lipid packing tbfe lipid mixture is a geometric

constraint on the liposome particle size.

In the case of the surface charge, the additiosatlifto the agueous phased. 0.9 wt% NaCl)

would lower the surface charge of the pro-liposoamel lessen the electrostatic repulsion
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between the pro-liposome and the individual lipidlecules. This reduced repulsion would
allow more lipid molecules to enter the pro-lipogmnthus increasing the final liposome size.
Lastly, the lipid concentration led to a modestréase in liposome particle size. This increase in
size further supports the pro-liposome model asentipid molecules would be recruited into the
pro-liposomes. It should be noted that only 5-30 tifd was injected, which is a relatively
small amount of lipid compared to the other compdsién the system. Therefore, increasing the
lipid concentration would be expected to increaBe thumber of liposomes instead of
proportionally increasing the size of the liposomE®reover, too high of an injection lipid
concentration may cause other types of structuwrderin (e.g. stacked bilayers) and increased

polydispersity®.

Overall, the pro-liposome model appears to prowadelearer explanation on the liposome
formation process using a turbulent jet. From theva discussion, R&wre Can be used to
predict the liposome particle size for a fixed sefactors {.e. lipid type, lipid concentration,
agueous phase additivestg), but will not predict particle size when chargyithese factors. In
addition, factors not studied here such as cholalsigercentag€, solvent/aqueous phase
temperatures and type of solv&ntill also impact liposome formation and particlizes
Therefore, additional studies will need to be perfed using a turbulent jet in co-flow to build

on the current liposome formation model.

4.6.3 Particle Size Analysis using Multiple Measuraent Techniques
Dynamic light scattering is a suitable techniquedi&termine monodispersity by analyzing

multiple parameters. These parameters include-theerage, intensity mean, volume percentage
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and the PDI. The z-average is calculated from autamts analysis (an intensity-weighted fitting
algorithm) and the intensity mean is determineédlly by an intensity fitting algorithm. When
both the z-average and intensity mean values ayesuailar, it indicates that a single population
is present. In addition, a volume percentage oRPA®0rther points to a monodispersed system
since transforming the data from intensity to votushifts the emphasis away from the mean
particle size. A volume percentage other than 1008y indicate the presence of additional
populations of particles. However, there was atialnuncertainty in relying only on dynamic
light scattering without comparing to other techu@g, as the light intensity of any larger
particles will overshadow the light intensity of alter particles. This overshadowing may
prevent the smaller particles from being detect®@n when transforming the raw intensity data

to a volume measurement.

Comparing nanoparticle tracking and dynamic ligiattering, both techniques appeared to show
similar results with respect to mean particle sarwl size distribution. Since both of these
techniques determine the particle size using comlgledifferent methodsi.€. individually
tracking particles vs. fitting functions), the agmeent in mean size and size distribution greatly
supports that this liposome processing techniquetima ability to controllably produce a large

size range of monodispersed liposomes.

The NS-TEM micrographs were originally obtainedaaway to characterize the liposomes and
possibly make visible smaller particle populatidimst dynamic light scattering might have failed
to detect. After analyzing the TEM images, it wad possible to determine an accurate mean

diameter or particle size distribution. One reasodue to the processing conditions apparently
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causing multiple states of liposomes preseetfartially-hydrated to flattened stacked bilayers).
A second reason is that what appears to be smiitlpa may actually be fragments of larger
particles. These possible fragments may explain gy nanoparticle tracking analysisa

Nanosight, which analyzed 30,000-90,000 patrticles gample, did not show a wider particle

distribution and a possible second population ofiglas in the 40e:100a sample (Fig. 8).

Lastly, the cryo-TEM micrographs further confirmgbg mean particle size trend observed using
the three particle size analysis techniques outlet@gove. The advantage of cryo-TEM over NS-
TEM is that the samples were controllably frozen pi@vent ice-crystal damage and the
liposomes were imaged in a more native state. ditiad, these micrographs confirmed that the

liposomes are unilamellar.

4.7 Conclusion

A turbulent jet mixer can be used to form unilamelimonodispersed liposomes with a known
particle size. The unilamellar, monodispersediglag have a mean size anywhere from ~25 nm
to >465 nm. The liposome mean particle size is lgiglependent on the Rguwre and is
independent of the flow velocity ratios. The morspdirsity and mean particle size trend of the
liposomes was analyzed using three fundamentaffgrdnt particle size analysis techniques.
Dynamic light scattering and nanoparticle trackidgmonstrated that the liposomes were
monodispersed and increased in size with a deciedRenixwre Lastly, a new model outlining
the liposome formation process is explaingéa a pro-liposome growth model that takes into

account aqueous phase additives, types of lipiccoudds, and lipid concentration.
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4.8 Tables

Table 4.1 DOE on Lipid Concentration vs. ParticieeS Model Parameter Estimates Sorted by
Statistical Significance

Term Estimaie Sid Error i Ratio Prob=iti
ATD %A TD A2 = 427 1 2 i [ —— TV
Flas W R LN B T Tt oS P LA i i i | LA L
T 1 N
An =456 Y lo =4 YUx i 0.0001*
i 1 1
T o 21 2 no 2 qQ [
J_ﬁl._ LS T ol D ! !
PR . 5 R I [
APK =14 L 1.2 =LA | 11
- [
Toaead M mmden bk AT I R 1 0 = 11 N 277
Lipd-Concentration™ AFR 2.6 2.55 -1.02 i i 0,323

! The aqueous phase flow rate (AFR) and the lipidceatration terms both have statistical
significance. In addition, higher order AFR termre aequired due to the non-linearity of the
responseife. particle size).
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4.9 Figures
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Fig. 4.1 Overall schematic of the lipid mixing pess and the injection port (not shown to scale).
Ethanol or lipid dissolved in ethanol is addedhe pressurized tanks. NI LabVIEW is used to
control the entire process and sensors such asrfleters are installed to control/monitor the
flow conditions.

63



Antonio P. Costa, PhD — University of Connecti@@16

400- ® ®
® @
_’E“ 300+
=
0 A *
o £
®'g  200-
g8 o o
g
L 1004 ® ®
A A
0 ] ] |
0 10 20 30

Injected Lipid Concentration (mM)

Fig. 4.2 The design space of the DOE study on riiygact of lipid concentration and aqueous
phase flow rate on particle size. The initial dasgpnsisted of 2 factors at 4-levels (black
circles) and center points (red star). The desiga augmented with additional runs to extend the
model design space (blue triangles).
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Fig. 4.3 Schematics and photographic image of tijection port that allows formation of a
coaxial turbulent jet. Both the aqueous and ethatteams are flowing in the same direction (co-
flow). Arrows indicate the direction of liquid flawThe photograph is of lipid dissolved in
ethanol (visualized through the use of Nile Redjttls being injected in the center of the
agueous stream. Additionally, the jet locationhewn as a schematic where there is a limited
mixing zone followed by a concentration gradientha ethanol+lipid phase.

a100 @ day:deq (40 mUmin) b@ Re = 404,3, FVR = 4.190

0 daz:dgq (40 mL/min)

A dazidgs (40 mL/min)
daq:dgq (23.5 mU/min)

B daoidez (5 mUmin)

@ ™ dpyides (10 ml/min)

250 ® daydes (40 mUmin)
D daz:dg, (40 mUmin)

A dag:deo (40 mUmin)
o daq:dgq (23.5 mU/min)

L]
(=]
=

®

e =2171 FVR = 0.980

10

FVR

-
(=]
o

Re = 247.3, FVR = 16.74 ne

[ I,
Particle Size (diameter, nm) )
I
o
e
[ 2

@
<

|

- i @ Re = 1580, FVR = 3.91
0 500 1000 1500 2000 2500

Repixture

0 500 1000 1500 2000 2500
Repixture

a
o

Fig. 4.4 Relationship between liposome polydispgrsidex and flow properties. 4a) Flow
velocity ratio (FVR)vs the mixture Reynolds Number (Reure). The region above the solid line
produced monodispersed liposomes (PDI <0.10) aedréigion below the solid line formed
polydispersed liposomes (PDI >0.10). 4b) Flow insagerresponding to locations (1, 2, 3, and
4) from Fig. 4a demonstrating flow profiles leaditmgmonodispersed or polydispersed systems.
To cover a range of FVR and Reue the ethanol containing inner tube diametegy) @hd the
agueous containing outer tube diametey) (dere changed accordingly. 4c) Z-average particle
size vs. Rgixwre fOr only monodispersed liposomesy &= 3.175 mm, g = 4.572 mm, g =
0.508 mm, €,=1.016 mm.
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Fig. 4.5 A Surface profile plot of the-average particle size vs. the aqueous phase flom
(AFR) and lipid concentration. The liposome particle size increasgl an increase in tr
injected lipid concentration and/or a decreasejureaus phase flow re.
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Fig. 4.6 The effect of lipid type.¢. DMPC, DPPC, DSPC, DOPC) on mean particle size and
PDI. The formed liposomes were mostly monodispevsidad the majority of PDI values 0.05.
Some polydispersity was evident for DOPC liposomras for liposomes formed at low aqueous
phase flow rates. The dotted line in the bottomt pépresents the limit on monodispersity
(PDI<0.10). The standard deviation from the Z-Aggrgoarticle size plot was less than the
symbols representing the data.
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Fig. 4.7 The effect of aqueous phase additives @ammparticle size. The aqueous phase
consisted of 10 mM phosphate buffer plus the agllitf certain additives.€. NaCl, glycerol
and ethanol). All additives were pre-mixed with Hogueous phase prior to liposome formation.
The 10 mM Phosphate buffer sample was used as @otomhe Z-average particle size
measured by DLS and PDI are plotted above.
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Fig. 4.8 Comparison of different particle sizingchaiques (dynamic light scattering,
nanoparticle tracking and particle countwig NS-TEM to assess liposome mean particle size
and particle size distribution. DLS and nanopagtichcking are in good agreement with both
mean size and size distribution. NS-TEM producksger particle size and size distribution. For
all three techniques, the mean particle size tretide same,e. an increase in mean particle size
for a decrease in the aqueous phase flow raten&itfiaw rate = e (mL/min); Aqueous flow rate

= a (mL/min).
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Fig. 4.9 Liposome mean particle size and standaxdatons for DLS, nanoparticle tracking,
NS-TEM and Cryo-TEM. The z-average standard dewiatvas calculated from the PDle( o =
[mean*PDI]”Z). The intensity standard deviation was reportedatlly from the intensity width.
The nanoparticle tracking standard deviation wasnted by the Nanosight® software. The NS-
TEM standard deviation was from the Gaussian tistion fit (RZ > 0.913 for all cases). Error
bars represent the standard deviation for the pleltata sets. No error bars were reported for
Cryo-TEM since the particle count was limited. Etbbflow rate = e (mL/min); Aqueous flow
rate = a (mL/min).
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Fig. 4.10 Negative stain TEM micrographs of lipossnfor three liposome samples produced
using different flow conditions. a) 40e:100a sample40e:150a, c) 40e:375a and d) 40e:375a
zoomed. Ethanol flow rate = e (mL/min); Aqueousii@te = a (mL/min).
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500 nm i 200nmE
Fig. 4.11 Cryo-TEM micrographs of liposomes forethrliposome samples produed using
different flow conditions. a) 40e:100a sample, 8¢:450a and c) 40e:375a. Ethanol flow rate =
e (mL/min); Aqueous flow rate = a (mL/min).
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Liposome Formation Progression
Decreasing Ethanol Concentration
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Fig. 4.12 Proposed model for liposome formatiomfra coaxial turbulent jet mixer in co-flow.
A schematic of a turbulent jet is shown with a ehdithanol concentration gradient (top left). In
the liposome formation model, lipid and ethanol @coles aggregate (forming pro-liposomes) as
the ethanol concentration decreases. The pro-lipesogrow in size by “recruiting” lipid
molecules. The growth continues until the ethamwlcentration reduces below a critical level.
Image not shown to scale.
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Chapter 5

Continuous Processing of Liposomes with in-line Duttion and at-line Particle Size Analysis

5.1. Abstract

In-line dilution was added to a continuous processforming liposomes. In-line dilution was
implemented to reduce the overall amount of solyetitanol) in the final colloidal dispersion.
In addition, at-line particle size analysis wasdmaplemented into this process. At-line particle
size analysis provided enhanced process contrtheofiposomal dispersions. Two techniques
were compared,e. a continuous flow mode vs. a Load/Stop flow motlee advantages and
disadvantages of each technique were outlined avitexplanation of limitations. Moreover, the
effect of forming liposomes at different ionic stgths was investigated. Overall, the Load/Stop
mode for at-line particle size analysis appearedoriavide more consistent dynamic light
scattering results compared to the Continuous Fioede. Lastly, the ionic strength of the
agueous phase had a significant impact on the rpaditle size of the liposomes and a brief

explanation about the liposome formation mechamis®s discussed.

5.2 Introduction
In the pharmaceutical industry, liposomes are uasddrug delivery systems and have

g€” %2 in an anti-fungal therafyand in

demonstrated clinical efficacy in anti-cancer tipe
producing postsurgical analgeiaTwo critical quality attributes of liposomal foriations are

the mean particle size and patrticle size distrdsutiThe mean particle size diameter range of
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liposomes is from 25 nm up to >1000 nm. For antieest applications, liposomes with a
diameter of around 100 nm may be considered optmital respect to blood-to-tumor transfer
and increased tumor retention tifredo the contrary, different types of tumors mayémower

or higher pore cutoff size® . 7-2000 nm¥°. For the lower pore cutoff, smaller liposomes

would be required for liposomal extravasation itite tumor.

Moreover, both the mean particle size and partstke distribution have major impacts on
liposomal in-vitro stability as well as liposomah-vivo biodistribution and cellular uptake
mechanisms. For example, liposomes around 40 rarameter appear to be internalized by the
dynamin-dependent pathway and liposomes aroundr®8re internalized by Clathrin-mediated
endocytosi¥. Additionally, it has been documented that smiathdomes (~40 nm) are able to
enter the lymphatic system after subcutaneous asliraition whereas larger liposomes remained
at the site of injectiof® With respect tdn-vitro stability, large liposomes (micron-sized) may
have a greater tendency to sediment due to grasitie smaller liposomes are not affected by
gravitational forces since these particles muige Brownian motion and do not sediment. In
addition, changes in liposomal particle size ange sdistribution i(e. due to fusion or
aggregation) are affected by the presence of iems,C&" and L&".2° Therefore, to ensure
consistency ofn-vitro andin-vivo performance, liposomal formulations should hawefined

mean particle size and size distribution.

The mean particle size diameter and particle sigigiloution of liposomes can be analyzed by a
variety of instruments and technologies. These nelcgies include but are not limited to:

dynamic light scattering, static light scatterimggrticle tracking, various forms of electron
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microscopy and acoustic spectroscopy. In ordectmmmodate many liposomal formulations,
particle sizing technology used to measure liposomeist be capable of measuring particle
diameters as low as 25 nm. Moreover, many of thedenologies are only applicable to off-line
measurements and cannot be implemented into a g¥dce. batch nor continuous). For a
continuous process, the measurement must be aililoerin-line capable. Two technologies that

have this capability are dynamic light scattering acoustic spectroscopy.

Dynamic light scattering is based on light or plmofituctuations that are correlated to the
diffusion of particles, which is then related tatpde size information. This technique uses two
analyses in calculating the particle size data; elgman intensity-based analysis and an
intensity-weighted or cumulants analysis. The istigranalysis is based on the raw data (photon
fluctuations). The cumulants analysis is based onegponential equation and is weighted
according to the intensity of the particles. Fontomuous measurements, this technique can be
setup in a process stream by the use of a flow Te# flow cell enables the sample to enter the
cell at one end and leave the cell at the othgrudsp is used to control the flow rate and/or stop
the flow into the flow cell. If the flow rate isWoenough to sustain laminar flow (around 1-1.5
mL/min), then the sample may constantly flow thrdouge flow cell during measurement. For
higher flow rates, turbulence develops and the drigtelocities impart motion to the particles,
resulting in erroneous particle size measuremdhtsigher flow rates are required (>1.5
mL/min), the sample can be rapidly loaded intoftbe cell followed by stopping the flow prior

to the particle sizing measurement.
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Acoustic spectroscopy is based on the propagafisnunds waves at multiple frequencies while
measuring the attenuation of the ultrasound, wisctihhen used in calculating the particle size
distributior?®. There is a correlation between the displaceménhe sound waves at multiple
frequencies with the mean particle size and sisgiblutiorf®. This technique has successfully
characterized BCR silica quartz samples with preess of 1% for particle size and 5% for
distribution®® In a second study, microemulsions are measured £6 nm to 100 nm up to
16.6% weight fraction¥* These results indicate that relatively concentta@mples can still be
tested with this technique, which may be probleedtr dynamic light scattering. The
advantage of this technique is that the particte sheasurements can be taken at higher flow
rates that are not constrained to the laminar flegime as is the case with dynamic light
scattering. A disadvantage of this technique is &ivabubbles will interfere with the particle size

measurements.

From a quality perspective, it is highly importdinat the mean patrticle size and size distribution
of the liposomal formulation is within specificati® For example, these specifications could be
that the mean particle size diameter is 100 nm frfiQvith a particle size distribution of 25 nm.
For both batch and continuous processes, the lgagize can be measured during or after
processing. However, continuous processing has aiteantage in that the particle size
measurement can be performed continuously as posdmes are being formed, and this
information can be used to: divert out-of-spectiima liposomes to waste without compromising
the entire unit or batch; and to correct the pnoblthat caused the formation of out-of-
specification liposomes. In contrast to the cordumiprocess, the particle size measurement for

a batch process would take place once all of fesbmes are formed and consequently failure
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to meet the particle size specifications would ftesuremoval of the entire batch. In this work,
it is hypothesized that the mean liposome parside diameter and particle size distribution can
be quantitatively monitored during continuous pssiteg and this information can be used in a

feedback algorithm to maintain these liposomalaaitquality attributes.

5.3 Materials and Methods

5.3.1 Materials

1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC); 1,2-dipalmiteytglycero-3-
phosphocholine (DPPC); 1,2-distearoyl-sn-glycenah®sphocholine (DSPC); 1,2-dipalmitoyl-
snglycero-3-phospho-(Tac-glycerol, sodium salt) (DPPG-Na); and Lipoid S BGHSPC)
were purchased from Lipoid™. Cholesterol (Chol) waschased from Sigma. Ethanol (200

proof, ACS/USP grade) was purchased from PharmcB#R

5.3.2 Experimental Methods

5.3.2.1. Liposome Formation and Dilution

Liposomes were prepared by a modified ethanol figeanethod. A schematic of this system is
demonstrated in Fig. 5.1. Three separate 316 sta@rdteel tanks contained the lipid+ethanol
solution. These tanks were pressurized (at 20 ) the flow rates from these tanks were
controlled by analog flow meters (McMillian) andoportioning solenoid valves (Aalborg). The

flow meters were factory calibrated for water witdss than 1% error full-scale. For the

lipid+ethanol flow streams, these flow sensors werealibrated for ethanol and had an R-

squared value of 0.9989, with a working range ffe#B0 mL/min. The three tanks were then
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connected at a single point using a 4-way conne¢Bwagelok). A static mixer was
implemented to ensure that the lipid+ethanol sohdifrom the three tanks were adequately
mixed prior to reaching the injection port where tethanol and aqueous phase | streams
converged. The aqueous phase | volumetric flow nats controlled by a gear pump
(Micropump®). To form liposomes, the mixed lipidiahol solution was then injected into an
agueous phase (aqueous phase |) at various fl@s. réhe tubing ID of the ethanol phase was
0.508 mm (1.588 mm OD). The aqueous phase | tulingas fixed at 4.572 mm. Flow rates of
the lipid+ethanol phase ranged from 5-40 mL/min Hrabe of the aqueous phase | ranged from

70-300 mL/min.

After the liposomes were formed, the liposomes g@digbrough a degassing unit (Liqui-Cel)
followed by a second three-way T-port. This thresyW-port has one inlet for the liposomes, a
second inlet for aqueous buffer and one outlete@oad gear pump (Micropump®) was used to
control the flow of the aqueous phase into thist gaqueous phase IlI). The aqueous phase Il
flow rate was adjusted such that mixed aqueousephamild always have 5% vol. ethanol.

Aqueous phase Il flow rates ranged from 690-460mih/

5.2.2.2. Data Acquisition System and Computer Softave

The entire process was controlled by a custom-rpaoigram written using National Instruments
(NI) LabVIEW® software. A data acquisition systerNl(PXle-1078) was combined with
multiple NI modules to accommodate various inpufjati signals €.g. analog and digital
inputs/outputs, counters, circuit switchet¢c). The entire system was automated and only

required the user to define the final lipid concation and molar ratios of lipid. Process
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variables such as flow rates, pressure, and tertyperarere monitored and some variables were
automatically adjusted using custom computer allgors. For example, proportional-integral-
derivative controls were implemented in the compptegram to precisely control the flow rates

of both the ethanol and aqueous phases.

Communication to and from the Malvern Zetasizer aesomplished using the Malvern Link 1l

software. Malvern Link Il software was setup asGIPC server and NI LabVIEW was setup as
an OPC client. The z-average particle size and W&e recorded in the custom computer
program. The custom computer program was able mol $eeasurement instructions to the

Malvern Zetasizer.

5.2.2.3. Experimental Outline for Liposomal Dilutian

The impact of diluting liposomes was tested forodipme formulations consisting of
lipid:DPPG:Chol at a molar ratio of 4.5:0.4:3, whéped was either DPPC or DMPC. These
lipids were chosen since each lipid was previoushgstigated and they produced liposomes of
different sizesi.e. up to ~500 nm for DMP@s. up to 150 nm for DPPC. Two processing setups
were investigated for the in-line dilution of lipmaes. The first processing setup (setup 1) was
injecting the formed liposomes directly into theuaqus phase Il (without the contactor in Fig
5.1). The second processing setup (setup Il) ctausisf incorporating a contactor (degassing
unit) at the end of the liposome formation stagergo the ethanol dilution stage (Fig. 5.1). For
each processing setup, aqueous phase | flow r@tgeg from 70 mL/min to 300 mL/min were
tested. The aqueous phase used in this experineent@&mM phosphate buffer at pH = 7.4.

Each sample was analyzed for mean particle sizepalydispersity index (see section 5.2.2.5).
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5.2.2.4. Temperature Effects on Liposome Formatioand Dilution

For the sample liposomal formulations outlinedestioon 5.2.2.3, these formulations were tested
using the second processing setup over a rangengieratures. A chiller was connected to a
custom designed heat sink and the aqueous phaas ¢hilled in-line to a set temperatuesg(
8°C). The flow rate of the aqueous phase | wasdfiae 100 mL/min. The temperature at the
liposome formation stage was recorded in additmthe temperature of the aqueous phase II.

Each sample was analyzed for mean particle sizgpalydispersity index (see section 5.2.2.5).

5.2.2.5. Particle Size Measurements

All particle size measurements were performed witflalvern Zetasizer Nano S. Both off-line
and at-line measurements were completed. Prioresorements, the liposomes were diluted in-
line to 5% vol. ethanol and the viscosity and retikee index were pre-set in the Malvern
Zetasizer software. Particle size measurementsuded the z-average particle size and
polydispersity index (PDI). For the off-line measmnents, disposable plastic cuvettes were used.
The samples were equilibrated at 25°C prior to eaelasurement. Each off-line measurement

duration was set for 10 runs at 10 seconds eathns3.

For at-line measurements, a flow cell equilibrag¢d25°C was used. Prior to running at-line
measurements, a population of liposomes with aR®@iwas analyzed for various measurement
conditions (.e. attenuation, run duration, and count rate). Basethese results, the run duration
was fixed (between 6-8 seconds) and the attenugadod count rate) were adjusted to a
satisfactory signal for DLS analysis. Two approacheere taken to transfer sample to the

Malvern Zetasizer. The first approach (ContinuolesvAMode) was when the liposomes flowed
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at a constant flow rate 1-1.5 mL/min through trenflcell while the particle size measurement
was taken. The setup for this approach consistednoihiature solenoid pump (Biochem™) that
pumped the sample from the process stream to tHeektaZetasizer. This pump operates by
pumping 70 uL for each actuation and by controlling actuation frequency, precise flow rates

can be maintained.

The second approach (Load/Stop Mode) was baseshdimb the flow cell followed by stopping

the flow prior to the measurement. A Micropump® guwmas used to control the flow through
the flow cell (20-25 mL/min). The pump operatedts set flow rate just prior to particle size
measurements, at which point a custom computeritiigo then stopped the pump to prevent

fluid flow during the measurements.

5.2.2.6. Automatic Particle Size Control

A liposome formulation consisting of HSPC:Chol:DPR45:3:0.4 molar ratio) was used to
form the liposomes. The particle size was autoraliyiccontrolledvia the custom LabVIEW
program. Initially, a model was established asefierward control using information such as
salt concentration and type of lipid to reach a aedined particle size. This feedforward control
provided an estimate of the aqueous phase | fleev(ral/min) required to form liposomes of the
user defined particle size. To maintain the plrtsize, a feedback algorithm was implemented
using a proportional-integral-derivative (PID) catwith the at-line particle size analysiga

the Malvern Zetasizer as the process control input.
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5.3 Results

5.3.1. Effect of Contactor prior to Ethanol Dilution

After the liposomes were formed, the liposomal dispn was diluted to reach 5% vol. ethanol.
The liposomes were diluted using the following tpr@cessing setups outline in the methods,
namely: (1) setup |: without the contactor and $2jup II: with the contactor. For DPPC
liposomes, the addition of a contactor did not eaarsy major changes in the mean particle size
nor the PDI value over the entire flow rate ranger DMPC liposomes, the contactor only
appeared to cause changes at the lower aqueous pliksv rate (e. 70 mL/min). At 70
mL/min, the mean particle size was larger and théwas lower compared to DMPC liposomes
without the contactor. These results indicate thdarger dynamic range of particles that are
more monodispersed are only obtained when the clomtas positioned at the end of the

liposome formation stage.

5.3.2. Temperature Effects on Liposome Formation ahDilution

For these experiments, the temperature of the agupbase | and agueous phase Il were the
same. When the ethanol+lipid phase was injectexltit aqueous phase |, exothermic mixing

caused an increase in temperature. The mean pasit and PDI for the DPPC liposomes

exhibited an inverse relationship with an increiasiemperature at the liposome formation stage
(Fig. 5.3). This observation implies that at higtenperatures, larger liposomes form; however,

at higher temperatures, the PDI also tends to asereFor DPPC liposomes, the PDI value did

not exceed 0.1 even at the highest temperaturieaimy that all of the liposomes, regardless of

the temperature at liposome formation, were monpeauged.
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Sizing data for DMPC liposomes also demonstratetheerse relationship with an increase in
temperature at the liposome formation stage (F#),; :owever, significant changes in both the
PDI and mean particle size occurred around 25°CthAgemperature increased from 24°C, the
PDI increased from less than 0.09 £ 0.02 up to &.242. This change in PDI indicates that the
particle size distribution was wider and/or mukiglopulations of liposomes were present as the
temperature increased. In addition, the mean pagize of the liposomes increased significantly

from 26°C up to 29°G,e.from 171.1 + 1.7 nm to 333.5 + 4.03 nm.

5.3.3. DLS Measurement Analysis

A previously prepared sample of liposomes was placethe DLS flow cell and the DLS
attenuation and cell position settings were sefawitomatic. These settings resulted in an
optimized attenuation setting of 9 and a cell posibf 4.2 — with the run duration fixed at 3 runs
for 10 seconds each. The particle size informatésulted in a z-average of 56.50 = 0.03 nm, a
PDI of 0.05 + 0.02 and a count rate of 401.4 + 2M@nual measurements were then taken at
different attenuations (6, 7, 9 and 11) and rurations (3, 9, or 15 seconds) for a single run
only. The plots from Fig 5.5a-c indicate how chaggihe DLS measurement settings impact the
particle size analysis. From figure 5.5a, the zrage for this sample was most accurate at an
attenuation of 7-9. At a higher valuee( 11), the particle size decreased. The PDI wadasina

the control sample at the high attenuation (Fi§bh.At a low attenuation.g. 6), the particle
size was incorrect due to a very low count ratey.(B.5¢). In addition, the PDI increased
significantly for this measurement. From these ltssi is apparent that the count rate should be
around or greater than 40 kcps and less than 500-k€ps for accurate particle size analysis.

Lastly, the run duration did not appear to caugeicant changes to the particle size analysis.
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However, a higher value would increase the numibgrhotons collected and would provide a

more accurate particle size analysis.

5.3.4. At-line Particle Size Analysis - Approach 1Continuous Flow Mode

The at-line particle size analysig the continuous-flow mode was accomplished usingaio-
solenoid pump that pumped the liposome samplescainatant flow rate (referred to as DLS
flow rate) through the DLS flow cell during the pele size measurement. An initial study was
conducted to determine DLS flow rates that resultesimilar particle size data to that obtained
using off-line measurements. Liposomes composddRIPC:Chol:DPPG (4.5:3:0.4 molar ratio)
were formed at three aqueous phase flow raes80, 100 and 150 mL/min). The at-line particle
size measurements were compared with the off-lanéigle size measurements. From Fig 5.6,
the mean particle size was similar for both thetiomous flow mode and the off-line
measurements at the three different aqueous plikse dates and for DLS flow rates at ~ 1 and
2 mL/min. To the contrary, the PDI was only similahen the DLS flow rate was around 1
mL/min. At 2 mL/min in the continuous flow mode gtstandard deviations and mean PDI were
larger when compared to the off-line measuremériisrefore, the subsequent experiments for

the continuous flow mode operated with a DLS flateraround 1 mL/min.

Liposomes were then analyzed over a period of timevestigate how process changes. (

flow rate changes) impacted the mean particle gk PDI with respect to both accuracy and
measurement lag time. Measurement lag time isifferehce in time between a process change
to the corresponding particle size data that isnded in the custom software. This lag time is

from the DLS measuremene.§. run duration and temperature equilibration), delag
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software/instrument communication and time requicecemove the previous sample in the DLS
flow cell. The liposomal samples from Fig. 5.7 weue at 1 mL/min and showed agreement
between some of the continuous particle size dadatlze off-line data. The mean particle sizes
and PDI values for both continuous and off-line sugaments were similar except for after the
flow rate change. These anomalies may be expldyedir bubbles entering the flow cell. In
addition, there was a 58 second delay betweenrbmegs changes to when the corresponding

particle size data was recorded in the custom LBWY program.

A second analysis was conducted using for DPPC:DR#G (4.5:3:0.4 molar ratio) liposomes
in 10 mM Hepes buffer (Fig 5.8). For this experitéehe liposomes flowed through a degassing
unit prior to entering the DLS flow cell. The offie particle size measurement data at the 100
mL/min aqueous 1 phase overlapped the continuowssunement data. At 150 mL/min, the
particles became smallere approximately 45 nm) and the particle measurerdatd for the
off-line and continuous measurements did not cpoed. The mean particle size was different
by 15 nm and the continuous mode PDI ranged frazf 6.0.33, but was 0.05 for the off-line

measurement. In addition, the measurement laguiasefrom 109 — 137 seconds.

5.3.5. Approach 2: Load/Stop Mode

For this approach, the liposomes were loaded imoftow cell at 20-25 mL/min prior to the
DLS measurement. At 1-2 seconds before the DLS uneaent, the flow was stopped. After
the DLS measurement was completed, the flow begamaand this process repeated for the
duration of the experiments. The experiments hezeevdesigned to accommodate small and

large liposomes using the same lipid formulatiaa,DPPC:Chol:DPPG (4.5:3:0.4 molar ratio).
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To achieve different sizes, three different aququhases were investigateg. 10 mM NacCl, 75
mM NaCl and 140 mM NacCl. Liposomes prepared in 10 MaCl formed liposomes ranging
from approximately 70 nm down to 45 nm in diamggeig 5.9). Slight deviations for the
continuous patrticle size and off-line particle swzere observed. The PDI was similar and less
than 0.2 in all cases. The measurement lag timeaapd to be consistent around 40-47 seconds.
Process temperatures at both liposome formatioraaittte ethanol dilution stage were recorded

as both of these temperatures have an impact ane¢he particle size and PDI.

Liposomes prepared in 75 mM NaCl formed liposonasging from approximately 145 nm

down to 70 nm in diameter (Fig 5.10). The meanigarsize for the continuous and the off-line
measurements overlapped for the majority of eaoW ftondition. The same observation was
true for the PDI values. The measurement lag tippeared to vary from 4-39 seconds;
however, the 4 second may have been an anomalye Btmurately, the lag time appears to be

constant around 29-39 seconds.

Liposomes prepared in 140 mM NaCl formed liposomas®ying from approximately 160 nm

down to 70 nm in diameter (Fig 5.11). The meanigarsize for the continuous and the off-line
measurements also overlapped for the majority oh dbbw condition. The same observation
was true for the PDI values. The measurement hag tas from 28-42 seconds, consistent with

the previous two salt conditions.
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5.3.5. lonic Strength on Liposomal Physical Propei¢s

The off-line particle size data from Fig. 5.9 td bwere replotted vs. flow rate (Fig 5.12). It is
clear that the mean particle size has a dependentse amount of NaCl present in the aqueous
phase. At low salt concentrationg. 10 mM NaCl and 10 mM PB, pH 7.4, the particlesaver
smaller compared to higher salt concentrationsrd weas not a large difference between the
liposomes prepared in 75 mM NaCl and 140 mM Na@usI the NaCl concentration appears to
have more of an impact on the particle size in betwl0 to 75 mM NaCl. The 10 mM
phosphate buffer had an ionic strength of 0.025akt the liposomes that formed under this

condition had a mean particle size that was in betwthe 10 mM NaCl and 75 mM NacCl.

The zeta-potential was measured for the liposomesaped in 10-140 mM NaCl and for 10 mM
phosphate buffer (Fig 5.13). As the NaCl conceitnaincreases, the zeta-potential on the
particles decreases. This decrease in zeta-pdtenti@sponds to a decrease in the particle size
for the liposomes prepared in NaCl. Liposomes megpan 10 mM phosphate buffer had a
similar zeta-potential to those prepared in 10 m&CN however, the particle size of the 10 mM

phosphate buffer liposomes were more similar todgmes prepared in 75 mM NacCl.

5.3.6. Automatic Particle Size Control

The feedforward model used related the flow rateh particle size, type of lipid and salt
concentration. The feedback control used a PIDrobet with the following settings: P = 1.5, |

= 0.3 and D = 0.001. Two patrticle size set poingsenset during this experiment, i.e. 60 nm and
80 nm. Once the set point particle size was readheduser adjusted the particle size set point to

the other set point (Fig. 5.14). Initially, the déerward algorithm was able to accurately predict
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the particle size. After this initial predictiorhe feedback algorithm took over to maintain the
particle size at the set point. From Fig. 5.14wés clearly demonstrated that the feedback
control satisfactory maintained the mean particte sind was able to automatically adjust the
flow rates to achieve the set point particle size from 60nm to 80nm or vice versa). The PDI
remained around 0.1 or less during the entire éxyt. The DLS count rate fluctuated based
on the flow rate conditions, but was within a ranigat was previously determined to provide

satisfactory particle size analysis.

5.4. Discussion

5.4.1. In-line Liposomal Dilution

The first part of this work outlined the importangiedegassing the liposomes at the end of the
liposome formation stage prior to the ethanol diuistage. As mentioned, the mixing of ethanol
with an aqueous phase is exothermic and leadsnsibde heat changes. These heat changes
caused dissolved gas to leave the solution, forrbimgpbles/ an air-water interface. For DPPC
liposomes, the presence of bubbles did not appeaaffect the liposomal particle size
distributions. For DMPC liposomes, the particleesiistribution was affected at the lower
agueous phase | flow rates, but not at the higber fates. Moreover, it was observed that at the
lower aqueous phase | flow rate(70 mL/min), foam was visible for the DMPC liposane
but not for the DPPC liposomes. This foaming maydbe to a reduction in surface tension as
temperature increased — subsequently causing eease in the mobility of the lipid molecules.
This analysis was further corroborated by Fig. &8 Fig 5.4. In these figures, a change in
temperature caused changes in liposomal mean Ipasie; although, to a greater extent for

DMPC liposomes than for DPPC liposomes. In addjtieMPC liposomes exhibited an
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increased particle size distribution (higher P )temperatures exceeded 24°C and a significant
change in mean particle size as temperatures exde26’°C. These events can be explained
since the transition temperature for the DMPC pho8pid is around 24°C, which would cause
this lipid to experience a more fluid-like behavioear and/or above this temperattifEhis
increased lipid mobility resulted in the formatioh larger liposomes, as well as increased
foaming. For the DPPC phospholipid, the phase itiansemperature is closer to 41%@yhich
explained why DPPC liposomes did not exhibit langarticle size changes compared to DMPC

liposomes over the temperatures investigated.

When foam formed at the liposome formation stage @assed into the ethanol dilution stage
(aqueous phase II), this dilution stage becamecanskestage of mixing, which caused the foam
to mix back into the aqueous phase and formed@nsguopulation of liposomes. The liposomes
formed at the dilution stage would then depend e mixing at the dilution stagee. the
Reynolds number and temperature. Since the flowsraanged from 460-660 mL/min, the
Reynolds number at this stage would be >1000 ampasted the formation of smaller
liposomes. Therefore, with the addition of foamJaager particle size distribution existed
because essentially two populations of particleséal, one at the liposome formation stage and
one at the ethanol dilution stage. By removingftieen after liposome formation, the tendency

to form a second population of particles was reduce

As previously explained, the Reynolds number mayi$ed as a predictive measure of particle
size; however, it is only suitable with fixed cotioins such as lipid concentration, types of salts,

salt concentrations, etc. A lower Reynolds numhgpsrts larger liposomes while a higher
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Reynolds number supports smaller liposotheBy lowering the temperature at the liposome
formation stage, this would cause the Reynolds rmund decrease, and the liposome particle
size to decreases. Therefore, the Reynolds nunmbee & not a satisfactory measure for the
liposome formation process. Instead, a more a tlghronodel should be established that takes
into account factors such as the Reynolds numbempérature, lipid-phase transition

temperature, lipid hydrocarbon saturation and igédt composition.

5.4.2. Variables that Influence Particle Size Measaments

There are many important variables that influenceueate particle size measurement of
liposomes for at-line measurements. These varialalese divided into processing variables and
DLS measurement variables (Table 5.1). For proogssariables, the first is the total dead
volume,i.e. the volume of the tubing from the process streathé¢ flow cell plus the volume of
the flow cell. This volume is important since tissthe volume that must be replaced after each
measurement; otherwise, liposomes that were foratezhrlier time points will be mixed with
liposomes formed at later time points. Large tdedd volumes will incur a large time shift with

respect to processing conditions.

A second processing variable is the process stteaftow cell velocity ratio. This ratio is the
velocity of the liquid in the process stream divdey the velocity of the liquid flowing to the
flow cell. In order to achieve a small time shiftis value must >>1. This variable is linked with
the total dead volume since higher ratios cannatdbeeved with large dead volumes, especially
at flow rates around 1-1.5 mL/min. For example, S flow cell volume used in these

experiments is 100 pL and the total volume inclgdine pump and tubing was approximately
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220 pL. Moreover, if DLS measurements were takesryet5 seconds, then 250 pL of sample
would pass through during this time. Ideally, sinice flow cell has a larger volume than the
tubing, it may require more volume to remove thererprevious sample.€. 2-3x the total dead

volume) and longer delay times in between measunesweould be required.

A third processing variable is whether laminar floacurs. This variable is only important for
the constant flow mode. For this variable, smatleindiameter tubinge(g. 0.01") may cause

turbulence and affect the Brownian motion of thetipkes, thus resulting in incorrect particle
size measurements. To reduce these effects, langer diameter tubing should be used;

however, larger inner diameter tubing will incre#tse total dead volume.

DLS measurement variables include settings sucheasurement duration, number of runs and
attenuation factor. The measurement duration fehdalLS run can be set in the Zetasizer
software. For off-line DLS measurements, each measent consisted of approximately 10-15
runs and each run lasted 10 seconds. The DLS amitadach run was then combined to provide
a single DLS result. Additionally, the mean couatermeasured in kilo counts per second (kcps)
should be greater than 20 kcps and less than 1€8For lower photon counts, the data may
not result in an accurate particle size analysis.tke at-line measurements, only a single run of
6 second duration was used for the DLS measuremehish would result in a low photon
count. However, from Fig. 5.7 — Fig 5.11, the 6asetduration was adequate for determining
the z-average particle size and in most casesPiMewas similar for both off-line and at-line
measurements. Shorter measurement duratier. 8 seconds) may have also provided

satisfactory results, but would lead to a lowertphacount. Therefore, the at-line measurement

92



Antonio P. Costa, PhD — University of Connecti@@16

experiments used a longer measurement duratmré (seconds) to achieve more consistent and

higher quality data.

The attenuation factor is another important vagaldl low attenuation factor refers to when a
lesser amount of light passes through the sampmleadrigh attenuation factor is when a greater
amount of light passes through the sample (for vdfia Zetasizer, the attenuation range is from
0-11, respectively). Changing the attenuation faatil cause the photon count rate to increase
or decrease; however, very high count rates willamger provide accurate data since the DLS
detector has a maximum count rate where the respoasains linear. For the off-line
measurements, the count rate was set to “automiatitfie Zetasizer software. For the at-line
measurements, the count rate was kept between®@eps by programmatically adjusting the
attenuation factor depending on the particle sizth® liposomes being tested. The advantage of
a user-defined attenuation is the reduced ovenadl per measurement. The disadvantage is that
the user-define attenuation factor may not allow dosufficiently high photon count during

measurement — resulting in lower quality data.

A fourth measurement variable is the presence robalbbles in the sample. Air bubbles will

affect the overall quality of the results since te bubbles also scatter light. One way to
circumvent this issue is to use a degassing umnden where the sample is taken and the DLS
flow cell. The disadvantage of using a degassing iarthat the volume of the degassing unit

adds to the total dead volume, resulting in lomgeasurement delays (Fig. 5.7).
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5.4.3. At-line Patrticle Size Measurements Compariss

By comparing the Continuous Flow mode vs. the LStaji Mode, the Load/Stop mode
appeared to be more accurate and had a more @risiseasurement time-delay. When using
the Load/Stop mode, the entire sample was remawead the DLS flow cell since the flow rates
were around 20-25 mL/min vs. 1-1.5 mL/min for then@nuous Flow mode. In addition, a
larger inner diameter tubing was used for the LSaafi mode and this may have reduced air
bubble formation, resulting in fewer artifacts meswith the DLS data. One disadvantage of the
Load/Stop approach is the rapid loading of the ftmedl, which does not allow for temperature
equilibration. In this case, the sample temperatoay be different than the temperature set in
the DLS software, which could explain why the magazarticle size, especially for smaller
liposomes, was lower when compared to the offIdM& measurement (Fig. 5.8). This deviation

was only observed for small liposomeég.(<50 nm).

5.4.4. lonic Strength on Liposome Formation

The ionic strength of the aqueous phase signifigaaftected the liposome mean particle size.
From Fig. 5.12, 10 mM NacCl formed 70 nm liposomad 440 mM NaCl formed around 160
nm liposomes at the same flow rate.(70 mL/min). The portion of the phospholipid molkzu
that is in contact with the aqueous phase is trespiate head group. Accordingly, the head
group may be changing in size.d. mean molecular area) and would influence lipidkpag.
Moreover, by comparing liposomes prepared in 10mACNo 10 mM phosphate buffer (at pH
7.4), the liposomes prepared in 10 mM NaCl werellemia diameter. When taking into account

the ionic strength, the 10 mM phosphate buffer &adonic strength greater than 10 mM NaCl
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but less than 75 mM NaCl. Therefore, an increaséoimc strength caused an increase in

liposomal mean particle size.

The ionic strength affects the electrostatic orrgbarepulsion of neighboring phospholipid
molecules (Fig 5.12). At a low ionic strengthd. 10 mM NacCl), the repulsion would be greater
than at 140 mM NacCl since a high salt concentratvonild lower the overall zeta-potential of
the particles (Fig 5.13). This is explained by euy-Chapman-Stern theory, which describes
how increasing the salt concentration decreasedigtance from the charged surface to the
plane of shedf. When large amounts of charged specieg.(Na") associate with negatively
charged phospholipid membranes, the magnitudeeof#ta-potential is reduc&dIn addition,
the amount of cholesterol in the lipid bilayer atfethe binding of Nato phospholipids and
causes a reduction in the surface ch&rgsloreover, different salt species.NaCl vs NaSG)

will affect the overall surface charge density lhsm the lyotropic seri€§ i.e. strongly
hydrated anions cause a reduction in the surfaeegehdensity. According to a previously
described liposome formation model, a lower zetmtital (or surface charge density) may
allow for more phospholipids to enter the pro-lipoges and hence result in the formation of

larger liposome&’

A second explanation for the increase in size witltease in NaCl concentration is related to
local heat effects as the liposomes are initiadigriing. The excess enthalpy of mixing for the
ternary mixture of ethanol, water and NaCl becomrmese positive as the salt concentration
increase¥. Reduced enthalpy of mixing indicates more bonelaking events are occurring

compared to low salt conditionse. less water-ethanol hydrogen bond formation. Thisné
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may suggest that more ethanol is interacting with lipid molecules during the initial mixing
stage, thus promoting larger lipid aggregates tonfprior to liposomes formation. However,
either explanationj.e. electrostatic or changes in enthalpy of mixing ldobe difficult to
measure directly since liposome formation is takpigce at the molecular level and under
turbulent flow conditions. A future study on chamgithe phospholipid molar ratio of the
charged phospholipid may be a suitable alterndgtvexploring the effects of charge repulsion

on the liposome formation process.

5.4.5. Automatic Particle Size Control

In the continuous manufacturing of liposomes, pssaghanges such as pressure or temperature
fluctuations will cause changes in the liposomattipi@ size during the liposome formation
process. Using feedforward control to initially gict the process conditionsg. aqueous phase

| flow rate) and a feedback control to maintain tbarticle size was demonstrated. By
implementing these control strategies, liposomidiicat quality attributesi(e. mean particle size
and patrticle size distribution) could be maintainedhich supported an overall higher quality

formulation.

5.5. Conclusions

In-line dilution of liposomes to reduce the ethamoincentration was implemented in this
continuous process to form liposomes. Incorporatimegin-line dilution stage post the liposome
formation process may cause changes to the lipdsoantcle size distribution — depending on
the liposomal formulation. Therefore, it was deterad to be necessary to include a degassing

unit post liposome formation and prior to the imelidilution stage. At-line particle size analysis
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was implemented into the continuous processingpolsbmes. To reduce time delays between
process changesd. flow rates) and the particle size measurement, daveas determined that
the Load/Stop mode provided more consistent resthtn compared with the Continuous flow
mode. In addition, the ionic strength of the aq@ephase significantly impacted the mean
particle size of the liposomese. an increase in ionic strength favored the fornmatd larger
liposomes. Lastly, automatic particle size analysss implemented using both a feedforward
and a feedback control, which resulted in precigetrol and maintenance of the liposomal

particle size and polydispersity index.
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5.6. Tables

Table 5.1. Variables that Influence ContinuousiBlarSize Measurements

Processing Variable

DLS Measurement Variables

Total Dead Volume

Measurement Duration

Process Stream to Flow Cell Velocity Ratio

AttaimraFactor

Laminar Flow Ratés

Sample Temperature

Air Bubble Presence

a = applicable only for constant flow approach
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5.7. Figures

......................................................................................................................................................

Liposome Formation Stage . Ethanol Dilution Stage
Aqueous Phase | Aqueous Phase Il
(Input) : (In[i)ut)
“J’ Temperature :

[ Reading : :

Contactor | : : s
* - Unit : I —'Outputs
Ethanol + Lipid : Temperature

(Input) : Reading

------------------------------------------------------------------------------------------------------------------------------------------------------

Fig. 5.1 Schematic representation of the liposowmnéation stage followed by the ethanol
dilution stage. Two temperature readings via theanples are taken at each stage and a
contactor (degassing unit) is positioned in sonsesat the end of the liposome formation stage.
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Fig 5.2 Liposome mean particle size and polydispersdex for both lipid:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes, whdnaid refers to either DMPC or DPPC. Both z-average
particle size (top) and polydispersity index (PbBdttom) are plotted vs. aqueous phase | flow
rate (mL/min).
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Fig 5.3 Liposome mean particle size and polydispemnsdex for DPPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean particle size RbBdlis plotted against the temperature (°C) at
the liposome formation site (see Fig 5.1). The agsehase | flow rate was kept constant at 80
mL/min.
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Fig 5.4 Liposome mean particle size and polydispemsdex for DMPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean particle size RbBdlis plotted against the temperature (°C) at
the liposome formation site (see Fig 5.1). The agsehase | flow rate was kept constant at 70
mL/min.

102



Antonio P. Costa, PhD — University of Connecti@@16

a RO 'f‘"?nuaruon

st r———2=3 8 7 4
AL T
|

nm)

Z-average (d n;'m
PDI

7-average (d

Fig 5.5 A comparison of manual DLS measurementnggstton the liposome particle size (z-
average), the PDI and the DLS count rate (kcpd)reSults were from a single run at either 3, 9

or 15 seconds. The liposome formulation was theesamall measurements and had a z-average
of 56.50 + 0.03 nm, a PDI of 0.05 + 0.02 and a ¢oate of 401.4 + 2.77.
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Fig 5.6 Liposome mean particle size and polydispemsdex for DPPC:Chol:DPPG (4.5:3:0.4
molar ratio) liposomes. The mean patrticle size Rbd is plotted against aqueous phase | flow

rate. The flow rates in the bottom plot in red #re DLS flow rates or the flow rate of the
sample during the DLS measurement.
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Fig 5.7 Liposome mean particle size and polydispeiadex (PDI) for DMPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM PhospHhatiffer. The mean patrticle size, PDI and
agueous phase | flow rate is plotted over a peoibtime. The DLS flow rate was fixed at 1
mL/min. The aqueous phase was initially at 15°@mpiod liposome formation.
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Fig 5.8 Liposome mean particle size and polydispetisdex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM Hepedfdtu The mean particle size, PDI and
agueous phase | flow rate is plotted over a peoiotime. The DLS flow rate was fixed at 1
mL/min.
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Fig 5.9 Liposome mean particle size and polydispeisdex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 10 mM NaClheTmean particle size, PDI and aqueous
phase | (AFR |) flow rate is plotted over a peradime.
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Fig 5.10 Liposome mean particle size and polydspeindex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 75 mM NaClheTmean particle size, PDI and aqueous
phase | (AFR |) flow rate is plotted over a peradime.
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Fig 5.11 Liposome mean particle size and polydspelindex (PDI) for DPPC:Chol:DPPG
(4.5:3:0.4 molar ratio) liposomes in 140 mM NaCrhe mean particle size, PDI and aqueous
phase | (AFR 1) flow rate is plotted over a peradime.

109



Antonio P. Costa, PhD — University of Connecti@@16

Flow Rate (mL/min) lonic Strength (M)
300 250 200 150 100 50 0.15 0.1 0.05 0

150
150
— 125
g 125’é‘
° c
‘:c;,, 100 =
o))
o 100 O
E ©
5 » 2
<
75 N
501
b
(o) 0.15
O.
Z 50

Fig 5.12 Liposome mean particle size (z-averaganyifor DPPC:Chol:DPPG (4.5:3:0.4 molar
ratio) liposomes in 10-140 mM NaCl (green, red,ebland 10 mM PB (orange). The mean
particle size is plotted against the aqueous phie@ rate and the ionic strength.
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Fig 5.13 Liposome zeta potential for DPPC:Chol:DRRG:3:0.4 molar ratio) liposomes in 10-

140 mM NaCl and 10 mM phosphate buffer (PB). Thl&azootential is plotted against the
aqueous phase | flow rate.
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Fig 5.14 An example of automatic particle size oontor HSPC:Chol:DPPG (4.5:3:0.4 molar
ratio) liposomes prepared in 10 mM NaCl is showhe mean patrticle size, polydispersity index
(PDI), count rate (kcps) and aqueous phase | flae ¢mL/min) is plotted against time (s). The
arrows indicate when the user changed the pasdizieset point in the software.
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Chapter 6

Continuous Processing of Liposomes with In-line Cazentrating

6.1 Abstract

Continuous processing is an approach that suppadsultimately leads to higher quality drug
products. In the current work, a concentratingesystvas integrated with a previously designed
continuous process for forming liposomes. The coeon of both systems leads to improved
control over the final liposomal formulation. Lipmaes were prepared by a modified ethanol
injection method. A dual channel turbidity sensseing two simultaneous channeis. light
absorption and light scattering; combined with rgential flow filtration device, a pump and a
custom developed computer program was used to atotiite concentration. In addition, an
empirical equation was developed using the qualdégign approach to predict the final lipid

concentration.

6.2. Introduction

Continuous processing is an approach that suppadsultimately leads to higher quality drug
products. A major challenge in developing a cordumsi process is process control. Process
control may include simple measurements such apdmture, pressure and volumetric flow
rates and more advanced measurements such adepsizie, particle size distribution and the
concentration of excipients/active pharmaceutingtedients. In order to continuously control a

specific process in real-time, process analytieehhology (PAT) under closed loop control
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should be implemented. In addition, using toolstes to the quality be design approach will
enhance the overall process control. In the cumenk, a concentrating system was integrated
with a previously designed continuous process domfng liposome¥ (Chapter 4 and Chapter
5). The combination of both systems leads to imgdowontrol over the final liposomal

formulation.

The total lipid concentration is a critical qualdytribute for liposomal drug products. The total
lipid concentration may refer to the amount of gitadipid and/or other lipid molecules such as
cholesterol that form the liposomal bilayer. Thadiconcentration can be used to estimate the
amount of liposomal vesicles, which may furtherrblated to either drug encapsulatidrni.e.
drug molecules in the aqueous compartment of thestimes, to drug loadiffgor to the
intercalation of molecules within the lipid bilay&t In addition, lipid concentration is used to
effectively evaluate drug-to-lipid ratios. For exaley doxorubicin-to-lipid ratios of 0.3:1 led to

an increase in biological activity in mfce

Liposomal lipid concentrations may be toxic depegdon the type of lipid in the liposome
composition. For example, phosphatidylglycerol gmbsphatidylserine liposomes were toxic
from 0.13-3.0 mM for some cultured human cell limgsereas dipalmitoylphosphatidylcholine
containing liposomes were non-toxic at 4 mIn addition, certain lipid concentrations may
promote cytotoxicity and can be used as a measutetermine drug effects on changes igiC
values. For example, amphotericin B containing digpoes increased the sf&value in a

macrophage-like cell line (Raw 264.7) when compaodiposomes without amphotericin’®
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Moreover, macrophage cells are major sites of dpumd accumulatiof?® and high lipid
concentrations may cause macrophage cells to éxphspholipid overload and inhibit

phagocytic functiot?**%

FDA-approved drug products are formulated with ltéitad concentrations ranging from 9.15
mg/mL up to 103 mg/mL, with the majority in the ganfrom 9.15 mg/mL — 34.88 mg/nfL.”*

8 This provides a pharmaceutically relevant rangdipd concentrations that are considered
safe and effective. It should be noted that théd ligoncentration alone is not sufficient in
determining safety, as the individual lipid compotsemay be cytotoxic, especially cationic
lipids'®. In the current study, the concentrating systeroukh at least be capable of

concentrating the liposomes to achieve a lipid eotration within the stated range — making the

system pharmaceutically feasible.

6.2. Materials and Methods

6.2.1. Materials

1,2-dipalmitoylsnglycero-3-phosphocholine (DPPC), 1,2-dipalmitegglycero-3-phospho-
(1'-rac-glycerol) (sodium salt) (DPPG-Na) and Lipoid S BGHSPC) were purchased from
Lipoid™. Cholesterol (Chol) was purchased from Sagrfathanol (200 proof, ACS/USP grade)

was purchased from Pharmco-AAPER.
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6.2.2. Experimental Methods

6.2.2.1. Liposome Formation and Dilution

Liposomes were prepared by a modified ethanol figeanethod. A schematic of this system is
depicted in Chapter 5, Fig. 5.1. Three separate StHinless steel tanks contained the
lipid+ethanol solution. These tanks were pressdria 20 psi) and the flow rates from these
tanks were controlled using analog flow meters (Mkdh) and proportioning solenoid valves
(Aalborg). The flow meters were factory calibrated water with less than 1% error full-scale.
For the lipid+ethanol flow streams, these flow seasvere re-calibrated for ethanol and had an
R-squared value of 0.9989, with a working rangenftl®50 mL/min. The three tanks were then
connected at a single point using a 4-way conne¢Bwagelok). A static mixer was
implemented to ensure that the lipid+ethanol sohgifrom the three tanks were adequately
mixed prior to reaching the injection port where tathanol and aqueous phase 1 streams
converged. The aqueous phase | volumetric flow nags controlled by a gear pump
(Micropump®). To form liposomes, the mixed lipidikahol solution was then injected into an
aqueous phase (aqueous phase |) at various fl@s. réhe tubing ID of the ethanol phase was
0.508 mm (1.588 mm OD). The aqueous phase | tubingas fixed at 4.572 mm. Flow rates of
the lipid+ethanol phase were from 5-40 mL/min aqdeous phase | were from 70-300 mL/min.
After the liposomes were formed, the liposomes gédhrough a degassing unit (Liqui-Cel®)
followed by a second three-way T-port. This thresyw-port has one inlet for the liposomes, a
second inlet for aqueous buffer and one outlete¢osd gear pump (Micropump®) was used to
control the flow of the aqueous phase into thig pagueous phase IlI). The aqueous phase i
flow rate was adjusted such that mixed aqueousephamild always have 5% vol. ethanol.

Aqueous phase Il flow rates ranged from 690-460mmh/
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6.2.2.2. Data Acquisition System and Computer Softave

The entire process was controlled by a custom-rpaoigram written using National Instruments
(NI) LabVIEW® software. A data acquisition systerNl(PXle-1078) was combined with
multiple NI modules to accommodate various inpupat signals €.9. analog and digital
inputs/outputs, counters, circuit switchegf¢). The entire system was automated and only
required the user to define the final lipid concatibn and molar ratios of lipid. Process
variables such as flow rates, pressure, and tertyperarere monitored and, for some variables,
automatically adjusted using custom computer allgars. For example, proportional-integral-
derivative controls were implemented in the compptegram to precisely control the flow rates

of both the ethanol and aqueous phases.

Communication to and from the Malvern Zetasizer aesomplished using the Malvern Link 1l

software. Malvern Link Il software was setup asGiC server and NI LabVIEW was setup as
an OPC client. The z-average particle size and W&xe recorded in the custom computer
program. The custom computer program was able mol $eeasurement instructions to the

Malvern Zetasizer.

6.2.2.3. Particle Size Measurements

All particle size measurements were performed usinglalvern Zetasizer Nano S. Prior to
measurements, the liposomes were diluted in-liné%o vol. ethanol and the viscosity and
refractive index were pre-set in the Malvern Zetasisoftware. Particle size measurements
included the z-average particle size and polydsperindex (PDI). For the off-line

measurements, disposable plastic cuvettes were U$edsamples were equilibrated at 25°C

117



Antonio P. Costa, PhD — University of Connecti@@16

prior to each measurement. Each off-line measuretheation was set for 10 runs at 10 seconds

each with n=3.

For at-line measurements, a flow cell equilibraas¢@5°C was used. The measurement duration
was set to 1 run for 6 seconds. The Load/Stop Moased on loading the flow cell followed by
stopping the flow prior to the measurement, wasduse all cases (see Chapter 5). A
Micropump® pump was used to control the flow throupe flow cell (20-25 mL/min). The
pump operated at the specified flow rate priortie particle size measurement. Before any
measurement took place, the custom computer ahgostopped the pump to prevent fluid flow

during the measurement.

6.2.2.4. NIR (Turbidity) Measurements

An Optek® TF16-N Scattered light dual channel tdityi sensor was used for the
measurements. This device has two simultaneousnelsgrthe first measures light absorption,
i.e. this principle is based on detecting the lightOat from the light source by a single
hermetically sealed photodiode. This measurememt ncentration units (CU). The second
measurement principle is based on light scattesimg) the scattered light is detected at 11° by
eight hermetically sealed silicon photodiodes. TTheasurement is reported in parts per million
(PPM). The measurement wavelengths are a bandngafrgm 730 nm to 970 nm. The optical
path length of the sensor is fixed at 40 mm anidh ig flow cell configurationj.e. has an inlet
and outlet for in-line application. The linearity the sensor is < = 1% of the full scale for each

measurement and has a repeatability of < + 0.5%.
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6.2.2.5. Tangential Flow Filtration System

An EMD Millipore Pellicon Mini Holder with Pellicon2 Mini Ultrafiltration Biomax-100
modules was used as the tangential flow filtra(ibRF) device. This device was connected to a
peristaltic pump (Blue-White Industries, LTD) tontml the flow rate. A pressure transducer
and solenoid valve were connected to the outputhef TFF device. The pump, pressure
transducer and the solenoid valve were connectdedet@wustom LabVIEW computer program

(Fig. 6.1.).

6.2.2.6. Lipid Concentration Analysis via the Stewd Assay

The Stewart assay is a UV-spectrometric techniqae determines the amount of phospholipid
present. Briefly, ammonium ferrothiocyanate (AF)swaepared by dissolving 13.52 g of ferric
chloride hexahydrate and 15.2 g of ammonium thioay@ in 0.5 liters of deionized water. A
calibration curve was generated by taking 10 — g0omphospholipid stock solution (originally

dissolved in ethanol) added to approximately 3 mghtoroform. 2 mL of the AF solution was

added to this mixture, which was then vortexed 30rseconds followed by centrifugation at
1,500 rpm for 2 minutes. The AF was removed anctktieroform containing lipid was analyzed

using a Cary 50 UV-spectrophotometer at 470 nm. ddidration curve consisted of 9 values

with a quantitation limit (QL) of 0.023 ug/mL and &-squared of 0.997.

6.2.2.6. Lipid Concentration Analysis via high presure liquid chromatograph — Mass
spectrometry
The lipid concentration was determined using a Ipgéssure liquid chromatography (HPLC)

with a mass spectrometer (MS). A Waters Xbridge &8,um, 4.6x75 mm column heated at
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30°C was used for lipid separation. The mobile phaas 2 mM ammonium formate in MS-
grade methanol. The flow rate was set at 0.3 mL/amid 3 pL of sample was injected for each
measurement. An ESI probe was used and the opgmatimditions were optimized in the TSQ

software (table 6.1).

The sample was analyzed for the main phospholipedding on the lipid formulationg. for
DPPC. The raw chromatographic data was transfousedy a power function value (PFV) and
the area under the curve was calculated. The dgaiéiotor was less than 1.20 for each peak. The
calibration curves had a QL of approximately 1.22mi. and the R-squared value was >0.996.

The PFV used for DPPC was 1.23.

6.2.2.6. Lipid Concentration Prediction Models

JMP by SAS was used to generate prediction modelseguations. Two models (defined as
Model 1 and Model 2) were generated that had tkpomse as the total lipid concentration
([Lipid]) in units of mM. The possible factors fehe model were the NIR measurements (both
CU and ppm) the z-average particle size (d.nm) thedpolydispersity index (PDI). Model 1
only included particle size and ppm as factors.y@mbnodispersed liposomeg. having a PDI

< 0.1) were used to generate this model. The expeaitiah design for Model 1 is outlined in Fig
6.2. Since the ppm signal was highly dependenthenparticle size, a typical experimental
design é.g. full factorial) was difficult to achieve. In adohh, the maximum concentration
reported for this model was approximately 7 mM ltdgaid. Higher total lipid concentrations

would be required to achieve a higher ppm signaktie smaller particle sizeg.g.50 nm vs.
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150 nm). Model 2 is an extension of Model 1 anduded particle size, PDI, ppm and CU as

factors. The experimental design of Model 2 isioatl in Fig. 6.3.

6.3. Results

6.3.1. Prediction Models

The liposomal particle size diameter ranged froormBbto 188 nm. For Model 1, the PDI was
less than 0.10 for all sizes and concentrationgded he total lipid concentration ranged from
0.38 mM up to 7.96 mM. The significant terms (P&).Were particle size, particle size*ppm

and ppm (Table 6.2). Both the particle size andig@arsize*ppm negatively impacted the lipid

concentration, whereas an increase in ppm relatas increase in lipid concentration. The NIR
CU measurement did not correlate with the modelvaasl omitted. The R-squared for the actual
vs. prediction lipid concentration was 0.931, iradicg a linear relationship. The model had 15
observations (with 3 degrees of freedom for the eljpcdh RMSE of 0.587 and an analysis of

variance <0.001.

The surface profile for Model 1 is demonstrate&ig. 6.4. The profile is of ppm vs. particle size
vs. total lipid concentration. As the particleesincreases, the ppm vs. [Lipid] slope increases
and higher ppm values are reached for lower ligidcentrations. The smaller sized liposomes
only reached approximately 30 ppm for the same mami [Lipid], whereas the large liposomes
reached up to 70 ppm. The empirical prediction &#gnafor the model is in Fig 6.5. This
equation was implemented into the custom computsgram to predict the lipid concentration

based on both particle size and turbidity measunésne
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For Model 2, the same particle size diameter ramge used as outlined in Model 1 above. The
total lipid concentration ranged from 0.38 up tor@M. Significant terms for Model 2 are listed

in Table 6.3, with particle size*ppm and ppm as st significant. Both the CU and PDI also
had statistical significant terms in the model. Rwsquared for the actual vs. prediction lipid
concentration was 0.987, indicating a linear relahip. The model had 35 observations (with
11 degrees of freedom for the model), a RMSE 02D &nd an analysis of variance <0.001. The

empirical prediction equation for Model 2 is in FEd.

A validation for both Model 1 and Model 2 was inddd. The liposomes had a mean patrticle
size of 167 £ 4.40 nm and a PDI of 0.05 £ 0.02 (&4h4). The total lipid concentration range
measured was from 1.80 — 7.07 mM. As the PDI wss tlean 0.1, both models could be used to
predict the mean particle size, with the mean dass than equal to 7.5%. When comparing the
percent error of the measured [Lipid] to the prestidLipid], a two-tailed, paired t-test resulted

in a p-value of 0.23, indicating that the differeadetween the sets of data are insignificant.

6.3.2. Polydispersity on the NIR Signal

A comparison was made between two sets of datéipesomes of a similar particle size but
with differences in the PDI. The lower PDBt Q.1) indicates a single population of particles,
whereas a higher PDI indicates multiple populatiohgarticles present. From Fig. 6.7, it is
evident that the PDI is a critical factor that mbst controlled. The liposomes with a mean
particle size of 149 nm and a PDI of 0.18 = 0.0&dpiced a PPM signal greater than those with a

mean diameter of 170 nm and a PDI of 0.06 + 0.02.
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6.4. Discussion

6.4.1 Lipid Concentration Model

The relationship between scattered light and garsize are explained by Mie scattering theory.
The Mie theory explains light scattering by an ioeld dipole moment from an incident
electromagnetic wave. The induced dipole acts asuace of electromagnetic radiation and
emits or scatters light at the same frequency asstiurcej.e. elastic scattering. This theory
provides an angular dependence of the scatteretidased on the incident wavelength and the
particle size. Relationships between liposomaliglartsize and light scattering and turbidity
have been previously analyzed for liposort?és3% The theory is based on an approximation of
the Mie scattering theory, called the Rayleigh-GBebye approximation. From this
approximation, lipid concentration may be estimaded fixed incident wavelength if additional
properties such as the refractive index of the agsienedium and the refractive index of the
lipid bilayer are knowt®. However, this approximation may not be suitabletfie current case
since the incident radiation is a band of wavelesgtovering 730-970 nm. In addition, the
liposomes in this study were both monodispersedpaygtispersed, which would further cause
difficulties in using theoretical approximations peedict the total lipid concentration. For this
reason, an empirical model was developed to rdipdsomal particle size, PDI and the NIR

signals (ppm and CU) to the total lipid concentrati

As expected, smaller particles scatter less lightmared to larger particles. For this reason, the
ppm/CU increases as the patrticle size increases.predictive models were generated; the first
for only monodispersed liposomese( liposomes with a PD¥ 0.10) and the second included

liposomal formulations with a higher PDI (PDI > 0)1For the monodispersed liposomal model,

123



Antonio P. Costa, PhD — University of Connecti@@16

detection at 0° (measured in CU) did not appedratee any correlation with particle size and
concentration at the concentrations measured. Thai@ increase linearly with an increase in

lipid concentration, but did not form a correlatiovhen comparing different particle size

liposomes. In contrast, the scattered light at (L&° the ppm) demonstrated a correlation with
both liposomal particle size and total lipid conitation. For this reason, only the scattered light
was used in the prediction model for monodispetigeadomes. Moreover, since the ppm signal
is referenced to the medium, the NIR sensor was tmbmeasure low lipid concentrations and

the detection was not affected by additions toatipgeous phase.g.ethanol).

For the second model (Model 2), the CU signal déedparticle size PDI were added to Model 1.
This addition to the model enabled the total limidncentration to be predicted for both
monodispersed and polydispersed liposomal formarlati The addition of a polydispersity term
into the model enhances the overall predictabitifythe total lipid concentration for both
monodispersed and polydispersed systems. The tiahdasample set demonstrated the
robustness of both models. By comparing the meaor dor each model, the error was
insignificant, indicating that each model could bs&ed for low PDI formulations. However,
Model 1 could not be used for higher PDI formulatio These results demonstrated that a
empirical model with only 3 degrees of freedom dagoiledict the particle size of monodispersed
liposomes; whereas an empirical model with 11 degref freedom was required for
polydispersed samples. Therefore, when liposomesfamed with a low polydispersity, a
relatively simple and low degree of freedom modelynbe used to predict the total lipid

concentration of the liposomes.
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6.4.2 Polydispersity on NIR Detection

To emphasize how the polydispersity of the samplgatively impacted the prediction model,
two data sets were plotted. The result that a RiDh sample increased the scattered light was
expected as multiple populations of liposomes emndhme sample will cause large variations in
the scattered light. From the Mie theory, largetipas will scatter more light in the forward
direction than smaller particles. In addition, kEwrgliameter particles scatter more light. The
combination of a change in the angular scattermd) scattering intensity prevented this model
from predicting the lipid concentration. Therefoee limitation to Model 1 is that it is only
applicable to monodispersed liposomes. For polytsgd liposomes, Model 2 should be used to

predict the total lipid concentration.

6.5. Conclusions

A tangential flow filtration system was implementadth a continuous liposome formation
process to continuously concentrate liposomesnie-IEmpirical models were developed for
both monodispersed and polydispersed liposomeshtgtthe total lipid concentration as the
model response. These models can predict the dmdentration from 0.38 up to 20 mM total
lipid for particle size diameters from approximgt&0 nm up to 200 nm. One limitation for
Model 1 is that it is only applicable to monodisget liposomes. Model 2 has predictive power
for both monodispersed and polydispersed, but reg@ model with 11 degrees of freedom. The
implementation of the concentrating system andiptied models into a continuous process for
liposomes enhances process control. Moreover sifsgem results in effectively controlling an

important critical quality attributa.é. lipid concentration) of liposomal drug products.
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6.5. Tables

Table 6.1: TSQ HPLC-MS ESI Operating Conditionsduisethe Analysis of Lipid

Concentration Quantitation.

Spray Voltage 4000

Sheath Gas Pressure 20

lon Sweep Gas Pressure 8

Aux. Gas Pressure 5

D

Capillary Temperaturg 350

Tube Lense Offset 131

Skimmer Offset 0

Table 6.2: Sorted parameter estimates and moaestiEr Model 1.

Term Estimate  Std Error t Ratio Prob>|t|
Particle Size (d.nm) -49.1 11.2 4.4 0.0011*
Particle Size (d.nm)*ppm -46.9 11.9 3.9 L[ 0.0023*
ppm 10.7 6.0 1.8 S 0.1046
Table 6.3: Sorted parameter estimates and modaestiEr Model 2.

Term Estimate  Std Error t Ratio Prob>|t|
Particle Size (d.nm)*ppm -97.0 9.6 -10.2 <.0001*
ppm -66.0 7.9 -8.4 <.0001*
Particle Size (d.nm)*Particle Size (d.nm) 29.9 4.6 6.6 <.0001*
Particle Size (d.nm) -58.7 9.4 -6.3 <.0001*
Particle Size (d.nm)*(PDI-0.102) 86.0 14.6 5.9 o <.0001*
cu 53.5 12.0 45 ] 0.0002*
PDI 76.0 26.5 2.9 e 0.0087*
CU*(PDI-0.102)*(PDI-0.102) 1285.5 673.8 1.9 B 5 0.069
(PDI-0.102)*(PD1-0.102) 10714 608.5 18 ] 0.0916
ppm*CU 11.6 9.1 13 | [ 0.2141
CU*(PDI-0.102) 22.0 29.5 0.8 L 0.4638
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Table 6.4: Validation data points for both lipidnoentration ([Lipid]) models. Model 1 is based

on particle size and ppm, whereas Model 2 inclyasesicle size, polydispersity index (PDI),

ppm and CU.
Mf:;:;ed Model Factors Model 1 Prediction | Model 2 Prediction
Total [Lipid] P cu Particle Size PDI Total [Lipid] %Error Total [Lipid] %Error
mM (d.nm) mM mM
1.80 16.5 0.206 167 0.05 1.81 0.3% 1.78 0.9%
2.62 24.6 0.294 167 0.05 2.77 5.5% 2.56 2.3%
2.78 27.6 0.333 167 0.05 3.12 12.5% 3.00 8.2%
7.07 67.8 0.789 167 0.05 7.89 11.7% 7.88 11.4%
Average 7.5% Average| 5.7%
StDEV 5.7% StDEV| 4.9%
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6.6. Figures

DAQ System
Concentrated Liposomes
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oo Flow Meter
Dilute Sample Collector
Pump

Fig 6.1: Schematic of the lipid concentration stagesisting of multiple components such as

pumps, a tangential flow filtration unit, a flow teeand an NIR turbidity sensor.
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Fig 6.2: Experimental design of the lipid concetitra prediction model based on scattered light

from an NIR

turbidity sensor.
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Fig 6.3: Model 2 experimental design for the ligmhcentration with factors including particle

size (d.nm), polydispersity index (PDI), ppm and.dUe PDI was from 0.03 — 0.21, with “low

PDI” as PDI< 0.1 and “high PDI” as PDI > 0.1.
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Fig 6.4: Surface Profile plot for the lipid conceatton [Lipid] prediction model. The scattered
light from the NIR turbidity detector was measunedinits of ppm. ppm vs. particle size (d.nm)

vs. the total lipid concentration (mM) was plotted.
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o Particle Size — 263 ppm — 250
[Lipid] = 9.66 — 49.1 * ( ) + 10.7 * (—)

238 250
+(—46.9) (Particle Size — 263) (ppm— 250)
—46.9) * *
238 250

Fig 6.5: The Lipid Concentration prediction modglation based on the study outlined in Fig.

6.2 and Fig. 6.4.

(Lipid] 201 — 58.7 (Particle Size — 263) 66.0 (ppm — 250) +E3s (CU — 2)
= —20.1 —58.7 % —66.0 x| —————— 5%
Pt 238 250 2
Particle Size — 263) (Particle Size — 263)
%

76.0 * PDI + 29.9
FIO0EDEF 299 ( 238 238

Particle Size — 263 ppm — 250 ppm — 250
—97.0*( )*< )+11_6*<—>

238 250 250
cu-2 Particle Size — 263
* ( ) + 86.0( ) x (PDI — 0.102) + 22.0
2 238
CU -2 CU —
* ( ) * (PDI —0.102) + 1290 = ( ) « (PDI — 0.102)

« (PDI — 0.102) + 1070 * (PDI — 0.102) = (PDI — 0.102)

Fig 6.6: The Lipid Concentration prediction modglation for Model 2 as outlined in Fig 6.3.
The response for the model is the total lipid comedion denoted as [Lipid] and has four
factors: particle size (d.nm), polydispersity (POdpm and CU. Both ppm and CU are detected

by an NIR turbidity meter.
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Fig 6.7: An example of how the NIR signal outpuPRM is affected by the polydispersity of a
liposomal formation. The polydispersity index (PDas approximately 0.16 for the high PDI
sample and was <0.1 for the low PDI sample. Inctee of larger liposomes, the NIR scattered

light signal should be greater.
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Chapter 7

Freeze-Anneal-Thaw Cycling of Unilamellar LiposomesEffect on Encapsulation

Efficiency

7.1 Abstract

Freeze-thaw cycling is an important processing steape preparation of liposomes that leads to
the encapsulation of drug molecules. There is denable variability in the number of freeze-
thaw cycles reported in the literature. This waskdesigned to aid in liposomal formulation
design by gaining an insight into the drug encegisat process and an understanding of
liposome stabilization during various thawing cdiwtis. The effects of different thawing
temperatures, as well as “annealing” at subzergéeatures on a liposome formulation, are
reported here. Two freeze-anneal-thaw (kP cycles (freezing to -196°C, annealing at -1.4°C
for ~30 minutes, thawing at 65°C) resulted in theximaim predicted encapsulation efficiency
without causing any significant change in partgilee or zeta potential. Annealing at -22°C was
shown to be destabilizing due to limited hydratmfnthe liposomes in the frozen state. It was
shown that two important processes are occurrimppguhe FANT cycling that affect liposome
encapsulation efficiency. The first is drug diffisiin the frozen state and the second is
fusion/destabilization of the liposomes. This is fhist report on the annealing of liposomes and

understanding the mechanism of drug encapsulasog the freeze-thaw cycling method.
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7.2 Abbreviations

FT
FANNT
PFE
PDI
EE%
DSC
DSPC
DPPC
DSPG
Chol

Cryo-SEM

Freeze-Thaw

Freeze-Anneal-Thaw

Pre-formed Empty

Polydispersity Index

Encapsulation Efficiency Percentage

Differential Scanning Calorimetry
1,2-distearo8n-glycero-3-phosphocholine
1,2-dipalmitoysn-glycero-3-phosphocholine
1,2-dioctadecanoyl-sn-glycero-3-phosphodad-glycerol)
Cholesterol

Cryogenic Scanning Electron Microscopy
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7.3 Introduction

Freeze-thaw (FT) cycling is a technique often usethe preparation of liposomes to increase
encapsulation efficiené¢?** A common procedure is freezing the liposomes Widuid
nitrogen (-196°C) and thawing at a temperature akibe phase transition temperature of the
lipids®*®> 2 |n the preparation of liposomes, freeze-thawiogcis implemented to reduce the
lamellarity of liposome?®, form a less polydispersed system and/or disrbpt ltposomal
bilayer! to allow drug molecules to diffuse into the lipos® promoting encapsulatitif®. The
number of freeze-thaw cycles needed to encapsulatg molecules varies greatly in the
literature, with some papers reporting up to 1dest®*** The reason for using multiple freeze-
thaw cycles is to achieve equilibrium drug concatitn conditionsi(e. concentration inside the
liposomes is equal to the concentration outsidethef liposomes). Prior to this study, the
mechanism for drug encapsulation was considerdx tdue to physical disruption of the lipid-
bilayer as a result of ice crystal formatianDisruption of the lipid-bilayer typically resulis
vesicle fusion™ and increased polydispersity. In this study a sdcmechanism for drug
encapsulation is reported based on cryo-concemtrdthe phenomenon when water freezes and
excludes molecules into concentrated zones). Coyaentration of the liposome and drug will
increase drug diffusion into the liposome while tHispersion is in a semi-frozen state.
Unilamellar, pre-formed empty (PFE) liposomes ghanodispersed population were chosen to
eliminate any effects related to polydispersity/andnultiple lipid lamellae. The factors that are
studied include thawing and annealing temperat@agswell as annealing duration, where
annealing refers to holding the samples at constaloizero temperatures for a certain duration.

The freezing procedure was kept constant.
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To study the effects of drug diffusion in the frozetate, stable DSPC:Chol:DSPG (6:3:1)
liposomes were prepared and the EE% was calcul&tedlar DSPC liposomes have previously
exhibited minimal particle size changes after feetimw cycling®. This minimal size change
will allow drug diffusion to be studied while avang) the effects on EE% from changes in
particle size/ polydispersity. The EE% for thisogmme system was then compared to a
theoretical maximum EE% based on a mathematicaleméal the entrapped volume of
unilamellar liposome¥’ Briefly, this theoretical EE% is based on paramsesrich as liposome
size, size distribution, bilayer thickness, averag#ecular area of a lipid at an interface, and the
lipid molarity. By supplying these parameters, thiathematical model is able to predict the

encapsulation efficiency for any unilamellar, moispérsed liposomal system.

As a model drug, Tenofovir was chosen due to igh hpolarity (LogP= -1.71}° and low
membrane permeability. Tenofovir has a pKa of 410.5 and is negatively charged at the
studied pH of 7.4. Since the liposomes were alggatively charged, electrostatic interactions
between the drug and liposome surface were avoitteel significance of this research is that it
offers physical insight into the behavior of lipases in the frozen state and provides a method
to achieve efficient drug encapsulation into unidlar, PFE liposomes without the need for

multiple freeze-thaw cycling steps and additior@aldsizing techniques.

7.4 Materials and Methods

7.4.1 Preformed Empty Liposomes Preparation
1,2-distearoyknglycero-3-phosphocholine, cholesterol and 1,24didecanoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) were purchased from Av&ular Lipids. DSPC:Chol:DSPG (6:3:1
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molar ratio, 60mM) PFE liposomes were preparedhayfiim-hydration method. Briefly, lipid
was mixed with chloroform:methanol (2:1 v/v) andapurated using a Blichi Rotavapor at an
elevated temperature (%0). During evaporation, a low vacuum was appliataity to avoid
bursting of the lipid solution. Chloroform and matiol were purchased from Fisher Scientific.
The dried lipid was placed under vacuum overnighteimove residual solvent. The lipid was
hydrated at 6% in 10 mM HEPES buffer, pH 7.4 for approximatelothours. The liposomes
were then sonicated at 80W for 1 minute followedtlwp freeze-thaw cycles (-196°C for 5
minutes, 65°C for 10 minutes). The liposomes whentextruded 8x through a single stack of
one 400 nm and two 200 nm polycarbonate membrasieg @ LIPEX™ Extruder (Northern

Lipids Inc.). The extruder was brought to’65prior to extrusion.

7.4.2 Drug Encapsulation Process

Tenofovir (CAS# 147127-20-6) was prepared in 10 MEPES buffer, pH 7.4 at approximately
8.7 mg/ml. This solution was added to the PFE lposs. The mixture was frozen in liquid
nitrogen (-196°C) for 3 minutes. The samples weaadferred to a temperature controlled water
bath at various temperatures (Table 7.2). For sasngplawed above 0°C, the thawing time was
determined by measuring the temperature of a datglisample until the thaw temperature was
reached. All samples were placed in a water bab&t prior to extrusion. Extruded samples
were extruded 6x through a single stack of one 460 and two 200 nm polycarbonate
membranes. Before extrusion, particle size and getential were monitored for most samples.

After extrusion, particle size, zeta potential &tPo were measured for all samples.
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7.4.3 Encapsulation Efficiency (EE%)

Encapsulation efficiency was determined by theofeihg equation: EE% = 1+cdCiota, Where
Cree IS the free drug concentration angiis the total drug concentration. The free drug was
separated from encapsulated drug by ultra-centitfag using Amicon 50 kd filters at 4,000 g
for 12 minutes. Free drug did not interact with fitter membrane and > 99% of the free drug
passed through the filter. The total drug was aeiteed by lysing the liposomes in a 6% v/v TX-
100 solution. The free drug from the filtrate anthat drug was then analyzed using a previously

developed HPLC analysi€. All measurements were run in triplicate.

7.4.4 Particle Size and Zeta-Potential

All measurements were performed using a Malvermagieér Nano ZS90. For both particle size
and zeta-potential, samples were placed in plastigosable cuvettes and equilibrated at 25°C.
The viscosity of water was assumed since liposoisgedsions were below 0.5 mg/ml. Particle

size measurements included z-average, PDI, and vddth. Zeta potential measurements

included zeta-potential and zeta deviation. All sugaments were run in triplicate.

7.4.5 Cryo-SEM Imaging

In order to determine how annealing can destablilfzessomes in the frozen state, cryo-SEM was
performed for samples, (1) frozen to -196°C; andfi@zen to -196°C then annealed at -20°C.
Both samples were immersed in liquid nitrogen befarther processing. The -20°C sample was
stored in the freezer overnight (~16 hrs). The sampere then fractured using a Leica EM
MEDO020 with an attached cryo-transfer system (Leidd VCT100). During fracturing, the

sample was held at -140°C and sputter coated Mattmpm (5 nm thickness). The sample was
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then transferred at -140°C under vacuum to thersognelectron microscope (FEI Nova™
NanoSEM 450). The accelerating voltage was set@dk¥ with a working distance of 5.1 nm

and viewed at -140°C.

7.4.6 Differential Scanning Calorimetry

Measurements were carried out using a Q1000 DSICaMRefrigerated Cooling System 90 (TA
Instruments). Empty liposome samples with Tenof¢v20 mg total) were pipetted onto an open
aluminum plate, immersed in liquid nitrogen andntimansferred to the DSC holder equilibrated
at -60°C. The sample was then heated at 50°C/maither -22°C or -1.4°C. The samples were
held at this temperature for 10 minutes and sule#tyucooled to -60°C at 10°C/min. Only the
latter thermogram was analyzed. The fast heatitggwas used to mimic the thawing conditions

of the liposome samples used in the EE% tests.

7.5 Results

7.5.1 Particle Size

Particle size analysis was performed to comparavieeage size and distribution of the particles
before and after processing. The PFE liposomesvibet used in all the following cases had a
particle size diameter of 166.77+ 39.75 nm (PDLG7). As a control, the common procedure of
freeze-thaw cycling (in this case, freezing at “I®@nd thawing at 65°C for up to ten freeze-
thaw cycles) was performed. Since the liposome® wabsequently extruded, the mean particle
size diameter for all cycles was 153.3+ 3.99 nmI(BPD.06+ 0.02, PDI width = 36.82+ 7.47).
For the test samples, the pre-extrusion particte sind size distribution of FT (thawed at

temperatures below 65°C) and freeze-anneal-thawyyFA liposomes frozen at -196°C,
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annealed at -1.4°C for 16 hours and thawed at §6AxnT(-196/-1.46n,¢65)] did not change
significantly (Fig. 7.1). The PDI did increase $lity for FAWWT samples held longer than 90
minutes, but was stikk 0.1 in all cases, which suggests a monodispengsdm. The FANT(-
196/-224nd65) liposomes had a pre-extrusion particle siz8%#.20+ 263.20 nm and a PDI of
0.5, which indicates high polydispersity. After mdion, the particle size was similar to all other

formulations.

7.5.2 Zeta-Potential

In addition to particle size measurements, zetemi@l was compared to pre- and post-extrusion
conditions. Pre-extrusion mean zeta potentials i@ner than the post-extrusion mean zeta-
potentials; however, these values were still witthe reported zeta-deviation (Fig. 7.2). The
only sample that did show a major difference imzmbtential was the RAT(-196/-2261d65)
liposome sample. This difference is due to theigdarsize and particle size distribution increase
noted in Fig. 7.1. In all cases, the zeta-poterdidl not drop to low levels that would cause

instability; however, instability may arise fromnsple polydispersit’ (Fig. 7.2).

7.5.3 Encapsulation Efficiency (Post-Extrusion)

Fig 7.3 reports on the difference in encapsulaéfirtiency post-extrusion for all samples. For
thawing at 65°C, the first freeze-thaw cycle hade&®% of 3.71+ 0.23, whereas the EE% was
7.22+ 0.21 after 10 freeze-thaw cycles. Thawingaaious temperatures below 65°C followed a
trend in that lowering the thawing temperature eéased the encapsulation efficiency. In all
cases, annealing increased the EE%. A singleynFA196/-1.46,/65) cycle had an

encapsulation efficiency of 9.83+ 0.23%, roughl§ imes greater than the FT(-196/65) sample.
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By increasing the annealing duration, slight insemain EE% were observed but reached a
plateau around 12%. Lastly, annealing at -22°Ceiased the EE% into the theoretical maximum

EE% range.

7.5.4 Two Freeze-Anneal-Thaw Cycles (Pre-Extrusion)

Another sample was prepared to determine whethermtaximum EE% could be reached
without the need for extrusion while maintaining tharticle size characteristics of the extruded
liposomes. In order to achieve this, two cyclesFiunT(-196/-1.46mi/65) were performed
(Table 7.2). After two cycles, the particle sizedcteristics were not significantly different than
the post-extruded samples. The EE% increased tesakithin the maximum EE% range for
this formulation. A direct comparison of these testo the EE% results for two freeze-thaw
cycles (thawed at 65°C without annealing, Fig. BL8)gests that sub-zero temperatures near the

freezing point of the solution allows for increaskdg encapsulation.

7.5.5 Cryo-SEM Imaging

It can be seen from Fig. 7.4 that ice formatiorrKdg solid regions) causes the liposomes to be
excluded from regions occupied by ice crystals tfarsning concentrated clusters (lighter
regions). The samples that were only frozen (natealed) appear to have well-defined
liposomes with larger clusters of liposomes (FigltA] B). For the -20°C annealed sample, the
liposomes were more difficult to find and eitherdhan overall less-defined/fused structure
and/or were within narrow bands between the icesplfgig. 7.4C, D). Moreover, for the -20°C
annealed samples, there were some locations isatigle that did have clusters of moderately-

defined liposomes. The existence of both clustérmoderately-defined liposomes and large
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regions of fused liposomes would contribute to iti@ease in polydispersity as shown in Fig.

7.1 for the -22°C annealed sample.

7.5.6 Differential Scanning Calorimetry Thermogram

DSC was performed to determine whether water meltethg the annealing process. Heating
from -196°C to either -1.4°C or -22°C and anneafmgl0 minutes before re-cooling to -60°C, a
peak only appears for the -1.4°C sample (Fig. 7.B)s indicates a portion of the water in the -
1.4°C sample melted and then refroze. HEPES buif#rout liposomes was measured as a
control. The increase in enthalpy for liposomeg°Q. vs. HEPES -1.4°C suggests additional

water melted and froze upon re-cooling for thesipme samples.

7.6 Discussion

For the liposome formulation investigated here, tteoretical maximum EE% is 16.3+2%
Accordingly, it would appear that more than half thie predicted drug amount was not
encapsulated even after 10 freeze-thaw cyclesrdardo understand how freeze-thaw cycling
influenced liposome EE%, all of the liposome samlexcept for FANT(-196/-1.46mi/65)]
underwent a single freeze-thaw cycle. Liposomesvwemersed in liquid nitrogen and thawed
at various temperatures to determine whether tlsvitly temperature influenced liposome
physical characteristics. As seen above, thawirtgraperatures above 0°C did not significantly
alter liposome particle size both pre- and posttesion (Fig. 7.1), which indicates liposome
stability. Additionally, the physical characterestiof the samples that underwentygA cycles

did not change significantly except for the N\rA&(-196/-226nJ65) sample. The reason for the
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liposome stability at -1.4°C and at temperaturesval°C may be due to the hydration of the

liposomes as discussed later.

The EE% was analyzed to determine whether drugaulde entered the liposomes during the
frozen state. As compared to the control freezertbycles, adjusting the thawing temperatures
to less than 65°C showed an increase in EE% aghtwing temperature was lowered. An
explanation is that at lower temperatures, it takese time for ice to melt, thus ice growth and
subsequent cryo-concentration of drug and liposome®ases the amount of drug entrapped
once the liposomes become rehydrated. Furtherncoraplete thawing at°C took about 55
minutes, and the EE% is comparable to annealing.4tC for both 36 and 90 minutes (Fig.
7.3). As for the annealed samples, increased diffigsidn was evident (EE% > 9% after 1
cycle). However, the maximum encapsulation (~16.8%$ still not reached, which indicates
that there was either limited drug diffusion inteetliposomes or that only a percentage of the
liposomes had drug encapsulated. A possible exjptemi that under these freezing conditions,
densely populated liposome phases (Fig. 7.4A, B)paesent. These dense phases may inhibit
the diffusion of the water-soluble drug within thposome phase. Liposomes located more
towards the center of this phase and/or liposomésygped in the bulk ice would have limited
contact with the drug. It is suggested that twqyirAcycles are necessary since a second cycle
redistributes the liposomes, facilitating contattttee drug with all liposomes. After the two
FAWNT cycles, the EE% was similar to the theoreticakimam and the physical characteristics

did not change.

143



Antonio P. Costa, PhD — University of Connecti@@16

In addition to increased drug diffusion, liposonaiéruption/fusion is another mechanism of
drug encapsulation. This is evident from thenkA(-196/-226nd65) sample, which had high
polydispersity pre-extrusion. The post-extrusiorlygispersity returned to a monodispersed
system and the EE% was near the theoretical maximaioe. This is due to the complete
disruption and fusion of the liposomes during thew process —after extrusion, the drug is
equally dispersed between the intraliposomal anchigxosomal space. As suggested by Talsma
et al and supported by cryo-SEM imaging (Fig. 7.4C, Xg crystal growth may be
destabilizing to the liposom&8 by forcing the vesicles into close contact. At lsudose
distances between liposomes, electrostatic remufsitces and hydration forcésare no longer
sufficient to prevent particle fusion. Thus, pddisize, size distribution and polydispersity
increased for the R\T(-196/-226nd65) samples. For the KAT(-196/-1.4/65) and FT
samples, it may be that the high concentrationdrof, liposomes and buffer between the ice-
phase is allowing for intra-liposomal and/or exXtpmsomal ice within the vicinity of the
liposomes to melt, thus keeping the liposomes hgdrand preventing them from fusing. Thus,
at temperatures close to 0°C, such high conceomstwould result in a freezing point

depression causing the ice to melt.

To further investigate whether ice is melting amggbly hydrating/stabilizing the liposomes at
subzero temperatures, DSC was used to detect emothpeaks that indicate water refreezing
after annealing. Reported DSC measurements for DIpi@€omes demonstrates that heating a
sample from -50°C to -15°C and re-cooling to -5@f&@s not show the intra-liposomal water
freezing peak (at -43°C) in the DSC profife thus intra-liposomal and extra-liposomal iced$ n

melting upon heating to moderate temperatures atfwvéntra-liposomal freezing temperature.
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In the current case, the DSC thermogram from Eigsiows that ice melted and refroze for the
-1.4°C sample. This suggests that melted waterydrating the liposomes and preventing
liposome fusion. In the case of the -22°C sampte,erothermic peak was visible, which

indicated water did not melt during the annealitagge and did not stabilize the liposomes.

Lastly, the results reported here were only foragsalating a single hydrophilic molecule. As
previously mentioned, we avoided lipid-drug inteéi@es by choosing a model drug that was
hydrophilic and exhibited low permeability, and blyoosing lipid of the same charge as the
drug. Therefore, these results can be extendedther csmall molecules and/or proteins
(depending on protein stability during freezingitivag). Moreover, further testing needs to be
done on lipid compositione(g. mixing lipids of various hydrocarbon chain lengtlisat are
saturated vs. unsaturated and/or that have diffépd head groups). All of these adjustments in
the lipid composition may form voids in the lipiddyer, causing the liposomes to fuse during
the thawing cycle and resulting in a polydispersgstem rather than a monodispersed system

after freeze-thaw cycling.

7.7 Conclusion

The significance of this work is that the resulteyide further insight into conditions that
destabilize liposomes and induce fusion (due toydiettion and ice growth). The results also
suggest a second mechanism for drug encapsulatien ¢ryo-concentration of drug and
liposomes in the frozen state) that increases th&6 Eof the drug. Moreover, for this
DSPC:Chol:DSPG liposome formulation, it is possibde encapsulate drug into pre-formed

empty liposomes without the need for extrusion threp downsizing techniques. As for other
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applications, such as freeze-drying of liposomdss tmechanistic insight provides an

understanding of why liposomes become destabilietér various different conditions.
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7.10 Tables

Table 7.1: Experimental outline for 60 mM DSPC:CB&PG (6:3:1 molar ratio) liposomés.

Annealed . Thawing Time at 65°C
Thaw/annealing . .

Sample ID Temperature fime (min) temperature | following thawing
°C) O (min)
FT(65°C) n/a 10 65 --
FT(1°C) n/a 90 1 10
FT(4°C) n/a 45 4 10
FT(23°C) n‘a 20 23 10

FAuT(-1.4°C/65°C -1.4 36, 90, 360 and 960 65 10

FAWNT (-22°C/65°C -22 960 65 10

2 A single freeze-thaw cycle was performed in albes with differences in the thawing
temperature. The difference in thawing time wasdedeto accommodate complete thawing.
Liposomes were held at 65°C for 10 minutes befataeusion to prevent membrane fouling.
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Table 7.2. Pre-Extrusion Results for TwonNgA(-196/-1.46mi/65) Cycles (n=3)

Particle Size + PDI Width (d. n 151.90+ 34.9
PDI 0.0t

Zeta-Potentiak: Deviation (m' -56.77+ 10.1

Encapsulation Efficien 15.42+ 0.089
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7.11 Figures
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Fig. 7.1. Patrticle size of liposomes under variooisditions. Samples either underwent a freeze-
thaw (FT) cycle or a freeze-anneal-thaw (&) cycle. All liposomes were frozen in liquid
nitrogen (-196°C). All FANT samples were thawed at 65°C. Both pre-extrusioth post-
extrusion particle size properties are detailedvab®he error bar represents the PDI distribution
width. The inset above each group of data represéet PDI of the samples for pre- and post-
extrusion.

148



Antonio P. Costa, PhD — University of Connecti@@16

Zeta-Potential Measurements Pre- and

Post-Extrusion
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Fig. 7.2. Zeta-potential of the liposome formulatidhe zeta-potential is provided for both pre-
and post-extrusion for the samples listed in Fify. 7
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Comparison of the Encapsulation Efficiency of
the Liposome Formulation Post-Extrusion
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Fig. 7.3. Encapsulation efficiency for samples tedwinder various conditions. All samples
were frozen in liquid nitrogen at -196°C. The sagspithawed directly at 65°C represent normal
freeze-thaw cycling. All other samples underwergirggle freeze-thaw or freeze-anneal-thaw
cycle. The effects on EE% of thawing at temperatuabove 0°C and annealing at subzero
temperatures is demonstrated (n=3).
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Fig. 7.4. Cryo-SEM images of PFE-liposomes with ofemir. In all the images, the
smooth/darker areas represent the ice phase \eiladn-smooth/lighter regions are liposomes.
(A) Sample frozen to -196°C, magnification (magQ@®x. (B) 30,000x mag. of sample from A
with liposomes clearly visible. (C) Sample frozen-196°C, annealed at -20°C overnight, and
then refrozen to -196°C prior to imaging, mag. 5X2QD) 30,000x mag. of sample from C. In
D, the top right hand corner is ice while the sthe image is of liposomes in an apparent fused
state. (D Inset) 30,000x mag. of a thin channdipaisomes between the ice-phases.
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DSC Profile of Liposomes
Annealed at Different Temperatures
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Fig. 7.5. DSC profile of annealed liposomes. Sampiere first frozen in liquid nitrogen (-
196°C) and heated to the annealing temperaturé@-22 -1.4°C) and held at that temperature
for 10 min (not shown). The sample was then rexbdd -60°C (shown above). HEPES buffer

without liposomes was shown as a control. All sasphere run in triplicate and the average
standard deviation was <0.4 in all cases.
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Chapter 8

Conclusions and Suggested Studies

8.1 Conclusions

The implementation of the quality by design apphoat the onset of this work provided
valuable insight required for the system design &rdan understanding of the liposomal
formation process. From Chapter 3, risk analysesewmerformed for various “effects”
associated with this work, such as “the formatibquality liposomes” and “in-line particle size
analysis”. From Chapter 4, a turbulent jet mixeisviabricated and investigated in detail. The
turbulent jet mixer established flow conditions tthiarmed unilamellar, monodispersed
liposomes. The patrticle size of these liposomesagatollable from ~25 nm to >465 nm. It was
determined that the mean patrticle size of the bpwes had a significant dependence on the
Reynolds Number of the mixtured. ethanol and aqueous phase) and was independéawof
velocity ratios above a flow velocity ratio of apgimmately 7. The mean particle size and particle
size distribution of these liposomes was measussdgumultiple techniques such as dynamic
light scattering, nanoparticle tracking and twoctlen microscopy techniques. Each technique
concluded that the liposomes increased in size wittlecrease in Reynolds Number of the
mixture, and three of these techniques confirmed rtfonodispersity of these liposomes. In
addition, a novel model on the liposome formatiancpss was explained. From analyzing

agueous phase additives, types of lipid molecudesl lipid concentration on the liposome
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formation process, it was determined that it igligkthat pro-liposomes initially form and grow

in size depending on process conditions and the figgmulation.

From chapter 5, an in-line dilution stage was adwethe liposome formation process to reduce
the total amount of ethanol down to 5 % vol. It wketermined that the in-line dilution stage
causes changes to the mean particle size andlpasire distribution. This indicates that the
liposomes may not be fully formed or unstable atliposome formation site. One major finding
was that air bubbles caused multiple populationgosomes to form at the in-line dilution site.
This phenomenon was thought to occur since lipidemdes would align at the air-water
interface and then mix back into solution at thdine dilution stage. When the lipid molecules
mixed back into the aqueous phase, the liposonmasefb at a different Reynolds number and
possibly temperature, thus forming liposomes ofifeergnt size. The combined effects led to
polydispersity in the system. To prevent liposorpalydispersity, a degassing unit post the
liposome formation site was implemented. It wasedwined that low phase transition
temperature lipidse(.g. DMPC) exhibited a larger polydispersity than higiphase transition
temperature lipidse(g. DPPC); however, this polydispersity was reducedtfe low phase

transition temperature lipids when the degassingwas implemented.

In addition, at-line particle size analysis was liempented into the continuous processing of
liposomes. Dynamic light scattering was the pagtgikze analysis technique implemented in the
process. Two modes were investigated to transtetiposomal dispersion to the instrument for

analysis. The first was the continuous flow modd Hre second was the load/stop mode. The

load/stop mode provided more consistent resultaeasuring the particle size of the liposomes
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For example, this mode exhibited a reduced lag teteeen process changes and particle size
measurements and the mean patrticle size data mdargio off-line particle size measurements.
Moreover, the amount of NaCl dissolved in the aggsephase was investigated. It was
determined that the ionic strength of the aguedas® significantly impacted the mean particle
size of the liposomes during the liposomal formatmwocessi.e. an increase in ionic strength

formed larger liposomes.

From chapter 6, a tangential flow filtration systemas implemented in the continuous
processing of liposomes. Two empirical models trelated factors such as particle size,
scattered light (ppm) and absorbance (CU) to thed tipid concentration were established. The
first model (Model I) predicted the lipid conceritoa from 0.5 to 7 mM total lipid for particle
size diameters from approximately 50 nm up to 2@ with an RMSE of 0.587 mM. As
explained, one of the limitations for this modethat the liposomes must be monodispersed. The
second model took into account the polydispersitiek (PDI) of the liposome formulation. This
addition allowed for the prediction of both mongumissed and polydispersed liposomal

formulations, but at a cost of increased model elegof freedom.

Lastly, from chapter 7, freeze-thaw-anneal cyclomgliposomal dispersions was investigated.
This work provided insight into conditions that tslized liposomes and induced fusiore (

due to dehydration and ice growth). In additiomechanism to encapsulate drug was suggested
that was based on the cryo-concentration of thg @nd liposomes while in the frozen state.
This cryo-concentration effect led to an increasethie encapsulation efficiency per freeze-

anneal-thaw cycle. Moreover, the stability of diffiet lipid formulations was assessed. It was
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determined that high phase transition lipids sueiD&PC formed highly stable liposomes that
were able to withstand freeze-anneal-thaw cyclintgaut change in the physical propertiesy(
particle size and size distribution). In this caseg could be encapsulated during this process
without the need for extrusion or other downsiziaghniques. Lastly, this mechanistic insight

provides an understanding of liposomal stabilityiy freezing and thawing conditions.

8.2 Suggested Studies

8.2.1 Continuous Processing of Liposomes

From the current work, the liposome formation pesceras dependent on many factors such as
temperature, ionic strength, the extent of mixipgedicted by the Reynolds Number), aqueous
phase additives and the lipid formulation. Addiabstudies may include investigating different
types of buffers€.g.phosphate, hepes or tris buffers), enthalpy ofimgiand lipid packing. The
combination of the previous work with these addiibstudies may support an empirical model
to explain and predict the formation of liposomglkis model could then be further investigated

to establish a theoretical model based on firstqpies.

In addition, the continuous processing of liposoinas multiple stages and different drugs may
be intercalated with the lipid bilayer, loaded inb@ liposomes and/or encapsulated. Additional
stages could be incorporated into the continuou®ocgss to accommodate high
loading/encapsulation efficiencies of different gsu Moreover, additional process analytical
technology €.g. Raman spectroscopy) could be incorporated intosysgem to monitor and

control the drug loading/encapsulation from theilneigg of the process to the end.
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8.2.2 Freeze-Anneal-Thaw Cycling

This work could be enhanced by developing a metbqatecisely cryo-concentrate the drug and
liposomes to achieve high encapsulation efficierfeyture work on developing a freezing

protocol or an apparatus that forms a highly cotreéed liposomal region with drug in the

frozen state, followed by thawing, may achieve bighncapsulation efficiencies. In addition,

this technique could be implemented in the contirsuprocessing of liposomes to support the

encapsulation of compounds that cannot undergoteeloading such as proteins.
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