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Arylsulfatase A (ASA) deficiency is the cause of metachromatic leucodystrophy (MLD), a lysosomal storage
disease associated with severe neurological disorders. Poly(butyl cyanoacrylate) (PBCA) nanoparticles
overcoated with polysorbate 80 enabled the delivery of several drugs across the blood-brain barrier to the
brain suggesting that these nanoparticles also may transport ASA across this barrier. The objective of
this research, therefore, was to evaluate the feasibility of loading ASA onto PBCA nanoparticles. A stable
ASA-loaded PBCA nanoparticle formulation was developed that could be easily freeze-dried and stored
over a period of more than 8 weeks. The maximum loading capacity for this enzyme was ~59 ng per 1 mg
of PBCA. In the presence of 3 % sucrose as a lyoprotector the activity of freeze-dried ASA was found to

be 100 % recoverable.

1. Introduction

Metachromatic leucodystrophy (MLD) is a fatal lysosomal stor-
age disease which is directly caused by a deficiency of the
enzyme arylsulfatase A (ASA). ASA catalyses the intralyso-
somal desulfation of 3-O-sulfogalactosylceramide (sulfatide) to
galactosylceramide (von Figura 2001; Kolodny 1989). A lack
of ASA results in a block of sulfatide degradation resulting in a
progressive intralysosomal accumulation of sulfatide. The inci-
dence of MLD depends on geographic regions and ethnic groups
(von Figura 2001). In Europe it is estimated to be 1 in 100 000
live births (Poorthuis 1999; Heim et al. 1997). The clinical mani-
festations of MLD are dominated by the demyelination observed
in the central and peripheral nervous systems.

Deficiency of arylsulfatase B (ASB), another lysosomal hydro-
lase, is leading to the accumulation of dermatan sulphate and
chondroitin 4-sulfate, which results in the severe lysosomal
storage disorder mucopolysaccharidosis type VI (MPS VI) or
Maroteaux-Lamy syndrome. ASB catalyses the glycosamino-
glycan degradation with dermatan sulfate as a natural
substrate. A recombinant human N-acetylgalactosamine-4-
sulfatase (ASB) is available on the market (Naglazyme®,
BioMarin Europe Ltd.) as an enzyme replacement therapy (ERT)
for the treatment of MPS VI. The efficacy of ERT in the MPS
VI is limited due to rapid removal of ASB from circulation
and its inability to overcome the blood brain barrier (BBB).
The adsorptive binding of ASB to poly(butyl cyanoacrylate)
(PBCA) nanoparticles as drug delivery systems was investigated
previously (Miihlstein et. al. 2013).

Depending on the pH of the surrounding media, ASA exists
as an octamer at pH 5 which dissociates into dimers at neutral
pH. The ASA monomer has a molecular mass of 57 to 62 kDa
depending on dregree of glycosylation and a pI of 4.3 to 4.5
(Agogbua and Wynn 1976; Gibson et al. 1987; Lukatela et al.
1998; Sommerlade et al. 1994). In contrast to ASA, ASB is
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a monomer with a molecular weight of around 57 kDa. Both
arylsulfatases are homologous enzymes that consist of a single
500 amino acid polypeptide chain folded to a similar hatlike
tertiary structure with a base of 45A x 70 A and 50 A height
(Lukatela et al. 1998; Ghosh 2007). The analogy of the amino
acids is about 29% (Yaghootfam et al. 2003). Differences appear
in the metal ion that is present in the active site, where ASA has
a Mg?* and ASB Ca?* (Bond et al. 1997; Lukatela et al. 1998).
The metal ion is proposed to stabilize the sulfate ester during
the desulfation of the substrate (Bond et al. 1997).

Due to their high molecular mass and hydrophilicity, exoge-
nous ASA and ASB are not able to permeate across the BBB
and, therefore, an effective enzyme replacement therapy of
MLD is not available at present (Beck 2010; i Dali et al. 2009;
Gieselmann and Krageloh-Mann 2010). The BBB is formed by
endothelial cells connected by tight junctions which restricts the
transport of most substances across this barrier thus enabling
a well-controlled homeostasis within the brain. However, this
barrier also abolishes the accessibility of most therapeutic sub-
stances including ASA and ASB to the brain and obstructs
treatment of many diseases of the central nervous system (CNS)
(Pardridge 2005). In general, transport over the BBB is limited
to lipophilic, small molecules with a molecular mass of less
than 500 Da (Rubin et al. 1999; Scheld et al. 1989). Endoge-
nous proteins like insulin, transferrin, and neuropeptides access
the brain by specific receptor-mediated transport (McGonigle
et al. 2006; Pardridge et al. 2005; Pardridge et al. 2007a).
These peptides, however, are exceptions; other large (> 500 Da),
hydrophilic substances cannot pass across the BBB and con-
sequently will be eliminated by renal clearance or enzymatic
digestion (McGonigle et al. 2006). Possibilities for therapeu-
tic proteins to overcome the BBB are delivery by so-called
“Trojan horses” such as fusion proteins or drug-loaded lipo-
somes or nanoparticles (Kreuter et al. 2001; Wohlfart et al.
2012; Pardridge 2007b). While fusion proteins require covalent
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coupling with ligands such as transferrin, protein transduction
domains, or specific antibodies, nanoparticles and liposomes can
be simply loaded by incorporation or adsorption.

PBCA nanoparticles enabled the transport of a variety of drugs
such as loperamide, dalargin, doxorubicin, and even larger
molecules such as the nerve growth factor (NGF) over the BBB
(Alyautdin et al. 1997; Alyautdin et al. 1998; Kurakhmaeva
et al. 2009). The mechanism for the nanoparticle uptake into the
brain appears to be receptor-mediated endocytosis followed by
transcytosis as evidenced by transmission electron microscopy
(Zensi et al. 2009).

The objective of the present study, therefore, was to evaluate
the possibility of binding ASA to PBCA nanoparticles and
to additionally compare the obtained results to the previously
investigated adsorption behaviour of ASB (Miihlstein et al.
2013). Additionally, in the present study freeze-drying and stor-
age experiments were performed for ASA as well as ASB.

2. Investigations, results, and discussion

2.1. Determination of ASA and ASB loading in PBCA
nanoparticles

The amount of adsorbed enzyme was determined either indi-
rectly by SEC (Miihlstein et al. 2013) or by a specific activity
assay using p-nitrocatechol sulphate (pNCS) as substrate (Baum
etal. 1959). The nanoparticles were separated from the unbound
enzyme by centrifugation. The total amount of unbound enzyme
(SEC) or amount of active enzyme (pNCS) found in the super-
natant was then subtracted from the initially used sulfatase
amount. It appeared that both, ASA and ASB, adsorbed on the
nanoparticles did not exhibit the expected activity. In fact, the
activity was ~20 % lower than expected, which might be a
result of the partial deactivation of these enzymes due to their
interaction with the particle surface. This phenomenon was also
observed for other proteins (Mollmann et al. 2006; Koutsopou-
los et al. 2007). However, the enzyme activity was recovered
after desorption (Section 2.2).

It is well known, that the adsorption of drugs to the nanoparticle
surface may depend on a number of parameters, among them the
drug concentration, composition of the media, incubation time,
temperature, etc. (Kufleitner et al. 2010; Soppimath et al. 2001).
As shown by Miihlstein et al. (2013) the efficiency of the ASB
adsorption to the PBCA nanoparticles was most considerably
influenced by the type of a stabilizer and enzyme concentration.
The contribution of other parameters, such as incubation time
or temperature, was only marginal.

Thus, in the case of ASB, employment of dextran 70000 as a
particle stabilizer produced a considerable adsorption, whereas
in the presence of poloxamer 188 the ASB adsorption to the
nanoparticles was negligible. The maximal capacity of 47 pg of
ASB per mg of nanoparticles was reached after one hour. The
adsorption process appeared to be more dependent on the ASB
concentration than on pH (Miihlstein et al. 2013). The maximal
capacity of 64.5 g ASB per 1 mg PBCA was reached at pH
6.3 at the ASB concentration of 3000 pg/ml (Fig. 1). At lower
concentrations of the ASB nearly 100 % loading (pH 7.3) was
achieved. The correlation of the adsorption isotherm with the
Langmuir model (R?>0.97) suggests that ASB adsorbed as a
monolayer to the surface of the PBCA nanoparticles (Miihlstein
et al. 2013).

To investigate the transferability of the obtained results to the
homologous enzyme ASA in the present study the influence of
the pH of the adsorption media was evaluated under previously
defined conditions (Fig. 2) and compared to the results obtained
for ASB. The properties of the ASB and ASA are compared in
Table 1.
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Fig. 1: Relative drug loading [%] and capacity [png ASB/ mg PBCA] of poly(butyl
cyanoacrylate) nanoparticles at different concentrations of ASB (pH 6.3,
n=3; mean+S.D.).
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Fig. 2: Relative drug loading [%] and capacity [p.g ASA/ mg PBCA] of poly(butyl
cyanoacrylate) nanoparticles at different pH values of adsorption media and
ASA concentration of 2500 mg/ml (n=3; mean & S.D.).

The results of the present study demonstrated that, similarly to
ASB, there was no significant influence of pH in the range of
4.5-7.3 on the loading capacity of PBCA. The loading of ASA
reached ~ 35 %, capacity was around 55 p.g/mg PBCA (1246
molecules ASA/nanoparticle). Overall, there was no statistically
significant difference between the efficiency of the ASA and
ASB adsorption to PBCA nanoparticles (capacity) (p =0,643).
As described earlier (Miihlstein et al. 2013), the spherical
nanoparticles with a diameter of 150 nm have a surface area of
70686 nm?, whereas the area occupied by one ASB molecule is
31.5nm? (Table 1). Applying these values to Eq. (1), a maximal
theoretically adsorbable amount of 120 ug ASB/mg nanoparti-
cles was calculated (Miihlstein et al. 2013).

Mipay = MMausp - Cwp -3 (1)

Na - Sasp-dnp -1

where: MMjsg molecular mass of ASB (57 kDa) N4, Avo-
gadro constant, Cxp, concentration of nanoparticles (10 mg/ml),
dp, density of nanoparticles (1000 mg/cm?®). r, radius of one
nanoparticle (75 nm) Sasg, maximal nanoparticles surface area
occupied by ASB (31.5 nm?)
Applying the same calculation method to ASA with a molecu-
lar weight of 114 kDa (dimer), an area of ~63 nm? occupied by
an ASA dimer, and a particle diameter of 160nm (Table 2),
the maximal adsorbable amount is 113 pg/mg PBCA (2560
molecules ASA/nanoparticle). However, the adsorption experi-
ments demonstrated that the capacity of the PBCA nanoparticles
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Table 1: Properties of arylsulfatases A and B

Property

ASA

ASB

Biological function

Substrate

Disease (as a result of enzyme deficiency)

Isoelectric point (pI)
Configuration

MW

Desulfation of 3-O-
sulfogalactosylceramide
(sulfatide) to
galactosylceramide (Beck
2007; Gieselmann 1995)
Sulfatid (Beck 2007,
Gieselmann 1995)

Metachromatic
leucodystrophy (MLD)
(Beck 2007; Gieselmann
1995)

4.3-4.5 (Agogbua and
Wynn 1976)

Dimer at pH 7 Octamer at
pH 5 (Lukatela et al. 1998)
Depending on
glycosylation 57-61 kDa
(monomer) (Sommerlade

etal. 1994)
Shape and dimensions
Number of amino acid residues
Metal-binding site Mg?* (Lukatela et al.
1998)

Desulfation of dermatan sulfate
and chondroitin 4-sulfate (Beck
2007; Gieselmann 1995)

Dermatan sulfate, chondroitin 4-
sulfate (Beck 2007; Gieselmann
1995)

Mucopolysaccharidosis type VI
(MPS VI) (Beck 2007;
Gieselmann 1995)

7.5 (Agogbua and Wynn 1976)
Monomer (Lukatela et al. 1998)

ca. 57 kDa (Gibson et al. 1987)

Hat-shaped with a base of 70 x 45 A?anda height of 50 A (Lukatela et al. 1998) (monomer)
~ 500 (monomer), homology 29% (Yaghootfam et al. 2003)

Ca®* (Lukatela et al. 1998)

Table 2: Physicochemical parameters of unmodified PBCA
nanoparticles, freshly prepared suspension (in MilliQ,
n=23; mean + S.D.)

Particle size (nm) 16042
Polydispersity index (0-1.0) 0.231 £ 0,004
Zeta potential (mV) —5.0+6.5
Particle yield (%) 66.1 %

at pH 6.3 and enzyme concentration of 2.5 mg/ml only was
59.0 % 6.0 pg/mg polymer for ASA and 60.0 & 2.0 pg/mg poly-
mer for ASB. This calculation of the theoretically feasible
adsorption efficacy is based on the ideal adsorption conditions
such as spherical particle shape, narrow polydispersity, and pre-
served arylsulfatase activity. However, both arylsulfatases are
large proteins of above 57 kDa; hence due to steric hindrance
and/or electrostatic interaction, the enzyme layer on the particle
surface most probably is irregular. In the case of the ASA steric
hindrance is probably even more pronounced due to its tendency
for dimer formation. As aresult, the effectively adsorbed enzyme
amount might be lower than the theoretical value, and the adsorp-
tion does not entirely appear to follow the theoretical Langmuir
adsorption pattern, which also applies to the differences between
calculated maximal loading and experimental results. The regu-
larity in distribution, on the other hand, is an indication that still
processes similar to Langmuir kinetics are involved, although
hydration water, Brownian mobility, and steric factors appear to
prevent a closer packing of the enzyme molecules (Miihlstein
et al. 2013).

The PCS measurements of the PBCA nanoparticles coated with
ASA showed that variation of pH did not significantly influence
the size and polydispersity (Fig. 3). The slight decrease of the
particle size observed for the ASA-coated nanoparticles may
be explained by reduction of the hydration shell by adsorbing
enzyme (Cha et al. 2008; Krishnan et al. 2006). As shown in
Fig. 4, the zeta-potential decreased slightly with adsorption of

520

220 I PBCA with ASA 0’30

2 1L PBCA

00 0,28

180
g 160 - 0,26
3 140 1 0,24
£ 120 5
5 100 r022 o
2 ]
2 8 0,20
Ky 60 -

40 r 0,18

20 1 L 0,16

0 A

45 55 6,3 73
pH

Fig. 3: Particle diameter (bars) and polydispersity index (PDI) (dots) of ASA loaded
and unloaded PBCA nanoparticles at variation of media pH (n=3,
mean %+ S.D.) measured with PCS.
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Fig. 4: Zeta-potential of ASA-loaded and unloaded PBCA nanoparticles at different
pH (n=3, mean + S.D.) measured with PCS.
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ASA, which might be due to the negative charge of ASA (pl4.3
—4.5) at this pH (Agogbua and Wynn 1976).

2.2. Invitro release

The release of the enzymes from the nanoparticles was assessed
in vitro in purified water (MilliQ), TRIS buffer (pH 7.4), and
human blood plasma (Fig. 5). Since phosphate is a competitive
inhibitor of arylsulfatases (Baum et al. 1959), TRIS buffer was
used in this study instead of usually used phosphate buffer saline
(PBS). The nanoparticulate formulation of ASA is intended for
the intravenous administration; at the same time it is known that
in the bloodstream the particles quickly can adsorb to plasma
proteins (Moghimi et al. 2001; Lundqvist et al. 2011) which in
turn may cause displacement of ASA from their surface. Indeed,
while the release rates of ASA and ASB in water were constant
over the time (ASA about 21.1%, ASB 5.4%), in TRIS buffer
and blood plasma ASA showed a burst release of 19 % and of
53 %, respectively, compared to water as the release medium.
After 60 min incubation ASA desorption increased to the extent
of 70 % in TRIS and 90 % in plasma.

Desorption of ASB from the particles was similar in TRIS and in
human blood plasma and reached 35 % and 38 %, respectively,
compared to water after 60 min incubation. In both cases, consid-
erable desorption took place immediately after dilution (the so
called “burst-effect”) again being indicative of Langmuir kinet-
ics. Thus the burst release of ASB in plasma amounted to 28
%. The more considerable burst release of ASA that reached 71
%, might be due to ASA dimerisation leading to a less effective
interaction of this enzyme with the particle surface. At neutral
pH, dimers dissociate and ASA is released faster than ASB. In
addition, ASA has a higher negative charge at the plasma pH
(7.4), due to the lower plI (Table 1), which may also contribute
to a more prominent desorption of this enzyme.

Nevertheless, based on the results of the previous experiments,
these data suggest that the stability of the formulation in blood
plasma may be sufficient for a delivery of the arylsulfatases
to the brain. The transport of polysorbate 80-coated nanoparti-
cles across the BBB is a very rapid process. Zensi et al. (2009)
found nanoparticles in the brain endothelial cells of mice and rats
already 15 min after intravenous injection, and pronounced phar-
macological effects (nociception) with dalargin (Kreuter et al.
1997) or loperamide (Alyautdin et al. 1997) bound to the PBCA
nanoparticles.were achieved after the same time.

2.3. Freeze-drying

In addition, freeze-drying experiments with arylsulfatase A as
well as B were performed as this is a very usefull method for
the long term storage and conservation of proteins (Abdelwa-
hed et al. 2006; Carpenter et al. 1997; Fischer et al. 2008;
Jiang and Nail 1998). This experiment was performed in order
to investigate the stability of ASA and ASB free or bound to
the nanoparticles after freeze-drying in the presence of various
lyoprotective excipients.

Samples of ASA and ASB as well as their nanoparticulate for-
mulations were freeze-dried, stored at 21 °C, and redispersed
after a period of at least 8 weeks. The level of the ASB activity
was measured after 8 weeks. The activity of ASA was mea-
sured immediately after freeze-drying as well as after 2, 6, and
8 weeks of storage at 21 °C. Redispersed enzyme solutions and
nanoparticle suspensions were analysed by pNCS activity assay
as well as SEC. As detected with pNCS, freeze-drying of ASB
in solution led to a 73.7 0.9 % loss of activity, whereas the
activity of ASB adsorbed to the nanoparticles decreased only
by 43.8 £ 6.3 % in the absence of any lyoprotective agent. The
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best activity results for ASB were obtained with addition of
lactose and sucrose (Fig. 6).

Since the lactose and proteins tend to form adducts (Maillard
reaction) (Anhorn et al. 2008; Fischer et al. 2008), sucrose was
used for further experiments with ASA. Fig. 6 shows the fea-
sibility of preserving the activity of ASB after freeze-drying in
the presence of 3% of sucrose. No dimerisation or aggregation
of enzyme could be detected by SEC (data not shown).

In a second step, ASA free or bound to the nanoparticles were
freeze-dried using sucrose as a lyoprotectant in a concentration
of 3%. As shown in Fig. 7, after 8 weeks of storage, the pure
enzyme retained about 90% of activity. Even better results were
detected for ASA adsorbed onto PBCA nanoparticles: in this
case no loss of activity could be detected.

2.4. Conclusions

This study demonstrates the feasibility of arylsulfatase A
adsorption onto PBCA nanoparticles. The maximum capacity
was 59 wg of enzyme per 1 mg of PBCA. The ASA-loaded
PBCA nanoparticles are a stable formulation which can be eas-
ily freeze-dried and stored over a period of at least 8 weeks.
The known ability of this carrier to deliver drugs to the brain
suggests that the PBCA-based formulation of ASA is a potential
candidate for the enzyme replacement therapy of metachromatic
leukodystrophy.

3. Experimental
3.1. Chemicals

Arylsulfatase B (N-acetylgalactosamine-4-sulfate sulfatase, Naglazyme®
1 mg/ml) was obtained from BioMarin Europe Ltd., Novato, CA, USA;
arylsulfatase A (thASA 4.2 mg/ml) was obtained from Shire plc., St Helier,
UK; n-butyl-2-cyanoacrylate (Sicomet®) from Sichel-Werke, Hannover,
Germany; 0.1 N hydrochloric acid and 1 N sodium hydroxide from VWR,
Darmstadt, Germany; dextran 70’000, p-nitrocatechol sulphate (pNCS), and
human serum albumin (HSA) from Sigma, St. Louis, MO, USA; hydrox-
ymethylaminomethane (TRIS) from Molekula, Gillingham, UK; mannitol,
lactose monohydrate, sucrose, and trehalose from Merck KGaA, Darmstadt,
Germany. Other chemicals were of analytical grade.

3.2. Nanoparticle preparation

The PBCA nanoparticles were prepared by anionic polymerisation, as
described previously (Miihlstein et al. 2013; Couvreur et al. 1979): 1 % of n-
butyl-2-cyanoacrylate was added to a 1 % dextran 70000 solution in 0.01 N
hydrochloric acid with constant stirring. Stirring was continued for 2.5h,
subsequently the polymerisation was completed by neutralisation with 0.1 N
sodium hydroxide. The mixture was filtered through a G2 sintered glass fil-
ter (Schott, Mainz, Germany) with a pore size of 40 — 100 um to remove
agglomerates and then lyophilised with 3 % mannitol as a lyoprotector or
used as suspension.

3.3. Determination of particle yield

The particle content was determined by gas chromatography (GC), as
described by Langer et al. (1994). For this purpose, PBCA nanoparticles
were hydrolysed for 12h with 2N sodium hydroxide solution, and free
n-butanol formed upon hydrolysis was extracted with dichloromethane.
Sample (1 wl) was injected into the GC system (Hewlett-Packard 5890 Series
II; Hewlett-Packard, Wilmington, United States), and the concentration of
n-butanol was measured using pentanol as internal standard. The particle
yield was calculated as mg of n-butyl-cyanoacrylate per ml suspension.

3.4. Adsorption of ASA to the PBCA nanoparticle surface

In order to determine the ASA adsorption to the PBCA nanoparticles, the
freeze-dried particles were resuspended in aqueous solutions of ASA and
incubated at 4 °C under constant stirring (650 rpm, Thermomix, Germany)
for 1 h. The concentration of ASA was always 2.5 mg/ml, pH values ranged
from 4.5 to 7.3. After incubation samples were analysed as described below.
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3.5. Determination of ASA binding to PBCA nanoparticles

Efficacy of ASA binding to the nanoparticles was determined indirectly by
measurement of the amount of free ASA in the supernatant after separa-
tion of the nanoparticles by centrifugation (20000 g; 30 min) (Eq. (2)). The
measurements were performed by size exclusion chromatography (SEC) and
enzyme activity assay in order to determine changes in enzyme conformation
and loss of activity.

120
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Fig. 7: Activity of ASA and ASA bound to PBCA nanoparticles after freeze-drying
compared to freshly prepared ASA preparations after various storage times
(n=3; mean = S.D.).
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3.5.1. Enzyme activity assay

The activity assay of ASA and ASB was performed as described earlier
(Baum et al. 1959), using p-nitrocatechol sulphate (pNCS) as a substrate. A
10 mM pNCS solution was added to the diluted samples and incubated for
30 min at 37 °C under constant shaking (650 rpm, Thermomix, Germany).
The reaction was terminated by addition of 200 wl of a 1 N sodium hydrox-
ide solution. The absorption of the resulting 4-nitroquinone was measured
at 515nm (e=12.400Mcm™! (Baum et al. 1959), U-3000 spectrometer,
Hitachi Ltd., Tokyo, Japan).

3.5.2. Measurement of ASA/ASB concentration by size exclusion
chromatography (SEC)

The amount of free enzyme was measured using a SEC system (Merck
Hitachi) equipped with a Shodex Protein 800 KW column (Showa Denko
K.K., Tokyo, Japan). Phosphate buffer (pH 6.6) was used as eluent. The
ASA was detected by spectrophotometry at 280 nm and the content was
calculated using a calibration curve of ASA in known concentrations.

The amount of adsorbed ASA was calculated using the following equation
(Eq. 2)):

m(totaldrug) — m( freedrug)

Drug@loading[%) = 100

m(totaldrug) @

3.6. Measurements of particle size and zeta-potential

The resulting nanoparticles were characterised by photon correlation
spectroscopy (PCS) and zeta-potential using a Nanosizer ZS (Malvern
Instruments Ltd., Malvern, UK): the mean diameter and polydispersity
were measured by PCS, zeta-potential was assessed using Laser-Doppler
micro-electrophoresis in a palladium electrode dip cell (Malvern). For size
measurements the samples were diluted 1:50 with purified water; the scat-
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tering angle was 173°; the temperature was set to 25 °C. The zeta-potential
was measured using the non-diluted samples.

3.7. In vitro release kinetics

The ASA-loaded nanoparticles in suspension were diluted 10-fold with
either MilliQ water, or TRIS buffer (pH 7.4), or human blood plasma. The
samples were analysed immediately after dilution and after 5, 20, and 60 min.
The released enzyme was separated from the nanoparticles by centrifuga-
tion (30 min, 20000 g). The obtained supernatant was analysed using the
activity assay described above. Using the following equation (Eq. (3)) the
percentage of release was calculated:

Cads — Ct

release| %] = — - 100 3)

Cads

where: c,4s, concentration of ASA previously adsorbed [pg/ml], ¢, concen-
tration of ASA in the eluent at the time [pg/ml],

3.8. Freeze-drying

After adsorption of ASA to the nanoparticles, 50 to 500 .l of a 20% (w/v)
solution of mannitol, lactose, sucrose, or trehalose were added to 500 .l
of the suspension. Subsequently the suspension was diluted to 1 ml with
purified water (MilliQ) (Millipore Merck KGaA, Darmstadt, Germany). In
total, the samples contained 0.25 pg enzyme, 1.65 g PBCA nanoparticles,
and 1%, 3%, 5%, or 10% of lyoprotective agent. The samples containing
free enzyme without nanoparticles were prepared likewise by taking 500 nl
of enzyme solution and appropriate amount of a lyoprotective agent. The
samples of ASA without any addition of excipients were used as controls.
Freeze-drying was performed using a Christ Epsilon 1-4 freeze-dryer (Mar-
tin Christ GmbH, Osterode, Germany). Samples were frozen for 3.5h at
—60 °C before the primary drying process was started. Then the shelf tem-
perature was increased over 1 h up to —35 °C, and the pressure was reduced
to 0.94 mbar. Subsequently, the temperature was increased to -10°C at a
pressure of 0.006 mbar. After 37 h of primary drying, the secondary phase
started by increasing the temperature up to 10 °C within 1 h. Then the tem-
perature was increased to the final temperature of 20 °C and 0.006 mbar
was hold for further 10 h. At the end of the process, freeze-drying vials were
plugged and stored at 21 °C. After resuspension in 1 ml of MilliQ water
and ultrasonication (3 min, Sonorex, Bandelin electronic GmbH, Berlin,
Germany), the amount of active enzyme was determined by pNCS method
and compared to that of freshly prepared samples. A SEC analysis was
performed using freeze-dried ASA solution in order to detect any possible
aggregation.

3.9. Statistical analysis

The statistical analysis of samples was performed using the Student’s t-test;
the differences were considered to be statistically significant for p <0.05.
All data reported are mean values =+ standard deviations.
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