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1. Introduction

ABSTRACT

This study discusses the effect of key factors like containers, buffers and the freeze (controlled vs. flash
freezing) and thawing processes on the stability of a therapeutic protein fibroblast growth factor 20 (FGF-
20). The freezing profiles monitored by 15 temperature probes located at different regions in a 2-L bottle
during freezing can be grouped into three categories. A rapid drop in temperature was observed at the
bottom followed by the top and middle center of the bottle. The freeze-thawing behavior in a 50 ml tube is
considerably uniform, as expected. Among phosphate, HEPES (4-(2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid), citrate and histidine (each containing 0.5 M arginine-sulfate) buffer systems, a minimum
pH change (0.4 pH unit vs. ~1.7 pH unit) was observed for the phosphate buffer system. Thawing in a
50 ml tube at room temperature standing resulted in a significant phase separation in citrate, histidine
and HEPES buffers; however, phase separation was least in the phosphate buffer system. These phase
separations were found to be temperature dependent. No effect of Polysorbate 80 on freeze-thawing of
FGF-20 was observed. Significant concentration gradients in major buffer components and protein con-
centration were observed during freeze-thawing in a 2-L bottle. The segregation patterns of the various
components were similar with the top and bottom layers containing lowest and highest concentrations,
respectively. In the formulation buffer no pH gradient was formed, and the precipitation of FGF-20 during
thawing at the top layer was related to an insufficient amount of arginine-sulfate and the precipitation at
the bottom layer was due to a salting out effect. The precipitate generated during thawing goes into solu-
tion easily upon mixing whole solution of the bottle and the various gradient formations do not cause
any irreversible change in structure, stability and isoform distribution of FGF-20. Comparison of slow
freezing and flash freezing data suggests that the gradients in excipient and protein concentrations are
mainly formed during thawing.

© 2009 Elsevier B.V. All rights reserved.

ety of stresses that could be potentially damaging to the stability
of proteins. The stresses associated with freeze-thawing methods

Therapeutic proteins are generally frozen for short-term
and long-term storage and undergo freezing course during the
lyophilization process. The freeze-thawing method involves a vari-
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are pH change, cold denaturation, effect of high solute concentra-
tions on protein stability, and surface-induced denaturation at the
ice-water interface (Chang et al., 1996; Wang, 2000; Arakawa et al.,
2001). The extent of damage by these stresses depends on the con-
formational stability of proteins and the degree of irreversibility of
the reaction caused by these stresses. Proteins with high thermo-
dynamic stability and the ability to undergo reversible transition
can overcome these stresses without any noticeable damage. So it
is very important to investigate the biochemical and biophysical
properties of therapeutic proteins with respect to freeze-thawing
related stresses.

Heat transfer behavior primarily depends on temperature gradi-
ent, solution volume, container size and its architecture (Appendix
A). pH changes and protein stability during freeze-thawing
depends on buffer type. This study reports a detailed investiga-
tion of these factors and their effect on protein stability during
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freeze-thawing of a therapeutic protein fibroblast growth factor
20 (FGF-20). FGF-20 is an investigational therapeutic protein with
a monomeric mass of 23 kDa and 211 amino acid residues, but in
solution exists as a non-covalent dimer. The therapeutic potential of
FGF-20 is to prevent oral mucositis, a common side effect of chemo-
or radio-therapy by promoting both epithelial and mesenchymal
cell proliferation (Jeffers et al., 2002; Alvarez et al., 2003). A link
between FGF-20 and Parkinson’s disease has also been reported
(van der Walt et al., 2004; Wang et al., 2008). The primary struc-
ture of FGF-20 is known (Kirikoshi et al., 2000; Jeffers et al., 2001)
and shows there are 2 free sulfhydryls located at C71 and C137.1t has
1 tryptophan and 9 tyrosine residues that are especially useful for
fluorescence measurements. FGF-20 has a high degree of sequence
homology with FGF-9 (by 70%) and FGF-16 (by 64%). The structure
of FGF-20 has not been published, but on the basis of the crystal
structure of FGF-9 (Plotnikov et al., 2001), it can be anticipated that
FGF-20 adopts a 3-trefoil fold. Recently, structural characterization,
solubility and stability of this molecule have been reported (Fan et
al., 2007; Maity et al., in press).

This investigation highlights various key events during the
freeze-thawing of FGF-20, which possesses complex solution prop-
erties. The primary objectives of this study are: (i) understanding
temperature profiles in different containers, (ii) pH changes and
protein stability in different buffer systems, (iii) surfactants- and
surface-induced denaturation, (iv) mechanism of concentration
gradient formation of major buffer components and protein, (v)
concentration gradient and protein solubility, (vi) controlled freez-
ing versus flash freezing and the (vii) biophysical characterization
analysis using a variety of techniques. Results of these stud-
ies are critical for the development of a formulation and the
freeze-thawing method.

2. Materials and methods
2.1. Materials

Purified FGF-20 was prepared by CuraGen Corporation, Bran-
ford, CT and the concentration was determined using the extinc-
tion coefficient of 0.97mlmg-!cm~! at 280nm. The observed
absorbance at 280 nm was corrected for any contribution due to
light scattering using the following equation and by measuring
absorbance at 320 nm (Maity et al., in press):

A280correct = A2804ps — 1.706 x A320 (i)

A280,,s and A320,,, are the observed absorbance values at 280 and
320 nm and A280¢orrect iS the corrected absorbance at 280 nm.

Guanidinium chloride (GdmCl) was purchased from M.P.
Biomedicals, LLC. The concentration of GdmCl was determined
from refractive index measurement using the following equations
(Nozaki, 1972; Pace, 1986):

ForGdmCl, C =57.147(AN)+38.68(AN)*> — 91.60(AN)> (i)

here, Cis the molar concentration and AN is the difference between
the refractive index of the denaturant solution and the buffer solu-
tion at the sodium D line.

L-arginine was purchased from ]J.T. Baker and other chemicals
were of molecular biology/analytical grades.

The composition of the formulation buffer is 50 mM sodium
phosphate, 0.5M arginine pH 7.0 and the pH was adjusted with
sulfuric acid unless otherwise mentioned.

2.2. Methods
2.2.1. Monitoring temperature profile during freeze-thawing

Heat transfer profile was monitored in a 50 ml falcon tube and
2 L Teflon bottle containing 35 ml and 1.7 L of solution, respectively.

Fig. 1. Temperature sensor array in a 2-L Teflon bottle containing 1.7 L of a buffer
composed of 20 mM histidine, 10% sucrose, and 0.02% (w/v) Polysorbate 20 at pH
6.0. Sensors were laid out to measure temperature at the walls on four sides, in the
center, at the top, middle, and bottom of the bottle.

In the 2-L bottle, an array of 15 temperature sensors was placed
(Fig. 1) to measure temperature changes during the freeze-thawing
process. The sensors were laid at the walls on four sides, in the
center, at the top, middle, and at the bottom of the bottle (Fig. 1).
Care was taken during the construction that the array took up as
little volume as possible, that the sensors were carefully mapped
and placed in specific locations, and that there were little or no
sharp edges or rough surfaces on the array that may alter freezing
behavior. The 2-L bottle was filled with 1.7 L of buffer (10% sucrose,
20 mM histidine buffer, and 0.02% (w/v) Polysorbate 20 at pH 6.0.),
then placed in the freezer at —80°C, and allowed to freeze com-
pletely over the course of 48 h. Afterwards, the entire apparatus
was taken out and allowed to thaw at room temperature for 48 h.
In order to determine the effects of container size and volume on
similar freeze-thawing processes, a 50 ml falcon tube containing
35ml of solution was used as the smallest reasonable volume in
which the sensor itself would not be too substantial a volume. Two
tubes were fixed with one sensor in each. In one, the sensor was
placed in the bottom, while in the other the sensor was suspended
in the center of the liquid volume. These tubes were then placed in
the same freezer and allowed to freeze completely, then thawed at
room temperature. All the temperature profiles were monitored by
TempTale 4 temperature probes manufactured by Sensitech.

2.2.2. Monitoring pH profile during freeze-thawing

pH changes during freezing were monitored by an InLab428 pH
electrode (with FRISCOLYT-B fill solution, Model # 1920) made by
Mettler Toledo. This electrode was connected to an Orion pH meter
(Model # 920A+) and the electrode was capable of measuring pH
in the temperature range of —30 to 80°C.

Arginine at a concentration of 0.5 M was prepared in four differ-
ent buffer systems with a concentration of 50 mM of either of the
following: phosphate, histidine, citrate and HEPES. Polysorbate 80
was added at a concentration of 0.01% and the pH was adjusted to
7.0 with sulfuric acid and the final sulfuric acid concentration in the
formulation buffer was about 0.23 M. Four 2-L bottles were filled
with 1.6 L of each buffer. A temperature sensor and a pH electrode
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were placed in the middle of the bottle. The bottles were frozen in
a —20°C freezer for about 40 h and then were transferred to room
temperature, and allowed to thaw for 30 h.

To analyze the effect of various components of formulation
buffer (50 mM sodium phosphate, 0.5M L-arginine, 0.01% Polysor-
bate 80 pH 7.0), three 2-L bottles containing 1.6L of 0.5M
arginine-sulfate (bottle-1), 50 mM sodium phosphate (dibasic and
monobasic mix) (bottle-2) and formulation buffer (bottle-3) were
frozen at —20 °C. Initial pH of all solutions was 7.0. Each bottle had a
temperature sensor and a pH electrode in the middle section of the
bottle. After approximately 40 h at —20°C, the bottles were trans-
ferred to room temperature for thawing for a period of 30 h. The
pH and temperature were measured for each bottle/buffer system
and correction for the temperature compensation was made for the
reported pH changes.

2.2.3. Mapping of component concentrations in protein and
major formulation buffer components in a 2-L bottle during
freeze-thawing

Two Teflon bottles (named as A and B) containing 1.6L of
10 mg/ml FGF-20 solutions in formulation buffer were frozen at
—80°Cand kept until used. These bottles were thawed at 4 °C (with-
out shaking) until completely thawed which took about 60 h. Upon
thawing, the bottles showed phase separation. Aliquots from dif-
ferent regions of the bottle (top, center, sides, and bottom) were
sampled and another sample was collected after mixing whole
solution of the bottle. These samples were analyzed to measure
NTU, light scattering (LS), protein concentration, arginine concen-
tration, pH, and aggregation by SEC-HPLC and isoform distribution
by RP-HPLC. These samples were also sent to West Coast Analytical
Service, Inc. (WCAS) for sulfate and phosphate analysis. Biophysical
characterization was performed by measuring near-UV CD, fluores-
cence, denaturant induced unfolding, DSC, and second derivative
UV spectroscopy.

2.2.4. Turbidity assessment by nephelometry

Nephelometric Turbidity Unit (NTU) was measured using undi-
luted sample in a Hach Ultra Model 2100AN turbidimeter with a
small cell adaptor. NTU standards made by AMCO were used to
check the variability of the instrument. A 3 ml sample was aliquoted
into a 10 ml Pyrex glass tube and placed into the sample holder in
order to measure the NTU value.

2.2.5. Turbidity assessment by light scattering (UV)

In order to assess turbidity, absorbance was measured at 340,
345,350, 355 and 360 nm and then averaged. Absorbance was mea-
sured using a Shimadzu UV spectrophotometer (UV-2401) with a
1 cm path length cuvette.

2.2.6. Determination of arginine concentration by absorbance
measurement

The concentration of arginine in the formulation buffer was
determined by measuring the optical density at 240 nm using a UV
spectrophotometer and Milli Q water was used as a blank. A set
of standards was analyzed to produce a calibration curve. Samples
containing protein were centrifuged using an Amicon Ultra-15 cen-
trifuge filter unit to remove the protein from the buffer. The filtrate
from each of these samples was analyzed. The calibration curve was
used to assess the relative arginine concentration in the samples.

2.2.7. Determination of sulfate and phosphate concentrations

The sulfate and phosphate concentrations in different regions of
the bottle were determined by West Coast Analytical Service, Inc.
(WCAS). Ion exchange chromatography was used to determine both
sulfate and phosphate concentrations.

2.2.8. Tertiary structure using near-UV CD spectra

Near-UV CD spectra were recorded using an AVIV 62DS instru-
ment (AVIV Associates, Lakewood, NJ) with a cuvette havinga 1 cm
path length. The wavelength range used was 250-320 nm at a tem-
perature of 20 °C. Data was recorded every 0.5 nm with an averaging
time of 2 s and a band width of 3 nm. Each spectrum was an average
of three scans. Protein samples (mixed (M), bottom center (BC), bot-
tom side (BS), middle side (MS), middle center (MC) and perimeter
precipitate (PP)) were collected from different regions of bottle-A
(see Section 2.2.3). The collected samples were dialyzed in 50 mM
phosphate (monobasic), 0.1 M sodium sulfate, at pH 7.0. Each sam-
ple was then diluted to a concentration of 0.39 mg/ml (monomer)
using dialysis buffer and spectra were recorded. Protein in bottle-A
contained 0.01% Polysorbate 80, and during dialysis, Polysorbate 80
will remain within the dialysis bag. There could be a heterogeneous
distribution of Polysorbate 80 at different regions of the bottle.
Therefore, the actual concentration of Polysorbate 80 is unknown.
Assuming each sample contained 0.01% Polysorbate 80, the near-UV
CD spectrum was recorded for the buffer containing 50 mM phos-
phate (monobasic), 0.1 M sodium sulfate, 0.01% Polysorbate 80, at
pH 7.0. The buffer spectrum was then subtracted from that of the
protein sample and the observed signal was converted to molar
elipticity.

2.2.9. Fluorescence spectral analysis

Fluorescence spectra were recorded in the wavelength range
of 300-400 nm using a PTI (Photon Technology International) flu-
orometer at two excitation wavelengths, 283 and 295 nm. Each
data point was collected at an interval of 1nm and both excita-
tion and emission slits were set at 2 nm. Each spectrum represents
a single scan. Protein samples at different regions of bottle-A
were buffer exchanged in 50 mM phosphate, 0.5 M arginine, 0.01%
Polysorbate 80, pH 7.0. Each sample was then diluted to a protein
concentration (monomer) of 2.5 wM with 50 mM phosphate, 0.5 M
arginine, 0.01% Polysorbate 80. The spectra were recorded at room
temperature.

2.2.10. Second derivative near-UV absorption spectra

Second derivative near-UV absorption spectra were recorded
using an Agilent 8453 UV-vis spectrophotometer in the wavelength
range of 240-400 nm. Each data point was collected at an interval of
1 nm with an integration time of 0.5 s. Derivative order, filter length
and polynomial degree were 2, 9, and 5, respectively. All samples
from bottle-A and bottle-B (see Section 2.2.3) were dialyzed with
respect to 50 mM phosphate, 0.1 M sodium sulfate, at pH 7.0. Dia-
lyzed protein samples were diluted to 0.39 mg/ml (monomer) with
the same dialysis buffer. Each spectrum is an average of five scans.
All experiments were done at room temperature.

2.2.11. Thermal stability by differential scanning calorimetry
(DSC)

Thermal unfolding of various freeze-thaw samples of FGF-20
was measured with a MicroCal VP-DSC at a protein concentration
of 1 mg/ml in 50 mM phosphate, 0.5M arginine 0.01% Polysorbate
80, pH 7.0. All samples were scanned in duplicate in the temper-
ature range of 20-80°C at a scan rate of 30°C/h. The solutions
were pressurized at about 60 psi in the capillaries during each scan.
A buffer/buffer scan was subtracted from the buffer/protein scan
and a range of the thermogram around the peak was selected.
Baseline correction was then performed and the thermogram was
normalized for protein concentration. The mid-point of thermal
denaturation (Ty) was obtained from the peak maximum and
calorimetric enthalpy (AH, ) was calculated from the area under
the heat capacity curve.
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2.2.12. Measurement of stability by denaturant induced unfolding

Unfolding transitions were monitored by both circular dichro-
ism (CD) and total fluorescence intensity using an AVIV 62DS
instrument (AVIV Associates, Lakewood, NJ). This instrument is
equipped with a right angle photomultiplier for fluorescence mea-
surements, a thermoelectric cell holder, and a computer controlled
syringe pump for titration. Both fluorescence and CD data were
collected almost simultaneously. Fluorescence data was obtained
with an excitation wavelength of 283 nm and emission was mon-
itored using a 320 nm cut-off filter. Bandwidth and equilibration
time were 3 nm and 10 min, respectively, and the signal averaging
time was 15s. The general procedure for the denaturant induced
unfolding was followed as described by Eftink and Maity (2000).
Change in the fluorescence signal was multi-phasic, so for sim-
plicity, CD data was used for analysis using a two-state dimeric
unfolding model involving native dimeric and unfolded monomeric
forms (Maity et al., 2005).

Stability of three freeze-thaw samples from bottle-A, designated
as “mixed”, “perimeter precipitate,” and “middle center,” were mea-
sured for denaturant induced unfolding using guanidinium chloride
(GdmCl). As a reference, stability of unfrozen FGF-20 (reference)
solution was also measured. The sample and reference were buffer
exchanged with respect to 50 mM phosphate, 0.5 M arginine, 0.01%
Polysorbate 80, at pH 7.0. Due to the high absorbance of arginine
at the far-UV region, unfolding experiments were performed in
0.1 M potassium phosphate (dibasic), 0.2 M potassium chloride and
9.9 mM arginine-sulfate, at pH 7.0 as a function of GdAmCl concen-
tration at 20 °C. Unfolding transitions were monitored by both CD
and total fluorescence.

2.2.12.1. Data analysis. Two-state dimeric unfolding reactions can
be written as

Ny, & 2U (1)

here N, is the native dimer and U is the unfolded monomeric form.
The equilibrium constant as a function of denaturant concentration
can be written as

[UIZ  2[P]oX]
Kun(D) = = 2
w® =[Gl = d-X) 2
here ‘e’ refers to the equilibrium condition and [P] is the total sub-
unit concentration. The mole fraction of unfolded monomer Xy(D)
can be written as (Maity et al., 2005)

- 2Kun(D)
Kun(D) + v/ K2,(D) + 8Kun[P]o
and the mole fraction of the native dimer will be

Xn, = 1-Xy(D) (4)

Xu(D (3)

The total subunit concentration [P]g can be expressed as

[Plo = 2[N2]e + [Ule = 2[N2]e + \/Kun(D)[N2]e (5)

To determine thermodynamic parameters of unfolding reactions,
the signal should be related to the mole fraction of molecules in
a given macrostate i by the following equation (Eftink and Maity,
2000; Eftink, 1994):

S= zn:x,-si (6)
i=1

here, X; and S; are the mole fraction and intrinsic relative signal of
state i, respectively. The analysis assumed a linear free energy rela-
tionship to describe the unfolding reaction and it can be expressed
as

AGY, (D) = AGY

0,un

—m[D] (7)

AG8 un 1S the unfolding free energy in the absence of denaturant,

m = —dAGY,(D)/d[D] and it is directly correlated with the change
in accessible surface area upon unfolding (Myers et al., 1995), [D] is
the denaturant concentration and

AGY, (D) = —RT In Kyn(D) (8)

It is important to note that CD and fluorescence intensity of native
and unfolded states may depend on perturbing condition, so there
could be non-zero baseline slopes and it can be expressed as

S5i(D) = Sj 0 + s1,i[D] (9)

s;.; = dS;/d[D] is the baseline slope, S; refers to any signal for a given
macrostate and S; is the signal in the absence of denaturant. The
entire transition data, including terms for baseline regions, was ana-
lyzed by a non-linear least-squares program including Egs. (1)-(9)
using SigmaPlot 8.0.

2.2.13. Reverse phase high performance liquid chromatography
(RP-HPLC)

RP-HPLC experiments were performed with an Agilent 1100
HPLC system using a SUPELCO Discovery® BIO Wide Pore C5 (a cova-
lently bonded pentylsilane) HPLC column along with a Discovery®
BIO Wide Pore C5 guard column containing spherical silica with
a 300A pore diameter. Various freeze-thaw samples were buffer
exchanged with formulation buffer without Polysorbate 80 and
at the end of buffer exchange, 0.01% Polysorbate 80 was added.
Using formulation buffer, all freeze-thaw samples were diluted to
0.5 mg/ml. The column was operated with a flow rate of 0.6 ml/min
and the column thermostat was set at 55°C. Mobile phase-A and
-B were 40% and 80% acetonitrile, respectively with 0.1% trifluo-
roacetic acid (TFA). Chromatograms were obtained by monitoring
absorbance at 214 nm.

2.2.14. Size exclusion chromatography-High performance liquid
chromatography (SEC-HPLC)

SEC-HPLC experiments were performed with Agilent 1100 HPLC
system using a size exclusion HPLC column (Bio-Sil SEC-250,
0.78 cm x 30 cm, Bio-Rad) and the composition of the mobile phase
was 100 mM sodium phosphate, 1M arginine-HCl, pH 7.0. The col-
umn was operated with a flow rate of 0.4 ml/min and the column
temperature was set at 20°C. Chromatograms were obtained by
monitoring absorbance at 280 nm.

3. Results and discussion
3.1. Temperature profile during freeze-thawing

Heat transfer will depend on the temperature difference, vol-
ume of the solution, surface area of the container, size, contours of
vial design, thickness, and the thermal conductivity of the means
through which heat transfer occurs (see Appendix A).

Data obtained from the temperature sensors in the 2-L bottle
shows that it took about 12 h to reach a stable temperature of about
—80°C throughout the bottle. As shown in Fig. 2A, all traces can
be grouped reasonably into three categories of behavior. The traces
shown in shades of blue are sensors at the bottom of the bottle;
traces in orange are in the middle level of the bottle; traces in green
are at the top of the bottle. In the legend, the location of the probes
is given by compass directions, where N is north, E is east, W is west,
S is south, and C is center. This direction is paired with the letter to
define the level in the bottle; B for bottom, M for middle, and T for
top. All sensors were vertically aligned with the other sensor on the
same cardinal direction, and horizontally aligned on the same plane
as the other sensors of the same level. Fig. 2A can be simplified to a
single trace representative for each of the three regional behaviors,
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Fig. 2. (A) Temperature profiles during freezing in different regions of the bottle
(see legend of Fig. 1) obtained from all 15 TempTale temperature probes. In the
legend the location of the probes are given by compass directions, where N is north,
E is east, W is west, S is south, and C is center. This direction is paired with the
letter to define the level in the bottle, B for bottom, M for middle, and T for top.
Insert: Temperature profiles during freezing obtained from three select probes with
matching color regions of the bottle mentioned in Fig. 1. This figure is obtained from
(A). (B) Temperature profiles during freezing in the middle and bottom region of a
50 ml falcon tube containing 35 ml of a buffer composed of 20 mM histidine, 10%
sucrose, and 0.02% (w/v) Polysorbate 20 at pH 6.0.

which is displayed in the insert of Fig. 2A (see also Fig. 1). Here the
behaviors indicate the nature of the freezing process in different
parts of the bottle.

At the bottom of the bottle, temperature drops rapidly during
the initial phases of chilling and continues to chill after passing
the freezing point. This temperature profile suggests that chilling
is most rapid at the bottom of the bottle and ice formation is the
fastest. The chilling is still the most intense at the bottom and the
ice is chilling as it is formed even before the water above is frozen.
The second region of interest is in the middle center of the bottle. At
this location the liquid cools much slower than the bottom and upon
reaching the freezing point it holds steady at that temperature for
a prolonged period. So the ice formation in this region is very slow
and steady. The other freezing profile describing the behavior of the
top and sides is the trace that falls between these two. This behavior
shows the same temperature dropping behavior after hitting the
freezing point as the bottom sensors, but it is not as severe. This
trend suggests that the top and sides are losing energy faster than
the material more interior to the bottle, but the bottom of the bottle
shows the most rapid heat transfer.
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Fig. 3. pH (A) and temperature (B) profiles of various buffers during freeze-thawing
in 2-L Teflon bottles each containing 1.6 L of solution. The temperature and pH probes
were placed in the middle center of the bottle. The four buffer systems were 50 mM
of histidine, citrate, phosphate and HEPES and each contain 0.5 M of arginine pH 7.0.
PH of these buffers was adjusted by sulfuric acid.

Regional freeze-thawing behavior in a small vial is expected
to be minimum, i.e., considerably uniform traces are anticipated
throughout the vial. Fig. 2B shows the temperature profiles com-
pared between the middle and the bottom of the 50ml falcon
tube. Here total freezing to the same temperature point as cited
in the large bottle took only 2 h instead of 12 h. From the graph it
is clear that while there is a slight divergence between the middle
probe and bottom probe of about 15 min, during the ice formation
period, the freezing behavior in the 50 ml vial is more consistent
throughout. So it is reasonable to assume that the freezing behav-
ior should be consistent throughout the 5-10 ml small vials. The
thawing profiles are apparently mirror images to the freezing pro-
files (not shown). The temperature profiles of the thawing process
in the 2 L bottle are shown in Figs. 3B and 4 and these also demon-
strate that the temperature profiles of the freezing and thawing
process are apparently mirror images of each other.

3.2. pH profile during freeze-thawing

pH changes during freeze-thawing can have a significant effect
on the stability of proteins. It is well known that the pH of sodium
phosphate buffer decreases by about 3 pH units upon freezing due
to the crystallization of disodium salt (Gémez and Pikal, 2001;
Pikal-Cleland et al., 2002; Anchordoquy and Carpenter, 1996). So it
is very important to know the pH profiles during freeze-thawing of
the potential buffers that could potentially be used for formulation.
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Fig. 4. pH and temperature profiles during freeze-thawing of formulation buffer
and its components. These experiments were done in a 2-L bottle containing 1.6 L of
solution. See Section 2.2.2 for detail.

Fig. 3 shows the temperature and pH profiles of four different buffer
systems. With the exception of the phosphate buffer, all the other
buffer systems showed a significant increase in pH, from an initial
pH of 7.0 to 8.4-8.7. Interestingly, the formulation buffer showed an
increase of only 0.4 pH units. In order to understand this observa-
tion, the individual components of the formulation buffer (arginine
and phosphate) were subjected for freeze-thawing separately. Fig. 4
shows that the pH of the 0.5 M arginine-sulfate solution increases
from 7.0 to 8.8. On the other hand, the pH of the phosphate solution
decreases to 3.0. The pH changes of arginine and phosphate solu-
tions are in opposite directions, resulting in the small pH changes.
The opposite pH shift of the arginine and phosphate components
explains the stability of the pH of the formulation buffer upon freez-
ing. It can be concluded that the phosphate-arginine formulation
gives an excellent pH stability during freeze-thawing in comparison
to the other buffer systems studied here. The considerable increase
in pH of citrate, histidine and HEPES buffers (Fig. 3A) is probably
due to the predominant pH increment effect of arginine-sulfate.

3.3. Effect of different buffer systems on the freeze-thaw behavior
of FGF-20

In order to understand the effect of four different buffer systems
on the freeze-thaw behavior of FGF-20, freeze-thaw studies were
performed in a 50 ml falcon tube containing 25 ml solution with
a protein concentration of 10 mg/ml. Four different buffer systems
used were phosphate, citrate, histidine and HEPES all at a concen-
tration of 50 mM. Each buffer system contains 0.5 M of L-arginine
and 0.01% Polysorbate 80, and pH was adjusted to 7.0 with sulfuric
acid. Tubes were frozen at —20 °C overnight and each tube was then

Table 1

thawed at four different conditions: (i) room temperature standing,
(ii) room temperature shaking, (iii) 4 °C standing, and (iv) 4 °C shak-
ing. As discussed under Section 3.1, the temperature profile during
freeze-thawing would be almost uniform throughout the solution
for the 50 ml falcon tube containing 25 ml solution.

Fig. S1 (supplementary figure) shows the tubes with four differ-
ent buffer systems thawed at room temperature standing. A small
amount of precipitate at the bottom and a significant amount of
material floating out of solution in the top portion of these tubes
was present with HEPES, histidine and citrate buffer systems, but
not so much in the phosphate buffer system. Samples were col-
lected from the cloudy top and clear middle layers of tubes by
carefully pipetting out. The amount of bottom layer precipitate was
not enough for collection and subsequent analysis. Interestingly,
when the cloudy top layers were kept in an ice bath, the solutions
became clear. These clear solutions became cloudy at room tem-
perature within about an hour and again became clear when kept
in an ice bath. This reversible change in visual appearance of the
top layer can be represented as

Cloudy top layer (at room temperature)
= clear top layer (inice bath)

When the bottom precipitate, turbid Top and clear Middle layers
were mixed, a clear solution was obtained.

However, after the cloudy top layers became clear in the ice bath,
the samples were left in 4°C in the fridge overnight. After about
10h it was observed that all the top layers remained clear except
for the citrate buffer system. At this stage, when all the top layers
were kept in room temperature for 1 h, all samples became cloudy
and upon putting these samples back in the ice bath, only solu-
tions in phosphate and HEPES buffer systems became clear, whereas
the solutions in citrate and histidine buffer systems remained
cloudy. Table 1 shows systematic visual observation for the tem-
perature effects on the cloudy top layers in different buffer systems
obtained after thawing at room temperature standing. These data
shows that phosphate and HEPES buffer systems are better for FGF-
20 in comparison to citrate and histidine. The formulation buffer
contains phosphate and detailed characterization of FGF-20 in dif-
ferent layers has been done in the formulation buffer only (Section
3.3.1).

Thawing with shaking either at 4°C or room temperature (RT)
did not generate a gradient in solute and protein concentration, and
consequently no noticeable phase separation was observed. The
tubes that were thawed at 4 °C with standing also did not show any
turbidity (in comparison to thawing at room temperature stand-
ing) in the top layer because solubility of FGF-20 is higher at low
temperature (see Section 3.3.1; Maity et al., in press).

As mentioned above, after thawing, top layers were more cloudy
in HEPES, histidine and citrate buffer systems than in phosphate
buffer. This is probably due to the difference in pH change dur-
ing freezing (Fig. 3) as well as from a buffer effect. However, the

Step-wise visual observation of temperature dependent changes in the physical appearance of FGF-20 solutions in the different layers of four buffer systems. The composition
of various buffers was 50 mM X (X = phosphate, citrate, HEPES, and histidine), 0.5 M L-arginine, 0.01% Polysorbate 80 pH 7.0. pH was adjusted with sulfuric acid.

Buffer system Section of the tube 1. Right after 2. When in ice 3. After fridge 4. After out for 1 h (RT) 5.Back in ice bath
thawing and bath right after overnight
pooling (RT) pooling
Phosphate Top Cloudy Clear Clear Cloudy Clear
Phosphate Middle Clear Clear Clear Clear Clear
Citrate Top Cloudy Clear Cloudy Cloudy Cloudy
Citrate Middle Clear Clear Clear Clear Clear
HEPES Top Cloudy Clear Clear Cloudy Clear
HEPES Middle Clear Clear Clear Clear Clear
Histidine Top Cloudy Clear Clear Cloudy Cloudy
Histidine Middle Clear Clear Clear Clear Clear
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Table 2

Various parameters of freeze-thaw samples (50 ml falcon tubes) of FGF-20.

Sample ID pH Protein concentration (mg/ml) Osmolality (mOsm/kg) Turbidity? (340-360 nm) NTU
Top 7.01 5.05 294 0.086 133
Middle 6.92 11.06 674 0.052 4.57
All mixed 6.91 10.26 529 0.035 8.28

2 Average of absorbance measured at 340, 345, 350, 355 and 360 nm.

cloudiness in the top layer in all the buffer systems is primarily
related to the lower arginine-sulfate concentration in comparison
to clear middle layer (Sections 3.5.1 and 3.5.2). Though the temper-
ature profiles of freeze-thawing in a 50 ml falcon tube would be
more uniform (Fig. 2B) than in a 2 L bottle, the concentration gradi-
ent of various components mainly occurs during thawing (Section
3.5.2).

3.3.1. Characterization of protein at different layers obtained after
thawing at room temperature standing in phosphate buffer
system in a 50 ml tube

Thawing at 4 °C with or without shaking did not produce observ-
able turbidity, so the samples were collected from the top and
middle layers of tubes thawed at room temperature standing. The
amount of bottom layer precipitate was insignificant for subse-
quent analysis. Top, middle and all mixed (top + middle + bottom)
freeze-thaw samples were analyzed for pH, osmolality, protein con-
centration and turbidity (by nephelometry and light scattering).
These samples were also analyzed by RP-HPLC for isoform distri-
bution and the conformational stability was measured by DSC and
guanidinium chloride induced unfolding. Concentration of buffer
components at different layers will be different, so top, middle
and all mixed samples were dialyzed in 50 mM phosphate, 0.5 M
arginine-sulfate, 0.02% Polysorbate 80 at pH 7.0 for analysis. As
Polysorbate 80 will not be dialyzed (even though the dialysis buffer
contains Polysorbate 80) due to its large size, we would assume
there is no significant gradient in the Polysorbate 80 concentration
across the different layers.

Table 2 lists pH, protein concentration, osmolality and turbidity
(by nephelometry and light scattering) in the phosphate buffer sys-
tem. pH values of all the samples were very similar and at around
pH 7. Consistent with the visual appearance of turbidity, data from
light scattering and nephelometry was higher for the top layer.
Both protein concentration and osmolality of the top layer were
lower than the middle layer, and they were related to each other,
i.e., the higher the protein concentration the higher the osmolal-
ity. We also observed that arginine concentration in the top layer
was lower than the middle layer that causes lower osmolality in
the top layer. Appearance of turbidity at the top layer for thawing
at room temperature standing is related to the lower solubility of
FGF-20 as the arginine-sulfate concentration was lower (Maity et
al,, in press) in this layer. Solubility of FGF-20 is higher at lower tem-
perature (Maity et al., in press), so the turbid top layer became clear
when incubated in an ice bath and became turbid at room temper-
ature and this interchange was found to be reversible. Solubility of
FGF-20 increases with increasing arginine concentration, at least
up to 0.5 M arginine, and a salting out effect was observed at higher

Table 3

Thermal stability parameters determined from DSC profiles of freeze-thaw samples
of FGF-20 (50 ml falcon tubes) as well as mid-point of transitions obtained from
GdmCl induced unfolding.

Sample ID 1Im (*©) AH¢, (kcal/mol) Cm (M) (unfolding by GdmCl)
Top layer 58.6 105.4 1.74
Middle layer 58.5 101.1 1.75
All mixed 58.4 100.1 1.75
Reference 59.0 102.0 1.75
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Fig. 5. GdmCI induced unfolding of FGF-20. Top layer, middle layer and all mixed
samples were obtained from the freeze-thaw experiments that were done in 50 ml
falcon tubes containing 10 mg/ml of FGF-20 in formulation buffer. Thawing was done
at room temperature with standing. Initial buffer composition for the unfolding
experiment was 0.1 M potassium phosphate (dibasic), 0.2 M KCl, 19.1 mM arginine
(sulfate) pH 7.0. Titration was done by 5.28 M GdmCl solution containing 0.1 M
potassium phosphate (dibasic), 0.2 M KCl, 10 mM arginine (sulfate) pH 7.0. Protein
concentration was 8.3 wM (monomer). Unfolding transitions were monitored by
far-UV CD at 225 nm at 20°C.

(1.5 M) arginine concentration (Maity et al., in press). In addition,
solubility of FGF-20 is higher at 4°C than at room temperature in
the phosphate buffer system (Maity et al., in press).

Table 3 shows that both thermal transition temperature (Ty,)
and calorimetric enthalpy were very similar among all the sam-
ples. Fig. 5 shows GdmCl induced unfolding of FGF-20 in the top
and middle layers as well as mixed freeze—-thaw samples, monitored
by far-UV CD at 225 nm. The unfolding transition curves for all the
samples were almost super-imposable to each other, and similar
behavior was found for the fluorescence signal. Table 3 also shows
that mid-points of GdmCl induced unfolding transitions of all the
samples were similar. Both DSC data and GdmCI induced unfold-
ing transitions suggest that there was no change in stability among
various samples. RP-HPLC data shows no noticeable difference in
the isoform distribution among all the samples (not shown). It is
very important to note that heterogeneous distribution of solutes
and protein concentration did not cause any detectable irreversible
change in the stability of FGF-20.

3.4. Effect of Polysorbate 80 on the precipitation of FGF-20 during
thawing in a 50 ml tube

Surfactants have been reported to be useful in preventing
surface-induced denaturation of protein during freezing (Chang
et al.,, 1996). The effect of Polysorbate 80 on the opalescence of
the FGF-20 solution during thawing was tested at Polysorbate 80
concentrations of 0.005, 0.010, 0.025, 0.050, and 0.1% (w/v) in the
formulation buffer with 10 mg/ml protein. These samples were sub-
jected to freezing for 24 h in a —80°C freezer and thawed at two
different conditions: room temperature standing and 4 °C standing.
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Fig. 6. Concentration of arginine (A), sulfate (B), phosphate (C) and protein (D) in samples collected from different regions in the 2-L bottles A and B after thawing in a
cold room at 4°C without shaking. TC, TS, MC, MS, BC, and BS refer to top center, top side, middle center, middle side, bottom center and bottom side regions of the bottle,
respectively, P refers to the precipitate obtained at the bottom, and M refers to the mixed sample obtained after gentle shaking of the bottle at the end of complete thawing.

The samples were analyzed for protein concentration and turbid-
ity by light scattering. All tubes thawed at RT showed opalescence
with no significant difference in pattern with respect to protein
concentration and turbidity including the tube that contained no
Polysorbate 80. On the other hand, all the tubes thawed at 4°C
were clear. These results indicate that the thawing method, not the
concentration of Polysorbate 80, has an effect on the presence or
absence of opalescence in FGF-20 solution during thawing at room
temperature standing.

3.5. Freeze-thaw studies in a 2-L bottle

Freeze-thaw studies in 50 ml tubes have provided important
information about the nature of the precipitation problem. As heat
transfer depends on the size and type of container in addition to
other factors (see Section 3.1; Appendix A), freeze-thaw studies
were performed in a 2-L Teflon bottle containing 1.6 L of solution.
Freezing was done at —80 °C (except the flash freezing that was done
in liquid nitrogen) and thawing was performed at 4 °C unless other-
wise mentioned. These experiments were performed to understand
the mechanism of gradient formation of various components of pro-
tein solution during freeze-thawing as well as to find the method
to thaw the frozen bottle without protein precipitation.

3.5.1. Mapping of component concentrations in protein and major
formulation buffer components in a 2-L bottle

Upon thawing, the top layers of both the bottles (A and B) (see
Section 2.2.3) were turbid whereas only bottle-A had precipitate at

the bottom (Fig. S2, supplementary figure). This difference is prob-
ably due to the difference in location of the bottles in the freezer
during freezing. These two bottles were frozen in a —80 °C freezer
along with many other bottles and the freezing behavior may be
different to some extent at different locations. However, turbidity
(by nephelometry and LS) of the solutions from different regions of
the bottle varied significantly. Very high NTU and LS values in the
top layer were observed, supporting the visual observation. Bot-
tom layer samples also showed high turbidity compared to the side
and center samples. The sample taken after mixing these layers
of solution had NTU and LS readings similar to that of center or
side samples. Bottle-A showed a higher degree of turbidity at top
side, top center, middle center, bottom side, bottom center and bot-
tom perimeter than bottle-B. However, the NTU and light scattering
values obtained after thoroughly mixing the bottles were low and
similar.

The results of the arginine distribution are shown in Fig. 6A. A
more pronounced arginine gradient is measured in bottle-A than
in bottle-B. While the minimum and maximum arginine concen-
trations for bottle-A were 132 mM (top) and 1320 mM (bottom),
respectively, the corresponding values for bottle-B were 230 and
911 mM. The sulfate and phosphate concentrations in these samples
were measured by ion exchange chromatography by West Coast
Analytical Service Inc., and the results are provided in Fig. 6B and C,
respectively. The results show a gradient very similar to that found
for arginine, with the top being low and the bottom showing high
levels of sulfate and phosphate. Bottle-A results also show greater
limits when compared to bottle-B. As expected, a similar pattern
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Fig. 7. pH of samples collected from different regions in the 2-L bottles A and B after
thawing in a cold room at 2-8 °C without shaking. TC, TS, MC, MS, BC, BS, P, and M
have the same meaning as explained in the caption of Fig. 6.

of the concentration of FGF-20 distribution was observed. Fig. 6D
shows the FGF-20 concentration at different locations in the two
bottles. The top turbid layer has the lowest concentration of pro-
tein and the bottom layer has the highest concentration. Bottle-A
showed a steeper protein gradient compared to bottle-B. pH of all
the samples remained very similar being ~7.1 and ~7.0 at the top
and bottom layer, respectively (Fig. 7). SEC-HPLC data shows that
soluble FGF-20 does not form aggregates in any of the fractions
obtained from different regions of the bottles (not shown).

As mentioned above, solubility of FGF-20 strongly depends on
arginine and increases with increasing arginine concentration (at
least up to 0.5 M arginine) and a salting out effect was observed at
higher (1.5 M) arginine concentration (Maity et al., in press). Among
chloride, sulfate and phosphate salts of arginine, solubility is maxi-
mum in arginine-sulfate. For example, solubility values of FGF-20 at
0.2M, 0.5M and 1.5 M arginine-sulfate in 50 mM phosphate pH 7.0
are 1.7 mg/ml, >40 mg/ml and 15 mg/ml, respectively (Maity et al.,
in press). In bottle-A, solution in the top was cloudier than bottle-
B. This is because both the arginine and sulfate concentrations
were lower in bottle-A than bottle-B (Fig. 6A and B). Differences in
arginine and sulfate also explains the difference in protein concen-
tration in the top layer of the two bottles. At the middle section of
these bottles, arginine and sulfate concentrations were about 0.5 M
and 220 mM, respectively, and solubility of FGF-20 in this condition
is about 40 mg/ml and that is why the middle section of the bottles
was clear. Protein precipitation was observed after thawing at the
bottom of bottle-A, not for bottle-B and this is due to the salting out
effect. Arginine, sulfate and protein concentrations at the bottom
of the bottle-A were higher than in bottle-B that causes salting out
effect in the bottle-A. The arginine-sulfate concentration in bottle-
B was not high enough to produce the salting out of the protein and
therefore FGF-20 did not precipitate. The reversibility in the struc-
ture and stability of the protein in the precipitated form as well as
from the different regions of the bottles after thawing, was tested
by biophysical characterization, SEC-HPLC and RP-HPLC.

In order to evaluate whether the segregation pattern of protein
concentration observed for FGF-20 is common to other proteins,
freeze-thaw studies were performed with 4.9 mg/ml of BSA in the
same formulation buffer in exactly the same way with the same
size Teflon bottle as performed for FGF-20. Fig. 8 shows that pro-
tein concentration distribution after freeze-thawing is very similar.
Although the same segregation pattern was observed for BSA and
FGF-20, high turbidity values and visible opalescence were detected
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Fig. 8. Concentration of FGF-20 and BSA in samples obtained from different regions
in 2-L bottles after thawing in a cold room at 4°C without shaking. The concen-
trations of FGF-20 and BSA were 10 mg/ml and 4.9 mg/ml, respectively and these
concentrations have been normalized.

only in the FGF-20 solution. We conclude that the two proteins
segregate in a similar way to different regions of the bottle dur-
ing the freeze-thawing process. However, turbidity or opalescence
was detected only in the FGF-20 solution probably due to lower
solubility of this protein.

3.5.2. Mechanism of gradient formation of component
concentrations in protein and major formulation buffer
components in a 2-L bottle

In an effort to understand the basis of the formation of the
concentration gradient for excipients and active found in all the
2-L bottles, the composition of the floating ice in the bottle was
analyzed. One bottle containing 1.6 L of 4.9 mg/ml BSA solution
in formulation buffer and another bottle with 1.6 L of formulation
buffer were frozen at —80 °C. These bottles were thawed for 30 h at
4°C, then the bottle was cut above the fluid line and the remaining
ice (about 250 g) floating on the top of each solution was removed
and placed in a separate container and allowed to thaw completely
at 4°C. The arginine and protein concentrations were measured in
the fluid obtained after the first 30 h of thawing as well as in the
remaining melted ice solution. In the bottle containing formula-
tion buffer, the ice had an arginine concentration of 94 mM, while
the remaining solution had an arginine concentration of 586 mM.
In the bottle containing BSA solution, the ice had an arginine con-
centration of 134 mM and the remaining solution had an arginine
concentration of 871 mM. The concentration of BSA distribution
showed a very similar segregation to that of the arginine (very low
in the ice, 1 mg/ml, and high in the remaining solution, >7 mg/ml)
mimicking what we have seen throughout the study where compo-
nents migrate together during the freeze-thaw cycle. We conclude
from this experiment that as the solutions are thawing, the salts
and proteins melt out of the ice and leave ice that contains mostly
water at the top of the solution. This process dilutes the top solution
and concentrates the bottom solution.

To separate the freezing from the thawing effect on the excip-
ient and protein gradient, two 2-L Teflon bottles containing 1.6 L
of 10 mg/ml of FGF-20 in formulation buffer were flash frozen by
submerging in liquid nitrogen for approximately 20 min until the
bottle appeared completely frozen. These bottles were then trans-
ferred to a —80°C freezer until used. One bottle was taken out of
the freezer and pieces of ice were sampled from different regions
of the frozen bottle, then thawed at 4 °C and analyzed for arginine
and protein concentration. Another bottle was thawed completely
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Fig. 9. (A) Concentrations of arginine in different regions of 2-L bottles containing
1.6 L of 10 mg/ml FGF-20 in formulation buffer. These bottles were flash frozen in
liquid nitrogen. One bottle was thawed in cold room at 4°C and then samples were
collected from different regions. For the other bottle, frozen samples were collected
from different regions, then thawed at 4 °Cand analyzed. TC, TS, MC, MS, BC, BS, P, and
M have the same meaning as explained in the caption of Fig. 6. (B) Concentrations
of arginine in different regions of 2-L bottles containing 1.6 L of 10 mg/ml FGF-20
in formulation buffer. One of these bottles was flash frozen in liquid nitrogen and
the other one was frozen at —80°C. Frozen samples were collected from different
regions of these bottles and then thawed at 4°C and analyzed. TC, TS, MC, MS, BC,
BS, P, and M have the same meaning as explained in the caption of Fig. 6.

at 4°C, then samples from different regions were collected and also
analyzed for arginine and protein concentration. Fig. 9A shows dis-
tribution of arginine concentration of the flash frozen bottles but
sampled differently. This shows that concentration of arginine is
almost constant, at about 0.5-0.6 M. On the other hand, the arginine
concentration of the liquid nitrogen frozen bottle that was allowed
to thaw at 4 °C shows the similar gradient that has been described
before (compare Fig. 9A with Fig. 6A) and the same is true for protein
concentration gradient (not shown). These results demonstrate that
the excipient gradient occurs mainly during thawing, although not
exclusively. In order to examine the effect of the freezing process
on gradient formation, an additional 2-L Teflon bottle containing
1.6 L of formulation buffer was frozen in a —80°C freezer for 48 h
and pieces of ice were sampled from different regions of the frozen
bottle, then thawed at 4 °C and analyzed for arginine concentration.
Fig. 9B shows the gradient of arginine in the ice of a bottle that was
frozen under standard conditions at —80 °C with the data previously
presented for the liquid nitrogen frozen bottle. The bottle frozen at
—80°C shows an increase in arginine concentration in those areas
that are in the center (core) of the bottle. So it can be concluded that

the gradients of the protein concentration and other components
of the formulation buffer are formed primarily during thawing, not
during freezing.

3.6. Biophysical characterization of thawed FGF-20 aliquots from
2-L bottles

Proteins undergo a variety of low temperature stresses during
freeze-thawing (Chang et al., 1996; Wang, 2000; Arakawa et al.,
2001) and these include: (i) cold denaturation, (ii) formation of ice
that leads to a dramatic increase in concentration of all solutes, (iii)
surface-induced denaturation at the ice-water interface, and (iv)
pH change. All or some of these factors could lead to irreversible
changes in the protein. In addition, during thawing, there could be
a heterogeneous distribution in the concentration of solutes and pH
(depending on thawing procedure). These may affect both solubility
and stability of proteins. Therefore, it is important to characterize
the protein at different regions of the container to evaluate whether
the changes during the above-mentioned stresses are reversible or
irreversible.

3.6.1. Assessment of tertiary structure by near-UV CD

Near-UV CD band originates from aromatic side chains that are
immobilized in a folded protein structure, so it is sensitive to the
natively folded structure of a protein. Therefore, near-UV CD spectra
were used to determine if there were any differences in the tertiary
structure of FGF-20 in various freeze-thaw samples. Near-UV CD
spectra of various freeze-thaw samples (data not shown) were very
similar to each other, suggesting that there is no change in tertiary
structure of FGF-20 in the experimental condition.

3.6.2. Assessment of tertiary structure by steady-state
fluorescence

Fluorescence is sensitive to the tertiary structure of a protein
and depends on the local environment of fluorophores. In FGF-
20, there are 1 tryptophan, 9 tyrosines and 10 phenylalanines. In
the presence of tryptophan and tyrosine, contribution of pheny-
lalanine to the observed fluorescence intensity is insignificant.
Fluorescence is very sensitive to the local conformation around
fluorophores and Anmax is sensitive to the polarity and solvent acces-
sibility of fluorophores. Fluorescence spectra of different samples
were recorded using excitation wavelengths of 283 and 295 nm.
Excitation at 283 nm will result in fluorescence from both tryp-
tophan and tyrosine residues, whereas excitation at 295 nm will
result in fluorescence primarily from tryptophan. The contribution
of tyrosines (even though small) was evident in the fluorescence
spectra for the excitation wavelength of 283 nm in comparison to
295 nm excitation. However, there was no noticeable shift in Amax
in all the samples for a given excitation wavelength, indicating that
solvent exposure of tryptophan remain unchanged. Fluorescence
intensity of all the freeze-thaw samples were also similar (data not
shown). So it can be concluded that that there is no irreversible
change in tertiary structure of FGF-20 upon freeze-thawing.

3.6.3. Assessment of tertiary structure by second derivative
near-UV absorption spectroscopy

Second derivative absorption spectroscopy has been used to
resolve the complex spectrum in the near-UV region to evalu-
ate quantitative contributions from phenylalanine, tryptophan and
tyrosine residues (Balestrieri et al., 1978; Levine and Federici,
1982; Mach et al., 1995). This is because: (i) second derivative
spectrum is highly resolved, (ii) second derivative function obeys
the Beer-Lambert law, and (iii) peak absorption shifts blue upon
unfolding of a protein.

Fig. 10 shows that spectra of all the freeze-thaw samples
obtained from bottle-A were almost identical to each other as well
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Fig. 10. Second derivative near-UV absorption spectra of various freeze-thaw sam-
ples collected from different regions of bottle-A. These spectra were recorded with a
protein concentration of 0.39 mg/ml (monomer) in 50 mM phosphate, 0.1 M sodium
sulfate, pH 7.0 at room temperature. For comparison, second derivative spectra of
FGF-20 at a concentration of 0.39 mg/ml (monomer) were recorded for the reference
sample and in the presence of 5.2 M GdmCI (unfolded protein) with the same buffer
composition and experimental conditions.

as to the reference sample, which was not subjected to freeze-thaw.
It also shows a blue shift of tyrosine and tryptophan absorption
peaks of FGF-20 in the unfolded state. Similar results were obtained
for all the freeze-thaw samples obtained from bottle-B (not shown).
It is important to note that there was no difference in the second
derivative spectra of various freeze-thaw samples obtained from
bottles A and B. All these results suggest that freeze-thaw stresses
did not make any noticeable irreversible conformational change in
FGF-20 and the spectral characteristics of all the freeze-thaw sam-
plesin a given solution were similar to that of the reference sample.
However, caution should be made in interpreting second derivative
absorption spectra for evaluating conformational changes because
these spectra are not very sensitive to the solvent polarity (Maity
et al., in press).

3.6.4. Stability measured by differential scanning calorimetry
(DSC)

Biochemical reactions involve changes in non-covalent inter-
actions; therefore, associated heat effects are significantly lower
than chemical reactions. DSC can be used to measure thermal
stability of biomolecules. Generally, there is a direct correlation
between thermal stability and formulation stability (aggregation
and other deleterious effects) (Remmele et al., 1998; Remmele and
Gombotz, 2000; Schén and Velazquez-Campoy, 2005; Wen et al.,
2007; Guziewicz et al., 2007). Formulation stability increases with
increase in thermal stability. A DSC experiment provides three typ-
ical parameters, ACp, AH and Ty, where ACp is the change in heat
capacity between native and unfolded states, AH is the change in
enthalpy at a given temperature and T, is the mid-point of thermal
denaturation.

Thermal unfolding of FGF-20 is irreversible due to aggrega-
tion, so equilibrium thermodynamics cannot be applied to obtain
accurate thermodynamic parameters. When a thermal transition
is associated with aggregation, the measured transition temper-
ature (Ty) will be lower than that of a pure unfolding transition
because unfolding is an endothermic process, whereas aggregation
is exothermic. Due to these complexities, DSC thermal profiles were
analyzed to obtain apparent mid-point of transition (T, ) and calori-
metric enthalpy (AHc,). In general, higher values for T, and AHy
are indicative of a higher stability. Native protein is enthalpically
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Fig. 11. DSC profiles of various freeze-thaw samples collected from different regions
of bottle-A. These thermograms were recorded with a protein concentration of
1.0 mg/ml (monomer) in 50 mM phosphate (monobasic), 0.5M arginine (sulfate),
0.01% Polysorbate 80, pH 7.0 with a scan rate of 30°C/h.

more stable than unfolded protein because packing and hydrogen
bonding interactions contribute positively to the enthalpy.

Fig. 11 shows that normalized thermal profiles of different
freeze-thaw samples obtained from bottle-A are very similar to
one another. The corresponding values of Ty, and AH, are given
in Table 4. These results suggest that there were no changes in
the thermodynamic stabilities of various freeze-thaw samples of
FGF-20 at different parts of the bottle under the experimental con-
ditions. Similar results were also obtained for samples taken from
bottle-B (Table 4). A DSC thermogram was recorded for a freshly
purified batch of FGF-20 as a reference. Table 4 shows no signif-
icant change in T, and AH, between freeze-thaw samples and
the reference. Small differences in T, and AH¢, may be due to the
fact that the freeze-thaw samples and the control were from two
different batches. These results demonstrate that there is no change
in thermodynamic stability of FGF-20 upon freeze-thawing.

3.6.5. Measurement of stability by denaturant induced unfolding
Denaturant induced unfolding is a powerful method to measure
thermodynamic stability of proteins. The majority of denaturant
induced unfolding reactions are reversible, so using equilibrium
thermodynamic analysis, AG, m, and C, are obtained. AG is the
unfolding free energy, m-value is related to the change in accessible

Table 4
Thermal stability parameters determined from DSC profiles of freeze-thaw samples
obtained at different regions of the 2-L bottles (A and B).

Sample ID Bottle ID 1 (°©)) AH¢, (kcal/mol)
Bottom center (BC) A 58.8 100.2
Bottom center (BC) B 58.6 97.0
Bottom side (BS) A 58.8 101.3
Bottom side (BS) B 58.6 98.0
Middle center (MC) A 58.8 98.7
Middle center (MC B 58.7 98.8
Middle side (MS) A 58.7 99.1
Middle side (MS B 58.7 97.3
Perimeter precipitate (PP) A 58.8 99.9
Perimeter precipitate (PP) B 58.7 98.2
Mixed (M) A 58.8 99.4
Mixed (M) B 58.7 99.7
Top side (TS) A 58.7 100.8
Top side (TS) B 58.7 97.3
Top center (TC) A 58.7 99.9
Top center (TC) B 58.7 96.9
Reference N.A. 59.0 102.0
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Fig. 12. GdmCl induced unfolding of Mixed, perimeter precipitate and middle center freeze-thaw samples (bottle-A) along with reference sample. Experiments were
performed in 0.1 M potassium phosphate (dibasic), 0.2 M KCl, 9.9 mM arginine (sulfate) pH 7.0 with a protein concentration of 8.78 wM (monomer). Titration was done by
5.42 M GdmCl solution containing 0.1 M potassium phosphate (dibasic), 0.2 M KCI pH 7.0. Unfolding transition was monitored by far-UV CD at 225 nm at 20°C.

surface area upon unfolding and Cy, is the mid-point of transition.
These parameters are very useful to understand stability of pro-
teins. Both CD and fluorescence can be used to monitor denaturant
induced unfolding transitions.

Fig. 12 shows the GdmCl induced unfolding of various
freeze-thaw and reference samples of FGF-20 monitored by far-UV
CD. All these transitions are apparently monophasic and as FGF-20
is a dimeric protein, and for simplicity, data was analyzed by a two-
state dimeric unfolding model involving native dimer and unfolded
monomeric forms (Maity et al., 2005, in press). This model fits very
well with all the data sets, and the parameters obtained from the
analysis are shown in Table 5. It is important to note that the m-
value (which is proportional to the change in accessible surface
area upon unfolding) is model dependent and the presence of an
intermediate can alter the value to a different extent depending
on the amount of population (Mayne and Englander, 2000; Maity
et al., 2003, 2004, 2006; Eftink and Ionescu, 1997). On the other
hand, mid-point of transition could be measured quite accurately.
However, as we are comparing stabilities under the same experi-
mental condition, it is appropriate to compare all parameters. Here,
we have measured stability of three different freeze-thaw sam-
ples from bottle-A: middle center, perimeter precipitate, mixed,
and a reference. It is important to note that middle center and
perimeter precipitate samples were cloudy, whereas the mixed

Table 5
Parameters for GdmCl induced unfolding of freeze-thaw samples of FGF-20 (bottle-
A) and reference sample.

Sample ID Cm (M) m (kcal/mol M) AGoun (kcal/mol)
Reference 1.75 7.0 19.1
Mixed 1.75 6.8 18.6
Middle center 1.74 6.7 18.5
Perimeter precipitate 1.75 6.8 18.7

sample was clear. So stability measurements of these samples are
expected to give the overall picture of the stability of all freeze—thaw
samples.

Unfolding free energy (AGoun) of FGF-20 is about 18.5 kcal/mol,
suggesting that it is a stable protein. Table 5 shows that all the
parameters of various samples were very similar, indicating there
is no detectable change in the stability of all these samples. The
fluorescence transitions of GdmCIl induced unfolding of various
freeze-thaw samples along with the reference, are multi-phasic
and hence were not used for analysis. However, qualitatively, all
these transitions were similar, indicating that there was no notice-
able change in stability among various samples. Here again, these
results demonstrate there was no detectable change in thermody-
namic stability of FGF-20 upon freeze-thawing.

3.6.6. Isoform distributions monitored by RP-HPLC

RP-HPLC is one of the most commonly used chromatographic
techniques for analysis of biomolecules. The resolution power of a
properly developed RP-HPLC method is so efficient that it can sep-
arate polypeptides that differ by a single amino acid. Separation of
biomolecules on a RP-HPLC column is based on subtle differences in
the “hydrophobic foot.” Protein degradation products due to deami-
dation and oxidation can be evaluated by RP-HPLC. The reverse
phase chromatograms of some freeze-thaw samples (not shown)
that had significant concentration gradients in protein and solutes
upon freeze-thaw are very similar to each other, suggesting that
there was no considerable difference in the isoform distribution
among various samples.

4. Conclusions

All the characterization data presented here indicates that FGF-
20 sampled from different regions of the thawed bottle is similar in
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stability, structural characteristics and isoform distribution. Thus,
the concentration gradient generated after thawing does not cause
any irreversible change in conformation or stability of FGF-20.
These concentration gradients resulted in an appearance of tur-
bidity in the top and bottom layers during thawing. However, this
turbidity is due to a lower solubility of FGF-20 in those conditions
and not due to any irreversible changes of the protein.

The FGF-20 drug substance can be thawed without irreversible
precipitation by three methods and these are: (a) thawing at 4°C
with gentle shaking (about 100 rpm in a standard shaker), (b) thaw-
ing at room temperature with gentle shaking, and (c) thawing at4°C
standing. The first two methods produce no precipitate whereas the
third method may produce precipitate that readily goes back into
solution upon mixing. The pH of the frozen solution and the con-
centration of Polysorbate 80 in the formulation were found not to
be relevant to the precipitation of FGF-20. The breakthrough in the
understanding of the cause of FGF-20 precipitation came from the
measurements of arginine, sulfate and phosphate in different parts
of the thawed bottle. It was found that a gradient is formed primar-
ily upon thawing, and that the concentration of arginine and sulfate
at the top of the melted solution was not enough to maintain the
protein in solution. On the other hand, the excipient concentration
at the bottom of the bottle was high enough to induce the precipi-
tation of the protein in some cases by a salting out effect. Freezing
bottles in liquid nitrogen produces a homogenous solid in terms of
arginine concentration. When these bottles are thawed, the profiles
of the arginine and protein concentrations are similar to the bottles
frozen in a —80°C freezer, indicating that the excipient and protein
gradient is mainly formed during thawing.
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Appendix A. Heat transfer during freeze-thawing

There are three basic modes of heat transfer and these are:
(i) conduction, (ii) convection, and (iii) radiation. According to
Fourier’s law, the rate of heat transfer in the conduction mode is
directly proportional to the temperature gradient and inversely
proportional to the thickness of the wall, and can be written as
(Nag, 1989)

Q- KualZD)

(A1)
where K is the thermal conductivity of the material through which
heat is being transferred, A is the surface area of the container,
(T, — Tq) is the temperature difference across the wall and x is the
thickness of the wall. For a cylindrical container the rate of heat
transfer due to conduction can be written as (Nag, 1989)

0- K(Ay — A )Ty — T)
(rp —r1)inAy /Ay

(A.2)

where A; and A are the inside and outside surface areas, and r; and
o are the internal and external radius of the cylinder, respectively.

Heat transfer due to convection involves movement of fluids
that could occur as a result of difference in solution density in the
present experimental model. Here, the convection process of heat
transfer is free, or natural, as there was no external device used
for the fluid motion. Let us consider the temperature of a very thin
layer of fluid adjacent to the container wall varies from Ty, to Ty due
to a free or natural convection process. According to Newton’s law
of cooling, one can write the rate of heat transfer (Q) similar to Eq.

(A1) as

Q= —KfA@ — hA(Tw — T}) (A3)
where K; is the thermal conductivity of the adjacent thin layer of
the fluid and h =Kg/x is the coefficient of heat transfer. During heat
transfer from the liquid to the cold atmosphere in the —80 °C freezer
through the bottle wall, one can think of three resistances in series
and can be expressed as R = Ry + Rw + Rca. Rg, Rw and Rca are the
resistance for the heat transfer in the fluid, wall and cold atmo-
sphere, respectively. One can write the total rate of heat transfer
as

Tr —Tca

R

Tr and T¢p are the temperature of the fluid and cold atmosphere in
the freezer, respectively. In addition to conduction and convection,
heat will also be transferred by radiation.

Q- (A4)

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijpharm.2009.05.063.
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