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(57) ABSTRACT 

Embodiments of the invention are directed to a method of 
estimating the physical stability of a protein formulation. A 
particular embodiment of the invention places the protein 
formulation under an agitational stress that causes the pro 
tein to aggregate at an accelerated rate. In one embodiment, 
the change in protein aggregation is monitored spectroscopi 
cally using Thio?avin-T. Embodiments of the invention then 
utiliZe a survival curve analysis to ascertain the relative 
physical stability of the different protein formulations under 
study. This method Was used to develop novel surfactant 
stabiliZed insulin formulations in a rapid, cost ef?cient 
manner, thus illustrating the utility of the inventive method 
to the discovery and development of pharmaceutical protein 
formulations. 
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METHODS OF EVALUATING PROTEIN 
FORMULATION STABILITY AND 

SURFACTANT-STABILIZED INSULIN 
FORMULATION DERIVED THEREFROM 

[0001] This application is a divisional application of Ser. 
No. 09/981,968, ?led on Oct. 18, 2001, for METHODS OF 
EVALUATING PROTEIN FORMULATION STABILITY 
AND SURFACTANT-STABILIZED INSULIN FORMU 
LATION DERIVED THEREFROM by Seon Young Kim, 
William P. Van Antwerp, Todd M. Gross, and Poonarn S. 
Gulati, attorney docket No. PD-0461. 

FIELD OF THE INVENTION 

[0002] Embodiments of the invention are directed to 
accelerated methods of determining the relative physical 
stability of a protein formulation and surfactant-stabiliZed 
insulin formulations. 

BACKGROUND OF THE INVENTION 

[0003] The physical stability of pharmaceutical protein 
formulations is of paramount importance since there is 
alWays a time delay betWeen production of the protein 
formulation and its delivery to an appropriate patient. The 
physical stability of a protein formulation becomes even 
more critical When using drug delivery devices to dispense 
the protein formulation, such as infusion pumps and the like. 
When these delivery devices are used, the protein formula 
tion is generally stored in the device, Which is either Worn 
close to the body or implanted Within the body. In either 
case, a patient’s oWn body heat and body motion, plus 
turbulence produced in the delivery tubing and pump, impart 
a high amount of thermo-mechanical energy to a protein 
formulation. Thus, the use of such infusion delivery devices 
places a high degree of thermo-mechanical stress on the 
protein formulation to be delivered. Additionally, infusion 
delivery devices eXpose the protein to hydrophobic inter 
faces that are found in the delivery syringes and catheters. 
These interfacial interactions tend to destabiliZe the protein 
formulation by inducing denaturation of the native structure 
of the protein at these hydrophobic interfaces. 

[0004] Analytical tools for assessing the physical stability 
of protein formulations, in particular insulin formulations, 
have been developed. These analytical methods, hoWever, 
generally require long test runs of 20 or more days, as Well 
manual intervention during the test period. Moreover, most 
protein formulations contain numerous eXcipients that are 
added to the formulation to further stabiliZe the protein. For 
eXample, a typical insulin formulation may contain ?ve or 
more eXcipients, such as a particular buffer system, isotonic 
substances, metal ions, preservatives and one or more sur 
factants. 

[0005] Given the long test runs and manual intervention 
required to assess the physical stability of a neW insulin 
formulation, as Well as the need to vary ?ve or more 
eXcipients over a particular concentration range during the 
analytical process, the development of neW formulations is 
costly in terms of time and resources. Moreover, even for the 
evaluation of neW batches of a knoWn protein formulation, 
such as in quality control analysis, current state of the art 
methods are less than desirable. 

[0006] Since the requirements of current protein formula 
tion evaluation methods are not conducive to the rapid 
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development of novel and more physically stable protein 
formulations, a reliable, time- and resource-ef?cient analyti 
cal method is desired. Such an analytical tool Would enable 
the rapid development of novel protein formulations, as Well 
as the rapid identi?cation of protein formulation stability in 
quality control procedures. 

SUMMARY OF THE DISCLOSURE 

[0007] Embodiments of the invention are directed to meth 
ods of evaluating the physical stability of a protein formu 
lation. These methods includes tWo phases. The ?rst phase 
includes the folloWing steps. Preparing a statistically rel 
evant number of identical samples of a protein formulation 
to yield a one or more sample types, Where the protein is 
susceptible to changes in its native conformation yielding 
non-native conformers of the protein. A small molecular 
agent or probe that yields a change upon binding to a 
non-native conformer of the protein is then added to the 
samples. A controlled stress is then applied to all sample 
types, Where the controlled stress applied causes the protein 
to exhibit a change in its native conformation. The sample 
types are then monitored to yield time-dependent data that 
are related to a degree of protein conformational change for 
each sample type. The second phase includes applying a 
survival analysis to the data obtained for each sample type 
and comparing the survival analysis for each sample type to 
determine the relative physical stability of the protein for 
mulations under evaluation. 

[0008] A preferred controlled stress suitable for use in 
embodiments of the invention is agitation. A preferred 
method to monitor the change in protein conformation is via 
?uorescence. An eXample of a protein conformational 
change suitable for use in the invention is the change in the 
physical structure of insulin from its native conformation to 
the ?bril form of insulin. 

[0009] From the use of a particular embodiment of the 
invention, novel surfactant-stabiliZed insulin formulations 
Were developed. These novel insulin formulations include a 
buffer system, an isotonicity agent, a preservative, metal 
ions, and a non-ionic surfactant selected from at least a 
polysorbate, a poloXyethylene ether, a polyethylene glycol 
ether, and miXtures of these surfactants. The preferred 
insulin for use in these novel formulations is human insulin, 
preferably a human recombinant of insulin. The preferred 
insulin concentrations for use in the formulations of the 
invention is about 2 U/ml to about 1000 U/ml, most pref 
erably about 400 U/ml. 

[0010] An unexpected property of the novel surfactant 
stabiliZed insulin formulations of embodiments of the inven 
tion is that these formulations provide a greater stabiliZation 
to insulin than the prior art, Genapol stabiliZed formulations. 
Moreover, the surfactants suitable for use in formulations of 
the invention are FDA regulatory approved surfactants, thus 
further demonstrating the use of these novel formulations in 
pharmaceutical preparations of insulin. 

[0011] These highly stable, surfactant-stabiliZed insulin 
formulations are particularly Well-suited for use in infusion 
devices for the delivery of insulin to a patient. Thus, another 
aspect of the invention is directed to insulin infusion 
devices, Which include an insulin pump system and a 
surfactant-stabiliZed insulin formulation including insulin 
and a non-ionic surfactant selected from at least a polysor 
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bate, a poloxyethylene ether, a polyethylene glycol ether, 
and mixtures of these surfactants. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] A detailed description of embodiments of the 
invention Will be made With reference to the accompanying 
drawings, Wherein like numerals designate corresponding 
parts in the several ?gures. 

[0013] FIG. 1 shoWs a snap shot of the aggregation 
behavior for particular insulin formulations in a 96-well 
microplate. 

[0014] FIG. 2 is a graphic representation of the survival 
curve analysis data shoWn in Table 2. 

[0015] FIG. 3 is a graphic representation of a survival 
curve comparison of three experimental runs used to vali 
date embodiments of the present invention. 

[0016] FIG. 4 is a graphic representation of a survival 
curve comparison of ?ve experimental runs Which further 
validate embodiments of the present invention. 

[0017] FIG. 5 is a representation of the chemical structure 
of some FDA regulatory approved surfactants. 

[0018] FIG. 6 is a graphic representation of a survival 
curve comparison of three surfactants for use With insulin 
formulations of the present invention; the surfactants com 
pared are Genapol PF-lO, PEG and TWeen 80. 

[0019] FIG. 7 is a graphic representation of a survival 
curve comparison of three surfactants for use With insulin 
formulations of the present invention; the surfactants com 
pared are Genapol PF-10, TWeen 20 and TWeen 80. 

[0020] FIG. 8 is a graphic representation of a survival 
curve comparison of three surfactants for use With insulin 
formulations of the present invention; the surfactants com 
pared are Genapol PF-10, Brij 35 and Triton X-100. 

[0021] FIG. 9 is a graphic representation of a survival 
curve comparison of three surfactants for use With insulin 
formulations of the present invention; the surfactants com 
pared are TWeen 80, Brij 35 and Triton-X 100. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

I. De?nitions 

[0022] Unless otherWise speci?ed, the term “insulin” as 
used herein is intended to refer to any insulin, including but 
not limited to human and animal insulins, recombinant 
insulins, semi-synthetic insulins, insulin analogues Where 
one or more amino acid residues of the protein sequence of 
human insulin have been deleted or replaced by other amino 
acid residues or additional amino acid residues not found in 
human insulin have been added, and derivatives of human 
insulins or analogues Where at least one organic substituent 
is bound to one or more of the amino acid residues, or the 
like. 

[0023] The term “aqueous” as used herein refers to a 
Water-based protein formulation, but may optionally contain 
additional solvents, e.g., a small amount of a Water-miscible 
solvent. 
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[0024] Generally, the phrase “physical stability of a pro 
tein formulation,” as used herein, refers to the ability of a 
particular protein formulation to maintain the native, active 
structure of a protein as the protein is exposed to thermo 
mechanical stresses over time. More particularly, the term 
“physically stability of a protein formulation” generally 
refers to the tendency of a protein formulation to undergo 
conformational changes over time yielding non-native con 
formers of the protein that deviate from the native confor 
mation of the protein, i.e., to denature, including partial 
denaturation, regardless of Whether the non-native con 
former of the protein forms higher molecular Weight aggre 
gates or precipitates. In terms of insulin formulations and 
other protein formulations Where higher molecular Weight, 
insoluble aggregates result in decreased activity of the 
protein formulation, the term “physical stability” refers to 
the tendency of a protein formulation to form biologically 
inactive and/or insoluble aggregates of the protein as a result 
of exposure of the protein to thermo-mechanical stresses, as 
Well as the tendency of a protein formulation to form 
biologically inactive and/or insoluble aggregates of the 
protein as a result of interaction With interfaces and surfaces 
that are destabiliZing, such as hydrophobic surfaces and 
interfaces. The interaction of a protein With hydrophobic 
surfaces and interfaces is also referred to as interfacial 
denaturation or interfacial tension. In the case of insulin, 
these biologically inactive and/or insoluble aggregates are 
generally polymeric ?bril forms of insulin. A related param 
eter to the “physical stability of a protein formulation” is its 
solubility in that higher molecular Weight aggregates and 
denatured forms of a protein, including partially denatured 
forms of a protein, Which are generally less soluble than 
their non-aggregated, loWer molecular Weight counterparts 
and native forms of the protein. Another related parameter to 
the “physical stability of a protein formulation” is the 
protein concentration in that physically stable formulations 
become less physically stable as the concentration of the 
protein is increased or decreased. 

[0025] The various forms of the verb “to aggregate” refer 
to a process Where individual protein molecules or com 
plexes formed from individual protein molecules associate 
With one another. Some aggregates have biological activity 
While other forms of aggregates do not. An exemplary 
biologically active protein aggregate is a polymeric assem 
bly comprising insulin monomers to form an insulin hex 
amer. In the case of insulin, hoWever, both the monomer and 
the hexamer have biological activity in the body. Insulin can 
also form other forms of biologically inactive protein aggre 
gates Which generally include polymeric ?brils. These ?brils 
are inactive aggregates of insulin that exist largely in a beta 
sheet conformation rather than in the native conformation of 
insulin, Which is largely alpha helical. 

[0026] The term “interfacial denaturation” or “interfacial 
tension” as used herein refers to a process of protein 
denaturation that results from exposure of the protein to 
hydrophobic surfaces, e.g., air-Water interfaces and hydro 
phobic polymer-Water interfaces, e.g., Where the hydropho 
bic polymer is a Te?on material, silicone material, saran 
material, plastic materials, or the like. 

[0027] The term “physical stress” as used herein refers to 
any thermo-mechanical stress that is placed on a protein 
formulation, such as agitational, vibrational stresses, and the 
like. 
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[0028] In embodiments of the present invention, a “unit” 
(“U”) approximately corresponds to 6.2 to 6.9 nmol of 
insulin. 

[0029] The term “Tris” as used herein refers to 2-amino 
2-hydroxymethyl-1,3-propanediol and to any pharmacologi 
cally acceptable salt thereof. The free base and the hydro 
chloride forms are tWo common types of Tris. Tris is also 
knoWn as tremethylol aminomethane, tromethamine and 
tris(hydroxylmethyl)aminomethane. 
[0030] The term “phenolic preservative” as used herein 
generally refers to art accepted phenolic preservatives, such 
as chlorocresol, m-cresol, phenol and mixtures of these 
preservatives, or the like. 

[0031] An “isontonicity agent” is a chemical substance 
that is physiologically tolerated and imparts a suitable 
tonicity to a formulation Which prevents the net ?oW of 
Water across cell membranes that are in contact With the 
formulation. Chemical substances such as glycerin are com 
monly used for such purposes at suitable concentrations. 
Other possible isotonicity agents includes salts, eg sodium 
chloride, glucose, dextrose and lactose, or the like. 

II. Methods of Evaluating the Physical Stability of 
Protein Formulations: The Accelerated Physical 

Stability Method 

[0032] Embodiments of the present invention are directed 
to reliable, time- and cost-efficient methods of evaluating the 
relative physical stability of a particular protein formulation. 
Thus, embodiments of the invention are useful analytical 
tools for developing neW protein formulations With 
increased physical stability, as Well as for use in evaluating 
the physical stability of neWly prepared batches of knoWn 
protein formulations in quality control procedures, or the 
like. 

[0033] Embodiments of the present invention encompass a 
fully automated assay of protein formulation stability that 
generally requires less than 7 days to evaluate even the most 
physically stable protein formulations. Embodiments of the 
inventive method generally require tWo main steps. First, 
statistically relevant experimental data re?ective of the 
physical stability of particular protein formulations is gath 
ered. In a second step, these data are analyZed using a 
statistical method utiliZing survival curve analyses. The 
utility of the accelerated physical stability methods of the 
invention is further demonstrated by the development of 
novel surfactant-stabiliZed insulin formulations using an 
embodiment of the invention. These novel protein formula 
tions are disclosed in Section III beloW. 

[0034] i) Probing the Physical Status of a Protein Formu 
lation: The First Step of the Accelerated Physical Stability 
Method 

[0035] Embodiments of the inventive method involve 
placing a small amount of a protein formulation to be 
evaluated under a controlled stress. The preferred sample 
volume is about 50/11 to about 500 pl, most preferably about 
200 pl. HoWever, other sample volumes can be used. 
Embodiments of the invention can accommodate sample 
volumes from 1 ul to 1 ml. The medium chosen for the 
analysis can be any medium in Which the physical stability 
of a particular protein is desired to be evaluated, such as 
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aqueous solutions, organic solvents, and the like. Further, 
the medium chosen can be a liquid, an emulsion, a gel, or the 
like. 

[0036] The controlled stress is externally applied to one or 
more protein formulations under evaluation. This controlled 
stress is physically translated to the protein contained in a 
particular formulation . Thus in embodiments of the inven 
tion, an application of stress yields an accelerated rate of 
change in the physical state of the protein formulations 
under evaluation. More speci?cally, the applied stress 
induces one or more non-native states of the protein, i.e. 
non-native conformational states, to be produced at an 
accelerated rate. These non-native states of the protein 
generally are not biologically active and represent a loWer 
energy state of the protein. The time required for a certain 
amount of a particular protein to undergo a physical change 
to one or more of its non-native states is re?ective of the 
physical stability of the protein formulation. Moreover, a 
relative comparison of tWo or more protein formulations that 
differ in composition yields the relative physical stability of 
the proteins formulations under evaluation. 

[0037] In embodiments of the invention, this change in the 
physical state of a protein, i.e., production of one or more 
non-native protein states, is detected spectroscopically using 
an spectroscopic probe that preferentially binds to a non 
native form of the protein, as compared to its binding to the 
native form of the protein. The detection of this induced 
change in protein state, caused by the applied stress, can be 
observed by folloWing a concomitant change in spectra of 
the spectroscopic probe upon its binding to a non-native 
state of the protein. This change in the spectra of the 
spectroscopic probe can be monitored by numerous spectral 
techniques, such as ?uorescence, absorbance, nuclear mag 
netic resonance (NMR), circular dichroism (CD), or the like. 

[0038] Other embodiments of the invention include moni 
toring a change in the physical state of protein by observing 
changes in the bulk physical properties of the protein 
formulations under evaluation. These techniques involve 
monitoring a change in shape and/or siZe of the protein as a 
function of the applied stress, including monitoring changes 
in the frictional properties, viscosity, turbidity, light scatter 
ing, or the like, of the protein formulations under evaluation. 
The use of these techniques in embodiments of the invention 
do not require the addition of a spectroscopic agent to probe 
the change in the conformational state of the protein in a 
given formulation. 

[0039] The stress applied is preferably a controlled physi 
cal stress, including agitational, vibrational, rotational, 
shearing, ultrasonic stresses, or the like. Other types of 
applied stress are included in embodiments of the invention, 
such as thermal stress, photochemical stress, or the like. 
When applying a thermal stress, concomitant changes in the 
physical states of the protein result, hoWever, thermal stress 
also may affect the chemical state of the protein. In embodi 
ments of the invention utiliZing a photochemical stress, 
generally changes in the physiochemical state of the protein 
is probed. Further, the controlled stress applied can be a 
combination of tWo or more stresses, such as agitation of the 
protein formulations of interest at elevated temperatures. 

[0040] For embodiments of the present invention that 
include a spectroscopic agent or probe of the conformational 
status of a protein, the probe is preferably a small molecule 
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that preferentially binds to a non-native conformer of the 
protein. One example of a small molecular spectroscopic 
probe of protein structure is Thio?avin-T. Thio?avin-T is a 
?uorescent dye that has been Widely used for the detection 
of amyloid ?brils. In the presence of ?brils, and perhaps 
other protein con?gurations as Well, Thio?avin-T gives rise 
to a neW excitation maximum at about 450 nm and enhanced 
emission at about 482 nm When bound to a ?bril protein 
form. Unbound Thio?avin-T is essentially non-?uorescent 
at these Wavelengths. Recently, Thio?avin-T has been used 
to elucidate the mechanism of ?bril formation in insulin.1 
1 Nielson. L., Khurana, R., Coats, A., Frokjaer, S., Brange, J., Vyas, S., 
Uversky, V., and Fink, A. Biochemistry, 2001, 40, p. 6036. 

[0041] Other small molecules can be used as probes of the 
changes in protein structure from native to non-native states. 
Examples of other small molecular, spectroscopic probes is 
the “exposed hydrophobic patch” probe and the “exposed 
coordination site” probe. As is the case With Thio?avin-T, 
these small molecular, spectroscopic probes yield a spectro 
scopic change upon binding to a non-native form of the 
protein of interest, such as a change in ?uorescence, a 
change in absorbance, a change in circular dichroism, and 
the like. 

[0042] The “hydrophobic patch” probe preferentially bind 
to exposed hydrophobic patches of a protein. These hydro 
phobic patches are generally buried Within the tertiary 
structure of a protein in its native state, but become exposed 
as a protein begins to unfold or denature. Examples of these 
small molecular, spectroscopic probes are aromatic, hydro 
phobic dyes, such as anthracene, acridine, phenanthroline, or 
the like. Other spectroscopic probes are metal-amino acid 
complexes, such as cobalt metal complexes of hydrophobic 
amino acids, such as phenylalanine, leucine, isoleucine, 
methionine, and valine, or the like. 

[0043] Another example of a small molecular probe, is a 
probe of the coordination saturation in non-native states of 
a metalloprotein. Examples of these molecular probes are 
spectroscopically active and unsaturated coordination metal 
complexes, such as ruthenium-pyridyl complexes, ruthe 
nium-phenanthroline complexes, or the like. These spectro 
scopic probes bind to one or more exposed coordination 
sites in non-native conformations of a metalloprotein,. These 
exposed coordination sites generally are bound to speci?c 
amino acid ligands in the native protein, but become open to 
coordination by the small molecular probe in non-native 
states of the metalloprotein. 

[0044] Other spectroscopic systems utiliZing spectro 
scopic probes also can be utiliZed in embodiments of the 
invention, such as ?uorescence systems based on FRET 
(?uorescence resonance energy transfer) and PET (photo 
induced electron transfer), such as those disclosed in US. 
Pat. No. 6,011,984, and the like, Which is incorporated by 
reference in its entirety herein. 

[0045] ii) Survival Curve Analysis of the Physical Status 
of a Protein Formulation: The Second Step in the Acceler 
ated Physical Stability Method 

[0046] After gathering spectroscopic data re?ective of the 
physical stability of one or more protein formulations, these 
data are compared using survival curve analyses. These 
survival curve analyses are statistical methods similar to 
those that have been used in the prior art, for example, in the 
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analysis of data from clinical trials of a neW pharmaceutical 
drug. In these clinical trials the survival of patients taking 
the drug is compared to the survival of patients taking a 
placebo or another drug. Thus, at the end of the trial, a 
percent survival is obtained for each patient population. As 
With any statistical method, the number of individuals, or 
samples, i.e., an N value, must be chosen to yield statisti 
cally signi?cant results. In an embodiment of the invention 
that utiliZes a 96 Well microplate, as described beloW, the N 
value chosen is preferably about 16 to about 48 identical 
sample formulations With an N value of about 24 identical 
samples being most preferred. Other N values also may be 
used depending of the siZe of the microplate utiliZed, or 
other similar device for containing the samples. 

[0047] In preferred embodiments of the invention, the 
survival curve analysis compares the rate of protein aggre 
gation of a ?rst sample type, containing a statistically 
relevant number of identical samples of a particular insulin 
formulation, to that of one or more samples types containing 
a statistically relevant number of identical samples of dif 
ferent insulin formulations. In particular embodiments of the 
invention, protein aggregation, or changes in protein con 
formation, is equated With non-survival of the protein. 

[0048] A protein reference batch of knoWn physical sta 
bility can be used to estimate the physical stability of 
particular unknoWn insulin formulations. A comparison to a 
reference protein batch controls for small changes in starting 
conditions that can affect the absolute rate of aggregation, as 
Well as controlling drift in the light source intensity and 
detector sensitivity. These small changes and drifts can 
affect the absolute intensity measurements Additionally, the 
possibility of dye bleaching by incident radiation can be 
addressed by using a protein reference batch. Thus, the use 
of a protein reference batch controls for random variables in 
the experimental protocol. 

[0049] HoWever, a protein reference batch is not necessary 
to the evaluation of the relative physical stability of a series 
of protein formulations. In this experimental design, each 
protein formulation acts as a reference to the other protein 
formulations under evaluation. Thus, the relative physical 
stability of a series of protein formulations can be deter 
mined Without the use of a protein reference batch. 

[0050] In particular embodiments of the inventive method, 
the median survival time for particular protein samples to 
reach a state Where 50% of the protein is in an aggregated 
state, or 50% of the protein has not survived, is chosen as an 
end point of the experimental run. This end point is preferred 
as a metric and appears to adequately represent the physical 
stability of a given protein formulation. In other embodi 
ments of the invention, other points on the survival curve 
can be used as a metric of the physical stability of the protein 
formulations under evaluation. The median survival, hoW 
ever, appears to represent and coincide With the average 
physical stability of the sample formulations Thus in 
embodiments of the invention, the longer the median sur 
vival, the greater is the physical stability of the protein 
formulations under evaluation. 

[0051] In embodiments of the invention, a survival curve 
analysis of the change in physical state of a particular protein 
is necessary because direct evaluation of the physical sta 
bility of protein formulations is dif?cult, to nearly impos 
sible, to obtain simply from a pro?le of protein aggregation 
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versus time. There are tWo main reasons for this dif?culty. 
The ?rst reason is experimental. The raW data, as shoWn in 
FIG. 1 for several insulin formulations, are very noisy 
mostly due to a stirring device, such as Te?on bead, being 
in the light path of the ?uorometer, as described beloW. The 
second reason is that the kinetics of aggregation is not Well 
understood. For insulin, it has been proposed that the 
process of aggregation is autocatalytic.2 The actual reaction 
mechanism of aggregation of insulin, Which includes ?bril 
formation, hoWever, is largely unknoWn. Accordingly an 
analytical solution to the aggregation kinetic mechanism of 
insulin is also unknoWn. 
2 Sluzky. V., Tamada. J. A., Klivanov. A. M., and Langer, R. Proceedings of 
the National Academy of Sciences, 1991, 88 p. 9377. 

[0052] The use of a survival curve analysis applied to the 
spectroscopic data of changes in protein states yields a 
simple method Which compares a statistically relevant num 
ber of samples of a given formulation to a statistically 
relevant number of samples of another formulation, yielding 
a relative physical stability pro?le of the sample types under 
evaluation. Accordingly, no prior knoWledge or understand 
ing of the mechanism of aggregation, or the mechanism of 
protein conformational changes, is needed for applications 
of embodiments of the invention. 

[0053] Once aggregation pro?les are obtained for each 
sample type under evaluation, as shoWn in FIG. 1, a 
calculation of the time to reach a certain ?uorescence level 
is performed. This time to reach a certain ?uorescence level 
is generally set at 50% survival, but can vary With the needs 
of particular experiments. This end point of the survival 
analysis represents a point in the aggregation pro?le that is 
at least beyond the initiation of aggregation. Moreover, the 
level of ?uorescence obtained at the 50% survival point Was 
determined to yield reliable results. This level of ?uores 
cence is generally substantially greater than the background 
noise of the system and ensures that the results are statisti 
cally relevant. For experimental systems With greater or less 
noise, higher or loWer levels of ?uorescence can be set as 
end points. 

[0054] The data noW consist of a series of times to the 
initiation of aggregation. Once the time to start aggregation 
is calculated, a standard Kaplan-Meier survival curve analy 
sis3, Where survival fractions are calculated as a function of 
time, is applied. For a comparison betWeen the formulations 
of interest and a reference batch, for example, the log rank 
test equivalent to the Mantel-HaensZel test is performed. 
This test generates a P value testing the null hypothesis that 
the survival curves are identical 

3 Campbell. M., and Machin, D., Medical Statistics, Wiley, New York, 1983. 
p. 112. 

[0055] Other important information that can be obtained 
from comparing tWo survival curves is their median survival 
and the ratio of the median survival of a reference batch, or 
other protein sample type, to the median survival of the 
sample type of interest. Median survival, as described 
above, is the time for 50% of the samples to reach a 
pre-determined level of ?uorescence. If the samples do not 
shoW ?uorescence at the end of the experiment, then median 
survival cannot be computed and We can only estimate a 
“minimum” median survival. 
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[0056] iii) A Preferred Embodiment of the Accelerated 
Physical Stability Method of the Invention 

[0057] Embodiments of the present invention are directed 
to methods of evaluating the physical stability of protein 
formulations, particularly insulin formulations. These meth 
ods generally involve the steps outlined above. In the 
folloWing description, the physical stability of particular 
insulin formulations are evaluated using a preferred embodi 
ment of the accelerated physical stability method of the 
invention. HoWever, the accelerated physical stability meth 
ods of the embodiments of the invention can be used to 
evaluate any protein that undergoes a change in conforma 
tion due to an application of a controlled stress. 

[0058] The ?rst step is to physically stress the insulin 
formulations under evaluation by controlled agitation. A 
series of identical insulin samples are prepared to yield a ?rst 
sample type, or reference batch in this example, and another 
series of identical insulin samples are prepared to yield a 
second sample type. A small volume of each insulin sample 
is placed in an open Well, i.e., exposed to air, of a 96-well 
microplate. One or more small, stirring device(s), preferably 
in the form of Te?on (polytetra?uoroethylene) bead(s), is 
also placed in each sample Well. The Te?on bead has a very 
hydrophobic surface, Which increases the interfacial tension 
Within each Well. HoWever, the stirring device can be made 
of different materials, including hydrophilic materials Adye, 
Thio?avin-T, is then added to each sample Well. Thio?a 
vin-T has been shoWn4 to bind to aggregated protein states. 

4 Levine. H., Protein Science, 1993, 2, p. 404. 

[0059] Although this particular embodiment of the inven 
tion exposes the protein formulations to air, and thus increas 
ing the interfacial tension, i.e., exposure to a air-Water 
interfaces, other embodiments of the invention utiliZe plac 
ing the protein samples in sealed vials from Which residual 
air is evacuated, thereby reducing the air-Water interface. 

[0060] In this particular embodiment of the invention, the 
physical stress applied is agitation of the microplate in a 
commercial instrument that also measures the ?uorescence 
of Thio?avin-T as a ?uction of the time of agitation. A 
typical instrument suitable for use in the accelerated physi 
cal stability methods of the invention is a Fluorskan ?uo 
rescence plate reader (Lab-systems). In this embodiment, the 
plate is orbitally agitated. HoWever other forms of agitation, 
such as shaking and vibrating, are suitable for use in other 
embodiments of the invention. After a certain time of 
agitation, a curve is generated, as shoWn in FIG. 1, Which is 
a plot of aggregation, as measured by the increase in 
Thio?avin-T ?uorescence intensity, as a function of time. 
The data generated are then subjected to a survival curve 
analysis. 

[0061] In this particular experiment using an embodiment 
of the accelerated physical stability method of the invention, 
the experiment begins by adding approximately 200 micro 
liters of a given protein formulation into multiple Wells in 
the 96-well microplate. A single Te?on bead is added to the 
Well together With an aliquot of Thio?avin-T dissolved in 
Water The microplate is covered With a Mylar sheet to 
reduce evaporation and avoid against accidental particulate 
contamination. The covered microplate is then placed in an 
incubated orbital shaker and is agitated With a controlled 
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force. The preferred operational parameters are given in the 
Table 1. 

TABLE 1 

Operational Parameters for Protein Stability Estimation 

Sample volume: 150-250 #1 preferably 190 #1 
Thio?avin-T: 10-30 ,uM, preferably 20 ,uM 
Shaking speed: 480-1200 rpm, preferably 960 rpm 
Shaking diameter: 1-5 mm, preferably 1 mm 
Temperature: 25-400 C., preferably 370 C. 
Microplate cover: 1-3 sheets of Mylar covers preferably one sheet. 
Excitation Wavelength: 440 nm—500 nm, preferably about 444 nm 
Emission Wavelength: 480 nm—520 nm, preferably about 510 nm 
Measurement directions: top doWn 
Number of Wells per formulation: 224 
Run time: 3-9 days or until more than 50% of the samples start to 
aggregate 

[0062] Arepresentative snap shot of an aggregation pro?le 
for a single run using all 96 Wells is shoWn FIG. 1. This snap 
shot gives the observer a quick look at the experimental 
results Without any further analysis. As can be observed 
form inspection of the snap shot in FIG. 1, some samples are 
fully aggregated, such as samples A1, A2, A8, A9 and A10, 
some samples are partially aggregated, such as G1 and H1, 
and some samples are not aggregated at all, such as A11 and 
B3. A snap shot is taken at every measurement during the 
entire run. Once an aggregation pro?le is obtained, the time 
to reach a certain ?uorescence level (e.g.50) is calculated, 
Which in this example represents the de?nite initiation of 
aggregation. The particular ?uorescence level can be deter 
mined from a comparison to the background noise to ensure 
that the ?uorescence level chosen is above the background 
noise. 

[0063] Once the time to start aggregation is calculated ( 
e.g. tso) then We can plot a survival curve, Where survival 
fractions are calculated using Kaplan-Meier method. An 
example of a survival curve is shoWn in FIG. 2. These 
calculations are performed using commercially available 
softWare, such as Prism or an equivalent softWare. Further 
examples are given beloW. 

[0064] iv) Conclusions 

[0065] Embodiments of the accelerated physical stability 
method of the invention have several advantages compared 
to other prior art tests. One of the most signi?cant advan 
tages is speed. This method typically aggregates proteins 
very quickly Which alloWs faster screening of formulations. 
Another advantage is that the method uses less volume than 
many other prior art methods. Embodiments of the inven 
tion, therefore, are time-efficient and cost-efficient alloWing 
the user to test many samples at once. Testing many samples 
at the same time also can increase the statistical signi?cance 
of the test results. Another advantage of embodiments of the 
invention is that there is no requirement to understand the 
reaction mechanism of protein instability, i.e., the mecha 
nism that underlies a change in the conformation of the 
protein of interest, to evaluate the relative physical stability 
of a series of protein formulations. Finally, embodiments of 
the invention are fully automated data monitoring systems 
that alloW the user to monitor ?uorescence at user-de?ned 
intervals and gives a complete aggregation pro?le for all 
Wells used. 
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[0066] In summary, novel methods to estimate or evaluate 
the physical stability of insulin and other protein drug 
formulations are developed. Apreferred embodiment of the 
invention is one Where the proteins of interest shoW aggre 
gation behavior. HoWever, other embodiments of the inven 
tion do not require aggregation, but only a change in the 
native conformation of a protein of interest and a spectro 
scopic probe of this structural change. Speci?c embodiments 
of the invention involves essentially tWo steps. The ?rst step 
of the preferred embodiment involves the rapid aggregation 
(or change in conformation) of a small volume of sample in 
each Well of a Well plate, together With fully automated 
monitoring of aggregation-speci?c ?uorescence. The second 
step of the preferred embodiment includes an analysis of the 
plots of ?uorescence versus time folloWed by a Kaplan 
Meier survival curve analyses and calculations of the appro 
priate median survival and median survival ratios. The use 
of embodiments of the invention rapidly and reproducibly 
yield the relative physical stability of different formulations 
under evaluation. 

EXAMPLES 

[0067] The detailed protocols given beloW are not to be 
construed as necessary to the methods of the invention. 
Sample preparation, instrumentation, materials, or the like, 
are given as examples of hoW to carry out embodiments of 
the invention. 

Example 1 

[0068] An example of the calculations using Prism soft 
Ware, for example, is as folloWs. In the X columns, the times 
to start aggregation (e.g. tso) are entered. If a particular 
sample did not aggregate, the time When the run ended is 
entered. In the Y columns, the number 1 is entered for the 
roWs Where the sample aggregated and 0 for the roWs Where 
the sample did not aggregate at a given time. Thus, using this 
method, a calculation of the survival fractions at each data 
collection time point and survival fraction vs. time are 
generated. For comparison betWeen the formulation of inter 
est and the reference batch, the log rank test, Which is 
equivalent to the Mantel-HaensZel test, is performed. This 
test generates a P value testing the null hypothesis that the 
survival curves are identical in the overall populations. In 
general if the P value is less than 0.05, the difference 
betWeen the tWo sets of data being compared are statistically 
signi?cant. In other Words, the physical stability of the tWo 
formulations is signi?cantly different. Other information 
that can be obtained from comparing tWo survival curves is 
the median survival and its ratio. Median survival is the time 
at Which half the samples have aggregated, more speci? 
cally, the time at Which half the samples reached a ?uores 
cence value of 50 in intensity (arbitrary units). If survival 
exceeds 50% at the longest time points, then median survival 
cannot be computed. Prism calculates median survival and 
also the ratio of the median survival along With its 95% 
con?dence interval. 

Example 2 

[0069] The example, shoWn in FIG. 2, is a graphic display 
of the experimental data of % survival. The statistical 
evaluation of the data Was performed using commercial 
softWare (GraphPad). A comparison of the survival curve 
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statistical data of the plot shown in FIG. 2 is shown in Table 
2. 

TABLE 2 

Illustration of Typical Survival Curve Data 

Log rank Test 

Chi square 56.46 
df 1 
P value P < 0.0001 
P value summary *** 

Are the survival curves sig different? Yes 
Median survival 

HRI-A2 164.1 hrs 
syk-1 40.08 hrs 
Ratio 4.094 
95% CI of ratio 3.526 to 4.662 

[0070] Based on the above information, it is concluded 
that the difference in the estimated relative physical stability 
of the tWo formulations under evaluation is statistically 
signi?cant and that the median time to a ?xed ?uorescence 
is approximately 4 times longer for HRI-A2 as for syk-1. 
When the same set of sample types Were repeatedly tested, 
the statistical error or standard deviation of the median 
survival ratio is betWeen 11 and 20% (see Examples 3 and 
4 beloW). 

Example 3 

[0071] In this example, three experimental runs Were 
conducted to validate the accelerated physical stability 
method, referred to as Val 6, Val 7 Val 8(n=3). In these 
experimental runs, there are 48 samples per sample type 
(N=48). Each experimental run compares tWo formulations, 
one formulation using Diosynth semi-synthetic insulin and 
the other formulation using Aventis semi-synthetic insulin. 
Table 3 gives the composition of the protein formulations 
compared. FIG. 3 shoWs survival curve analyses for the 
three runs. Table 4 gives the survival curve analysis for the 
three different runs. 

TABLE 3 

Formulation Summary 

Jan. 13, 2005 

[0072] 

TABLE 4 

Survival Curve Analysis 

median median % survival 
survival survival ratio at the end 

Test # insulin sample (hr) (X vs. syk-1) of run 

Val6 syk-1 38.55 1.00 0.00 
Aventis 24.88 0.65 6.25 
Lot1196 

Val7 syk-1 28.01 1.00 0.00 
Aventis 22.78 0.81 0.00 

Lot1196 

Val8 syk-1 50.00 1.00 2.08 
Aventis 37.53 0.75 16.67 

Lot1196 

average STD % STD 

median survival 1196 vs. syk-1 0.74 0.08 11.51% 
ratio 
median survival 1196 28.40 7.98 28.10% 

syk-1 38.85 11.00 28.31% 

Example 4 

[0073] In this example, ?ve experimental runs Were con 
ducted to further validate the accelerated physical stability 
method (n=5). These are referred to as Val 15, Val 16, Val 18, 
Val 19 and Val 20. In these experimental runs, there are 24 
samples per sample type (N=48). Each experimental run 
compares tWo formulations. One formulation, referred to as 
syk-1 is used as a reference protein batch in each of the ?ve 
experimental runs. Table 6 gives the composition of the 
protein formulations compared, i.e., the reference protein 
batch versus a surfactant-stabilized formulation. Table 5 

gives the formulation summary of the protein formulations 
under evaluation. Table 6 gives the data for the survival 
curve analyses for the ?ve runs. FIG. 4 shoWs a plot of the 
survival curve analyses for the ?ve runs. 

TABLE 5 

Formulation Summary 

syk-1 1196 syk-1 HRI-AZ 

insulin type semi- Semi- insulin type semi- Human 
synthetic synthetic synthetic Recombinant 

insulin Diosynth Aventis insulin Diosynth Diosynth 
manufacturer manufacturer 
insulin concn 400 400 insulin concn 400 400 

(units/ml) (units/ml) 
Tris (mg/ml) 6 6 Tris (mg/ml) 6 6 
glycerin 17 17 glycerin 17 17 
(mg/ml) (mg/ml) 
phenol 2.7 2.7 phenol 2.7 2.7 
(mg/ml) (mg/ml) 
surfactant Genapol Genapol surfactant Genapol Genapol 
type PF1O PF1O type PF1O PF1O 
surfactant 0.01 0.01 surfactant 0.01 0.01 
concn concn 

(mg/ml) (mg/ml) 
Zinc (mg/ml) 0.108 0.108 Zinc (mg/ml) 0.108 0.108 
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[0074] 

TABLE 6 

Survival Curve Analysis 

median median % survival 
survival survival ratio at the end 

Test # insulin sample (hr) (X vs. syk-1) of run 

Val15 syk-1 28.70 1.00 0.00 
(122 hrs) HRI-A2 88.65 3.09 13.04 
Val16 syk-1 38.59 1.00 0.00 
(144 hrs) HRI-A2 118.10 3.06 12.50 
Val18 syk-1 27.66 1.00 0.00 
(138 hrs) HRI-A2 65.82 2.38 0.00 
Val19 & 20 syk-1 40.08 1.00 0.00 
(213 hrs) HRI-A2 164.10 4.09 0.00 
Val21 & 22 syk-1 36.55 1.00 0.00 
(237 hrs) HRI-A2 132.70 3.63 0.00 

average STD % STD 

median survival HRI-A2 vs. 3.25 0.65 19.91% 
ratio syk-1 
median survival HRI-A2 113.87 38.21 33.56% 

syk-1 34.32 5.75 16.76% 

[0075] III. Surfactant-Stabilized Protein Formulations 
Derived From an Embodiment of the Accelerated Physical 
Stability Method of the Invention 

[0076] Maintaining the native and biologically active, 
three-dimensional structure of insulin is critical to preserv 
ing the biopotency of a particular insulin formnulation. Heat, 
chemicals, mechanical stress and surface interactions, espe 
cially interactions of insulin With hydrophobic surfaces, can 
destroy the structural integrity of the protein. Moreover, the 
delivery of insulin via infusion pumps provides a source of 
thermo-mechanical energy that may be disruptive to the 
native structure of insulin. This thermo-mechanical energy is 
imparted to insulin and can result in denaturation and 
subsequent aggregation of the protein, as Well as protein 
precipitation. These changes in the physical state of the 
insulin can cause ?oW impeding occlusions in infusion 
devices. Additionally, infusion devices introduce insulin to 
destabilizing hydrophobic interfaces that are found at the 
surfaces of the pump reservoirs and delivery catheters of 
these devices. These interactions of insulin With the hydro 
phobic surfaces of infusion devices add to the physical stress 
placed on insulin during delivery to a patient. Further, since 
any pharmaceutical process for the production of insulin 
includes a time lag betWeen its production and delivery to an 
appropriate patient, an insulin formulation also must be 
stable over this time period. 

[0077] To assist in maintaining the biologically active 
structure of insulin, various excipients are generally added 
as stabilizing excipients. Surfactants represent one class of 
stabilizing eXcipients. However, a considerable amount of 
time and resources generally is required to evaluate Whether 
a particular surfactant Will have a stabilizing effect on a 
particular protein formulation. Additionally in the pharma 
ceutical industry, a major concern is ease of approval from 
the regulatory body controlling licensing of pharmaceutical 
products. 

[0078] In the case of insulin, a common physical stability 
problem is protein aggregation or ?bril formation. A model 
for insulin ?brillation has been proposed Where the early 
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stages of insulin ?bril formation involve the dissociation of 
native associated states, i.e., the insulin heXamer, the insulin 
tetramer and the insulin dimer, to yield a native monomer, 
Which is in equilibrium With a ?brillation-component par 
tially folded intermediate. This intermediate then oligomer 
izes to form transient soluble oligomers that lead to the 
formation of a nucleus. In the absence of physical stress, 
e.g., vigorous agitation, the equilibrium Will favor the asso 
ciated native states. However, in the presence of signi?cant 
interfacial interactions, the equilibrium Will shift in favor of 
the intermediate. Once formed, the intermediate has a strong 
propensity to oligomerize to form biologically inactive 
insulin ?brils. 

[0079] Without being held to a particular theory of sur 
factant stabilization of insulin, it is hypothesized that a 
surfactant-stabilized insulin formulation gains greater physi 
cal stability to aggregation or ?bril formation from interac 
tions of an appropriate surfactant With a partially unfolded 
insulin monomer. Further, it is hypothesized that an appro 
priate surfactant prevents non-speci?c aggregation of insulin 
and correct refolding of the denatured portions of the 
molecule, thus further stabilizing the formulation to aggre 
gation and ?bril formation.5 Thus, an appropriate surfactant 
is hypothesized to mimic the role of molecular chaperones, 
Which are a class of naturally occurring protein molecules 
that catalyze correct folding and prevent nonspeci?c aggre 
gation of neWly synthesized proteins in a cell. 
5Jones. L., Bam, N. and Randolph, T. “Surfactant-Stabilized Protein Fonnu 
lations” in Therapeutic Protein and Peptide Formulations and Delivery, 1997, 
Chapter 12, p. 206, American Chemical Society Publication. 

[0080] Non-ionic surfactants are amphiphatic molecules 
Which generally include a bulky polar head group attached 
to a hydrophobic chain. The chemical structure of non-ionic 
surfactants that have been approved for use in the pharma 
ceutical industry are given in FIG. 5. Some of these chemi 
cal structures are characterized by a polydispersity in the 
hydrophobic chain lengths, Which affects the critical micel 
lar concentration (CMC). In developing novel surfactant 
stabilized formulations, a good starting point is to use a 
surfactant concentration near the CMC because it is near or 
at this concentration range that properties such as interfacial 
tension are affected greatly. HoWever, With some protein 
formulations, an optimal surfactant concentration may be 
one that is greater than the CMC, as Was observed With the 
protein rhodenase, a non-membrane associated protein 
found in the mitochrondria. Moreover, CMCs are not a 
constant, but are dependent on a host of formulation factors, 
such as ionic strength, pH, and the presence of other 
excipients in the particular protein formulation. 

[0081] Despite a general use of surfactants in the pharma 
ceutical industry, particular protein formulations must be 
evaluated to ascertain Whether a particular surfactant actu 
ally stabilizes, or destabilizes, a protein formulation. Thus, 
an embodiment of the accelerated physical stability method 
of the present invention Was used to evaluate the physical 
stability of certain insulin formulations that include a sur 
factant. The surfactants tested are non-ionic and government 
regulatory approved eXcipients. 
[0082] The surfactant-stabilized insulin formulations of 
embodiments of the present invention have been shoWn to 
have a high degree of physical stability as compared to prior 
art, surfactant-stabilized insulin formulations, such as insu 
lin formulations containing the surfactant Genapol PF-10. 










