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Chapter 1

Abstract

Lyophilization of nanoparticle (NP) suspensions is a promising technology to improve stability,
especially during long-term storage, and offers new routes of administration in solid state.
Although considered as a gentle drying process, freeze-drying is also known to cause several
stresses leading to physical instability, e.g. aggregation, fusion, or content leakage. NPs are
heterogeneous regarding their physico-chemical properties which renders them different in
their sensitivity to lyophilization stress and upon storage. But still basic concepts can be
deducted. We summarize basic colloidal stabilization mechanisms of NPs in the liquid and
the dried state. Furthermore, we give information about stresses occurring during the freezing
and the drying step of lyophilization. Subsequently, we review the most commonly
investigated NP types including lipophilic, polymeric, or vesicular NPs regarding their particle
properties, stabilization mechanisms in the liquid state, and important freeze-drying process,
formulation and storage strategies. Finally, practical advice is provided to facilitate purposeful

formulation and process development to achieve NP lyophilizates with high colloidal stability.
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PEI Polyethylene imine
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PS80 Polysorbate 80
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RT Room temperature

SLNs Solid lipid nanopatrticles

Tg Glass transition temperature of the freeze-dried cake
Ty Glass transition temperature of the freeze-concentrated solution
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1 Introduction

The significant efforts to develop nanoparticulate systems (NPs) for drug delivery (e.g.
polyplexes, vaccines, liposomes) and to overcome the bioavailability hurdle of poorly
water-soluble APIs lead to a growing number of NP-based medicines on the market,
especially for parenteral use [1]. However, development of nanomedicine is challenging. Most
NPs are produced in aqueous solution and suffer from both: chemical and physical instability.
Depending on the NP type and cargo, chemical instabilities may include oxidation, hydrolysis,
deamidation, browning reaction, and disulfide bond formation/exchange [2], while physical
instability is mainly related to particle aggregation or uncontrolled release kinetics.
Electrostatic stabilization, as described by the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory, may overcome physical instability, but is formally only applicable for charged colloids
[3]. Consequently, many NP preparations can only be used for a short time or have to be
stored frozen. Still, NP long-term stability at room temperature (RT) is an important
development goal.

Freeze-drying, also known as lyophilization, is a well-established process to improve the
stability of labile drugs [4]. This gentle water removal process consists of sublimation of ice
from the frozen state followed by desorption under vacuum. Freeze-drying of pharmaceutics
received a boost in the 1990s with the rise of biologics, specifically proteins, which are highly
sensitive and require parenteral application and convenient handling. Lyophilization enables
the preparation of dry NP presentations with enhanced long-term storage, which helps to
avoid cost-intensive and effortful cold-chain supply, as known for many vaccines [5—7]. As for
biopharmaceuticals, the lyophilizates have to come with preservation of the original product

properties, low residual moisture, elegant cake appearance, and fast reconstitution.

The lyophilization process itself comes with several stresses which can lead to colloidal
instability, specifically particle aggregation. To this end, both the process itself, e.g. freezing
protocol, product temperature during primary drying, and the formulation, e.g. the use of
cryoprotectants to embed particles in an amorphous matrix, or addition of surfactants to
reduce interaction with the ice surface, are key factors to ensure process and storage stability.
Still, except of empirical principles, little is known about the mutual dependency of formulation

and process design as well as particle properties when freeze-drying NPs.

Depending on the definition, the size distribution of NPs can range from 1 nm to 100 nm or
up to 500 nm [8,9]. Besides their particle size, they can be differentiated into material
categories based on physico-chemical properties, e.g. polymeric, crystalline, or liposomal
NPs. As new materials and NP types arise, a meaningful classification of the broad spectrum

becomes more and more a key challenge for researchers, industry, and regulators [1]. It
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becomes obvious that NP types that differ in size, material, charge, morphological structure,
and chemical stability require different formulation, process and storage considerations.
Therefore, it is important to combine the knowledge and experience of the multiple studies to

guide new developments and generate fundamental understanding.

Our review first briefly summarizes the mechanisms of colloidal NP stabilization in the liquid
and the dried state. It subsequently elucidates stresses occurring during freezing and drying.
Consequently, we provide individual information on lyophilization of different NP types
regarding important formulation and process aspects. Understanding the sensitivity of
different NP types towards different stress factors leads to optimized and purposeful
lyophilization development.

2 Mechanisms of nanoparticle stabilization

2.1 Stability in the liquid state

Formulation design for NP lyophilizates must consider colloidal stabilization mechanisms in
the liquid state since they fundamentally affect the sensitivity of the NPs to aggregate during
freezing, drying, storage in the dry state, and reconstitution. The three main stabilization
mechanisms leading to colloidal stability are electrostatic, steric and depletion stabilization
[10-12] (Figure 1).

+_ —
- +

ES
0%, 0

Figure 1: Stabilization mechanisms: (A) electrostatic stabilization, (B) steric stabilization and (C)
depletion stabilization.
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According to the DLVO theory two forces are acting on particles in aqueous medium:
attractive forces (van der Waal) and repulsive forces (electrostatic) [10]. The repulsive forces
originate from the overlapping of electrical double layers (EDL) surrounding the particles, and
prevent agglomeration (Figure 1A). As adsorption of ions is reversible, charge stabilized NPs
are sensitive to electrolyte addition and pH changes.

Steric stabilization (Figure 1B) is achieved by attachment of polymers, e.g. polyethylene
glycol (PEG), poloxamer, polyvinyl alcohol (PVA), or surfactants, e.g. polysorbate, sodium
dodecyl sulfate, onto the particle surface. Thereby the attractive van der Waals forces
become more reduced than the repulsive electrostatic forces [13]. This mechanism depends
on the polymer affinity to the respective surface, the polymer concentration and average chain
length.

Depletion stabilization (Figure 1C) results from free non-adsorbing polymer in solution. The
NPs may experience a depletion force originating from the excluded volume effect, for which
no specific binding between the NP and polymer is required [12]. The depletion interaction is
considered to have both, a short-range attractive minimum and a long-range repulsive barrier.
Above a certain polymer concentration, the repulsive energy barrier becomes high enough to
allow kinetical (i.e. thermodynamically metastable) stabilization [14,15]. Semenov et al.
reported that the particle surface may exhibit strongly attractive sites at which polymer
segments get trapped. This leads to adsorbed polymer layers which provide short-range
steric repulsion. The interaction of free polymers with these fluffy layers gives rise to a
depletion repulsion force between colloidal particles [16]. Still, the exact mechanism of

depletion stabilization is a subject of debate.

2.2 Stresses occurring during freezing

Freezing is a widely used preservation technique to extend the shelf life of compounds
suffering from poor stability. Moreover, it is the first step of freeze-drying and known to
generate a variety of stresses which impact the stability of NPs, including crystal formation,

interfacial effects, freeze-concentration, buffer pH change, and phase separation (Figure 2).




Chapter 1
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Figure 2. Destabilization factors and consequences on colloidal NP stability during freezing.

Crystal formation during freezing

Ice and also excipient, e.g. mannitol, glycine, or NaCl-eutectic crystals, can exert mechanical
stress on NPs. Especially mechanically fragile types, e.g. liposomes or enveloped viruses,
may be damaged [17,18]. Furthermore, these NP qualities have a liquid inner core, hence
external and internal ice crystal formation creates stress [17—19]. Additionally, shear stress
potentially occurring as the ice crystal matrix forms can lead to deformation and drug leakage

which was reported for liposomes [20].

The higher the degree of supercooling, the higher the number of small ice crystals and the
larger the interfacial area [21]. The ice-liquid interface may lead to adsorption and damage of
colloidal structures as shown for proteins [22]. Surfactants can compete for adsorption on
denaturing interfaces [23] which could be beneficial for surfactant-based vesicles or viruses,

especially if decorated with proteins which may be negatively affected [24].

Changes during freeze-concentration

Freezing rapidly increases the concentration of all compounds in the remaining liquid fraction
up to 50 times which may negatively impact particle stability [2,25]. The decreased particle
distance facilitates particle-particle interactions as attractive forces can overcome repulsive
forces resulting in particle aggregation. This process can be accelerated by the increased
ionic strength in the freeze-concentrate shielding charges. With increasing ionic strength, the

adsorbed EDL gets compressed further leading to a decreased particle distance [26]. Thus,
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particle aggregation may occur due to hindered electrostatic repulsion and a higher particle

concentration.

Freeze-concentration also results in an increase of the osmotic pressure on particles
possessing a lipid bilayer such as liposomes, extracellular vesicles and enveloped viruses.
The water flux driven by the osmotic pressure gradient imparts physical force to the
membrane which can cause membrane rupture [27]. The osmotic stability during freezing
highly depends on the lipid membrane composition due to selective permeability towards
solutes [28,29]. After shrinkage in size, the lipid layer adapts leading to deformation into
lens-shaped vesicles [30] or invagination resulting in multilamellar structured liposomes [31].
These deformation processes may lead to leakage. The osmotic pressure further impacts the
release kinetics of hydrophilic and, to a minor extent, lipophilic content [32].

Buffer pH change

During freezing, buffers may undergo a significant pH change affecting the colloidal stability
[33—-36]. The pH shift arises from solubility limitations leading to eutectic crystallization, e.g.
for sodium phosphate, succinate, and tartrate, and temperature-associated changes in the
pKa values of the buffer components, e.g. for histidine, citrate, and malate [35,37—-39]. Sodium
phosphate buffer is the most prominent example for this phenomenon: disodium phosphate
crystallizes earlier compared to the monosodium salt which can results in a pH drop by up to

3 units [37,40]. The potassium salt of phosphate does not have this limitation [35].

Phase separation

Freeze-concentration may also lead to liquid-liquid phase separation [41] and a destabilizing
effect has to be expected if NP and stabilizer separate. A characteristic of phase-separated
systems are two glass transition temperatures [25]. Some polymer-polymer and polymer-salt
pairs are known to cause phase separation. Many of these polymers are of interest as
cryoprotectants, e.g. PEG, and polyvinyl pyrrolidon (PVP), or collapse temperature modifiers,
e.g. dextran, and ficoll. Heller et al. showed that phase separation between PEG and dextran
resulted in structural damage of hemoglobin during freeze-drying even after addition of 5%

sucrose or trehalose [42].

10
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2.3 Stresses occurring during drying

The drying step in lyophilization is divided into primary and secondary drying. During primary
drying frozen water sublimates and during secondary drying residual adsorbed water gets
desorbed. Water is an integral part of electrostatically stabilized NPs. The EDL ensures
stabilization through repulsive electrostatic forces. Dehydration leads to its disruption.
Especially, the loosely associated diffuse layer is prone to external influences. As a result,
NP interactions may increase causing particle aggregation. Steric and depletion stabilization
of NPs can also be affected by the drying step since the mobility of polymers and surfactants
may be hindered in the absence of water. Therefore, the substitution of water by excipients
iS necessary to maintain particle properties during and after the drying step. Depending on
the individual particle properties, the loss of the hydration shell could result in NP damage
and aggregation; an effect, that is well known for proteins [2]. Particles possessing a lipid
bilayer are furthermore affected by a shift of the phase transition temperature T, during the
drying step as a consequence of dehydration. This behavior is explained in detail in
section 3.3.

2.4 Stability in the dried state

Two different stabilization mechanisms are widely discussed to explain stabilization of
proteins in the dried state [43,44]. These principles, the water replacement theory and the

vitrification concept, may be transferred to other colloidal systems, such as NPs.

2.4.1 Water replacement hypothesis

The water replacement theory states that sugar molecules replace the hydrogen bonds of
water at the surface of a colloid maintaining the molecular structure upon drying [45].
Hydrogen bonding is assumed to be most effective when sugar molecules tightly fit the
irregular colloid surface thus be in the amorphous state and not crystalline [46]. The
replacement theory is supported by the fact that an increasing sugar to particle ratio usually
leads to increased particle stability which is beyond a simple spacing separation effect

resulting from a lower particle fraction [47—-49].

Stabilization of bilayer vesicles was mainly investigated for liposomes which have the simplest
structure. Crowe et al. were the first group proposing the water replacement hypothesis for
liposomes (Figure 3). In the dry state, water between the phospholipid head groups is
replaced by sugar molecules. As a result, the head group spacing between phospholipids can
be maintained leading to reduced van der Waals interactions among the acyl chains [50,51].

Molecular simulations studies confirmed H-bonding interactions between phospholipid and

11
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trehalose molecules supporting the water replacement hypothesis [52]. Moreover,
preservation of lyophilized vesicles was improved when the cryoprotectant was also
distributed inside the vesicles suggesting an additional stabilizing effect at the phospholipid
inner layer [53,54].

A 1,1, R0
e deé ooo

lyophilization .
with lyoprotectant rehydration

PED oy FAR 2
w v &

[ — water —— head group of phospholipid

V¥ — lyoprotectant — acyl group of phospholipid

Figure 3: Mechanism of water replacement during lyophilization and rehydration of lipid bilayers
(adapted from [55]).

2.4.2 Vitrification hypothesis

The vitrification theory, also called particle isolation hypothesis, describes colloidal and
chemical stabilization in the dried state from a kinetic point of view. Colloids are immobilized
in a rigid, amorphous glassy sugar matrix which drastically slows down diffusion, aggregation,
fusion, and other degradation processes [56]. Consequently, the glass transition temperature
Ty is of importance. Above Ty, the amorphous matrix is in a rubbery state where kinetic
immobilization is lost. Water replacement is the predominant mechanism of stabilization when
there is sufficient vitrification, i.e. Tqy is at least 10 to 20 °C above the storage temperature
[46]. The lack of vitrification becomes critical for stability at storage temperatures closer to or
above Tq4 [57]. However, vitrification itself is not sufficient to preserve NPs, especially bilayer
vesicles, during freezing or freeze-drying. Dextran failed to stabilize egg
phosphatidylcholine-based liposomes during lyophilization compared to trehalose indicating
better interaction and water replacement of the smaller disaccharide with the lipid bilayer [58].
Thus, the vitrification and water replacement theory are not mutually exclusive; instead both
are required for lyophilization [51]. Both theories have their explanatory power, but leave room

for further refinement [56]. Furthermore, other non-disaccharide-based mechanism are

12
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discussed in literature. Specifically, for biological vesicles, the depression of normal
metabolism, the inhibition of free radical- and enzyme-mediated membrane damage, and the
accumulation of specific proteins and carbohydrates play a role in the overall stabilization
[59].

3 Freeze-drying of different nanoparticle types

The colloidal stability is influenced by the surface chemistry of the NPs and affected by pH,
ionic strength, buffer type, and other excipients. Additionally, the mechanical resistance
against deformation triggered by ice crystals during freezing and the affinity to the ice crystal
surface affect the particle stability. Thus, the set of the NP properties relevant for their stability
is specific for each type. It is crucial to evaluate formulation principles within a material
category first and to subsequently derive general rules. Important aspects for lyophilization of
pharmaceutically relevant NP types distinguished according to their physico-chemical
properties are described in the following sections (see Table 1).

Table 1: Classification of reviewed NPs.

L|p0ph|l|(_: Polymerlf: Vesicles Others

nanoparticles nanoparticles

e Drug e Nanospheres e Liposomes e Lipid
nanosuspensions [-capsules nanoparticles

e Solid lipid o Polyelectrolyte e Lipoplexes e Non-enveloped
nanoparticles complexes Viruses

Extracellular vesicles ¢ Inorganic
nanopatrticles

o Polyplexes

Enveloped Viruses

3.1 Lipophilic nanoparticles

Stabilization of lipophilic NPs, a group that comprises drug nanosuspensions or nanocrystals,
solid lipid nanopatrticles (SLNs), as well as nanostructured lipophilic carriers (NLCSs), is usually
accomplished by surfactants and/or polymers. These stabilizers affect particle-liquid and
particle-particle interactions. Only a limited number of surfactants is approved for parenteral
products [60] and accordingly lipophilic NPs are usually stabilized with lecithin or the non-ionic
surfactants polysorbate 20 or 80 (PS20, PS80) and poloxamer 188 (P188). Steric stabilization
by non-ionic surfactants leads to particles without considerable surface charge which reduces
a negative impact by salt or pH change on stability. Also, the number of polymers approved
for parenteral use is restricted. Therefore, usually PVP, PEG, hydroxyethyl starch (HES),

gelatin, ficoll, or dextran are used as stabilizers [60—62].

13
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3.1.1 Drug nanosuspensions (= nanocrystals)

Nanosuspensions of pure API are utilized to improve the bioavailability of poorly water-soluble
compounds. The high specific surface area caused by nanonization results in an increased
dissolution rate according to Noyes-Whitney and Nernst-Brunner equations [63]. However,
physical stability can be problematic as small particles tend to form aggregates because of
their thermodynamically unfavorable high total surface energy [3]. The aggregation tendency
of a nanosuspension depends on many aspects including the stabilizers added, the API
solubility, and the employed nanosizing method [64]. Freeze-drying of drug nanosuspensions
is an important technique to generate a dry powder and thereby improve stability. A rapidly
reconstituted lyophilizate may additionally provide more convenient handling compared to a
suspension. The latter may require vigorous shaking for a longer time period to assure

homogeneity which comes also with the risk of air entrapment or foaming.

Fast freezing may result in less particle aggregation [65,66]. But the effect may be limited
when considering the rates possible with commercial freeze-dryers [47]. Low molecular
weight sugars like sucrose and trehalose led to better stabilization of freeze-dried
indomethacin nanocrystals compared to a high molecular weight sugar like maltodextrin. This
is potentially due to better hydrogen bonding also with the surfactant used [67]. Beirowski et
al. showed that drug nanosuspensions do not require immobilization by glass-forming
excipients to inhibit aggregation unless an appropriate type of steric stabilizer is present in a
suitable concentration [68]. This is in line with studies showing successful lyophilization of
nanocrystals using mannitol [69] which is known to crystallize upon drying. Furthermore,
polymers such as Ficoll, high molecular weight PEG, carrageen, or gelatin were able to
prevent aggregation of different nanocrystal types during lyophilization [67,70,71]. Whereas
Cremophor EL was inappropriate as steric stabilizer of a model drug nanosuspension,
poloxamer 338 substantially inhibited aggregation during freeze-drying and long-term
storage [72].

3.1.2 Solid lipid nanoparticles/ Nanostructured lipid carriers

SLNs are typically prepared by high pressure homogenization of triglycerides,
monoglycerides, fatty acids, fatty alcohols, and waxes emulsified with 0.5 - 5.0% surfactant
in water. SLNs have a good loading capacity for both hydrophilic and lipophilic
compounds [73]. The incorporation can increase drug stability, provide controlled release, or
improve bioavailability [73,74]. The focus currently shifts from small molecules to peptides,
proteins, antibodies and DNA [75,76]. SLNs may suffer from a change in lipid modification
upon storage. The resulting more stable modifications with less imperfections may lead to

impaired drug release and drug expulsion. Therefore, NLCs composed of a blend of a solid

14
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lipid and an oil were developed with more imperfections in the lipid matrix [77,78]. SLNs and
NLCs show physical and chemical instability. Frequently, an increase in particle size will be
observed within a few months [74]; lyophilization is a promising way to extend the shelf life.

Heiati et al. investigated the influence of trehalose, glucose, mannitol and lactose as
cryoprotectants on process stability of zidovudine-loaded glyceryl trilaurate SLNs with lecithin
as surfactant [79]. Trehalose was most effective at a sugar to lipid weight ratio of 2.6 to 3.9;
the ratio depending on the phospholipid composition. A sufficiently high concentration of
cryoprotectant is crucial. Cavalli et al. observed pronounced particle aggregation after
lyophilization of similar SLNs with 2% trehalose for cryoprotection [48]. Using 15% trehalose
provided better stabilization with a particle size of around 100 nm after freeze-drying,
compared to 56.5 nm before and to 240 nm after freeze-drying with 2% trehalose. Also
Schwarz et al. identified 10 to 15% glucose, mannose, maltose, and trehalose as effective
protectors during freezing and thawing of SLNs [49]. After freeze-drying, they found least
aggregation using 15% trehalose, but still particle size increased by a factor of 3. Loading of
the SLNs with 1% tetracaine or etomidate resulted in large aggregates presumably due to an
effect of free drug on the zeta potential of the particles or a change in the lipid matrix
properties. Recent studies on lyophilization of progesterone-loaded SLNs showed best
preservation using 20% trehalose; still, this formulation suffered from low short-term storage
stability at 25 °C [80]. Other authors also reported that trehalose is not a universal solution
for lyophilization of SLNs [81] concluding that further formulation parameters such as pH,

surfactant type, and concentration are very important.

Ohshima et al. found that 5% glucose, fructose, maltose, or sucrose equally stabilized
nifedipine-loaded SLNs during lyophilization [82]. Stabilization of SLNs can also be achieved
by using mannitol which crystallizes upon lyophilization. Tiyaboonchai et al. found that 4% of
mannitol is sufficient to preserve the particle size of freeze-dried curuminoids-loaded
SLNs [83]. Thus, a glass forming sugar is not obligatory for freeze-drying of SLNs. Vighi et
al. successfully freeze-dried cationic stearic acid SLNs without cryoprotectant [84]. However,
they used a high surfactant concentration of 6%, and other lipid matrices showed irreversible

particle aggregation suggesting lipid specific freeze-drying behavior.

Furthermore, it appears to play a role, when the cryoprotectant is added. Siekmann et al.
found that 20% sucrose better stabilized SLNs during lyophilization, when added already
before as compared to after high pressure homogenization [85]. They hypothesize that the
disaccharide molecules form hydrogen bonds with the phosphodiester group of the
phospholipids during homogenization which is restricted when sucrose is added after

homogenization.
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In none of the aforementioned publications, the surfactant/ cosurfactant composition was
varied. Analogous to drug nanosuspensions, the surfactant type and concentration is
assumed to be crucial for the freeze-drying success. However, in contrast to drug
nanosuspensions, the surfactant/ cosurfactant types are key factors for the properties of the
lipid matrices including drug loading capacity and release kinetics. Thus, interchangeability
of surfactants is not straightforward in manufacturing of SLNs.

3.2 Polymeric nanoparticles

3.2.1 Nanospheres/-capsules & Polyelectrolyte complexes

Nanospheres are matrix systems in which the drug is physically and uniformly dispersed,
whereas nanocapsules are vesicular systems in which the drug is located in a cavity
surrounded by a polymeric layer [86]. Both types are used as drug delivery systems, mainly
for controlled drug release. Commonly used synthetic polymers are poly(lactic-co-glycolic)
acid (PLGA), polylactide (PLA), and polycaprolactone (PCL), whereas saccharides such as
chitosan, and alginate or proteins such as human serum albumin (HSA) and gelatin are typical
natural polymers used to form these NPs. Nanospheres and nanocapsules are frequently
lyophilized in order to preserve their physical and chemical stability and especially in order to

block payload release that can occur if stored in liquid suspension.

Disaccharides maintained the particle size of lyophilized PLGA and PCL NPs in several
studies [87—91]. Additionally, release kinetics of testosterone-loaded PLGA NPs were not
affected [88]. In contrast, mannitol failed to prevent aggregation concluding that vitrification is
favorable. Excipients forming such an amorphous matrix are not interchangeable as shown
for PLA NPs [92,93]; the smaller disaccharides were superior to the larger saccharides ficoll,
and dextran as well as PVP [92]. Fonte et al. showed that co-encapsulation of lyoprotectants,
e.g. trehalose, improves drug stability of insulin-loaded PLGA NPs during lyophilization [94].
Freeze-drying of cyclosporine-loaded PLGA and PCL NPs led to a 1.5-fold increase of particle
size in presence of 20% sucrose as reported by Saez et al. [95] indicating further critical

aspects than the choice of the cryoprotectant.

Polymeric NPs are often stabilized by polymers or surfactants, such as PVA or P188 which
can bind to the NP surface. Their concentration and type strongly affect the success of
lyophilization. PVA itself exhibits a cryoprotective effect as shown after freeze-thawing of PCL
NPs and freeze-drying of PLGA NPs [96,97]. De Chasteigner et al. found that sodium
deoxycholate instead of P188 results in complete stabilization of itraconazole-loaded PCL
nanospheres after freeze-drying in presence of 10% sucrose, speculating about P188

crystallization [98]. The addition of 0.12% PS80 improved lyophilization process stability of
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PLA NPs, interestingly both when added to the formulation before or to the reconstitution
medium after lyophilization [99]. Thus, reconstitution appears to be a further critical step
fostering aggregation. De Jaeghere et al. found that both adsorbed and covalently bound
polyethylene oxide (PEO) destabilized PLA NPs during freeze-drying, which might be due to
PEO crystallization [100,101]. However, this effect was minimized by increasing the amount
of trehalose as cryoprotectant. Interestingly, lyophilization of insulin-loaded PLGA NPs
increased drug release due to increased pore formation on the NP surface [102]. Overall, an
annealing step during freezing was suitable to accelerate sublimation without negative impact
on the particle size of PCL NPs [103].

HSA NPs as protein-based drug delivery vehicles can be stabilized by trehalose and sucrose
during lyophilization independent of drug loading or PEGylation. The disaccharides were
superior to mannitol [104,105]. Self-assembly of charged polyelectrolytes (e.g. chitosan,
gelatin) with substances of opposite charge can be defined as polyelectrolyte complexes.
Depending on the counterparts of the complexes, there is a smooth transition to polyplexes
which are described in section 3.2.2. Disaccharides are suitable to stabilize various types of
chitosan complexes [106—108]. Insulin-chitosan NPs formulated with trehalose showed
comparable particles sizes before and after lyophilization [109] while freeze-drying in
presence of mannitol led to a slightly decreased size [106] indicating altered particle
properties. Bromelain-chitosan NPs were better stabilized using the disaccharide maltose
compared to glycine as cryoprotectant [110]. Lyophilization of poly(propylacrylic acid)-peptide
complexes was recently studied by Mukalel et al.. They identified sucrose, trehalose and
lactosucrose as efficient stabilizers [108]. Umerska et al. furthermore observed synergistic

cryoprotection of trehalose/PEG mixtures for various polyelectrolyte complexes [111].

Zillies et al. successfully lyophilized oligonucleotide-loaded gelatin NPs using sucrose or
trehalose [112]. Interestingly, mannitol also showed notable process stabilization despite its
crystalline nature. Based on these findings, Geh et al. further developed lyophilization of
oligodeoxynucleotide (ODN)-loaded gelatin NPs investigating histidine, arginine, and glycine
as alternative cryoprotectants [113]. Histidine emerged as an excellent stabilizer in contrast
to arginine and glycine. Furthermore, the controlled ice nucleation technique shortened drying
times of ODN-loaded gelatin NPs due the formation of larger ice crystals which accelerates

sublimation.
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3.2.2 Polyplexes

Nonviral vectors are a rather new class of nucleic-acid-based biopharmaceuticals used for
gene delivery. These delivery systems are based on cationic polymers (= polyplexes) or
cationic lipids (= lipoplexes) which form condensed complexes with the negatively charged
nucleic acids [114]. Ternary complexes of cationic liposomes, polycations (cationic polymers
or peptides), and nucleic acids are called lipopolyplexes [115]. Synthetic polymers such as
poly(L-lysine) and polyethylene imine (PEI) are widely used cationic polymers for polyplex
formation. Lipo(poly)plexes are referred to lipid bilayer structured NPs and are therefore
discussed in section 3.3. The size of the complexes affects cellular uptake and should be
between 70 and 90 nm [116]. Hence, aggregation of particles in aqueous solutions correlates

with a loss in transfection efficiency.

Armstrong et al. observed time and temperature dependend aggregation of pDNA/PEI
polyplexes in the frozen state which was inhibited at temperatures below Ty providing
complete immobilization [117]. Kasper et al. further found the initial sample viscosity and the
residence time in the low-viscosity state as very important factors in pDNA/LPEI
stabilization [118]. At a certain temperature and degree of freeze-concentration, particle
mobility can be inhibited due to high sample viscosity even above Tg'. It is very likely that
these principles also apply to other colloidal systems which degrade by aggregation.
Generally, cryoprotectants forming an amorphous matrix, preferably sucrose or trehalose,

proved to successfully stabilize various polyplex types (Table 2).

Table 2: Polyplexes stabilized in amorphous matrices.

Polyplex type Reference
pDNA/ PEI [117-119]
pDNA/ transferrin-PEI [120]
pDNA/ poly((2-dimethylamino) ethyl methacrylate) [121,122]
pDNA/ iodoacetic acid alkylated Cys-Typ-Lys18 [123]
pDNA/ oligopeptide end modified poly(3-aminoester) [124]
pDNA/ chitosan [125]
SiRNA/ oligoamidoamide [126]
siRNA/ PEG-PCL-PEI [127]
SiRNA/ chitosan [128]
oligodeoxynucleotide/ PEI [129]
oligonucleotide/ chitosan [128]
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Cross-linking of core-shell polyplexes improved freeze-drying process stability as shown for
pPDNA/PEG-poly(L-lysine) polyplexes [130]. Brus et al. found pronounced aggregation for
pDNA/PEI polyplexes, while ODN/PEI polyplexes remained stable upon lyophilization
independent of cryoprotectant type [129]. Similarly, the process stability of ODN/chitosan
polyplexes was better compared to siRNA/chitosan polyplexes as reported by
Veilleux et al. [128]. Thus, freeze-drying success does not only depend on the choice of
cryoprotectant, but also on individual particle properties. Long-term stability studies of
freeze-dried pDNA/LPEI polyplexes revealed successful particle size stabilization in
lactosucrose, HP-B-CD/sucrose, or PVP/sucrose. However, PVP/sucrose led to a decreased
metabolic activity which was already seen for freshly prepared samples and speculatively
attributed to peroxide impurities [119]. Consequently, biological activity may not correlate with

colloidal stability and should be assessed before lyophilization.

Polyplexes are sensitive towards buffer type and pH; ODN/chitosan polyplexes formulated at
pH 6.5 were stable in histidine, Tris-maleic acid, sodium phosphate, or maleic acid, but
aggregated in Tris-HCI, already before freeze-drying [128]. After lyophilization in presence of
trehalose, the polyplex size furthermore increased in maleic acid and sodium phosphate, but
not in histidine buffer. The particle size of pDNA/peptide condensates remained stable after
lyophilization in HEPES at pH 4 to 7, but drastically increased at pH 3 which was attributed
to altered surface charges [123]. Interestingly, severe aggregation of Iyophilized
pDNA/chitosan particles was avoided by adding 3.5 mM histidine at pH 6.5 to either sucrose,
dextran, or trehalose [125]. Furthermore, it appears to be important when the buffer and
cryoprotectant are added [124]. Fornaguera et al. demonstrated that polyplex precipitation
was hindered in presence of sucrose and HEPES, potentially due to inhibited electrostatic
interactions [124]. Lyophilization can also be used for up-concentration. Reconstitution with
less volume, however, comes with increased solutes concentrations. Veilleux et al. mimicked
up-concentration in liquid state and found pronounced aggregation of ODN/chitosan
polyplexes with increasing buffer concentration which was attributed to partial polymer
deprotonation affecting electrostatic particle interaction [128]. The effect was observed for

maleic acid and phosphate buffer, but nor for histidine buffer.

3.3 Lipid bilayer vesicles: Liposomes and biological nanoparticles

Liposomes (0.05-5.0 um) serve as drug delivery systems by entrapping drugs into their cavity
or bilayer structure and form spontaneously upon hydration of certain lipids in aqueous
media [131]. In this review, the term ‘vesicles’ implies the presence of a lipid bilayer. Their
main constituents are amphiphilic phospholipids. Most biological NPs, such as extracellular

vesicles and enveloped viruses have a similar structure. Lyophilization of these patrticles is
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highly challenging as the lipid bilayer is both fragile and flexible. Still, it is a highly promising
technique to extend storage stability of bilayer vesicles, e.g. novel liposomes tested as
adjuvants, when compared to liquid formulations [132]. The complexity further increases for
biological vesicles due to their heterogeneous composition. Thus, it is crucial to understand
essential attributes and parameters affecting the bilayer stability. After general considerations
which are applicable to most bilayer structured particles, lyophilization aspects of different
types including lipoplexes, extracellular vesicles, and enveloped viruses are elucidated in

more detail.

3.3.1 Lipid bilayer: composition & phase transition Tn,

The lipid bilayer is a thin polar membrane composed of two layers of lipid molecules providing
a barrier between intra- and extracellular components. Biological bilayers are mainly
composed of amphiphilic phospholipids, but can also include cholesterol which alters
properties as for example the width and packing density of the bilayer [133]. In fully hydrated
state, the phospholipids are exposed to permanent fluctuations making the bilayer a fluid
phase [134]. As a consequence, hydrocarbon chains of the lipid molecules are

conformationally disordered.

The lipid bilayer is temperature sensitive and can undergo a gel to liquid crystalline phase
transition [135]. Below the transition temperature T, the hydrocarbon chains are in an
ordered crystalline structure, considered as the gel phase. Above Tn, the ordered structure is
lost resulting in the liquid crystalline phase, also called fluid phase. Depending on the amount
of water present, phospholipids can exist in one or more intermediate or mesomorphic
forms [136]. The T, depends on the hydrocarbon chain length and the degree of saturation
which impact the energy necessary to overcome van der Waals interactions (see Table 3).
Mixtures of phospholipids, e.g. in biological membranes, melt over a broader temperature
range compared to pure lipids [137]. Furthermore, incorporation of cholesterol into the lipid
bilayer leads to a broadening of Tm, both by hindering crystallization into the gel phase and
by hampering bilayer mobility in the liquid crystalline phase [136]. The lipid bilayer may also
be affected by the presence of surfactants; Susa et al. observed a significant reduction in size
after freeze-thawing liposomes in presence of PS80 which is attributed to intercalation of the

surfactant in the lipid bilayer [138].
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Table 3: Bilayer phase transition temperatures of hydrated phospholipids.

Phospholipid  Acyl chains Tm [°C] Reference
DLPC 12:0 -1 [139]
DMPC 14:0 24 [139]
DPPC 16:0 41 [136]
POPC 16:0/18:1cis -3 [139]
SOPC 18:0/18:1cis 6 [139]
DSPC 18:0 58 [136]
Egg PC Mixed chains —-5to —15 [136]
Soy PC Mixed chains  —20to =30 [136]

DLPC is dilauryl phosphatidylcholine, DMPC is dimyristoyl phosphatidylcholine, DPPC is dipalmitoyl
phosphatidylcholine, POPC is 1-palmitoyl, 2-oleoyl phosphatidylcholine, SOPC is 1-steroyl, 2-oleoyl
phosphatidylcholine, and DSPC is distearoyl phosphatidylcholine

The T of the phospholipid determines the susceptibility of payload loss and is therefore a
critical process parameter. Thus, in case of artificial vesicles, lyophilization success may
depend on the phospholipid selection. The importance of T, on cooling, freezing and

reconstitution of lipid bilayer vesicles is thus explained in detail in the following section.

3.3.2 Factors affecting leakage and release of vesicles

Payload retention is an important parameter to assess damage caused by lyophilization.
Phospholipid packing defects and phase separation between gel and liquid crystalline
domains are widely discussed to transiently increase the bilayer permeability [139,140]. In
addition, phase transition and fluidity of the bilayer affect the vesicle stability by determining
properties such as permeability, fusion, and aggregation [141]. Avoiding a phase transition
and thereby unintended leakage is therefore a major goal to increase the payload retention

during freeze-drying, subsequent storage, and upon reconstitution.

Dehydration leads to an increase in T of the main phase transition which is attributed to
increased van der Waals forces between the phospholipids [136]. Koster et al. revealed that
disaccharides diminish the increase in T, upon dehydration [142]. They also found a
relationship between T, and the sugar glass transition temperature Tgq: if Tg > Tmo (Tmo = Tm
at full hydration), and vitrification occurs in the liquid crystalline phase, then T, is depressed
below Tmo; if Tg < Tmo, Vitrification has no effect on Tr [143]. The T reduction is suggested to
be driven by water replacement at the phospholipids [144]. Thus, cryoprotectant type and
residual water content highly impact the bilayer phase transition during lyophilization and of

the resulting product.
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Specifically during freezing, dehydration, and reconstitution of lyophilizates potential leakage
due to a bilayer phase transition may occur [145]. In presence of sugars, Tm is not affected
until the end of ice sublimation when all of the bulk water is removed. If phase transition
occurs during the dehydration step, there is no bulk water left into which the vesicle contents
could be leaked. Thus, Tm depression upon dehydration in presence of a sugar can be
decisive. Vesicles exhibiting a high Tr, value are expected to undergo bilayer phase transition
neither during lyophilization nor upon reconstitution. Vesicles with low T, are prone for
destabilization by both events. E.g. trehalose depresses the T, of POPC liposomes from
about -1°C to -20°C after drying [145]. Thus, both freezing (liquid — gel) and
drying (gel — liquid) induce phase transitions, however not the rehydration step since the lipid
is in the liquid crystalline phase after drying. In comparison, the T, of DMPC is depressed
from 26 °C to 6 °C [143] so that phase transition does not occur during lyophilization
(depending on the secondary drying temperature), but during reconstitution at

RT (gel — liquid). Consequently, the T, shift in presence of sugars is crucial for leakage.

Cholesterol has a broadening effect on T, and leads to multiple phase transitions upon
dehydration [146]. Hence, longer residence in the phase transition period and thus increased
drug leakage is expected. However, freeze-dried liposomes containing cholesterol showed
higher retention upon rehydration [147]. Cholesterol reduces membrane fluidity by increasing
membrane packing, stiffness, and thickness of the bilayer; as a result membrane permeability
decreases [148]. In addition, cholesterol is able to depress T in the dried state [149] similarly

to sugars.

Content leakage further depends on the hydrophobicity of the encapsulated substance.
Hydrophilic substances (logP.: < —0.3) are located inside of vesicles; lipophilic substances
(logPoct > 5) are entrapped in the acyl chains of the lipid membrane, and amphiphilic cargos
(1.7 < logP.t < 4) can be located at either site [150]. Hence, hydrophilic or amphiphilic
molecules are more prone to leakage compared to lipophilic substances. Guimaraes et al.
revealed that a drug located in the lipid bilayer was less susceptible to leakage after

lyophilization compared to a drug present in the aqueous core [151].

Hays et al. reported that increasing cooling rates lead to a decreased residence time in the
phase transition period and thus decreased leakage of liposomes [139]. The addition of
defect-forming additives such as a second phospholipid or small amounts of a surfactant
increased leakage during the phase transition but not above or below T. Moreover, payload
retention of lyophilized unilamellar vesicles in presence of trehalose was higher for medium
sized vesicles (50-100 nm) compared to smaller or larger ones, indicating a preferred particle
size for content retention [152,153]. The size affects the length of the diffusional pathway, the

surface to volume ratio, as well as the curvature which impacts packing and motion of the
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phospholipids [139]. However, these observations are not generally valid since 5 pm sized
multilamellar liposomes containing 5-fluorouracil were successfully freeze-dried in presence

of sucrose with 80% payload retention [154].

3.3.3 Strategies to avoid leakage & fusion of vesicles

The addition of a sugar as a cryo- and lyoprotectant is considered as the most important
parameter towards preservation of particle size and payload retention. Moreover, a phase
transition after rehydration can be avoided by the addition of sugars since they reduce the Tn,
after drying. Disaccharides are preferred over monosaccharide due to higher glass transition
temperatures. Polysaccharides such as HES exhibit even higher T4 values after lyophilization.
However, HES did not prevent leakage from liposomes though inhibiting particle fusion which
was attributed to weak interactions with the phospholipids [155]. When glucose was added to
the HES matrix, the liposomes were well stabilized when kept below T4. Thus, immobilization
in an amorphous matrix and reduction of T, may improve liposome preservation during
lyophilization. Talsma et al. showed that freeze-thawing of liposomes to -50 °C in presence
of trehalose (Ty'~-29 °C) resulted in carboxyfluorescein retention of 95%, while samples
frozen to —-25 °C lead to 50% marker retention [17] indicating leakage at temperatures
above Ty

Trehalose is often considered to be superior to sucrose regarding its protective effects,
potentially due to stronger interactions with the bilayer [156]. Crowe et al. postulated that
under ideal drying and storage conditions, trehalose should act comparably to other
disaccharides [145]. However, under suboptimal conditions, such as high temperatures or
humidity during storage, trehalose has unique properties; it may form a dihydrate thereby
shielding the vitrified matrix from further water penetration. But trehalose may also destabilize
colloids during freezing due to trehalose dihydrate crystallization above T’ [157,158]. During
drying, the dihydrate dehydrates to amorphous anhydrate disguising potential previous

crystallization.

Tryptophan and phenylalanine were not able to stabilize liposomes during freezing resulting
in leakage and membrane fusion, although the interactions with phospholipids were similar
to sugars [159,160]. Lysine, however, showed cryoprotective effects comparable to
trehalose [161]. Phenylalanine is known to crystallize upon lyophilization, while lysine
remains amorphous [162]. Therefore, it appears that the potential for lyoprotection depends
on the ability of the amino acid to form an amorphous matrix. Antifreeze glycoproteins,
especially species >13 kDa, prevented leakage of liposomes while cooled through their phase
transition [163,164]. Furthermore, the phytochemical arbutin was tested for lyophilization of

liposomes since it is an abundant solute in the leaves of many freezing- or
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desiccation-tolerant plants [165]. Arbutin inhibits phospholipase A, under partially hydrated
conditions and thereby prevents deesterification of membrane lipids [59]. Hincha et al.
showed that the protective effect of arbutin depends on in the bilayer composition since it only
prevented liposome leakage if a non-bilayer lipid such as monogalactosyldiacylglycerol was
present in the membranes. Furthermore, arbutin can depress T, upon dehydration [166].

In a recent study aiming for high-throughput screening protein-loaded liposomal formulations
were successfully freeze-dried in 96 well plates [167]. Another interesting approach is the
manipulation of the reconstitution medium. Zingel et al. found that rehydration of lyophilized
liposomes with mannitol solution resulted in higher drug retention compared to rehydration
with water or Tris buffer [168]. The rehydration step can also be used for loading as shown
for reconstitution of naked liposome lyophilizates with siRNA solution [169,170].

The cryoprotectant can also affect lyophilization process stability when additionally distributed
inside of vesicles. The presence of trehalose both inside and outside of vesicles decreases
Tm in agqueous medium and may further maximize payload retention upon
lyophilization [53,54,171]. This effect may depend on the applied freezing rate; higher
freezing rates lead to higher retention during freeze-thawing of liposomes containing
trehalose on both sides of the membrane [172]. In contrast, content retention was barely
affected by the freezing rate when trehalose was distributed only outside the vesicles.
Osmotic shrinkage during cryo-concentration is suggested to prevent mechanical damage
resulting in high marker retention (see Figure 4). Formulations with cryoprotectant on both
sides of the membrane do not undergo total osmotic shrinkage. Thus, the residual internal
supercooled solution may either freeze or get damaged by ice penetration which depends on
kinetic aspects. Van Winden et al. found that slow freezing results in higher retention rates
after freeze-drying with trehalose (external) compared to fast freezing in liquid nitrogen [173].
This effect depended on the lipid composition and was observed for various DPPC liposomes,

while EPC liposomes were barely affected by the freezing protocol.
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Figure 4: Schematic freezing behavior of vesicles. The physical state of internal and external water
is denoted in the upper and lower rows respectively. Grey boxes indicate suggested
physical states (adapted from [172]).

3.3.4 Lipoplexes

Lipoplexes are nonviral lipid-based vectors composed of cationic lipids, usually mixed with
neutral co-lipids, and nucleic acids. Two types of structures were observed in plain lipoplexes:
(1) a multilamellar vesicular structure, with DNA monolayers sandwiched between cationic
membranes, and (2) an inverted hexagonal structure, with DNA encapsulated within cationic
lipid monolayer tubes [174]. As most lipoplexes are of vesicular structure, the principles
described for liposomes, should be applicable for most lipoplex types. In contrast to classical
liposomes, lipoplexes are special due to their charged lipids and thus surface as well as their
cargo. Therefore, the following section aims to outline studies which were conducted with

lipoplexes in particular.

Molina et al. showed that not only the preservation of lipoplex size is important, but that
changes in particle properties as indicated by a change in surface charge upon freezing might
result in reduced transfection activity [175]. Yavada et al. reported that an activity loss of
lyophilized lipoplexes is not due to siRNA damage since lyophilized siRNA when rehydrated
and complexed with liposomes was still active. Instead, the change in activity correlated to
the change in lipoplex size [176]. Thus, both size and surface charge are essential
parameters to evaluate lyophilization success. Recent studies further suggest using
disaccharides as cryoprotectants, since certain mono- or trisaccharides may induce

cytotoxicity and/or off-target effects [177].
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Sucrose or trehalose are suitable to protect particle size and transfection rates of lipid/DNA
complexes during the lyophilization process [178,179]. More dilute samples required less
excipient to prevent aggregation concluding that vitrification is not the only mechanism by
which sugars protect lipoplexes during the freezing step. Instead, Allison et al. confirmed the
particle isolation hypothesis by showing that the separation of individual particles within the
unfrozen fraction prevents aggregation [179]. The authors also postulated that water
replacement plays a significant role in lipoplex protection during lyophilization, similar as for
liposomes [180]. Sucrose and trehalose are the cryoprotectants of choice as they inhibited
aggregation and maintained high transfection rates of lipoplexes in several
studies [178,181-191]. Sucrose was furthermore superior to other protectants including
lactose, mannitol, isomaltose, isomaltotriose, and HES [179,192,193]. An appropriate amount
of cryoprotectant has to be chosen as a high trehalose concentrations (>5%) can lead to
slightly increased lipoplexes with decreased surface charge after freeze-drying [182].
Combinations of saccharides, such as sucrose/dextran, effectively inhibited particle
aggregation upon freeze-drying [181]. Hinrichs et al. observed that both dextran and inulin
were able to stabilize nonPEGylated lipoplexes while only inulin was able to protect
PEGylated particles [194,195]. They hypothesized that aggregation of the PEGylated
lipoplexes in dextran solutions is caused by the incompatibility between dextran and PEG.
They further suggested that both oligosaccharides might be more versatile cryoprotectants
than disaccharides because of their higher T4 and T4 values which enables freezing at higher
temperatures and storage at higher relative humidities respectively.
Hydroxypropyl-y-cyclodextrin was furthermore superior to several cryoprotectants including
trehalose in preservation of lyophilized DNA-loaded pegylated lipoplexes decorated with
covalently linked monoclonal antibodies [196]. Yu et al. showed that the addition of PS80
minimizes aggregation and loss of transfection of lyophilized lipoplexes indicating surface-
induced damage, especially caused by the freezing step of lyophilization [185]. Interestingly,
recovery of lipoplexes was also improved when PS80 was added to the reconstitution medium

indicating that severe aggregation can also occur during the rehydration step.

The impact of the freezing rate on lipoplex stability is discussed intensively. On the one hand
Li et al. reported that fast freezing caused less aggregation upon freeze-thawing [183]. On
the other hand, Aso et al. observed that slow freezing led to better storage stability of lipoplex
lyophilizates; they measured longer shear relaxation times for lyophilizates prepared by slow
freezing indicating reduced matrix mobility [181]. The storage stability of lipoplexes is affected
by multiple factors [184]. The formation of hexagonal lipid structures during storage of
lyophilizates is proposed to reduce transfection efficiency over time. The rearrangement
propensity depends on the lipid phase composition; hydrated lipoplexes rather adopt

hexagonal structures when dioleoyl phosphatidylethanolamine is employed as helper lipid
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compared to cholesterol. Furthermore, a low T4 impairs long-term stability. But cake collapse
and thus increased viscous flow is not solely responsible for decreased lipoplex stability since
a loss of transfection efficiency was even observed after storage temperatures at —20 °C.
Trace amounts of metal ions may induce the formation of reactive oxygen species affecting
the stability of lipoplexes during lyophilization and storage [187,189]; especially unsaturated
lipids are prone to oxidative damage. The close proximity of DNA to the lipid component may
facilitate interactions of DNA with oxidized species, e.g. peroxyl radicals and other
by-products. The proceeding oxidative damage can be partly inhibited by the addition of a
chelators and/or antioxidants [190]. The residual water content was elucidated as a further
storage stability limiting factor [191]. Lyophilizates with a higher moisture content of 2%,

demonstrated greater stability than dryer samples.

3.3.5 Extracellular Vesicles

Extracellular vesicles (EVs) are cell-derived NPs excreted by the conjugation of intermediate
endocytic bodies to the plasma membrane [197,198]. EVs consist of a lipid bilayer membrane
decorated with surface and membrane proteins and enable intercellular transfer of biological
cargos [198,199]. Loading EVs with exogenous cargos opens up potential for controlled drug
delivery [200]. However, the scope of therapeutic application is limited by effective
preservation and storage which is usually accomplished by freezing EVs in phosphate
buffered saline to —80 °C [201,202]. Thus, lyophilization would facilitate storage and handling

and offers new possibilities for application, e.g. pulmonary drug delivery.

Trehalose improved preservation of EV size and concentration upon several freeze-thaw
cycles [203]. Interestingly, EVs were able to resist one freeze-thaw cycle in absence of
cryoprotectants. Lyophilization of EVs without cryoprotectant leads to marked
aggregation [204,205]. Frank et al. found improved freeze-drying process stability of EVs after
addition of trehalose, which was more efficient than the addition of mannitol and PEG 400.
Still, a decreased particle number and activity of encapsulated enzyme after lyophilization
indicated particle aggregation and cargo loss or degradation [204]. Lyophilization success
also depended on the EV type; EVs derived from A549 cells were less stable compared to
EVs from MSC or HUVEC cells. A recent study by Charoenviriyakul et al. revealed that the
biological activity of protein and DNA-loaded EVs was preserved after lyophilization with

trehalose, and storage of lyophilizates for 4 weeks at room temperature [205].
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3.3.6 Enveloped Viruses

Attenuated or inactivated viruses are vaccine types which can be assigned as NPs. Their size
is heterogeneous and ranges from approximately 40 to 500 nm or even 1.2 pm [206]. Most
viruses exhibit a lipid bilayer as viral envelope which is decorated with proteins which enable
to identify and infect host cells. Enveloped viruses can also have a protein shell between the
envelope and their nucleic acid, the capsid, to further protect the viral genome. New
approaches focused on the preparation of the less pathogenetic virosomes; i.e. virus-like
particles, consisting of the viral envelope without encapsulated genetic material [207].
Storage and transportation at 2-8 °C is typical for stabilization. Furthermore, cold-chain is a
major hurdle for supply in developing countries. But inadvertent freezing during cold-chain
might also lead to a loss of efficacy. Therefore, stabilization by freeze-drying is of great

interest.

A historical formulation often used for lyophilization of viruses is SPGA (sucrose, potassium
phosphate, potassium glutamate, bovine albumin) or variations thereof. SPGA was first
mentioned by Bovarnick et al. in 1950 and favored survival of rickettsiae (bacteria) after
freeze-thawing [208]. A second prominent stabilizer mixture is BUGS (buffered gelatin,
sorbitol). In 1989, De Rizzo et al. found that a sorbitol/gelatin mixture is suitable to stabilize
freeze-dried measles virus [209]. Both formulations SPGA and BUGS successfully stabilized
different enveloped viruses during lyophilization and are used in many marketed products
(see the comprehensive review by Hansen et al. [5]). Furthermore, sucrose and trehalose,
also in combination with lactalbumin, showed good stabilization of pox virus [210], ovine
rinderpest vaccine [211], ebola virus [212], herpes simplex virus [213], and parainfluenza
virus [214]. Further stabilizers, such as P188 as surfactant, may additionally add to the
stability of lyophilized viruses [214].

The pH and osmolarity are formulation key factors for virus stabilization in liquid state and
should therefore also be considered for lyophilization. Measles virus revealed a loss of viral
protein secondary structure and aggregation at acidic pH [215]. Yannarell et al. found better
lyophilization process stability when influenza virus was formulated at pH 7 compared to pH 6
and pH 8 [216]. The importance of osmolarity in liquid state was described by Colwell et al.;
1000 mOsm/kg (NaCl) led to a decreased stability of marek’s disease herpes virus while
osmolarity below the physiological osmotic pressure merely affected stability up to
90 mOsm/kg [217]. In contrast, liquid formulations of herpes simplex virus revealed higher
stability after 20 h storage in presence of 840 mOsm trehalose or Tris-HCI compared to
50 mOsm and lyophilization stability was drastically improved by increasing the amount of
trehalose or sucrose up to 27% [213]. The authors hypothesized that virus shrinkage in

hypertonic medium leads to an up-concentration of proteins in the tegument, the protein layer
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between bilayer and capsid, which lowers the ice nucleation temperature inside the virus
membrane and prevents large ice crystal growth [213]. For additional information on
lyophilization of various vaccines including case studies, the authors refer to a review recently
published by Preston et al. [218].

3.4 Other nanoparticles

3.4.1 Lipid nanoparticles

MRNA lipid NPs (LNPs) are a new patrticle type which got attention as COVID-19 vaccines.
A key aspect of LNPs and the main difference from liposomes is the presence of lipids in the
core [219]. Zhao et al. showed that both trehalose and sucrose were able to protect novel
phospholipid-mRNA NPs only when stored in liquid nitrogen, but not during lyophilization
[220]. As this particle type is a quite new modality, no comprehensive study on lyophilization
is published yet.

3.4.2 Non-enveloped Viruses

Analogous to enveloped viruses, non-enveloped viruses shielded by the capsid, but no
phospholipid bilayer, show a pH dependent stability profile in liquid state; enteroviruses
(poliovirus, coxsackievirus) are instable at acidic pH (< 4.5) [221]. In this case, a buffer pH
shift during freezing should be avoided. Sucrose was suitable to stabilize adenovirus upon
freeze-drying [120]. Qi et al. showed that urea improves process and storage stability of
lyophilized inactivated poliovirus vaccine (IPV) in presence of sucrose [222]. Addition of 0.4 M
urea inhibited capsid denaturation during lyophilization. Potassium phosphate instead of
sodium phosphate buffer better stabilized adenovirus and adeno-associated virus (AAV) after
storage at —20 °C and 4 °C [223]. AAVs formulated with sucrose, mannitol and protamine
showed significantly improved storage stability at —80°C or -20°C after addition of
Span 20™ instead of P188 as surfactant. However, upon freeze-drying, titer loss was less
using sucrose as cryoprotectant without further additives. Adenovirus lyophilizates revealed
a narrow moisture level window of 1.5% in which viral titer was maintained. The
non-enveloped infectious pancreatic necrosis virus was successfully freeze-dried using
lactalbumin hydrolysate, lactose or skim milk [224], while potato virus X could be stabilized
using dextran as cryoprotectant [225]. Furthermore, modified SPGA, with sorbitol and gelatine
instead of sucrose and albumin, significantly improved the lyophilization process stability of

duck viral hepatitis virus compared to commonly used SPGA [226].
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3.4.3 Inorganic nanoparticles

Inorganic NPs, specifically functionalized silica material, gain more and more attention as
mesoporous drug delivery carries [227]. But, only little literature is available on lyophilization
of this NP type. Sameti et al. showed that trehalose is suitable to stabilize cationically modified
silica NPs with simultaneous preservation of their DNA-binding and transfection activity [228].
Recent studies further confirmed that antibody-conjugated PEI-PEG coated mesoporous
silica NPs are well stabilized by trehalose [229]. Moreover, trehalose and sucrose were
superior to mannitol to stabilize freeze-dried antibody-conjugated gold nanorods [230].
Au NPs were furthermore successfully lyophilized using sucrose combined with sucrose
monopalmitate as surfactant [231]. Overall, these studies highlight the prerequisite of an

amorphous stabilizing matrix.

4 Summary and practical advices

The success of NP lyophilization mainly depends on the type of NP and formulation factors;
nonetheless process factors should not be neglected. This review aims to summarize the
current knowledge on the colloidal stability of NPs in this regard to give practical advice. In
general, formulations of lyophilized NP products should include one or more of the following
formu