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Polymer lung surfactant (PLS) is a polyethylene glycol (PEG)-brushed block copolymer micelle designed for
pulmonary surfactant replacement therapy. Saccharides (e.g., sucrose and (2-hydroxypropyl)-p-cyclodextrin) and
water-soluble polymers (e.g., PEG), common excipients for lyophilization, were found to severely impair the
surface activity of lyophilized PLS. To investigate the feasibility of excipient-free lyophilization of PLS, we
studied the effects of both PLS material parameters and lyophilization operating parameters on the redis-
persibility and surface availability of reconstituted PLS, all without relying on excipients. We found that the
redispersibility was improved by three factors; a faster cooling rate during the freezing stage reduced freezing
stress; a higher PEG grafting density enhanced dissipating effects; and the absence of hydrophobic endgroups in
the PEG block further prevented micelle aggregation. Consequently, the surface availability of PLS increased,
enabling the micelle monolayer at the air/water interface to achieve a surface tension below 10 mN/m, which is
a key pharmaceutical function of PLS. Moreover, the lyophilized micelles in powder form could be easily
dispersed on water surfaces without the need for reconstitution, which opens up the possibility of inhalation
delivery, a more patient-friendly administration method compared to instillation. The successful excipient-free
lyophilization unlocks the potential of PLS for addressing acute respiratory distress syndrome (ARDS) and
other pulmonary dysfunctions.

1. Introduction

permeability, causing surface-active plasma proteins like albumin and
hemoglobin to enter the alveolar spaces (Matthay and Zemans, 2011;

Acute respiratory distress syndrome (ARDS) is a debilitating condi-
tion that impairs the function of lung surfactant, resulting in difficulty in
breathing and severe reduction in blood oxygenation (Matthay and
Zemans, 2011). In the United States, over 200,000 patients are diag-
nosed with ARDS annually, and it carries a high mortality rate of 25-40
% (Kim and Won, 2018; Sasannejad et al., 2019). Furthermore, ARDS
has been identified as the leading cause of SARS-CoV-2-related deaths
during the recent COVID-19 outbreak (Piva et al., 2021; Torres Acosta
and Singer, 2020). ARDS is initiated by various types of lung injuries,
such as inhalation of pathogens, pneumonia, and sepsis, and is exacer-
bated through a cascade of events that deactivate lung surfactant
(Willson and Notter, 2011; Fan et al., 2018), which plays a crucial role in
the breathing process (Dushianthan et al., 2012). In the early stages of
ARDS, inflammation leads to pulmonary edema by increasing capillary

Dushianthan et al., 2012). Additionally, elevated levels of phospholipase
Ay (PLAp) in ARDS lungs result in the accumulation of single-chain
lysolipids and fatty acids by hydrolyzing double-chain phospholipids
(Dushianthan et al., 2012; Barman et al., 2020). This deactivation
mechanism undermines the efficacy of the current standard therapy,
which involves replacing damaged lung surfactant with animal-
extracted exogenous surfactant, as it is also susceptible to deactivation
(Kim and Won, 2018; Willson and Notter, 2011; Willson et al., 2015).
Consequently, there is an urgent need to discover and develop an arti-
ficial lung surfactant that is resistant to the deactivation mechanisms of
ARDS.

Recently, we proposed a synthetic, non-phospholipid surface-active
nanoparticle formulation that outperforms a commercial animal-
extracted surfactant formulation (Infasurf®) in terms of reducing
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surface tension in the presence of bovine serum albumin (BSA) in vitro
(Kim et al., 2018). This formulation, referred to as “polymer lung sur-
factant (PLS),” is based on micelles formed by amphiphilic block co-
polymers and exhibits enhanced resistance to the inhibitory effects of
plasma proteins, as well as biological inertness in lung environments in
vivo (Kim et al., 2022). Screening various block copolymers with
chemically distinct hydrophobic blocks revealed that nanoparticles with
highly hydrophobic vitrified cores, such as poly(styrene-block-ethylene
glycol) (PS-PEG) and poly(tert-butyl methacrylate-block-ethylene glycol)
(PtBMA-PEG), can mimic the surface mechanical behavior of the lung
surfactant film by achieving near-zero surface tension (y) and a suffi-
ciently large compressibility modulus (E) (Kim et al., 2023). Subsequent
comprehensive studies using mouse models of direct lung injuries
demonstrated that PLS administration reduces inflammatory and hyp-
oxia markers and improves lung compliance, thereby mitigating the
amplification of lung permeability and acute inflammation during the
pathological trajectory of ARDS (Fesenmeier et al., 2023).

Nevertheless, significant work remains to be done to transition from
the proof-of-concept study to clinical trials of PLS, including formulation
engineering and optimization of lung delivery. In particular, long-term
storage of PLS at temperatures around 4 °C for more than 4 months,
as well as prolonged exposure to ambient temperatures for over 5 days in
normal saline solutions (0.9 % w/v), have been found to negatively
affect the stability of the PLS formulation, leading to increased particle
aggregation and a larger average particle size (Fesenmeier et al., 2023).
These irreversible changes in the formulation result in decreased surface
activity of PLS and a loss of its effectiveness in enhancing lung compli-
ance (Fesenmeier et al., 2023). Therefore, it is critical to develop a
suitable lyophilization and reconstitution procedure that allows for
prolonged storage of PLS without any loss of efficacy.

Conventional lyophilization of nano-sized drug formulations often
involves the use of excipients such as sugars and short-chain hydrophilic
polymers as cryoprotectants or lyoprotectants protecting the active in-
gredients from the mechanical stresses caused by ice crystallization and
drying forces (Abdelwahed et al., 2006; Miller et al., 2013; Sim et al.,
2018). However, it is necessary to address the potential adverse effects
of remaining excipients in a readily reconstituted PLS formulation on
surface activity, such as competitive adsorption to the water surface
(Arboleya and Wilde, 2005) or promoting solvation of the adsorbed
micelles (Saenger and Miiller-Fahrnow, 1988; Antipova et al., 1999).
Alternatively, excipient-free lyophilization can be an ideal choice for
preserving the surface activity of PLS. Previously, the lyophilization
process without the use of excipients has been demonstrated with
branched polymer-based nanoparticles (Logie et al., 2014; Zhao et al.,
2017). However, it is unclear whether this approach can be applied to
linear block copolymers.

This study focuses on the material and process design to successfully
preserve the surface activity of model PLS formulations throughout the
lyophilization and reconstitution processes. Three candidate materials
with different “core-forming” hydrophobic block and end group chem-
istries (PS-PEG-OH, PS-PEG-OCHj3, and PtBMA-PEG-OCH3) were used.
Each block was designed to have a consistent molecular weight of ~ 5
kDa to eliminate any interference from molecular weight effects be-
tween different polymers. The first part of the study examines the
detrimental effects of common excipients on the surface mechanical
properties of PS-PEG-OH micelles. The second part explores process
parameters for optimized excipient-free lyophilization of PS-PEG-OH
micelles. The third part investigates the effects of PEG grafting density
and polymer chemistries (i.e., the core block and end group) on the
redispersibility and surface activity of lyophilized micelles. Lastly, the
fourth part discusses the role of PEG brushes in reducing the mechanical
stress and preventing the micelle aggregation by freeze-and-thaw calo-
rimetric measurements. We demonstrate that a careful selection of
materials and process parameters enables excipient-free lyophilization
and subsequent long-term storage of PLS formulations without
compromising colloidal stability and therapeutic activity, which lays the
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foundation for conducting IND-enabling studies on this innovative
pharmaceutical.

2. Materials and methods
2.1. Materials

PS-PEG-OH, synthesized via anionic polymerization, was purchased
from Polymer Source (Quebec, Canada). The number-average molecular
weight (M) of each block and the overall molecular weight poly-
dispersity index (My,/M,) are available in Table 1. Anhydrous styrene
(Sigma Aldrich) and tert-butyl methacrylate (Sigma Aldrich) monomers
were purified using activated alumina columns (Sigma Aldrich) to
remove free radical inhibitors prior to the polymerization reactions.
Sucrose (Sigma Aldrich), poly(ethylene glycol) monomethyl ether (PEG-
OCHj3, M;, = 2,000 and 5,000 g/mol, Sigma Aldrich), and (2-hydrox-
ypropyl)-f-cyclodextrin (HPSCD, Sigma Aldrich) were used as lyophili-
zation excipients in their as-received form.

2.2. Polymer synthesis and characterization

For the Reversible Addition-Fragmentation Chain Transfer (RAFT)
polymerization of amphiphilic block copolymers, PEG-OCH3 of M, =
5,000 g/mol was first conjugated with 4-cyano-4-[(dodecylsulfanylthio-
carbonyl)sulfanyl]pentanoic acid (CDSP) by Steglich esterification in
the presence of 4-dimethylaminopyridine and N,N’-dicyclohex-
ylcarbodiimide in dichloromethane following our previous procedure
(Kim et al., 2018). The synthesized macro-RAFT agent (CDSP-PEG-
OCH3) was isolated by triple precipitations in cold hexane and dried
under vacuum overnight for 24 h. The dried CDSP-PEG-OCH3 was co-
dissolved with 2,2"-azobis(isobutyronitrile) in anhydrous 1,4-dioxane,
and the solution was degassed via three freeze-pump-thaw cycles.
Then, purified monomers were transferred into the mixture to initiate
the RAFT polymerization. The polymerization reaction was run for 20 h
at 75 °C and terminated by exposing the reaction mixture to air. The
products, PS-PEG-OCH3 and PtBMA-PEG-OCH3s, were triply precipitated
in a 1:1 volumetric mixture of hexane and diethyl ether and dried under
vacuum.

The number-average degrees of polymerization (DP,) were charac-
terized by 'H NMR in CD,Cl, solvent for PS-PEG-OCH; and CDCl; sol-
vent for PtBMA-PEG-OCHs. The DP;, of the hydrophobic PS and PtBMA
blocks were calculated from the ratio of 'H NMR peak areas between the
ether protons of PEG (4.2-3.3 ppm) and specific protons of PS or PtBMA
(Figures S1-S2 of Supplementary Material). The overall molecular
polydispersity indices (My,/Mp) of the block polymers were measured by
gel permeation chromatography (GPC) which was calibrated with PS
standards (Figure S3). The molecular characteristics of all block co-
polymers studied are summarized in Table 1.

2.3. PLS formulation and characterization

Block copolymer micelles with differing chemistry and sizes were
prepared via a two-step solvent exchange technique termed as the
Equilibration-Nanoprecipitation (ENP) method (Fesenmeier et al.,
2022). 50 mg of each polymer was dissolved in a 5-mL mixture of

Table 1

Molecular characteristics of block copolymers. @ Overall molecular weight
polydispersity index (M,,/M,) obtained from gel permeation chromatography
(GPC).

Sample name PEG block M core (g/mol) My pic (g/mol) My, /M
end group

PS-PEG-OH -OH 5,200 5,500 1.11

PS-PEG-OCH3 —OCH3 5,150 5,000 1.23

PtBMA-PEG-OCH3 —OCH3 6,080 5,000 1.19
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acetone and Milli-Q water at varying solvent compositions (namely, the
volume fraction of water, ¢y, rnp), and each solution was sonicated for
complete homogenization and subsequently equilibrated at ambient
temperature for 24 h. During the equilibration process, block co-
polymers self-assemble into spherical micelles near to equilibrium, and
their size typically increases with ¢, gnp due to a greater solvent quality
selectivity (Fesenmeier et al., 2022). To completely remove the acetone
from the solution after the equilibration, the solution was transferred to
a dialysis bag (Spectra/Por 7, 50 kDa molecular weight cutoff) in 1 L of
water reservoir, and the dialysate was changed three times with fresh
water over 48 h. The final concentration of the aqueous micelle
dispersion was adjusted to 5 mg/mL by adding fresh Milli-Q water.

Micelles formulated using the ENP method were characterized by
transmission electron microscopy (TEM) using a 200-kV Tecnai T20
instrument. Diluted suspensions in Milli-Q water (0.1 mg/mL) were
negatively stained by mixing them in a 1:1 ratio (v/v) with a 1 %
aqueous uranyl acetate solution and then dried on a carbon-coated grid
that had been pre-treated by glow discharge. The average diameter of
micelles measured from the TEM images were regarded as the apparent
core diameter (D), from which the dimensionless PEG grafting density
(oppg = pRé,pEg/Df), defined as the ratio of the cross-section area of a
PEG chain (TI:Ré’pEG) to the interfacial area per chain in the micelle (T:Dg/
p), was calculated. Ry prg is the radius of gyration of an unperturbed PEG
chain with an equivalent molecular weight in water (Kawaguchi et al.,
1997).p= (nD§/6)(Mn,mre/N Apcore)’1 is the aggregation number (where
M, core is the number-averaged molecular weight of the hydrophobic
core block), Nj the Avogadro number, and pcqre the density of the core
block.

The average hydrodynamic diameter (D) distribution, the z-average
hydrodynamic size (<D >), and the polydispersity index (PDI) of the
micelle sizes before (“pristine”) and after the lyophilization and recon-
stitution processes (“reconstituted”) were measured by dynamic light
scattering (DLS) using a Brookhaven NanoBrook 90Plus instrument. The
nanoparticle solution was diluted to 0.5 mg/mL in Milli-Q water and
filtered through a poly(tetrafluoroethylene) (PTFE) syringe filter 0.45
pm pores. The DLS measurements were performed at a scattering angle
of 90° and a laser wavelength of 640 nm. The characteristics of the
micelles studied are summarized in Table 2.

2.4. Lyophilization and reconstitution

2 mL of each micelle formulation was transferred into a 10-mL
lyophilization vial equipped with a rubber stopper. Typically, a total
of 18 vials (3 polymers x 2 ENP conditions x 3 replicates) or more were
placed inside the chamber of a small-batch lyophilizer (MicroFD, Mill-
rock Tech) with programmable thermal profiles. The lyophilization
process followed a typical sequence; the solutions were rapidly cooled
from 25 °C to the target shelf temperature (Tshelf) and then allowed to

Table 2
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equilibrate for 3 h (the freezing stage). Subsequently, the frozen water
(ice) was sublimated at a Tgheir below the eutectic temperature of the
PEG/water system (-19 °C) until the chamber vapor pressure (P)
reached the target pressure of 70 mTorr (the primary drying stage).
Finally, the bound water was dried at a Tgef above the triple point of
water (0.01 °C) until the target pressure of P = 70 mTorr was achieved
again (the secondary drying stage). Two different operating methods
with distinct ramping rates and target Tghef values were utilized, and the
specific operational parameters used can be found in Table 3.
Throughout the lyophilization process, real-time monitoring was con-
ducted for Tsphelf, P, and the heat flux between the vials and the shelf. For
reconstitution, 2 mL of Milli-Q water was added to each vial containing
lyophilized samples, followed by gentle shaking for 3 min and sonication
for 3 min (Di Tommaso et al., 2010).

2.5. Surface mechanical analysis

The surface pressure-area (/1-A) isotherms of the micelle mono-
layers were measured using a Langmuir trough (KSV 5000, Biolin sci-
entific) with two symmetric barriers attached at each end. The trough
and two barriers were initially cleaned with ethanol and water three
times. A total of 1.4 L of Milli-Q-purified water was poured in the trough,
and a piece of filter paper was used as a Wilhelmy plate to measure the
surface tension. Before each measurement, the water surface was aspi-
rated to remove any interfacial contaminants ensuring that the surface
pressure of pure water at maximum compression (A = 71 cm?) did not
exceed 0.2 mN/m.

Onto the clean surface of water at the maximum area (782 cmz), 100
uL of the “pristine” or “reconstituted” micelle solution (5 mg/mL) was
spread using a microsyringe. Droplets of a few microliter was formed on
a tip of the syringe needle and carefully contacted on the water surface
to spread the sample on the water. For the /7-A isotherm measurements
of the PLS with added excipients, the excipients were added into the
pristine solutions to achieve a 10 % w/v excipient concentration before
the spreading. For the /7-A isotherms of the solid lyophilizates, 1.5 mg of
the foamy solid was carefully placed piecewise on the clean water sur-
face using a dressing forcep.

2.6. Differential scanning calorimetry (DSC)

Freezing and melting of the micelle formulations were analyzed
using differential scanning calorimetry (DSC; DSC 4000, Perkin Elmer).
A micelle concentration of ~ 100 mg/mL (i.e., ~20 times higher than
the concentration of standard formulations) was used to precisely
evaluate the amount of bound water to the PEG brushes. To increase the
concentration, 0.5 mL of the pristine micelle formulation (at 5 mg/mL)
was transferred into in a pre-rinsed centrifugal dialysis membrane tube
(Amicon Ultra-0.5, MWCO 10 kDa) and centrifuged at 14,000 rpm for

Structural characteristics of micelles. (a) Volume fraction of water used in the equilibrium nanoprecipitation (ENP) method. (b) Non-dimensionalized PEG grafting
density. (c) Size increasing factor, i.e., hydrodynamic diameter ratio of reconstituted micelles to pristine micelles. (d) Surface availability.

Pristine

Reconstituted after Lyophilization

Polymer @R ENe D, (nm) oprg » Dy, (nm) PDI Dy, PDI SIF© sAd
(nm)

PS-PEG-OH 0.2 13.3 7.1 47.1 0.300 131.6 0.158 2.79 0.36
0.3 17.0 9.0 29.4 0.220 131.7 0.148 4.48 0.23
0.5 19.3 10.2 31.2 0.082 59.2 0.151 1.90 0.87
0.6 21.3 11.3 35.6 0.112 69.7 0.166 1.96 0.81

PS-PEG-OCH3 0.1 14.8 8.0 26.8 0.177 152.1 0.141 5.68 0.09
0.2 18.4 9.9 26.3 0.098 160.6 0.091 6.11 0.30
0.3 18.9 10.2 28.8 0.029 158.9 0.170 5.52 0.25
0.5 19.5 10.5 168.1 0.190 193.5 0.121 1.15 ~4

PtBMA-PEG-OCHj3 0.1 16.5 7.8 32.0 0.218 155.5 0.189 4.86 0.14
0.2 17.4 8.3 26.1 0.114 152.9 0.188 5.86 0.13
0.3 19.9 9.4 27.5 0.082 109.6 0.133 3.99 0.18
0.5 23.3 11.1 91.2 0.284 168.2 0.212 1.84 0.45
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Table 3
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Operating parameters for the lyophilization of PS-PEG-OH micelles formulated at ¢, gnp = 0.6 and the reconstitution results. ® Cooling or heating rate. ® Shelf

temperature. © Size increasing factor.

Method Formulation Volume (mL) Freezing Stage Primary Drying Stage Secondary Drying Stage Reconstituted after Lyophilization
R Tshes R Tsheis R Tsheis <Dp> (nm) PDI SIF 9
Co/min)® QP CCcmin® QP CC/min)® Q)P

A 38 -2 -60 +2 -30 +1 25 69.5 0.18 1.95

B 12 -1 -50 +1 -35 +1 25 82.3 0.17 2.40

20 min. The micelle concentration post centrifugation was measured
using GPC by taking an aliquot of the concentrated micelle suspension.
The GPC intensity peak area was converted to concentration using a
calibrated data drived from a standard solution with a known polymer
concentration. The precise concentrations of the micelle suspensions
used in DSC are detailed in Table 4.

8 pL of the concentrated solution was transferred to a hermetically
sealed DSC pan. A DSC cycle involving cooling from 30 °C to -50 °C and
then reversing the heating back to 30 °C was carried out at with a ramp
rate of 5 °C/min. The mass of eutectic PEG (mpgg,eu) Was calculated from
the measured endothermic peak area (Qe,) at the eutectic point ac-
cording to

Qeu = MeyAHey = (mPEG,eu/WPEG,eu)AHeu (@)

where AHe, = 142 + 1 J/(g eutectic mixture), determined through
linear fits of the enthalpies of fusion of the PEG/water eutectic mixtures
(Fig. 7 (b) and (c) from Ref. (Huang and Nishinari, 2001) and wpgg,eu (=
0.47) represents the mass fraction of PEG at the eutectic point (T, =
-19 °C) (Kuttich et al., 2020). As a portion of PEG segments undergo
dehydration to cover the surface of the hydrophobic core (Kim et al.,
2018), it is important to note that only the remaining (hydrated) PEG
segments have the capacity to form a eutectic mixture with the sur-
rounding water. The fraction of hydrated PEG, fiyd = MpgG,eu/MpEG, Was
evaluated from Eq. (2),

AHeypEG = Qeuw/MpEG = [MpEG,eu/(WpEG,eumMPEG)] AHey = (fhyd/WrEG,
eu)AHeu (2)

where mpgg is the total mass of PEG in the sample, and AHe,.pgg is the
enthalpy of fusion at the eutectic point per total mass of PEG. AHey.prG
and fhyq values for each sample are provided in Table 4.

3. Results and discussion

3.1. Surface mechanics of PS-PEG-OH micelles in the presence of
excipients

Excipients are commonly added to prevent structural damage and

irreversible aggregation of nanoparticulate drugs caused by freezing and
drying stresses, which result from ice crystallization and solvent

Table 4

sublimation, respectively, in conventional lyophilization processes
(Trenkenschuh and Friess, 2021). These excipients are typically
amphiphilic molecules that can interact favorably with both water
(through hydrogen bonding) and particle surfaces (through van der
Waals interactions) (Fonte et al., 2016). However, due to this amphi-
philic nature of excipients, they can have detrimental effects on the
surface activity of block copolymer micelle formulations, either by
modifying the surface energy of hydrophobic micellar cores or by
competitively adsorbing at the air-water interface. To examine the ef-
fect of excipients on the surface mechanical behavior of the model PLS
formulation prior to the lyophilization study, we selected two saccha-
rides (sucrose and HPACD) and two hydrophilic polymers (2 and 5 kg/
mol PEG-OCHj3) as representative excipients. A concentration of 10 %
w/v, which falls within the typical range of 5-20 % w/v for optimal
protection, (Saez et al., 2000; Lee et al., 2009; Suksiriworapong et al.,
2014) was used.

Fig. 1 compares the surface pressure-area (/7-A) isotherms of PS-
PEG-OH micelles formulated at ¢, gnp = 0.6 with and without excipi-
ents. Here, the surface pressure (/7 = yo - v), defined as the decrement in
surface tension from that of pure water (yo = 72 mN/m), is plotted
against the trough area (A). The chosen model formulation exhibited the
ability to achieve low surface tension (y < 10 mN/m) upon compression
of the surface, as demonstrated by the control isotherm. Strikingly, the
addition of any excipient to the PS-PEG-OH formulation resulted in the
loss of surface activity, preventing the attainment of high /7 values. It is
speculated that saccharides and PEG-OCHj3 excipients reduce the surface
activity of PS-PEG-OH micelles in different ways. Consistent with our
previous study, the isotherms of the saccharide-containing formulations
resemble the typical surface mechanical behavior of block copolymer
micelles with weakly hydrophobic cores, such as poly(D,L-lactic acid-
block-ethylene glycol) (PLA-PEG) (Kim et al., 2023). This suggests a
possible reduction in the interfacial tension between water and the hy-
drophobic PS core due to the mediating effect of influence, in line with
existing literature on the favorable interactions between sucrose and
globular proteins (Antipova et al., 1999; Chang et al., 2005).

On the other hand, PEG-OCH3 excipients compete with the adsorp-
tion of PS-PEG-OH micelles at water surfaces. The maximum /7 values of

DSC characterization of concentrated aqueous micelle suspensions.  Volume fraction of water used in the Equilibration-Nanoprecipitation (ENP) method. ® Weight
fraction of polymer in the concentrated suspension (prepared via centrifugation) determined via GPC. © Freezing point. ¥ Eutectic peak melting point and the enthalpy
of fusion per gram of PEG in the system. © Hydrated PEG fraction, defined as the ratio of the PEG segments contained in the eutectic mixture to the total PEG in the
system. © Melting point of the bulk water. ® Aggregation of micelles leading to loss of micelles in the concentrated suspension (prepared via centrifugation).

Polymer 5 ene Wp,analyte T¢ Teu AHey:peG Fiya ® T
Q9 oo (/g PEG) ® 0P
PS-PEG-OH 0.2 0.10 -15.6 -15.6 38 0.12 8.7
0.3 0.08 -15.1 -16.5 28 0.09 8.4
0.5 0.09 -13.7 -16.3 50 0.16 8.1
0.6 0.06 -12.6 -15.9 84 0.27 8.9
PS-PEG-OCHj3 0.1 0.03® -13.3 0 0 9.1
0.2 0.02 8 -12.4 -15.1 110 0.37 7.1
0.3 0.04 ® -19.6 -15.5 66 0.22 9.0
0.5 0.01® -18.0 -14.6 174 0.58 8.0
PtBMA-PEG-OCHj3 0.1 0.08 -17.1 0 0 10.3
0.2 0.09 -13.7 0 0 9.3
0.3 0.07 -10.5 0 0 8.6
0.5 0.08 -19.8 -15.6 45 0.17 8.8
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Fig. 1. Surface pressure-area isotherms of PS-PEG-OH micelles spread from
formulations containing 10 % w/v excipients on pure water surfaces. These
micelles were prepared using the Equilibration-Nanoprecipitation (ENP)
method in a mixed solvent consisting of water and acetone, with a water vol-
ume fraction of ¢y, gxp = 0.6. The control measurement (black line) represents
micelles without any excipients. Data points were collected at intervals of 0.3
em? (solid lines), with a few data points illustrated as symbols for clarity.

PEG (2 and 4.6 kg/mol) monolayers formed by spontaneous adsorption
from the subphase were 8 and 9 mN/m, respectively, (Gilanyi et al.,
2006) which are nearly the same as the equilibrium spreading pressure
of PS-PEG-OH micelles (10 mN/m) (Kim et al., 2023). Thus, PEG-OCHj3
excipients (at a weight ratio of 20:1 to PS-PEG-OH micelles) likely
occupy most of the available surface area and reduce the amount of
adsorbed PS-PEG-OH micelles at the water surface. Apparently, it is
difficult to use these excipients as cryo- and lyoprotectants without
causing the reduction in surface activity of PLS. Moreover, the removal
of these excipients from lyophilized PLS samples requires additional
purification steps, such as extended dialysis, which would significantly
raise manufacturing costs and associated risks.

3.2. Operation parameters for excipient-free lyophilization of PS-PEG-OH
micelles

To circumvent the issues associated with excipients, our objective
was to explore the optimal operating conditions for lyophilization
without the need for excipients. We used the same formulation as in
Section 3.1 (PS-PEG-OH micelles formulated at ¢y, gnp = 0.6) because it
exhibited the highest PEG grafting density (cpgg) among all formula-
tions in this study (Table 2; the effect of opgg will be discussed later).

To assess the impact of process parameters on the quality of
excipient-free lyophilization, we employed two different methods using
a small-batch research-scale lyophilizer (MicroFD, Millrock Tech).
Method A was designed to achieve more aggressive freezing, charac-
terized by a faster cooling rate and a lower shelf temperature (Tgpeif)
during the freezing stage, compared to Method B (refer to Table 3 for the
operation parameters of Methods A and B). Fig. 2(a) and 2(b) depict the
heat flux evolution between the shelf and the vial chamber along the
initial freezing trajectory, where a negative peak in the heat flux cor-
responds to ice crystallization. The onset of the heat flux peak, indicating
ice nucleation, occurred at a lower shelf temperature (-27.2 °C) for
Method A compared to Method B (-21.4 °C). The lower nucleation
temperature results in a higher nucleation density and smaller crystal-
lites. This can reduce the mechanical stress imposed by ice crystals, in-
crease the surface area between ice and the cryo-concentrated phase,
and ultimately enhance nanoparticle preservation and reconstitution
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(Fonte et al., 2016). Additionally, the interval between ice nucleation
and the maximum rate of ice growth (indicated by shaded regions in
Fig. 2(a) and 2(b)) was slightly shorter (9 min) for Method A compared
to Method B (10 min), suggesting a slightly faster crystallization process
when the cooling rate is doubled.

On the other hand, during the primary drying stage, both Methods A
and B underwent steady-state sublimation of water until complete
evaporation, as depicted in the heat flux trajectory (Figure S4). Since the
Tshelf values used in the primary drying stage were significantly lower
than the eutectic temperature (T, = —19 °C) in both Methods, (Kuttich
et al., 2020) the quality of lyophilization (as discussed below) is unlikely
to be influenced by the differences in primary drying stage parameters.

Consequently, Method A yielded better redispersibility and surface
activity of the model formulations after reconstitution compared to
Method B. The size increasing factor (SIF), defined as the ratio of the z-
average hydrodynamic diameter (<Dp, >) of micelles after reconstitution
to that before lyophilization, was lower for Method A (Table 3), indi-
cating less pronounced irreversible aggregation. Additionally, the dif-
ference between the [1-A isotherms of pristine and reconstituted
micelles from Method A (Fig. 2(c)) was smaller than that from Method B
(Fig. 2(d)), although both reconstituted micelles could achieve a high
surface pressure (ITjnax = 70 mN/m) at maximum surface compression.
Therefore, Method A was selected as the standard lyophilization pro-
cedure for the subsequent experiments.

3.3. Effects of PEG grafting density

In polymer-grafted nanoparticles, the grafting density of hydrophilic
polymers (opgg) is a critical parameter that influences the colloidal
stability of the formulations (Logie et al., 2014). A higher opgg leads to a
thicker and denser PEG brush, promoting stable dispersion (Witten and
Pincus, 1986; Likos et al., 1998). This stabilizing effect of densely
grafted polymer brushes is particularly relevant during the freezing
stage, where ice growth reduces the available space for the particles and
forces them to come into close proximity (referred to as “cryo-concen-
tration”) (Kasper and Friess, 2011). In such situations, a high opgg is
expected to protect the particles from irreversible aggregation by effi-
ciently dampening the compressive stress. This is because the PEG brush
remains partially hydrated and amorphous even below freezing tem-
perature (see Section 3.5 for detailed discussion). It is noteworthy that
Logie et al. have observed enhanced redispersibility following lyophi-
lization, utilizing nonlinear (graft) copolymers that incorporate a higher
number of PEG side chains, without the need for excipients (Logie et al.,
2014).

In our system, the opgg was systematically controlled by varying the
number of block copolymer chains that constitute a micelle, also known
as the aggregation number (N,gg). This control was achieved by applying
the Equilibration-Nanoprecipitation (ENP) method with different qual-
ities of a selective solvent (Fesenmeier et al., 2022). A higher water
fraction in the ENP medium (¢w,gnp) results in self-assembly with a
higher Njg, during the process of free energy minimization, leading to
larger opgg (Nagarajan, 2015). In this study, we tested four micelle
formulations with different opgg values ranging from 7.1 to 11.3. These
formulations were prepared using the same polymer but at different ¢,
enp values (Table 2). The pristine micelles exhibited uniform sizes in all
formulations, and the average core diameter (D.) increased mono-
tonically with ¢y, gnp. However, the z-average hydrodynamic diameter
(<Dp>) of the pristine micelles did not follow a monotonic trend with
@w,ene due to an outlier (¢ gnp = 0.2) with the presence of significant
amounts of large clusters (Table 2 and Figure S5).

The redispersibility of micelles after lyophilization and subsequent
reconstitution showed a significant increase with opgg. Transmission
electron microscopy (TEM) images of the reconstituted micelles
revealed that clustered micelles were larger than 100 nm at ¢ gxp = 0.2
and 0.3, but decreased to approximately 50 nm at higher ¢, gnp values
(Fig. 3(e-h)). Dynamic light scattering (DLS) analysis provided
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Fig. 2. (a, b) Shelf temperature and heat flux profiles during initial freezing stages for lyophilization Method A and Method B, respectively. The negative heat flux
values indicate exothermic processes. The shaded regions represent the time intervals between the onset of nucleation and the minimum heat flux. (¢, d) Surface
pressure-area isotherms of pristine and reconstituted PS-PEG-OH micelles after lyophilization using Method A and Method B, respectively. Micelles from two
separate batches, both formulated at the same ¢, gnp = 0.6, were used.
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Fig. 3. TEM images of (a-d) pristine PS-PEG-OH micelles formulated at ¢ gnp = 0.2, 0.3, 0.5, and 0.6, respectively, and (e-h) reconstituted micelles thereof after
lyophilization and subsequent reconstitution (Method A).
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consistent results, as indicated by the unanimous increase in the z-
average hydrodynamic diameter (<Dy>) after lyophilization (Table 2
and Figure S5). However, the size increasing factor (SIF), defined as the
ratio of <Dy > of reconstituted micelles to pristine micelles, decreased
with increasing ¢y, gnp or, equivalently, increasing cpgg.

The surface activity of the reconstituted micelles exhibited a strong
correlation with their redispersibility, indicating that it was preserved
more effectively with higher opgg. Fig. 4(a) and 4(b) demonstrate that
the surface pressure (/1) was significantly reduced at ¢y gnp = 0.2 and
0.3. This reduction can be attributed to the low availability of surface-
active micelles, as clustered micelles with irregular shapes cannot
expose their hydrophobic cores to the air efficiently and therefore are
easily detached from the air/water surface. To quantify this effect, we
introduced the concept of surface availability (SA), which represents the
multiplication factor needed to horizontally shift the pristine isotherm
to align with the reconstituted isotherm (inset in Fig. 4(a)). For example,
an SA value of 0.36 at ¢y gnp = 0.2 indicates that only 36 % of surface-
active micelles are available in the reconstituted formulation relative to
the pristine formulation. As the micelles become more densely grafted
with PEG, the I7-A isotherms of the reconstituted formulations approach
those of the pristine micelles (Fig. 4(c) and 4(d)), resulting in an increase
in SA close to unity (Table 2). This clearly demonstrates the feasibility of
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excipient-free lyophilization when the pharmaceutical formulation
consists of densely PEG-grafted micelles.

Furthermore, the lyophilized micelles in solid powder form could
also be spread on the water surface and exhibited surface activity even
without reconstitution. The I7-A isotherms of solid lyophilizates were
compared with those of the reconstituted formulations in Fig. 4. It was
observed that the solid lyophilizates displayed comparable or even
stronger surface activity, partially due to a larger amount of material
deposited on the surface (approximately 1.5 mg of solid was deposited,
theoretically three times greater than the mass of polymer spread using
the pristine and reconstituted aqueous formulations). Nevertheless, the
feasibility of directly spreading solid lyophilizates to achieve high sur-
face pressure (I1) is encouraging, as it may enable the delivery of PLS
micelles to the alveolar space (deep inside the lungs) through inhalation,
which is a more desirable approach than liquid instillation in clinical
practice (Borghardt et al., 2018).

3.4. Effects of end group and core block chemistry

We expanded our study to include an analogous amphiphilic block
copolymer, PS-PEG-OCHs, which has similar block molecular weights
and high surface activity. The main difference between PS-PEG-OH and
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Fig. 4. I1-A isotherms of water-spread pristine, water-spread reconstituted, and solid-spread lyophilized PS-PEG-OH micelles at the air-water interface. Micelles were
formulated at ¢, gnp = (a) 0.2, (b) 0.3, (¢) 0.5, and (d) 0.6. The inset of (a) shows a representative overlap between the rescaled curve of the pristine micelles,
horizontally shifted by a multipication factor (“surface availability (SA)”) of 0.36 and the curve of the reconstituted micelles. The abscissa (area in cm?) is presented

on a logarithmic scale.
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PS-PEG-OCHj3 lies in the end group chemistry of the PEG block (Table 1).
Similarly to the PS-PEG-OH series, micelles were produced from PS-
PEG-OH and PS-PEG-OCHj3 using the ENP method with 4 different ¢,
enp values. TEM images confirmed that all micelles were uniformly sized
(Fig. 5(a-d)) and exhibited higher values of opgg with increasing ¢ gnp.
However, DLS analysis revealed an unusually large <Dy > for the ¢y,
enp = 0.5 formulation, indicating the presence of supra-micellar aggre-
gates (Table 2 and Figure S6). Additionally, the micelles formulated at
@w,enp = 0.5 showed minimal surface activity (Fig. 6 (d)), making them
unsuitable for use as PLS".

Reconstituted PS-PEG-OCH3 micelles after lyophilization appeared
as large chunks (>100 nm) in all samples (Fig. 5(e-h) and Figure S6).
DLS analysis showed higher size increasing factors (SIF) for PS-PEG-
OCH3 micelles (SIF > 5), except for the ¢y, gnp = 0.5 formulation, which
already had large aggregated clusters in the pristine state. In compari-
son, the SIF values for PS-PEG-OH micelles were generally smaller (SIF
< 5) (Table 2). These systematic differences indicate that a small change
in the end group chemistry of the PEG block, from hydroxy to methoxy,
leads to a significantly decreased stability. This can be attributed to the
bridging effect of the hydrophobic methoxy (-OCHj3) end group, which
promotes closer contact between the micellar cores, especially under
cryo-condensed conditions. It is interesting to note that significant ag-
gregation of all PS-PEG-OCHj3 micelles also occurred after centrifugation
(at approximately 11,000 x g for 20 min), whereas the centrifuged PS-
PEG-OH micelles were easily redispersed (Table 4). Furthermore, both
reconstituted and solid lyophilized forms of PS-PEG-OCHj3 micelles
exhibited impaired surface activity (Fig. 6), and the surface availability
(SA) after reconstitution was less than 0.3 in all samples, except for the
Pw,ENP = 0.5 formulation (Table 2).

Next, we investigated another amphiphilic block copolymer, PtBMA-
PEG-OCHj3, with a different core block, for excipient-free lyophilization.
In its pristine form, the PtBMA-PEG-OCH3 micelle formulation exhibited
high surface activity, generating surface pressures as high as /7 = 68
mN/m in our recent study (Kim et al., 2023). TEM images confirmed that
all PtBMA-PEG-OCH3 micelles formulated at 4 different ¢, pnp appeared
as uniformly sized particles (Fig. 7(a—d)). However, for the ¢y gnp = 0.5
formulation, an unusually large <Dy, > and the inability to generate high
surface pressure upon compression indicated the presence of supra-
micellar aggregates (Table 2, Fig. 8, and Figure S7).

Due to the hydrophobic methoxy end group on the PEG chain of
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PtBMA-PEG-OCH3, their lyophilization results were similar to those of
PS-PEG-OCH3 micelles. Reconstituted PtBMA-PEG-OCH3 micelles after
lyophilization were observed as large chunks (>100 nm) (Fig. 7(e-h)).
DLS analysis consistently showed size increasing factors (SIF) greater
than 3 for reconstituted micelles, except for the ¢ gnp = 0.5 formulation
where the pristine micelles already exhibited large superstructures
(Table 2 and Figure S7). Once again, the pronounced aggregation in
PtBMA-PEG-OCHg3 micelles after excipient-free lyophilization can be
primarily attributed to the bridging effect of the methoxy (~OCH3) end
group. Consequently, the surface activity of PtBMA-PEG-OCHjz micelles
in both reconstituted and solid lyophilized forms was compromised
(Fig. 8). Furthermore, the surface availability (SA) after reconstitution
was below 0.2 in all samples, except for the ¢y, gnp = 0.5 formulation
(Table 2). However, there were slight differences in the lyophilization
results between PS-PEG-OCH3; and PtBMA-PEG-OCH3; micelles
(excluding all ¢y gnp = 0.5 formulations). The overall SIF values were
smaller, and the solid lyophilizates exhibited higher surface activity in
PtBMA-PEG-OCHg3 micelles. This suggests that PtBMA-PEG-OCH3 mi-
celles may be slightly more stable in maintaining colloidal dispersion.
Similarly, the centrifuged PtBMA-PEG-OCH3 micelles did not aggregate
as strongly as the PS-PEG-OCH3 micelles. However, the exact origin of
this difference (in relation to the core block chemistry) is not yet fully
understood.

3.5. Differential scanning calorimetry (DSC)

The redispersibility of PS-PEG-OH micelles increased as the PEG
grafting density (opgg) increased, whereas no such effect was observed
in PS-PEG-OCH3 and PtBMA-PEG-OCH3 micelles. To further investigate
the impact of the grafting density during the lyophilization cycle, we
measured DSC thermograms of the aqueous micelle solutions. The so-
lutions were cooled from 30 °C to -50 °C and subsequently heated to 30
°C at a ramping rate of + 5 °C/min (Fig. 9(a—c)). To accurately capture
the PEG/water eutectic behavior (T, = —19 °C), the solution concen-
trations were increased through centrifugal dialysis. The polymer
weight fraction after centrifugation (Wp, anayte) ranged from 1 % to 10 %
(Table 4). Notably, significant aggregation occurred in PS-PEG-OCHjs
micelles formulated at ¢ gnp = 0.1, 0.2, and 0.5, resulting in a sub-
stantial loss of micelles in the concentrated suspensions.

DSC thermograms provided insights into the nanoscopic changes of

Fig. 5. TEM images of (a-d) pristine PS-PEG-OCHj; micelles formulated at ¢, gxp = 0.1, 0.2, 0.3, and 0.5, respectively, and (e-h) reconstituted micelles thereof after

lyophilization and subsequent reconstitution (Method A).
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Fig. 6. I1-A isotherms of water-spread pristine, water-spread reconstituted, and solid-spread lyophilized PS-PEG-OCH3 micelles at the air-water interface. Micelles
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Fig. 7. TEM images of (a-d) pristine PtBMA-PEG-OCHj; micelles formulated at ¢, gnp = 0.1, 0.2, 0.3, and 0.5, respectively, and (e-h) reconstituted micelles thereof
after lyophilization and subsequent reconstitution (Method A).
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Fig. 8. I1-A isotherms of water-spread pristine, water-spread reconstituted, and solid-spread lyophilized PtBMA-PEG-OCH3 micelles at the air-water interface.

Micelles were formulated at ¢y, gne = (@) 0.1, (b) 0.2, (c) 0.3, and (d) 0.5.

PEG-grafted micelles in the lyophilization medium (Fig. 10(a)). Typi-
cally, phase separation between PEG and water occurs after the bulk ice
crystallization at the freezing point (Tf). However, as described in pre-
vious studies, (Huang and Nishinari, 2001; Hatakeyma et al., 2007) not
all PEG and water components separate into perfectly isolated crystals;
instead, a substantial amount of amorphous PEG/water mixture remains
even below Te,. Upon heating the system from —-50 °C to T, the crys-
tallized portion of PEG and the adjacent water melt to form a eutectic
mixture. This eutectic melting is displayed in the enlarged thermograms
(insets of Fig. 9(a—c)). The T, values were in close agreement (-15.5 +
0.9 °C), but the specific heat of fusion for the eutectic mixture (AHey:pgg)
varied among the samples (Table 4). Moreover, PS-PEG-OCH3 (¢w,gnp =
0.1) and PtBMA-PEG-OCH3 (¢w,enp = 0.1, 0.2, and 0.3) micelles did not
exhibit eutectic melting. After surpassing Te,, the bulk ice finally melted
at the melting point (Ty,). Most of the samples showed very similar Ty,
values and specific heat of melting.

We now analyze the eutectic melting in detail to evaluate the fraction
of PEG segments that can freely interact with water, referred to as the
hydrated PEG fraction (fhyq). The distinction between hydrated and
dehydrated PEG segments arises from the presence of a hydrophobic
surface in block copolymer micelles. Previous studies have demon-
strated that PEG brushes can form dense and nearly dehydrated layers at
solid-water interfaces to reduce surface energy (Kim et al., 2018; Fes-
enmeier et al., 2022; Won et al., 2000). Therefore, in this study, we
argue that the strongly hydrophobic PS and PtBMA cores necessitate
partial dehydration of PEG brushes to form a dense layer (Fig. 10). The

10

remaining PEG segments can be hydrated, and when a micellar sus-
pension is frozen below T, a portion of the hydrated PEG crystallizes,
while the other portion remains amorphous as a supercooled mixture
with water. The measured heat of fusion at Tey (AHey:pgg) Originates
from the cooperative melting of the crystalline portion of PEG in contact
with ice. This heat is suppressed when the PEG brush is less hydrated,
when hydrated PEG segments crystallize less during the freezing stage,
or when the crystalline PEG segments lose contact with water. There-
fore, AHey:pgG provides a convenient method to characterize the state of
PEG brushes in the frozen micelle solution.

Previously, in an aqueous solution of homopolymer PEG, the
empirically determined heat of melting per PEG/water eutectic mixture
(AH,) was measured to be 142 J/(g eutectic mixture) (Huang and
Nishinari, 2001). It is important to note that this value is significantly
lower than the theoretical limit of ~ 217 J/g for the eutectic mixture,
which was derived by considering the literature values for PEG melting
enthalpy (~ 200 J/g, assuming 100% crystallinity (Lodge and Hiemenz,
2020)), water melting enthalpy (~ 334 J/g), and PEG/water mixing
enthalpy (~ -53 J/g (Gunninghame and Malcolm, 1961)). Even when
taking into account the semi-crystalline nature of PEG, this substantial
discrepancy suggests the significant presence of amorphous water.
Given the similarity in DSC methods (rapid cooling) used in both the
present work (lyophilization) and the reference DSC study (-5°C/min),
we can reasonably assume a comparable PEG crystallinity with the
reference system. Thus, we used eq 2 with AH., = 142 J/(g eutectic
mixture) to evaluate the fiyq of the micelle samples. The results of fyyq
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Fig. 9. (a-c) DSC thermograms of (a) PS-PEG-OH, (b) PS-PEG-OCH3, and (c) PtBMA-PEG-OCH3 micelle suspensions at concentrations ranging from 1 to 10 wt%
(Table 4). The micelles were formulated at different ¢,, gnp values as indicated in the legends. A cooling-and-heating cycle was performed at a rate of 5 °C/min. The
insets provide enlarged views at the eutectic point. (d-f) Correlations between the fraction of hydrated PEG (evaluated from the eutectic melting enthalpy in the DSC
study) and (d) the size increase factor (SIF) after lyophilization, (e) the non-dimensional PEG grafting density of micelles, and (f) the surface availability (SA). Open
symbols represent samples with low fidelity due to low polymer concentration in the DSC analytes (Wp analyte < 0.02).

(Table 4) show that, in most samples, the majority of PEG segments
exists as a dehydrated film covering the hydrophobic core surface (i.e.,
faya < 0.5). Nevertheless, it is rather surprising that PS-PEG-OCH3 (¢,
ene = 0.3) and PtBMA-PEG-OCH3 (¢w,enp = 0.1, 0.2, and 0.3) micelles
lack any signature of eutectic melting. We speculate that
freezing-induced massive aggregation in these samples isolated most of
the PEG segments within the interior of the aggregated micellar super-
structure. Such an entrapping effect may have prevented the crystallized
portion of PEG from eutectic melting with water. The correlation be-
tween fuyq and the size increase factor (SIF) obtained from the lyophi-
lization experiment (Fig. 9(d)) supports this idea; generally, fiyq is lower
when the sample has a greater SIF (i.e., intense aggregation).

Regarding the effect of micelle structure, Fig. 9(e) illustrates a clear
trend of increasing fyyq with higher opgg. In PS-PEG-OH micelles, the
hydrated fraction gradually increases as opgg increases. Since the area
per PEG chain required to cover the core surface decreases with
increasing opgg, the PEG chains can allocate more segments to be hy-
drated after forming a dehydrated film (Fig. 10(b)). Consequently, mi-
celles with higher opgg exhibit thicker amorphous layers, which can
effectively mitigate freezing-induced stress during the freezing stage.
Similarly, in PS-PEG-OCH3 and PtBMA-PEG-OCHj3 micelles, the eutectic
melting behavior is observed only at higher opgg, indicating that the
fraction of hydrated PEG is too low at lower opgg. However, due to the
presence of hydrophobic methoxy end groups, the PEG chains now act as
linkers between the cores, leading to irreversible aggregation (Fig. 10
(c)). This suggests that block copolymers with a hydrophobic end group
in the PEG block are susceptible to destabilization during lyophilization.
Therefore, excipient-free lyophilization is feasible only if (i) the PEG
grafting density is sufficiently high to form an amorphous layer which
can dissipate the external freezing stress and (ii) the PEG end group does
not induce bridging interactions.

So far, we have discussed that the PEG grafting density and the
endgroup at the PEG block simultaneously affect both the surface
availability (SA) of the reconstituted micelles and the hydrated PEG
fraction (fuyq). Indeed, Fig. 9(f) reveals a strong correlation between fyyq
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and SA even if the thermal trajectories used in the two experiments (DSC
and lyophilization) were not the same. Since SA is the most important
property in pharmaceutical surfactant formulation, this finding suggests
that DSC can be used as an initial screening tool to evaluate the success
of excipient-free lyophilization of PLS.

4. Conclusions

Although the use of excipients is a common practice in pharmaceu-
tical lyophilization, there are instances where the removal of excipients
becomes necessary. In our study, we focused on polymer lung surfactant
(PLS) as a case in which commonly used excipients, such as saccharides
and PEG, undermine the performance of the active therapeutic agent;
that is, excipients impede the surface activity of PLS. We investigated the
optimal conditions for excipient-free lyophilization, including material
and operating parameters, using a small-batch research-scale lyophi-
lizer. We tested micelles formulated through Equilibration-
Nanoprecipitation (ENP) using three different block copolymers and
four micellization equilibration water fractions (¢w,gnp). The reconsti-
tution ability after excipient-free lyophilization was assessed using
various techniques, including measuring DLS hydrodynamic sizes,
analyzing TEM images of the reconstituted micelles, and conducting
Langmuir force balance analysis (surface pressure-area isotherms) of
both the solid lyophilizates and reconstituted micelles. We found that a
faster cooling rate during the freezing stage was advantageous, attrib-
uted to the formation of smaller ice crystallites, which is expected to
reduce freezing stress.

Among the variations in block copolymer chemistry, we identified
the PEG block end group as the most significant factor. The presence of a
hydrophobic methoxy end group promoted irreversible aggregation of
the micelles. For PS-PEG-OH micelles with a hydroxy end group, we
observed a decrease in the size increase factor (SIF) and an increase in
surface availability (SA) as the PEG grafting density increased. This can
be attributed to a higher fraction of hydrated PEG in the micelle
formulation, as evidenced by the specific heat of melting at the eutectic
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Fig. 10. (a) Schematic representation of microscopic changes in an aqueous
micelle system during lyophilization stages. (i) Freezing stage: Bulk ice crys-
tallizes, leading to the condensation and steric compression of micelles
(depicted with arrows as “freezing stress”). (ii) Primary drying stage: Bulk ice
sublimates, leaving behind “bound” water present as an amorphous PEG/water
mixture (“amorphous layer”). (iii) Secondary drying stage: Bound water evap-
orates. (b) In aqueous media, PEG segments in the PS-PEG-OH micelle coat the
hydrophobic PS surface to reduce surface energy. After forming a dehydrated
PEG film, the remaining PEG segments can interact with water. The fraction of
PEG segments that interact with water increases with grafting density (6pgc),
enhancing the dissipating effect of the amorphous layer against freezing stress.
(c) PS-PEG-OCH3 and PtBMA-PEG-OCHj3 micelles exhibit similar hydrated PEG
fractions compared to PS-PEG-OH micelles. However, the methoxy end groups
promote particle aggregation through bridging interaction, counteracting the
dissipating effect of the amorphous layer.

point (Tey). In the most successful lyophilization process, which
involved PS-PEG-OH formulated at ¢ gnp = 0.5, the reconstituted sus-
pension exhibited an SA of 87 %, and the solid lyophilizate perfectly
reproduced the isotherm of the pristine suspension. Based on these re-
sults, we propose that the amorphous mixture of PEG/water surround-
ing the micellar core plays a crucial role in dissipating the freezing
stress, thereby preventing irreversible aggregation of the micelles.
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