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ABSTRACT: The use of tert-butyl alcohol for the lyophilization of
pharmaceuticals has seen an uptick over the past years. Its advantages
include increased solubility of hydrophobic drugs, enhanced product stability,
shorter reconstitution time, and decreased processing time. While the
mechanisms of protein stabilization exerted by cryo- and lyo-protectants are
well known when water is the solvent of choice, little is known for organic
solvents. This work investigates the interactions between two model proteins,
namely, lactate dehydrogenase and myoglobin, and various excipients
(mannitol, sucrose, 2-hydroxypropyl-β-cyclodextrin and Tween 80) in the
presence of tert-butyl alcohol. We thermally characterized mixtures of these
components by differential scanning calorimetry and freeze-drying micros-
copy. We also spectroscopically evaluated the protein recovery after freezing
and freeze-drying. We additionally performed molecular dynamics simulations to elucidate the interactions in ternary mixtures of the
herein-investigated excipients, tert-butyl alcohol and the proteins. Both experiments and simulations revealed that tert-butyl alcohol
had a detrimental impact on the recovery of the two investigated proteins, and no combination of excipients yielded a satisfactory
recovery when the organic solvent was present within the formulation. Simulations suggested that the denaturing effect of tert-butyl
alcohol was related to its propensity to accumulate in the proximity of the peptide surface, especially near positively charged residues.
KEYWORDS: tert-butyl alcohol, protein stability, freeze-drying, cosolvent formulations, molecular dynamics, cyclodextrins

■ INTRODUCTION
In recent years, the interest in biopharmaceutical products has
increased1 thanks to their superior biological activity and
selectivity. However, besides their appealing features, these
drug products pose new challenges in manufacturing and
formulation design.2,3 In fact, biopharmaceutical products are
frequently made up of proteins, which are often susceptible to
various environmental stressors. Sources of stress may be
encountered throughout the production and during the
subsequent storage of the drug product. For this reason, it is
necessary to carefully evaluate the impact of all possible
harmful conditions throughout the whole life cycle of the
biopharmaceutical product. The physical, chemical and
biological stability are specific to each product, but some
general guidelines can be provided; the most common
stressors are low and high temperatures, pH shifts,
destabilizing solutes or interfaces, dehydration and undesired
chemical reactions, possibly mediated by microbial activity.2,3

These factors may cause protein denaturation and/or
aggregation,4 potentially leading to loss of biological activity
and even harmful immune responses.5

Since the solvent mediates many destabilizing phenomena, it
is often necessary to drastically reduce its content in the final
biopharmaceutical product and, hence, ensure its stability and

preserve its biological activity over time. However, proteins are
thermolabile substances and, thus, some of the techniques used
to remove solvents, such as evaporation, may not be viable as
the temperatures achieved during the process could lead to
denaturation. In the pharmaceutical industry, this problem is
often overcome by either freezing or freeze-drying, yielding a
product in a solid form. However, both freezing and freeze-
drying may introduce other sources of stress, potentially
harmful to proteins, and hence require the addition of
excipients to preserve the therapeutic features of the drug
products3 throughout the manufacturing process and during
their storage. Many different chemical compounds can be used
as excipients, for example, sugars, polyols, surfactants, amino
acids, salts/buffers and polymers. While the interactions of
these excipients with proteins have been the subject of
extensive investigation in presence of water as solvent, little is

Received: February 8, 2023
Revised: June 27, 2023
Accepted: June 27, 2023
Published: July 12, 2023

Articlepubs.acs.org/molecularpharmaceutics

© 2023 The Authors. Published by
American Chemical Society

3975
https://doi.org/10.1021/acs.molpharmaceut.3c00125

Mol. Pharmaceutics 2023, 20, 3975−3986

D
ow

nl
oa

de
d 

vi
a 

79
.4

2.
63

.1
30

 o
n 

Se
pt

em
be

r 
18

, 2
02

3 
at

 0
9:

07
:4

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcello+Rospiccio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Casucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Arsiccio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Udrescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberto+Pisano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.3c00125&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00125?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00125?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00125?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00125?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00125?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mpohbp/20/8?ref=pdf
https://pubs.acs.org/toc/mpohbp/20/8?ref=pdf
https://pubs.acs.org/toc/mpohbp/20/8?ref=pdf
https://pubs.acs.org/toc/mpohbp/20/8?ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


known in the case of organic solvents or mixtures of water and
organic solvents.
Choosing the most appropriate solvent for a drug product is

a demanding task,6 especially considering the possible
implications on fragile compounds such as proteins. Mixtures
of organic solvents and water are not uncommon in the
lyophilization of drug products.7 One of the most common
cosolvents is tert-butyl alcohol (TBA), whose structure is
shown in Figure 1. TBA has a relatively high freezing point,8

and it is often used to speed up the freeze-drying process7−11

or improve the solubility of hydrophobic substances.12

However, the use of this solvent requires attention and
appropriate handling because of its high vapor pressure and
flammability.9

Over the years, there have been a few investigations focusing
on the use of TBA and TBA/water mixtures to solubilize
proteins, revealing that this cosolvent generally had a
detrimental effect on thermal stability and on the biological
activity.13,14 Yong et al.15 and Sonje et al.16 have shown that
the presence of other additives/excipients, in combination with
TBA, may be needed to ensure protein stability throughout
common processes, such as freezing or freeze-drying. The
number of protein molecules whose stability in TBA/water has
been assessed is, however, quite limited. Moreover, no general
guideline exists about the type or dosages of excipients to
guarantee an acceptable protein recovery in presence of TBA,
and the mechanism of TBA-induced protein destabilization is
not unambiguous. For these reasons, further research in this
area is required, especially to identify any type of synergistic or
antagonistic interplay between TBA and common pharma-
ceutical excipients.
This work aims at clarifying the role played by TBA in the

excipient-protein and solvent-protein interactions during
freezing and drying. More specifically, formulations containing
lactate dehydrogenase (LDH) and myoglobin (Mb) were
investigated to assess any potential onset of either surface-
induced or cold denaturation.17,18 LDH was chosen as it is an
excellent candidate, since its behavior upon freezing and
freeze-drying is well documented in literature, in combination
with many types of excipients as well. On the other hand, Mb
was chosen as some research has been conducted on the effect
of cosolvents (among which TBA) on its thermal stability,13

although without characterization of their impact upon

freezing and/or freeze-drying. Additionally, the combination
of these two proteins for stability studies regarding freezing
and freeze-drying has already been reported in literature.17,18

We studied various formulations for LDH and Mb, containing
combinations of citrate buffer, mannitol, sucrose, 2-hydrox-
ypropyl-β-cyclodextrin (HPβCD), Tween 80, and different
water-TBA mixtures. First, all the formulations were thermally
characterized by low-temperature differential scanning calo-
rimetry (DSC) and freeze-drying microscopy (FDM); then,
the protein recovery was spectroscopically evaluated after
freeze/thawing and freeze-drying. Mannitol formulations were
characterized by X-ray diffractometry (XRD) to determine the
crystalline forms of this excipient. Experimental data were
supported by molecular dynamics19 (MD) simulations. MD is
a valuable tool in the formulation field,20,21 providing detailed
information at a molecular level about the mechanisms of
interactions between the various ingredients of a formulation.22

Here, MD simulations aimed at understanding the mechanisms
of interactions between TBA, excipients and the two model
proteins.

■ METHODS
Materials. Two model proteins were selected for the

experimental investigation, myoglobin from equine heart
(Merck, Milano, Italy) and lactate dehydrogenase from rabbit
muscle (Roche, Monza, Italy). Mb (pI 6.8−7.4) was used as
supplied, and dissolved in 10 mM sodium citrate buffer at pH
3.7.17,18 LDH (pI 7.1) was dialyzed against 10 mM sodium
citrate buffer at pH 6.5.17,18 Dialysis was performed at 4 °C
and the buffer was changed three times (the first two times
every 3 h, whereas the third dialysis step was carried out
overnight). The concentration of LDH after dialysis was
determined using UV/vis spectroscopy (Multiscan Sky
spectrophotometer, ThermoScientific, Milano, Italy). The
peak at 280 nm was monitored and an extinction coefficient
of 1.44 mL/(mg cm) was used for the calculations.
Citrate buffer was selected for Mb and LDH because it does

not undergo selective precipitation during freeze−thawing
experiments and, thus, should guarantee an accurate control of
pH.24 Various formulations were designed using different
excipients and varying the concentration of TBA, as shown in
Table 1. Some of these formulations also contained Tween 80
at 0.01% w/v concentration. In all the formulations, the
concentrations of Mb and LDH were 0.1 mg/ml18 and 5 μg/
ml,25 respectively. The excipients, TBA and Tween 80 were
obtained from Sigma-Aldrich (Milano, Italy) and used as
supplied.
Differential Scanning Calorimetry (DSC). The DSC

analyses were carried out using a differential scanning
calorimeter (DSC type Q200, TA Instruments, New Castle,
DE, USA) that uses a refrigerated cooling system and nitrogen
for cell purge (at 50 mL/min). A small amount (between 25
and 35 mg) of the selected (protein-free) formulation was
loaded into an aluminum pan, and hermetically sealed. The
sample was then frozen at −80 °C, using a cooling rate of 1 °C
min−1 and, then, heated at 1 °C min−1 up to room
temperature. The DSC analyses were performed on the
formulations at pH 3.7 and pH 6.5 to ensure that the pH
does not affect the observed thermal transitions.
Freeze Drying Microscopy (FDM). The FDM analyses

were carried out using a freeze-drying microscope (micro-
scope: BX51, Olympus Europa, Hamburg, Germany; temper-
ature controller: PE95-T95, Linkam, Scientific Instruments,

Figure 1. Snapshots of the simulated molecules realized with Visual
Molecular Dynamics 1.9.3 (VMD).23
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Tadworth, Surrey, UK). A small aliquot of the protein-free
solutions was cooled down to −60 °C at 5 °C min−1 and
atmospheric pressure, then heated at 10 Pa using different
heating rates (2 °C min−1 up to −30 °C, 1 °C min−1 up to −10
°C and 5 °C min−1 up to 20 °C). The analyses were performed
at pH 3.7 and pH 6.5.
Freezing and Freeze-Drying Protocols. Freezing experi-

ments were performed at both high (in liquid nitrogen) and
low (at 0.3 °C min−1) cooling rates, using 1 mL of solution in
4R vials (Bertolini S.p.A., Candiolo, Italy), which were sealed
using igloo-type stoppers (West Pharmaceutical Services,
Milano, Italy).
In the case of fast freezing, vials were immersed in liquid

nitrogen for 2 min and then thawed at room temperature. This
procedure was repeated three times for Mb and only once for
LDH.
In the case of slow freezing, vials were loaded at room

temperature in a laboratory-scale freeze-dryer (LyoBeta 25,
Azbil Telstar, Terrassa, Spain). Then, the shelf temperature
was reduced to −45 °C at 0.3 °C min−1 and held at −45 °C for
30 min to ensure the complete freezing of the solution. Once
frozen, the vials were heated up to 20 °C at 0.3 °C min−1 and
maintained at that temperature for 30 min to complete their
thawing. We performed three freeze−thaw cycles for Mb and
one for LDH.
The freeze-drying runs were carried out in a laboratory-scale

freeze-dryer using the protocol shown in Table 2. The primary
drying endpoint was detected by comparing the pressure
measured by a capacitive sensor (Baratron, type 626A, MKS
Instruments, Andover, MA, USA) and a Pirani gauge (type
PSG-101-S, Inficon, Bad Ragaz, Switzerland).26,27

Characterization of Mannitol-Based Formulations −
X-ray Diffractometry. For mannitol formulations (M, M*,
Mo, Mo*, see Table 1 for further details), X-ray diffractometry
(XRD, X-pert Powder type, PANalytical, Almelo, Netherlands)
was used to identify the polymorphic state of the lyophilized
samples. The diffraction profiles were collected in the 2θ range

between 5° and 90°, with an acquisition step of 0.018° and a
time per step of 10 s using a solid state PIXcel-1D detector
with 255 active channels.
Samples’ structure was studied by X-ray diffraction (XRD)

analysis, carried out using a high-resolution Philips X’pert
MPD powder diffractometer (The Netherlands), equipped
with Cu Kα radiation (V = 40 kV, I = 30 mA) and a curved
graphite secondary monochromator. The X-ray diffraction
patterns acquired were compared to those of the reference
materials (α, β and δ-anhydrous mannitol).
Measurement of the Protein Recovery. After freeze/

thawing and freeze-drying, the Mb solutions were centrifuged
at 13,000 rpm for 5 min (Heraeus Megafuge 8 Centrifuge
Series, Thermo Fisher Scientific, Milano, Italy). After
centrifugation, the percentage of aggregates was calculated as
the decrease in absorbance at 280 and 410 nm with respect to
the initial value, whose complementary yields the correspond-
ing recovery. Optical density (OD) was measured using a
Multiscan Sky spectrophotometer (ThermoScientific, Milano,
Italy) against a solvent-matched reference.17 The peak
centered at 280 nm in the Mb absorbance spectrum is due
to aromatic amino acids (primarily tryptophan and tyrosine)
and the heme iron. The other absorption peak centered at 410
nm is entirely owing to the heme and is referred to as the Soret
band.28

The enzymatic activity of LDH after freeze/thawing and
freeze-drying was calculated from the increase in absorbance at
450 nm due to the reduction of NAD+ to NADH (Lactate
Dehydrogenase Activity Assay Kit, Sigma-Aldrich, Milano,
Italy). A standard curve built with 1.25 mM NADH standard
was used to calculate the amount of NADH generated in each
well.17

Statistical Analysis. At least three samples were collected
for each combination of formulation/stress protocol, and each
sample was analyzed at least in duplicate. The presence of
statistically relevant differences was identified by application of
the analysis of variance (ANOVA) technique, followed by the
honestly significant difference (HSD) or Tukey test. The
software Minitab 17 was employed for this purpose.
Simulation Details. Molecular Dynamics(MD) simula-

tions are here used to describe the complex molecular
interactions between proteins, excipients and TBA molecules.
This study was limited to Mb formulations, as this protein is
much smaller than LDH (153 vs 571 amino acid residues) and,
thus, more amenable to be analyzed by MD simulations.
At first, we developed and validated a topology file for TBA

molecules; then, we investigated the interactions between Mb

Table 1. List of all the Formulations Studied in this Worka

code formulation

B
M 5% w/w mannitol
S 5% w/w sucrose
H 5% w/w HPβCD
B* 0.01% w/v Tween 80
M* 5% w/w Mannitol + 0.01% w/v Tween 80
S* 5% w/w Sucrose + 0.01% w/v Tween 80
H* 5% w/w HPβCD + 0.01% w/v Tween 80
Bo 20% w/w TBA
Mo 5% w/w Mannitol + 20% w/w TBA
So 5% w/w Sucrose + 20% w/w TBA
Ho 5% w/w HPβCD + 20% w/w TBA
Bo* 20% w/w TBA + 0.01% w/v Tween 80
Mo* 5% w/w Mannitol + 20% w/w TBA + 0.01% w/v Tween 80
So* 5% w/w Sucrose + 20% w/w TBA + 0.01% w/v Tween 80
Ho* 5% w/w HPβCD + 20% w/w TBA + 0.01% w/v Tween 80
Bo5 5% w/w TBA
Bo10 10% w/w TBA
Bo30 30% w/w TBA

aThey were prepared in 10 mM citrate buffer at pH 3.7 for Mb and at
pH 6.5 for LDH, respectively. Formulation B corresponds to the
buffer only.

Table 2. The Freeze-Drying Protocol Employed for Mb and
LDH Formulations*

phase description
temperature,

°C
time,
min

pressure,
Pa

1 loading 20
2 cooling −45 217
3 holding −45 120
4 vacuum −45 10
4 primary drying − ramp −25 40 10
5 primary drying − holding −25 * 10
6 secondary drying − ramp 20 240 10
7 secondary drying − holding 20 300 10

*as indicated by the comparative Baratron/Pirani pressure measure-
ment.26
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and TBA in the presence of various excipients. This analysis
investigated the behavior both in the bulk solution and at the
air−water interface. A detailed description of the simulations
set-up is given in Table 3. Specifically, all the myoglobin-

containing simulations were carried out using a higher protein
concentration than the experimental one, in order to limit the
size of the simulation box. All the simulations were performed
using Gromacs 2020.1.29

TBA Force Field. As first attempt, TBA was described with
the GROMOS 53a6-compatible30,31 parameterization devel-
oped by Lee and van der Vegt,32 which was validated upon the
Kirkwood-Buff integrals33 (KBIs) determined experimentally
by Nishikawa et al.34 Subsequently, we developed a modified
parameterization (TBAff) for the nonbonded interactions of
TBA oxygen atom with its carbon atoms, in order to improve

the reproducibility of the physical behavior of TBA-water
mixtures, as the microstructure of cosolvent mixtures has been
observed to affect the biological activity of Mb.13 This
parameterization was validated and optimized upon the
experimental KBIs published in Nishikawa et al.,34 jointly
with two different water force field/combination rule sets, i.e.,
SPCE35/combination rule 1 or CHARMM TIP3P36/combi-
nation rule 2 (Table 4). All the simulations in Table 3 were
performed for both the two water force field/combination rule
sets.
The TBAff parameterization was validated for various water-

TBA mixtures, referring to the different TBA concentrations
already characterized by Nishikawa et al.,34 i.e., 14.6, 31.4, 40.1,
45.7, 50.7 and 63.8% by weight (corresponding to 4, 10, 14,
17, 20 and 30% in terms of mole fraction, respectively) (sims.
#1a−1f). Independently of the case study, the simulation box
was a 4-nm-edge cube and the system was energy-minimized
using the steepest descent algorithm. Then, it was equilibrated
for 1 ns in the NPT ensemble using the Berendsen
thermostat37 at 298 K (1 ps relaxation time) coupled with
the Berendsen barostat37 at 1 bar (1 ps relaxation time), with a
2 fs time-step. The cut-off radius used for both non-bonded
Lennard-Jones and Coulomb potentials was 1.2 nm. Periodic
boundary conditions were used. The PME38 approach was
used to evaluate the long-range electrostatics interactions. The
Lincs39 algorithm was used to constrain all bonds, while the
SETTLE40 algorithm was used to keep water molecules rigid.
The mixtures were then simulated for 20 ns in the same
conditions, using the Nose-́Hoover thermostat41−43 (1 ps
relaxation time) and the Parrinello-Rahman barostat44 (3 ps
relaxation time). The trajectories were then used to compute
the radial distribution functions (rdf from here on), in order to
calculate the KBIs:

(1)

where Gij represents the KBI, gij is the rdf, i.e., the function that
describes the density of the species j as a function of the
distance r from the species i. In other terms, a value of Gij > 1
indicates accumulation of j with respect to i, while a value of Gij
< 1 suggests exclusion. Since computational evaluations of
KBIs may suffer from finite size effects, a corrected form of rdf
was adopted.45 For the same reason, we also decided to further
validate the TBAff parameterization enlarging the simulation
box, i.e., using an 8-nm-edge cube (sims. #1a−1f).
Simulation of Myoglobin Formulations. The molecular

structure of myoglobin was obtained from the RCSB PDB data
bank,46 PDB code 1WLA.47 The protein conformation at pH
3.7 was then obtained from the H++ server,48 resulting in a
charge equal to +10, which was balanced by the addition of a
corresponding number of Cl− counterions (see the Myoglobin
Setup section of the Supporting Information for further
details). For the simulations of myoglobin in bulk, we used the
same methodology and parameters described in the previous
section (type #1 simulations) and a simulation time of 100 ns.
The simulation box was a 8-nm-edge cube containing one Mb
molecule and a number of molecules of excipients and TBA
equivalent to a weight concentration of 5 and 20%,
respectively. The codes corresponding to each simulation
type are reported in Table 3. It should be noted that the
protein concentration in all simulations was higher than the
experimental one: such compromise was necessary in order to
obtain a simulation box of reasonable size.

Table 3. Summary of the MD Simulations Performed in this
Work

A/W: air−water. Color code: white, TBA/water mixtures; yellow,
myoglobin formulations in aqueous bulk; red, myoglobin formulations
in aqueous bulk with TBA; blue, myoglobin formulations at the A/W
interface; green, myoglobin formulations at the A/W interface with
TBA. *These simulations were also run in identical systems of size 8
× 8 × 8 nm.
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In the case of myoglobin at the air−water interface,
simulations were equilibrated for 1 ns in the NVT ensemble
with the V-rescale49 thermostat at 298 K (1 ps relaxation
time). The simulation time was 100 ns, while the simulation
box was composed of a 8-nm-edge cube filled with the protein
formulation, plus an extra 4-nm-long vacuum space along the z
axis. Overall, the simulation box was 8 × 8 × 12 nm.
All the simulations type #2−5 were repeated twice, using

both a CHARMM36m50 and a GROMOS 54a751−53

description for Mb, in combination with CHARMM
TIP3P36 and SPCE35 water, respectively. The SPCE/

combination rule 1 parameterization of TBA previously
developed (Table 4) was used in combination with GROMOS
54a7, while the CHARMM TIP3P/combination rule 2
description of TBA was combined with CHARMM36m for
myoglobin. This choice gave us the opportunity to compare
the results obtained from different parameterizations of the
same system, increasing the overall reliability of the
simulations. In all the simulations, mannitol, sucrose and
HPβCD were modeled with the ADD force field.54,55

The average radius of gyration and hydrophobic fraction of
solvent accessible surface area of myoglobin were computed

Table 4. TBAff Parameterizations for TBA’s Non-bonded Interactions

SPCE/combination rule 1 CHARMM TIP3P/combination rule 2

C6, nm6 kJ/mol C12, nm12 kJ/mol σ, nm ε, kJ/mol

atoms non-bonded parameters for TBA
hydrogen 0 0 0 0
oxygen 2.261954E−03 1.505529E−06 0.2955 0.8496
carbon 2.397081E−03 2.053489E−04 0.6639 0.007
methyl 9.613802E−03 2.664624E−05 0.3748 0.8672
oxygen non-bonded parameters for TBA
carbon−oxygen 2.1344443E−03 1.950104E−07 0.3846 0.1123
methyl−oxygen 5.321969E−04 1.502845E−06 0.3271 0.4492

Table 5. Results of the DSC and FDM Analysesa,b

formulation

pH 3.7 pH 6.5

T′g, °C Tcr, °C Teu, °C Tc, °C T′g, °C Tcr, °C Teu, °C Tc, °C
M −31.1 −34.5 (C) −35.8 −37.8 (C)

−23.8 (H) −29.7 (H)
S −33.5 −31.9 −36.9 −32.2
H −17.3 −14.6 −17.7 −14.9
M* −31.3 −34.2 (C) −35.9 −37.4 (C)

−26.7 (H) −28.4 (H)
S* −33.4 −32 −37.0 - −32.1
H* −17.8 −14.2 X
Bo −18.9 −7.8 X
Mo −32.4 −35.4 (C) −7.9 −28.2 −35.6 −37.9 (C) −9.3 −28.2

−26.3 (H) −28.7 (H)
−20.2 (H)

So −41.5 −23.3 (H) −8.3 −33.1 −38.2 −27.8 (H) −10.3 −32.1
Ho −33.5 −16.5 −7.8 −18.3 X

−23.6
Bo* −12.6 X

−7.9
Mo* −32.0 −34.5 (C) −11.8 −29.2 −28.6 −37.9 (C) −13.6 −26.3

−26.4 −22.6 (H) −8.3 −28.6 (H) −9.7
So* −39.1 −14.9 −33.1 −38.3 −10.1 −32.1

−8.7
Ho* −29.5 −11.1 −18.2 X

−23.4 −8.4
Bo5 −9.8 X

−8.6
0.9

Bo10 −10.1 X
−8.3
−2.5

Bo30 −11.6 −8.0 X
−5.9

aT′g: glass transition temperature of the maximally freeze-concentrated solution, Tcr: crystallization temperature, Teu: eutectic melting temperature,
Tc: collapse temperature as determined by FDM, C: cooling, H: heating. bThe table entries marked with ‘X’ indicate that measurements were not
performed at that pH for the formulation under exam.
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using the built-in Gromacs commands (gmx gyrate and gmx
sasa56). All the analyses have been performed on the last 80 ns
of the simulated trajectories.
The β-parameter20,57 profile was computed starting from the

rdf for all those systems containing excipients and/or TBA, i.e.,
all the simulations type #2−5. The β-parameter profile is
defined as,

(2)

where nsolute(r) and nsolvent(r) represent, respectively, the
number of solute (excipients/TBA) or solvent (water)
molecules at distance r from the protein’s surface, while
nsolute(∞) and nsolvent(∞) refer to the number of solute and
solvent molecules in the system. This parameter is used to
describe the spatial profile of the degree of preferential
exclusion of solutes from the peptide surface; a value of β(r) >
1 indicates preferential inclusion, while a value <1 indicates
preferential exclusion.
In order to better understand the mechanisms of

interactions between TBA and myoglobin, we identified the
peptide residues that, on average, were within a spherical
neighborhood of 0.3 nm from the center of mass of the TBA
molecules.57 Lastly, the dimensionless density profiles were
computed for myoglobin, excipients and TBA at the A/W
interface to assess the impact of interfacial interactions, if any.

■ RESULTS AND DISCUSSION
Thermal Characterization. All the formulations listed in

Table 1 were thermally characterized by DSC and FDM. As
the protein concentration was low (0.1 mg/mL for Mb and 5
μg/mL for LDH), we can assume that the thermal behavior of
the formulations is not affected by the presence of the protein
and, thus, all the thermal analyses were carried out using
placebo formulations. Table 5 shows the results of this analysis
in terms of the glass transition temperature (T′g), crystal-
lization temperature (Tcr), and eutectic melting temperature
(Teu) as measured by DSC, and the collapse temperature (Tc)
as determined by FDM.
The formulations were analyzed at both pH 3.7 and pH 6.5,

and we did not observe any significant difference in the
thermal behavior. For example, in the case of the H
formulation, the glass transition temperature of the maximally
freeze-concentrated solution T′g was about −17 °C, while the
collapse temperature was about −15 °C. It follows that
HPβCD remained amorphous during freezing.
For the mannitol solution (M), we identified a crystallization

event during cooling (at −34.5 °C for pH 3.7 and at −37.8 °C
for pH 6.5). However, the crystallization was not complete as
we observed a glass transition event at −31.1 °C (at pH 3.7)
and at −35.8 °C (at pH 6.5),58 followed by a second
crystallization event during the heating ramp at −23.8 °C (at
pH 3.7) and at −29.7 °C (at pH 6.5), respectively.
While mannitol is a crystalline excipient, sucrose generally

remains amorphous. Indeed, for formulation S at pH 3.7 we
observed a glass transition temperature at −33.5 °C (in line
with the literature data59) and its collapse at −31.9 °C, while at
pH 6.5 the thermal events were found at −36.9 °C (T′g) and −
32.2 °C (Tc), respectively.
The addition of 0.01% w/v Tween 80 to mannitol, sucrose

and HPbCD formulations (M*, S*, and H*) did not alter the
thermal behavior of the excipients. Therefore, the surfactant

seemed not to have any meaningful effect at this low
concentration.
We then analyzed the thermal behavior of TBA/citrate

buffer solutions containing 5%, 10%, 20%, and 30% by weight
of TBA (Bo5, Bo10, Bo, and Bo30 in Table 3). For the Bo5
formulation, we observed three endothermic peaks corre-
sponding to the dihydrate-ice eutectic (−9.8 °C), heptahy-
drate-ice eutectic (−8.6 °C), and ice melting (0.9 °C), in
agreement with previous experimental observations.60 Bo10
resulted in a similar DSC thermogram. By contrast, the Bo
formulation was close to its eutectic composition61 (i.e., 22.5%
w/w7), hence it showed the TBA heptahydrate crystallization
at −18.9 °C and the TBA heptahydrate-ice eutectic melting at
−7.8 °C.16 Lastly, Bo30 showed a crystallization event at
−11.6 °C due to the TBA heptahydrate, and two melting
points at −8.0 and −5.9 °C related to the TBA dihydrate-ice
and TBA heptahydrate-ice eutectic, respectively.
The Mo formulation contained mannitol in a TBA/buffer

mixture close to its eutectic concentration. During cooling,
mannitol partly crystallized at −35.4 °C (pH 3.7) and −37.9
°C (pH 6.5), while, during the heating phase, we observed a
glass transition at −32.4 °C (pH 3.7)/−35.6 °C (pH 6.5).
Furthermore, two exothermic events were observed at pH 3.7,
at −26.3 and −20.2 °C, and one exothermic event at pH 6.5, at
−28.7 °C. The last two peaks could hardly be attributed, due
to the superposition of both mannitol and TBA thermal
transitions. Finally, melting of the TBA heptahydrate-ice
eutectic was detected at −7.9 °C (pH 3.7) and −9.3 °C
(pH 6.5).
The addition of TBA to the two amorphous excipients,

sucrose and HPβCD (i.e., So and Ho formulations), lowered
their glass transition temperatures. T′g was −41.5 °C (pH 3.7)
and −38.2 °C (pH 6.5) for So, while the Ho formulation
showed two glass transition events at −33.5 and −23.6 °C
(only pH 3.7 was analyzed in this case). The addition of TBA
translated into a marked decrease in the collapse temperature
for the Ho formulation (from −14.6 °C for H to −18.3 °C for
Ho), while the Tc of sucrose was not dramatically affected. The
DSC thermogram showed the TBA heptahydrate’s crystal-
lization at −23.3 °C (pH 3.7)/−27.8 °C (pH 6.5) for So, at
−16.5 °C for Ho and the TBA heptahydrate-ice eutectic
melting at −8.3 °C (pH 3.7)/−10.3 °C (pH 6.5) for So and −
7.8 °C for Ho, respectively.
We also observed that Tween 80 (see Bo*, Mo*, So*, and

Ho* formulations) led to the disappearance of the
crystallization peak for the TBA heptahydrate during the
heating phase of the DSC, suggesting that TBA heptahydrate
may already form contextually to ice during the cooling phase.
Furthermore, there were two eutectic transitions: the melting
of the TBA dihydrate at around −12 °C and that of the TBA
heptahydrate at around −8 °C. For Mo*, mannitol crystallized
during both cooling and heating, but a second glass transition
appeared at −26.4 °C, at pH 3.7. Lastly, the addition of TBA
lowered the glass transition temperatures of the amorphous
excipients (So* and Ho* with respect to S* and H*) and their
collapse temperature. Furthermore, XRD characterization of
mannitol formulations showed that the addition of TBA
promoted the formation of δ-mannitol, as reported in
literature.16,62 Further details are available in the Supporting
Information.
Protein Recovery. The recovery of myoglobin and lactate

dehydrogenase was evaluated after freeze/thawing and freeze-
drying for all the formulations described in Table 1. In the case
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of myoglobin, the absorbance of the solution was measured at
both 280 and 410 nm. The OD at 280 nm estimates the
aggregation of Mb, while a decrease in the absorbance at 410
nm results from protein aggregation and denaturation.17 As
shown in Figure 2a,b, the Mb recovery was higher in the case

of freezing in liquid nitrogen than that observed for the slow
freezing. Mb at pH 3.7 is extremely sensitive to cold
denaturation and, hence, its denaturation and aggregation
become more pronounced as the residence time at low
temperature increases.
Similarly, Figure 2b shows that the OD at 410 nm drastically

decreased after freeze-drying and, thus, freeze-drying was
detrimental to the Mb recovery, especially in terms of protein
denaturation. Overall, the addition of TBA further promoted
the Mb aggregation (Figure 2a) and denaturation (Figure 2b).
The addition of excipients was beneficial against Mb
aggregation and denaturation only in the absence of TBA,
and the combination of cyclodextrin and Tween 80 proved to
be particularly effective. Nonetheless, none of the tested
excipients could mitigate the denaturing effect of TBA.
Interestingly, mannitol protected myoglobin comparably or

even better than sucrose, although its crystalline nature. This

result confirms that myoglobin denaturation was promoted by
cold unfolding rather than being surface-induced; the
formation of another surface between mannitol crystals and
the amorphous phase would exacerbate the loss of protein
recovery.
In the case of LDH, the mechanism of denaturation is

mainly ascribable to surface adsorption onto ice.25 As can be
seen from Figure 2c, a slow freeze/thawing protocol preserved
the LDH activity more than fast freezing in liquid nitrogen; the
faster the freezing was, the larger the ice/freeze-concentrate
surface area was and, hence, the surface-induced denaturation
of LDH. The denaturing action of TBA on LDH was even
more pronounced than for Mb. The recovery of LDH was
about 35% for all the formulations containing TBA,
independently of the excipients added. In the absence of
TBA, sucrose preserved LDH activity more than mannitol, and
the cyclodextrin was the best excipient among those tested in
this work. The addition of Tween 80 to the TBA-free
formulations was also highly effective at preventing LDH
denaturation. The surfactant could locate at interfaces,
displacing LDH from the surface and effectively promoting
its enzymatic activity recovery. This result confirms once again
the surface-driven nature of the LDH denaturation. A similar
effect of Tween 80 was not observed for Mb, whose
denaturation is not ascribable to its surface adsorption. On
the contrary, Tween 80 may even have a denaturing action on
Mb, boosting its cold unfolding, as observed in a previous
work.17

TBA Denatures Myoglobin in Molecular Dynamics
Simulations. The results reported in this section refer to
simulations performed with both the TBAff descriptions, as
detailed previously in the Methods. Any difference between the
results obtained from the two parameterizations has been
pointed out. Further details regarding the validation of the
parameterizations are reported in the corresponding section of
the Supporting Information.
The analysis of the average radius of gyration (Table S2, see

Supporting Information) suggested that, even if the two TBAff
descriptions provided quantitatively different results, they both
agreed on the following aspect: TBA and the A/W interface
had a destabilizing effect on myoglobin compactness. In
particular, the addition of TBA systematically caused partial
unfolding, while the A/W interface had a milder impact on the
Mb compactness. Furthermore, the overall destabilizing action
was reduced whenever TBA was present in combination with
the A/W interface. Lastly, the hydrophobic fraction of the Mb
solvent-accessible surface area increased in the presence of
TBA (Table S3, see Supporting Information), and this was
primarily observed in the aqueous bulk. The addition of TBA
provoked a shift of the surface hydrophobicity towards higher
values, while the presence of the A/W interface did not seem
to cause major changes.
The β-parameter profiles obtained from the two TBAff

parameterizations were significantly different in quantitative
terms, although they provided similar qualitative information
to understand the role of excipients and TBA in the different
formulations. For example, the CHARMM36m description of
the protein showed preferential exclusion from the Mb surface
for all solutes in the aqueous bulk, namely excipients and TBA
(Figure 3a−c). However, the β-parameter profiles for TBA
showed a bump at a distance of approximately 0.3 nm from the
peptide surface (Figure 3c), which indicates the presence of a
thin shell of TBA molecules in close proximity to the protein,

Figure 2. Recovery of protein after fast (black columns) and slow
(dashed columns) freeze/thawing or freeze-drying (white columns).
According to ANOVA (p-value < 0.05), columns with different letters
are statistically different. Myoglobin recovery as measured by OD at
280 nm (a) and at 410 nm (b). Lactate dehydrogenase recovery as
measured by enzymatic activity (c).
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as represented in Figure S9. Analogous behavior was observed
at the A/W interface, as shown in Figure S6a−c. On the other
hand, the GROMOS description of the protein suggested a
strong preferential inclusion of the excipients in the aqueous
bulk (Figure 3d).
Figure 3e shows that the addition of TBA reduced the value

of the β-parameter, thus the amount of excipient molecules
near the Mb surface, as the cosolvent molecules were more
included. The simulations carried out using the GROMOS
parameterization showed that the TBA molecules accumulated
around Mb (Figure 3f), thereby promoting the exclusion of the
excipients. Similar behavior was observed at the A/W interface
(Figure S6d−f). Nevertheless, the addition of TBA made the
excipients more preferentially included at the A/W interface
with respect to the corresponding bulk systems. At the same
time, the TBA accumulation was slightly reduced at the A/W
interface with respect to the bulk systems.

Independently of the adopted force field description, TBA
has been shown to accumulate closely around the Mb surface.
For this reason, we decided to further analyze the interactions
between TBA and the peptide residues. Although the fraction
of the overall time spent by the TBA molecules near the Mb
surface varied with the formulation composition, TBA
exhibited a clear tendency to accumulate nearby positively
charged peptide residues (Figure S10, see Supporting
Information), especially in close proximity of lysine. Although
the two force field descriptions resulted in significantly
different quantitative estimations of the time spent by TBA
molecules near the peptide residues, both models confirmed
this behavior.
Dimensionless density profiles confirmed some of the

previous results. As shown in Figure S7a,d, the excipients
density at the A/W interface was not null, although significant
accumulation at the interface was only observed for HPβCD.
Similar results were previously observed in the literature.57

Figure 3. β-Parameter profiles for the various formulations containing Mb in the liquid bulk, corresponding to simulations from 2b to 3d of Table
3. Left column: Mb parameterized with the CHARMM36m force field. Right column: Mb parameterized with the GROMOS 54a7 force field. The
legend box indicates the excipients in solution, if any. Panels a and d: profiles for the excipients in bulk water, simulations 2b−2d. Panels b and e:
profiles for the excipients in the 20% w/w TBA bulk solution, simulations 3b−3d. Panels c and f: profiles for TBA in the 20% w/w TBA bulk
solution, simulations 3a-3d.
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Instead, when TBA molecules were added (sims. 5b−5d), they
accumulated at the A/W interface (Figure S7c,f), thus the
excipients were confined in the bulk of the system (Figure
S7b,e). It follows that the reduced impact of TBA on the Mb
compactness (Table S2) at the A/W interface may be
explained by the distinct accumulation of TBA near the
gaseous phase, reducing the amount of TBA molecules
available in the liquid bulk to interact with the protein itself.
Mb mainly accumulated in the liquid bulk in sims. 4a−4d
(Figure S8a,c); however, ambiguous results were observed in
the presence of TBA (sims. 5a−5d), as can be seen in Figure
S8b,d. The CHARMM36m description predicted that Mb
remained in the liquid bulk (Figure S8b), whereas the
GROMOS (sim. 5a) showed the preferential accumulation of
the protein at the A/W interface (Figure S8d). In fact, Mb has
been shown to be susceptible to denaturation at gaseous/liquid
interfaces and, thus, to potentially undergo aggregation.63 The
addition of excipients appreciably reduced the amount of
protein at the interface, although only the mannitol
formulation (sim. 5c) seemed to be able to completely prevent
interfacial adsorption, according to both force field descrip-
tions (Figure S8b,d). This result may be explained by the β-
parameter profiles, as mannitol was more preferentially
included than TBA around Mb close to the A/W interface,
while the opposite behavior was observed for all the other
excipients investigated (see Figure S6b,d,e,f).
The computational results are in agreement with the

experimental evidences of TBA-induced denaturation pre-
viously discussed. It may be concluded that the pronounced
reduction of the Mb recovery would be caused by the
accumulation of the TBA molecules nearby the protein surface,
decreasing its structural compactness and promoting the
solvation of otherwise buried hydrophobic residues. Similarly,
the experimentally observed inability of excipients to provide a
satisfactory stabilizing action (Figure 2) can be explained using
the β-parameter profiles collected through MD simulations.
According to such profiles, the excipients cannot displace TBA
from the peptide surface. Mb prevalently interacts with the
TBA molecules, thus eliminating any kind of stabilizing action
by the excipients. These results agreed with what previously
observed by Bellezza et al.,13 who observed that Mb
formulations containing TBA experienced a reduction of the
thermal stability with increasing TBA concentration. Specifi-
cally, they found that Mb exhibited a decreased enzymatic
activity with increasing TBA content, which was then found to
be related to the hydrophobic clustering13 of TBA molecules.
This clustering phenomenon was here confirmed by the GTT
plots shown in Figure S3a (which represent TBA-TBA
interactions in terms of KBI, see Supporting Information for
further details), with molar fractions ranging from 0.04 to 0.1
(corresponding to mass fractions roughly within 0.146 and
0.314, range that includes the 0.20 value used for the
simulations). The slope of the curve is positive and the sign
changes from negative to positive, thus suggesting favorable
TBA−TBA interactions. Bellezza et al.13 suggested that
cosolvents could solvate proteins by displacing water molecules
from their surfaces, in agreement with the β-parameter profiles
here presented. However, Bellezza et al.13 hypothesized that
increasing concentrations of TBA would favor interactions
between the cosolvent and non-polar residues, whereas the
molecular simulations here revealed that, despite an increase in
the hydrophobicity of the Mb surface, the TBA molecules

preferentially interact with positively charged residues (see
Figure S10).

■ CONCLUSIONS
The TBA-water formulations of biopharmaceutical products
represent one possible solution to ensure protein stability.9

However, the interplay between TBA, excipients and process
conditions is often complex, thus making the formulation
design and development a challenging task. For this reason,
two model proteins, namely lactate dehydrogenase and
myoglobin, were used in this work as case studies to investigate
the extent of surface-induced and cold denaturation in
cosolvent formulations.
Initially, the formulations were thermally characterized by

means of DSC and FDM, then the recovery of protein activity
was evaluated after either freezing or freeze-drying. While the
tested excipients (mannitol, sucrose and HPβCD) could
provide a stabilizing action compared to the corresponding
buffer-only formulation, the recovery of activity was drastically
reduced when TBA was added. TBA has been shown to be
responsible for a dramatic loss of protein recovery, and the
tested excipients were not able to counteract the negative
impact of the cosolvent.
Molecular dynamics was then used to better understand the

nature of the TBA destabilizing effect. Simulations revealed
that TBA accumulated in proximity of the Mb surface,
especially near positively charged residues, while pushing
away the excipients from the peptide surface. The addition of
TBA increased both the radius of gyration and the fraction of
hydrophobic solvent accessible surface area of Mb, i.e., a
decreased structural compactness probably driven by the
exposure of previously buried non-polar residues. Furthermore,
simulations revealed that TBA accumulated at the air−water
interface. This behavior reduced the negative impact of TBA
on the Mb structural stability, as a smaller number of TBA
molecules were available in the liquid bulk, therefore limiting
their detrimental interaction with the protein.
Although TBA speeds up the freeze-drying process9 and,

consequently, reduces the time spent in potentially denaturing
conditions, its addition to either LDH or Mb formulations led
to a marked loss of activity. It could be suggested that the non-
polar character of TBA may cause an effect similar to cold
denaturation,64 namely favoring the solvation of otherwise
inaccessible hydrophobic residues.13 It might be possible that
other non-polar cosolvents could cause a similar effect on
proteins, although further research would be needed in this
direction.
MD simulations provided valuable information at the

molecular scale, otherwise unattainable by experiments. The
combined experimental-computational approach here pro-
posed may serve as a guideline for future research, especially
to investigate and isolate the causes, at a molecular level, of
destabilizing phenomena induced by complex mixture of
organic solvents.
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bin’s surface (PDF)
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