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Abstract

- Ernest Ezeajughi? - Julie Calahan'

- Chinwe Duru3 -

In a lyophilized protein/disaccharide system, the ability of the disaccharide to form a homogeneous mixture with the protein
and to slow the protein mobility dictates the stabilization potential of the formulation. Human serum albumin was lyophi-
lized with sucrose or trehalose in histidine, phosphate, or citrate buffer. 'H T, relaxation times were measured by solid-state
NMR spectroscopy and were used to assess the homogeneity and mobility of the samples after zero, six, and twelve months
at different temperatures. The mobility of the samples decreased after 6 and 12 months storage at elevated temperatures,
consistent with structural relaxation of the amorphous disaccharide matrix. Formulations with sucrose had lower mobility

and greater stability than formulations with trehalose.
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Introduction

Protein-based drugs are established as a significant thera-
peutic modality for the treatment of numerous diseases (1).
Some proteins are unstable in solution, and protein degrada-
tion can cause a loss of safety or efficacy (2, 3). One method
to increase the storage stability is to lyophilize the protein
in the presence of a disaccharide (4, 5). Disaccharides act as
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both a cryoprotectant during the lyophilization process and
as a stabilizer for long-term stability (6, 7).

Sucrose and trehalose are the most common disaccharide
excipients used for lyophilization, but it is difficult to predict
whether sucrose or trehalose will provide better stability for
a given protein at a given storage condition. Many studies
have directly compared the long-term stability of proteins
lyophilized with sucrose or trehalose with conflicting results
(8). Zografi and co-workers showed that sucrose was a better
stabilizer to human growth hormone (hGH) when compared
to trehalose in lyophilized formulations stored at 40 or 50 °C
in sealed vials with protein:disaccharide ratios of 1:6 (9). At
higher temperatures such as 60 °C, or higher relative humidi-
ties such as 11%, it has been shown that trehalose was a
better stabilizer to hGH (9) and a monoclonal antibody (10).
Other direct comparisons of the stability of proteins lyo-
philized with sucrose or trehalose are summarized by Fang
et al. (8). The effectiveness of a disaccharide to stabilize a
protein during long-term storage relies on its ability to slow
the mobility of the protein. Amorphous systems are mobile
on at least two timescales, corresponding to a-relaxation and
B-relaxation processes. a-relaxation processes are slower and
are related to the proximity of the storage temperature to the
glass transition temperature (T,). In the case of sucrose and
trehalose, the Tg of trehalose (~ 110 °C) is higher than that
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of sucrose (~60 °C), (11) suggesting that trehalose may be a
better stabilizer because typical storage temperatures are fur-
ther below the Tg. Despite sucrose having a lower Tg, Pikal
and co-workers reported that hGH stability was approxi-
mately a factor of two better when lyophilized with sucrose
than when lyophilized with trehalose (12). In another study,
a-relaxation of lyophilized sucrose and trehalose were meas-
ured by isothermal microcalorimetry and the mobility of the
sucrose was greater (13). Later, the same group concluded
that the proximity of the storage temperature to the T, cannot
be used to predict protein stability and suggested that fast
dynamics (B-relaxation processes) may be controlling the
stability differences between the formulations (12).

Neutron backscattering can be used to measure f, relax-
ation (mobility on ns timescale) of a lyophilized system.
Cicerone et al. demonstrated that there was a linear relation-
ship between disaccharide mass fraction and mean squared
displacement of hydrogen atoms (<u”>) in three lyophi-
lized globular protein/disaccharide glasses. The authors then
compiled the data from several studies where protein deg-
radation rate was determined as a function of disaccharide
mass fraction, and converted the disaccharide mass fraction
to <u’> using the linear relationship determined for the
three lyophilized globular protein/disaccharide glasses. A
linear relationship between degradation rate and <u?> ~!
was observed for eleven proteins in disaccharide glasses
at various temperatures indicating that 3, relaxation is a
good indicator of protein stability (14). However, neutron
backscattering is not routinely used due to limited instru-
ment availability and long analysis times. One study has
been done which utilized the fluorescence red edge effect
to derive a <u®> surrogate in amorphous samples with an
added fluorescence probe molecule (15). In glycerol, lyophi-
lized trehalose, and lyophilized sucrose model systems, the
method showed reasonable agreement with < u®> measured
with neutron backscattering, but the method did not agree
well with < u?> measured with neutron backscattering at
very low temperatures.

Solid-state nuclear magnetic resonance (ssSNMR) spec-
troscopy measures local mobility through proton spin-lat-
tice relaxation times ("H T,) and is a practical and available
analytical technique. 'H T, measures mobility on time-
scales comparable to neutron backscattering (B, relaxa-
tion) (16). ssNMR can also measure spin-lattice relaxa-
tion times in the rotating frame (IH T, p), which measure
mobility at lower frequencies. Several reports in literature
have attempted to correlate protein mobility measured by
ssNMR with protein stability. Yoshioka et al. lyophilized
B-galactosidase with various weight fractions of trehalose,
sucrose or stachyose and measured T, , and aggregation rate
(17). It was shown that sucrose slowed the local mobility
more when compared to trehalose or stachyose. The authors
concluded that the order of the ability of the excipient to
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decrease the local mobility was the same as the order of
their ability to decrease aggregation rate. Additionally, it
was shown that an increase in weight fraction of excipient
increased the ability of the excipient to slow local mobility.
Separovic et al. lyophilized recombinant human deoxyri-
bonuclease type 1 (DNAse), insulin, and lysozyme without
stabilizers (18). Lyophilized proteins were then stored at a
range of relative humidities for 5 — 6 days. After equili-
bration, mobility was measured by ssNMR 'H T, and 'H
T,, relaxation times, and samples were stored for 60 days.
The 'H T, of protein molecules decreased with an increas-
ing water content, likely due to changes in hydrogen bond-
ing and the dynamics of the protein’s surface groups. The
authors report that a decrease in 'H T, relaxation time is
associated with aggregation and loss of enzymatic activity.
Lam et al. lyophilized lysozyme with trehalose or lactose
and measured 'H T, and 'H T,, relaxation times (19). The
addition of either trehalose or lactose caused the 'H T, of
the lysozyme to increase. At lysozyme:excipient ratios of
8:2, both excipients formed a homogeneous matrix with the
protein, indicated by similar "H T, values of the lysozyme
and excipient. At lysozyme:excipient ratios of 2:8, trehalose
formed a homogeneous matrix, but lactose crystallized and
phase separated, which was measured by an increase in 'H
T, of the lactose. Samples which showed phase separation
in ssNMR 'H T, relaxation times also showed decrease in
activity and increase in aggregation.

Mensink et al. lyophilized Immunoglobulin G (IgG) with
trehalose, inulin, and dextran, measured "H T, at time zero, and
measured aggregation rate by size exclusion chromatography
(SEC) at extended timepoints (20). IgG lyophilized with treha-
lose exhibited the longest 'H T, relaxation time and the great-
est stability after storage at 50 °C. When IgG was lyophilized
with 70 kDa dextran, the protein and excipient phase separated,
despite remaining amorphous. The protein also had a much
shorter 'H T, relaxation time, and the stability was comparable
to IgG lyophilized without a stabilizer. Samples containing
lower molecular dextran and inulin had 'H T, relaxation times
that correlated with the relative stability of the protein formula-
tions, where samples with longer 'H T, relaxation times had
better stability. All other excipients used resulted in relatively
poor stability when compared to trehalose.

One challenge of the Mensink study was that the only
excipient that was studied that is relevant to protein formula-
tions was trehalose. In addition, relaxation times were only
measured on the initial samples, and samples that were stored
would have undergone structural relaxation, presumably lead-
ing to longer relaxation times. There was also no comparison
of sucrose to trehalose in that study. While it has been well
established that sucrose is a better stabilizer than trehalose,
it has not been shown that trehalose would have a shorter
relaxation time, and therefore higher mobility compared to
sucrose. The purpose of this study is threefold: 1) compare
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the 'H T, relaxation times of sucrose and trehalose upon ini-
tial formulation to determine if the 'H T, relaxation time
of sucrose is longer than the 'H T, relaxation time; 2) to
determine if the "H T, relaxation times of sucrose and tre-
halose increase upon storage at different temperatures in the
presence of protein, indicating that structural relaxation has
occurred in the system; 3) to determine if different buffer
systems have a significant impact upon the 'H T, relaxation
times and/or stability under various storage conditions.
ssNMR was used to determine the 'H T, relaxation times
of lyophilized human serum albumin (HSA) samples con-
taining either sucrose or trehalose and with either phosphate,
histidine, or citrate buffer. Stability data was compared to the
ssNMR 'H T, relaxation times. Specifically, samples were
lyophilized and stored at -20 °C, 4 °C, 37 °C, or 56 °C for
12 months. Relative sample stability was correlated with
the 'H T, relaxation time of the disaccharide at time zero,
where HSA/sucrose samples were both more stable than
HSA/trehalose samples during storage and had a longer 'H
T, relaxation time. 'H T, relaxation times increased during
storage, indicating that the sample mobility decreased due
to structural relaxation occurring in the samples. Although
multiple buffers were studied, the specific buffer used had
little effect on the stability of the HSA compared to the
disaccharide used and the storage temperature.

Materials & Methods
Sample Preparation

Albumin (20% (w/v)) from clinical grade product was
exhaustively dialysed into high purity deionised water
(NIBSC media services) using 8 kDa dialysis tubing (Spec-
trum, Thermo Fisher, Hemel Hempstead, UK) at 2-8 °C
over a period of 44 h to remove all existing excipients. After
dialysis, the final protein concentration was approximately
11.1% (w/v) based on OD280 nm absorbance.

The protein solution prepared above was formulated to
a final concentration of 5% (w/v) protein, 5% (w/v) sucrose
(USP/Ph Eur grade, Merck Life Science Uk Ltd, Gilling-
ham, UK), and either 15 mM histidine, 15 mM sodium phos-
phate or 15 mM sodium citrate (pH 7). Another formulation
with 5% (w/v) trehalose (highest analytical grade, Merck
Life Science Uk Ltd, Gillingham, UK) in place of sucrose
was also prepared for the sodium phosphate formulation.
0.25 mg/mL of 1-"°C labeled malonic acid (Sigma Aldrich
Ltd., Poole, UK) was added as a probe molecule to meas-
ure microenvironment pH changes between formulations
(21-23). 3 mL of each formulation were dispensed into eight
10 mL vials (VC005-20C 10 mL, Schott, Adelphi Tubes,
Haywards Heath, UK), and vials were semi-stoppered with
20 mm diameter halobutyl igloo closures.

Thermal Analysis

Freeze drying microscopy was performed on a Linkam
FDCS 196 stage with liquid nitrogen cooling and program-
mable heating using Linkam control software and an Olym-
pus BK51 microscope with plane polarised lighting (Linkam
Scientific Ltd, Epsom, UK). A solution with known col-
lapse temperature (5% trehalose in water, - 30 °C) was used
to confirm instrument calibration. 3—35 pL of each of the
sucrose formulations were tested by pipetting into a quartz
crucible and trapping the droplet under a 13 mm coverslip.
The droplet was frozen to -50 °C at 10 °C/min. Pressure
was reduced to < 100 pbar, and then the temperature was
increased at 5 °C/min until the collapse was observed. Col-
lapse temperature can be found in the Supporting Informa-
tion Table S1.

Modulated Differential Scanning Calorimetry (mDSC)
was performed on a TA Instruments Q2000 DSC with
autosampler and cooling accessory. (TA Instruments,
Wilmslow, UK) 80 uL of each sample was added to a high-
volume hermetic steel pan. Freezing was at maximum rate
(nominally 10°C/min) to -90 °C and the samples were held
isothermally for 10 min. The sample was then ramped to
25 °C at 3 °C/min with a modulation of 1 °C/min. Glass tran-
sitions/eutectics were calculated using Universal Analysis
Software (TA Instruments, Wilmslow, UK). Glass transition
temperature (midpoint) of maximally freeze concentrated
solution (T,’) are tabulated in the Supporting Information
Table S1.

Lyophilization

Glass transition temperature of the maximally freeze con-
centrated solution (Tg’) and the collapse temperature (T,) by
freeze dry microscopy were measured for each of the sucrose
formulations to determine the shelf temperature for primary
drying which would not result in cake collapse. T,” and T,
can be found in the Supporting Information in Table S1.
Vials were loaded into a single freeze dryer run on a Tel-
star LyoBeta 15 freeze dryer (Telstar Azbil spA, Terrassa,
Spain). Samples were frozen by ramping the shelf to -40 °C
at 1 °C/min. Samples were held for 2 h at -40 °C to ensure
the solution in all vials was frozen and the ice crystalliza-
tion was complete. Primary drying was started by reducing
the pressure to 200 pbar and raising the shelf temperature to
-20 °C. Samples were held at these conditions for 30 h. By
this point, two thermocouples placed in vials near the front
of the vial pack had shown inflection, although compara-
tive vapour pressure measurement still indicated a difference
between Pirani gauge and baratron capacitance manometer
measurements. Secondary drying was begun by ramping the
shelf temperature to 25 °C at 0.125 °C/min, and the pres-
sure was reduced to 50 pbar. Samples were held at these
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conditions for 8 h. The thermocouple profiles indicated only
a small lag during the ramping phase and equilibration at
the shelf temperature during most of secondary drying. The
vials were then backfilled with dry nitrogen to atmospheric
pressure. The vials were stoppered in situ and sealed with
aluminium crimp closures.

All lyophilized samples were pharmaceutically elegant
well-formed cakes with no apparent collapse. Photographs of
the lyophilized formulations are shown in Fig. S1 in the Sup-
porting Information. Residual moisture contents ranged from
0.27 to 0.38% (w/w) after lyophilization. Headspace oxygen
levels were < 0.15% and suggest that headspace gases should
not adversely impact storage.

Residual Moisture Analysis

Residual moisture in the lyophilised cakes at time zero
was measured by coulometric Karl Fischer (KF) titration
(Al-Envirosciences, Blyth, UK.). Residual moisture was not
measured at extended time points because the vial head-
space was backfilled with dry nitrogen after the lyophili-
zation cycle, and vials were sealed with aluminum crimp
caps. In a drybag (Pyramid, Cole Parmar, London UK)
with RH < 10%, a single vial of each product was distrib-
uted between three 4 mL. HPL.C autosampler vials (Thermo
Fisher Ltd, Loughborough, UK). Vials were capped with
screw caps with a polytetrafluoroethylene (PTFE) membrane
seal. Samples were then analyzed on an automated KF sys-
tem based upon the AquaFast (A1 Envirosciences Ltd, Blyth,
UK) with a CA-200 coulometer (Mitsubishi, supplied by Al
Envirosciences) and a GX-270 robotic sampler (Gilson, sup-
plied by A1 Envirosciences). Mitsubishi cathode and anode
reagents were used (Aquamicron, Mitsubishi, supplied by
A1l Envirosciences) and a check solution of known water
content was used to check performance on each assay (Aqua-
micron P, Mitsubishi). The moisture content of empty vials
was measured and used as a blank subtraction for the freeze-
dried materials. The mean of three determinations with CV
was reported for each sample. Residual moisture content can
be found in Table S2 in the Supporting Information.

Oxygen Headspace Analysis

Frequency-modulated spectroscopy at 760 nm (FMS 760,
Lighthouse Instruments, Charlottesville, VA, USA) was used
as a non-destructive method to measure residual oxygen in
the headspace gas on three vials of each freeze dried for-
mulation. Calibration was performed with NIST traceable
oxygen standards (0% and 20%) in identical 10 mL vials.
Oxygen headspace data can be found in Table S2 in the Sup-
porting Information.
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Stability Studies

Samples were stored at -20 °C, 4 °C, 37 °C, and 56 °C for up
to 12 months. At 6 and 12 months, samples were removed
for analysis either by SEC to assess aggregation, or by
ssNMR to determine 'H T, relaxation times.

HPLC SEC Analysis

HPLC SEC was performed according to the Ph Eur SEC
HPLC method (2.2.30, Ph Eur 9th Ed., Strasbourg, France;
Council of Europe 2019). Samples were reconstituted
to 3 mL with deionised water and then assayed by load-
ing approximately 100 puL of 0.2 um filtered sample injec-
tion volume onto a Thermo Ultimate 3000 HPLC (Thermo
Fisher, Hemel Hempstead, UK) with a disodium hydrogen
phosphate, sodium dihydrogen phosphate, sodium chloride,
sodium azide buffer as mobile phase and with isocratic elu-
tion on a TSKgel G3000SWy; column (7.8 X 300 mm, I.D.
x length) at 0.5 mL/min. Protein molecular size distribution
was assessed by OD280nm and compared to a non-lyophi-
lized albumin control preparation.

Solid-State Nuclear Magnetic Resonance
Spectroscopy (ssNMR)

ssNMR data at 0 and 6 months were acquired using a
Tecmag Apollo spectrometer operating at 100.6 MHz
for '*C (9.4 T static magnetic field). 12 month data was
acquired using a Bruker Avance spectrometer operating at
100.505 MHz for '*C. In a drybox (RH <3%), lyophilized
powders were packed into zirconia rotors and sealed with
Kel-F endcaps (Revolution NMR, LLC, Fort Collins, CO).
All experiments were performed at room temperature using
a double resonance magic angle spinning (MAS) probe. All
13C spectra were acquired under MAS (24) at 4 kHz, using
ramped-amplitude cross-polarization (CP) (25), total side-
band suppression (TOSS) (26), and SPINAL-64 'H decou-
pling (27). An approximately 4 us 'H 90° pulse, and a 2 ms
contact time were used in all experiments. 3-Methylglutaric
acid was used as an external chemical shift standard and to
optimize spectrometer settings (28).

'H T, relaxation times were measured using a saturation
recovery experiment through '*C observation. A satura-
tion recovery experiment is a pseudo 2D NMR experiment
where the °C spectrum is plotted against a variably delay
time. 90° pulses were used to saturate the magnetization, fol-
lowed by a variable pulse delay to allow the magnetization
to recover back to equilibrium. After Fourier transform, a
peak from each sample component was identified (25 ppm
HSA, 75 ppm disaccharide, 176 ppm malonic acid) based
on high intensity and minimal overlap with other system
components. The chosen peaks were then integrated over
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the full width at half maximum, and the areas were plotted
against the delay time. Equation 1 was fit to the data using
KaleidaGraph (Synergy Software, Reading, PA)

M=My(1—eh) o))

where M is the area of the chosen peak, t is the variable
delay time, M, is an amplitude parameter from the fit, and T
is the spin-lattice relaxation time in the laboratory frame. 'H
T, relaxation times are reported with error values that reflect
the goodness-of-fit of Eq. 1 to the data.

Results

Figure 1 shows two representative spectra of lyophilized
formulations using phosphate buffer, one containing HSA,
sucrose, and malonic acid, and a second containing HSA,
trehalose, and malonic acid. The original purpose of includ-
ing 13C labeled malonic acid was to measure microenviron-
ment pH changes between buffers (21-23). However, sensi-
tivity precluded an accurate measure of pH change between
samples, so the samples served as duplicates for each data
set. Although malonic acid was present in all samples, it
will not be discussed further. Broad peaks indicate that the
sample is amorphous after lyophilization. The highlighted
region from 72.5—77.5 ppm was used for 'H T, determina-
tion of the sucrose or trehalose, and the highlighted region

HSA/
Trehalose/
Phosphate

HSA/
Sucrose/
Phosphate

220 200 180 160 140 120 100 80 60 40 20 0
13C Chemical Shift (ppm)

Fig.1 '3C ssNMR spectra of HSA/Trehalose/Phosphate and HSA/
Sucrose/Phosphate formulations. Highlighted areas indicate spectral
regions used for 'H T, determination

from 22.5—27.5 ppm was used for 'H T, determination of
the HSA.

ssNMR 'H T, relaxation times can be used to determine if
a sample is homogeneous, as well as the degree of molecu-
lar mobility present in the sample. Sample homogeneity is
determined by measuring and comparing the 'H T, relaxa-
tion times of the protein and disaccharide. Due to spin dif-
fusion, magnetization is transferred between neighboring
nuclei at a rate given by the spin diffusion constant. The
distance over which spin diffusion occurs is related to the
relaxation time by Eq. 2 (29-31).

L =+6DT 2)

where L is the distance of spin diffusion, D is the diffusion
coefficient, which is assumed to be 10712 cm?/s (29) and T
is the "H T, relaxation time. Because 'H T, is typically on
the order of 1—S5 s for protein/disaccharide systems, spin
diffusion occurs over approximately 20 — 50 nm. Spin diffu-
sion results in magnetization transfer between nearby nuclei,
resulting in a relaxation time that is a weighted average of
the nuclei in the distance over which spin diffusion occurs.
If the sample is homogeneous, the protein and disaccharide
will have the same 'H T, relaxation times. If the sample
is inhomogeneous, where the degree of inhomogeneity is
greater than 20-50 nm, then the 'H T, relaxation times of
each component are not averaged and will correspond to the
values of the two independent components. Samples that are
partially inhomogeneous will have 'H T, relaxation values
that are different for the protein and disaccharide, but the
values will be closer than that found for the two independent
components. Homogeneity on a smaller domain size could
be assessed in a similar way using 'H T, relaxation times,
however 'H T, , relaxation times were not measured here
because it has been shown that values do not correlate with
protein stability (19).

Table I shows 'H T, relaxation times for Pure HSA,
sucrose, and trehalose, as well as lyophilized HSA and
sucrose or trehalose in either histidine, sodium phosphate
or sodium citrate buffer. Shortly after lyophilization, HSA
by itself had a "H T, relaxation time of 1.01 s, lyophilized
sucrose had a 'H T, relaxation time of 3.34 s, and lyophi-
lized trehalose had a 'H T, relaxation time of 3.95 s. 'H
T, relaxation time values were approximately 2 s for all
formulations. This is consistent with an average relaxation
time of a 1:1 mixture of HSA and sucrose or trehalose. The
'H T, relaxation time of each component in each formula-
tion is approximately the same, indicating that all samples
are homogeneous on an approximately 20—50 nm domain.
Samples prepared using sucrose in histidine, sodium phos-
phate or sodium citrate buffers have the same 'H T, relaxa-
tion time for each component, suggesting that changing the
buffer and any potential changes in microenvironment pH
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Table| 'H T, relaxation time of the HSA and Disaccharide (Sucrose
or Trehalose) at Time Zero in each Formulation

'H T, Relaxation Time (5)

Sample HSA Disaccharide
HSA 1.01+0.01 -

Sucrose (lyophilized) - 3.34+0.17
Trehalose (lyophilized) - 3.95+0.20
HSA/Sucrose/Histidine 2.08+0.03 2.10+£0.03
HSA/Sucrose/Histidine* 2.01+0.06 1.93+0.03
HSA/Sucrose/Phosphate 2.16+0.14 2.17+0.11
HSA/Sucrose/Phosphate* 2.08 +£0.08 2.07+0.09
HSA/Sucrose/Citrate 2.12+0.05 2.23+0.03
HSA/Sucrose/Citrate* 2.34+0.09 2.40+0.07
HSA/Trehalose/Phosphate 1.84+0.06 1.90+0.03
HSA/Trehalose/Phosphate* 1.88+0.07 1.87+0.06

Asterisk indicates the formulation was prepared with 1-'>C labeled
malonic acid

do not affect the 'H T, relaxation time. The only noticeable
difference between the formulations in Table I is that the
"H T, relaxation time of each sample component is higher
when sucrose was used as a stabilizer when compared to
when trehalose was used as a stabilizer.

Sample Storage and Mobility

Figure 2 shows the disaccharide 'H T, relaxation time of
samples that were stored at -20 °C, 4 °C, 37 °C, and 56 °C for

2.6
2.4 1
2221
o
E
=
e 2.0
)
2
©
X
KL 1.8
3 (¢}
-
-
T 1.6
-
—— HSA/Sucrose in Histidine
1.4 —&— HSA/Sucrose in Citrate
—&— HSA/Sucrose in Phosphate
O— HSA/Trehalose in Phosphate
1.2 T T T r
—-30 -10 10 30 50 70

Temperature (°C)

Fig.2 'H T, relaxation times of disaccharide after 6-months storage
at -20 °C, 4 °C, 37 °C, and 56 °C. Dashed lines indicate samples with
13C labeled malonic acid
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6 months. Two basic trends can be observed from the data
shown in Fig. 2. First, samples that were stored at higher
temperatures generally had a longer 'H T, relaxation time.
The HSA/sucrose/histidine sample had more variation in 'H
T, relaxation times but followed the general trend of increas-
ing with storage temperature. Second, the 'H T, relaxation
time for the trehalose samples were consistently lower than
the sucrose samples.

Figure 3 shows the disaccharide 'H T, relaxation time of
samples that were stored at 4 °C and 37 °C for 12 months.
The same trend that the 'H T, relaxation time of the HSA/
sucrose samples was longer than the 'H T, relaxation time
of the HSA/trehalose sample observed in Fig. 2 can also be
seen in Fig. 3. After 12 months, the increase in 'H T, relaxa-
tion time with increasing storage temperature is less than
the corresponding increase in 'H T, relaxation time after
6 months, however the 'H T, relaxation time of all samples
after 12 months of storage is longer than the 'H T relaxation
time after 6 months.

The concept of samples stored at a higher temperature hav-
ing a longer 'H T, relaxation time is consistent with the fact
that structural relaxation occurs in these samples. Structural
relaxation refers to the decrease in free volume of a sample
as molecules rearrange over time. A denser sample likely has
stronger intermolecular interactions, such as hydrogen bond-
ing (32). Pikal and co-workers observed structural relaxation
occurring in protein formulations, where structural relaxa-
tion is observed by a non-reversible endothermic event at the
glass transition temperature (T,) in a differential scanning

2.6
2.4 1
2221
o
E
=
e 2.0
)
2
©
X
KL 1.8
7]
(-4
-
-
T 1.6
-
—— HSA/Sucrose in Histidine
1.4 —&— HSA/Sucrose in Citrate
—&— HSA/Sucrose in Phosphate
O— HSA/Trehalose in Phosphate
1.2 T T T r
—-30 -10 10 30 50 70

Temperature (°C)

Fig.3 'H T, relaxation times of disaccharide after 12-months storage
at 4 °C and 37 °C. Dashed lines indicate samples with '*C labeled
malonic acid
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calorimetry experiment (33). Pyszczynski found that the 'H
T, relaxation time of lyophilized trehalose increased from
about 4.6 s to about 7.1 s after storage for 24 h at 20 °C below
the T, of trehalose (34). The increase in the 'H T, relaxation
time as a function of storage temperature in Figs. 2 and 3 is
entirely consistent with the samples undergoing structural
relaxation. The 'H T, relaxation times in Fig. 2 are consist-
ently shorter than 'H T, relaxation times shown in Fig. 3,
which corresponds to 6 months of storage vs 12 months,
where longer storage times result in increased 'H T, relaxa-
tion times due to structural relaxation to a denser state or a
state with fewer highly mobile states.

Stability Data on Storage

Size exclusion chromatography was used to measure stability
of lyophilized HSA systems stored at -20 °C, 4 °C, and 37 °C
and 56 °C for 90 days, 190 days, and 401 days. In size exclu-
sion chromatography, the peaks corresponding to monomer
and the peaks corresponding to higher molecular weight spe-
cies (dimer, trimer, and larger aggregates) are separated in a
chromatogram. The relative area of each peak corresponds to
the amount of each species in the sample. Percent monomer
remaining is a measure of the physical stability of the protein.

Figure 4 shows HSA monomer percent for sucrose
formulations lyophilized from histidine, phosphate, and
citrate buffers at 91 days, 192 days, and 401 days and at
storage temperatures of -20 °C, 4 °C, and 37 °C and 56 °C.
At storage temperatures of -20 °C, 4 °C, and 37 °C, HSA
monomer content remained above 94% for up to 401 days,
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Fig.4 Monomer content of HSA and sucrose containing formulations
lyophilized from histidine, phosphate, and citrate buffer at 91 days
(3 months), 192 days (6 months), and 401 days (12 months)

although the samples stored at 37 °C showed a slight
decrease in monomer content. After storage at 56 °C, HSA
monomer content decreased to approximately 90-92%. At
storage temperatures of -20 °C, 4 °C, and 37 °C, buffer
effects on the HSA stability were minimal, however after
storage at 56 °C for 1 month, the effect of buffer became
apparent with the greatest HSA stability occurring when
the formulation prepared in histidine buffer, followed by
citrate buffer and then phosphate buffer.

Figure 5 shows HSA monomer percent for sucrose and
trehalose formulations lyophilized from phosphate buffer
at 91 days, 192 days, and 401 days for storage tempera-
tures of -20 °C, 4 °C, and 37 °C and 56 °C. At -20 °C
and 4 °C, monomer content remained approximately 95%
for both sucrose and trehalose formulations. At 37 °C and
56 °C, monomer content is higher for sucrose containing
formulations when compared to trehalose formulations,
where a significant difference can be seen between the
sucrose and trehalose formulations at 56 °C and 12-months
stability. Trehalose loses more than twice the monomer
content when compared to sucrose.

Discussion

Correlation of 'H T, Relaxation Times with Protein
Stability

The results from this study are consistent with the results
found by Mensink et al., where the samples with the
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Fig.5 Monomer content of HSA in sucrose or trehalose contain-
ing formulations lyophilized from phosphate buffer at 91 days
(3 months), 192 days (6 months), and 401 days (12 months)
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longest 'H T, relaxation time also had the greatest stability
(20). In the Mensink study, structural variability between
the excipients was very high, and inulin and dextran are
not typical lyophilization excipients, making it harder to
show that longer 'H T, relaxation times are correlated with
higher stability in samples lyophilized with commonly
used excipients sucrose and trehalose. In both the Men-
sink study and in this study, very little degradation was
observed for the proteins lyophilized with a disaccharide
at 90 days. In this study, samples were stored for over
400 days and a clear difference was observed between the
degradation rates of HSA lyophilized with either sucrose
or trehalose. The 'H T, relaxation time of the HSA/sucrose
system was consistently longer than that of the HSA/treha-
lose system, consistent with also having greater stability.

Mensink et al. showed a linear relationship between 'H
T, relaxation time and aggregation rate per square root of
time for various IgG/excipient systems. For example, after
90 days of storage, samples that lost approximately 20%
monomer content showed a difference in 'H T, relaxation
time of the protein of about 1 s when compared to the
'H T, relaxation time of the protein in a sample that lost
approximately 0% monomer content (3.3 s vs 4.3 s, respec-
tively). Samples that lost approximately 65% monomer
content showed a difference in 'H T, relaxation times of
about 3.3 s (1 svs4.35).

It is possible to plot the degradation rate obtained in
this study on the same graph shown in the Mensink study
(Fig. 6). The 'H T, relaxation time differences need to
be scaled by approximately 2.22 because of the different
protein to sugar ratios (12:88 in Mensink study, 50:50 in
this study). This is based upon measured 'H T, relaxation
times in our laboratory for sucrose and for trehalose, and
for measured 'H T, relaxation times of 50:50 mixtures
of HSA and sucrose/trehalose (35). The loss of monomer
content in the trehalose sample was approximately 13%
after 90 days at 56 °C, which would correspond to a dif-
ference in 'H T, relaxation time of about 0.5 s. Multiply-
ing this by the scaling factor of 2.22 results in a decrease
in 'H T, relaxation time of 0.29 s. The loss of monomer
content in the sucrose sample was approximately 3% after
90 days at 56 °C, which would correspond to a difference
in 'H T, relaxation time of about 0.15 s. Multiplying this
by the scaling factor of 2.22 results in a decrease in 'H
T, relaxation time of 0.09 s. This is consistent with the
approximately 0.2 s difference between the 'H T, relaxa-
tion time between the HSA/sucrose and HSA/trehalose
samples. Several assumptions were made in performing
these calculations, such as that the scaling factor for H T,
relaxation times was valid, that 'H T, relaxation time com-
parisons can be made across different excipients (at least
different carbohydrate excipients), and that the scaling fac-
tor for percent degradation is valid. Both the direction and
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the magnitude of the changes in 'H T, relaxation time are
consistent with what would be expected based upon the
data from the Mensink study.

Correlation of 'H T, Relaxation Data with Storage
Time/Temperature

In the Mensink study, 'H T, relaxation times were only
measured at time zero and not after storage. The 'H T,
relaxation data showed that samples stored at higher tem-
peratures had a longer 'H T, relaxation time, consistent with
the fact that samples are undergoing structural relaxation.
As structural relaxation occurs, the disaccharide matrix can
better protect the protein because it has less mobility (16).
Structural relaxation may also help to explain why the deg-
radation rate depends on the square root of time instead of
being linear with time. In the absence of structural relaxa-
tion, the degradation rate would be closer to linear instead
of depending upon the square root of time.

One explanation for sucrose being a better stabilizer for
HSA than trehalose is the ability for sucrose to undergo
greater levels of structural relaxation during storage. The
T, of sucrose is approximately 45 °C lower than the T, of
trehalose, so storage temperatures were closer to the T, of
sucrose than to the T, of trehalose. When storage tempera-
ture is sufficiently below T,, mobility is lowered to a level
where structural relaxation cannot occur as quickly. If stor-
age temperature is sufficient for structural relaxation, the
system can become less mobile and more stable over time.



The AAPS Journal (2024) 26:40

Page90of10 40

The increase in the 'H T, relaxation time shown in Figs. 2
and 3, which indicates a decrease in mobility, suggests struc-
tural relaxation has occurred.

All samples showed greater than 80% monomer at even
the longest storage times and highest temperatures, as shown
in Figs. 4 and 5. 'H T, relaxation times for all samples
shown in Table I are very similar for all formulations which
is consistent with the fact that they are all good stabilizers
and maintain high monomer content over storage.

Impact of Buffer on Protein Stability

Initially, the purpose of utilizing three different buffers (his-
tidine, citrate, and phosphate) in this study was to study
the effect of microenvironment pH on the stability of HSA.
However, sensitivity issues inherent to ssSNMR prohibited
accurate measurement of changes in microenvironment
pH. At storage temperatures of -20 °C and 4 °C minimal
difference is shown between the stability of the HSA as a
function of the buffer used. At 56 °C, a small difference in
stability is shown, with the greatest stability provided by
histidine, followed by citrate, followed by phosphate. In
this study, degradation is dominated by the storage condi-
tions and the disaccharide used. At time zero, 'H T, relaxa-
tion times are very similar between samples (approximately
2 s) and we are reluctant to make a conclusion correlating
mobility measured by 'H T, relaxation time and stability
in samples with different buffers. It is possible that the dif-
ference in stabilization provided by the three buffers is not
due to mobility, but other factors, such as microenvironment
pH. This continues to be an area of ongoing research that
we are pursuing.

Conclusions

Lyophilized HSA/sucrose formulations were more stable
and had longer 'H T, relaxation times than HSA/trehalose
formulations. 'H T, relaxation times increased with increas-
ing storage temperature after 6 months of storage. After
12 months, 'H T, relaxation times were longer than 'H T,
relaxation times at 6 months but did not further increase at
higher storage temperatures. HSA/trehalose samples were
more than twice as unstable when compared to HSA/sucrose
samples when stored at 56 °C. The difference in the 'H T,
relaxation times between HSA/sucrose and HSA/trehalose
samples are consistent with results found in a study by Men-
sink et al. and the increase in 'H T, relaxation times upon
storage at high temperatures is consistent with structural
relaxation occurring in the samples.
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