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A B S T R A C T

Parenteral sustained release systems for proteins which provide therapeutic levels over a longer period avoiding
frequent administration, which preserve protein stability during manufacturing, storage and application and
which are biodegradable and highly biocompatible in the body are intensively sought after. The aim of this study
was to generate and study mannitol core microparticles loaded with a monoclonal antibody IgG1 and coated
with lipid either hard fat or glyceryl stearate at different coating levels. The protein was stabilized with 22.5 mg/
mL sucrose, 0.1% PS 80, 10mM methionine in 10mM His buffer pH 7.2 during the spray loading process. 30 g
protein-loaded mannitol carrier microparticles were coated with 5 g, 10 g, 20 g and 30 g of lipid, respectively.
Placing more lipid onto the protein-loaded microparticles reduced both burst and release rate, and the particles
maintained their geometric form during the release test. The IgG1 release from microparticles covered with a
hard fat layer extended up to 6weeks. The IgG1 was released in its monomeric form and maintained its sec-
ondary structure as shown by FTIR. Incomplete release of IgG1 from glyceryl stearate-coated microparticles was
observed, which may be due to the small pore sizes of the glyceryl stearate layer or a detrimental surfactant
character of glyceryl stearate to protein. Hence, these hard fat-coated mannitol core microparticles have high
potential for protein delivery.

1. Introduction

Proteins play an important role in the treatment of severe diseases
like cancer, autoimmune and inflammatory diseases for their high
specificity, efficacy and low adverse effects [1]. Specifically, the suc-
cessful applications of numerous therapeutic antibodies have resulted
in an exponential growth in their research and development some of
them showing blockbuster [2]. Owing to the inherent instability of
protein drugs in the gastrointestinal tract, they are usually administered
by parenteral administration [3,4]. Many protein drugs exhibit short
half-lives in vivo and multiple dosing schemes and frequent injections
are necessary to achieve therapeutic drug levels, which result in poor
patience compliance [5,6]. Incorporation of proteins in a sustained
release system for systemic delivery which can maintain therapeutic
plasma levels for an extended period is of high interest [7,8].

Parenteral controlled release system delivering small molecular
drugs and peptides are well established for decades. In contrast, their
use for proteins is limited due to the protein sensitivity leading to in-
stabilities during manufacturing, storage and application [5]. Lipids
such as triglycerides have gained growing attention in this context due
to their good biocompatibility and biodegradability [9,10], which
qualifies them to be an interesting alternative to polymeric matrix
materials as they do not show the shortcomings of the commonly used

PLA and PLGA polymers, such as the acidic microclimate and formation
of detrimental polymer degradation products during erosion [11]. The
incorporation of drugs into lipid implants and microparticles have been
successfully used to control sustained release of different proteins
[12–16]. The drug release mechanisms from lipid matrix is diffusion
controlled and triggered by the intrusion of water into the lipid matrix.
The protein molecules travel both within the lipid matrix as well as in
pores and additionally the matrix gets eroded [12–14]. Especially for
long term drug delivery, lipids seem to be superior to PLGA, due to their
higher ability to maintain the stability and bioactivity of the entrapped
proteins [12–16]. Therefore, the lipid carriers are valuable alternatives
to the already approved polymeric systems. Lipid microparticles have
been proposed as drug delivery systems for long-term release of peptide
and protein drugs over days to months [17–19]. They are often pre-
pared using organic solvent evaporation and melt dispersion techniques
by incorporating a protein solution in the molten/dissolved lipid dis-
persing the preemulsion in an aqueous phase [20]. The process tech-
nologies like spray-drying, extrusion, emulsion systems tested for con-
trolled release protein drugs have shortcomings regarding protein
stability, which resulting from high temperature or organic solvent use
during the preparation process [21]. Additionally, incorporation of
sufficient amounts of drug is troublesome due to the hydrophobic
nature of the lipids [22].
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An organic solvent fluid bed spray coating technique was developed
for the lipid-coated mannitol core microparticle preparation in our
previous work [23]. This method featured the advantage of a micro-
particle production process at moderate temperature which could se-
cure the stability of the protein drug during manufacturing. The model

compounds methyl blue and aspartame were released upon dissolution
of the mannitol core beads over 25 and 7 days, respectively. Further-
more, we previously established successful loading of mannitol and
sugar beads with protein drugs in a fluid bed system [24] and this
renders lipid-coated mannitol core microparticles very interesting for

Fig. 1. Visual appearance of mannitol beads after loading with placebo, containing 22.5, 45 or 90mg/mL sucrose.
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Fig. 2. Visual appearance of reconstitutions of placebo and IgG1 loaded microparticles from a formulation composed of 0.02% or 0.1% PS 80, 22.5 mg/g sucrose, and
10mM methionine in 10mL histidine buffer (pH 7.2, 10mM), 1 g of microparticles were redissolved in 6mL PBS buffer (10mM, pH 7.4, 0.05% NaN3).
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sustained release application of protein drugs. Consequently, we in-
tended to develop a new process to load an IgG1 antibody model onto
mannitol beads and provide them with a release controlling lipid layer
in a mini fluid bed system. Protein stability during fabrication and re-
lease as well as the duration of release were the main critical

parameters of interest. In order to prevent IgG1 unfolding at the air-
liquid interface and subsequent aggregation, surfactant was added as
stabilizing excipients during spray loading. Turbidity analysis, light
obscuration measurement and size-exclusion chromatography (SEC)
analysis were carried to evaluate aggregate formation upon manu-
facturing and release. Additionally, the secondary structure of in-
corporated IgG1 was analyzed by Fourier transform infrared (FTIR)
spectroscopy.

2. Materials and methods

2.1. Materials

Pearlitol® 500DC-Mannitol (MAN) was kindly provided by Roquette
Corporate, Darmstadt, Germany. A 20.9 mg/mL IgG1 monoclonal an-
tibody solution in 10mM histidine pH 7.2 was used. Sucrose, poly-
sorbate 80 (PS 80) and L-Methionine were purchased from Sigma-
Aldrich, Munich, Germany. Witepsol® E85 (hydrogenated coco-glycer-
ides, HF) and Imwitor® 900 (glyceryl stearate with a monoester content
of 40–55%, GS) were kindly provided by Sasol GmbH, Hamburg,
Germany. Isopropanol (99.7%) was supplied by the reagent center of
the University of Munich, Germany.

2.2. Methods

2.2.1. Optimization of formulation for IgG1 loading
Sucrose was dissolved in 10mL his buffer (pH 7.2, 10mM) con-

taining 10mM methionine and 0.02% PS 80 to final concentrations of
22.5 mg/mL, 45mg/mL or 90mg/mL. 30 g MAN particles were loaded
with the former solutions in a Mini-Glatt fluid bed system with Wurster
insert (Glatt GmbH, Binzen, Germany). The detained operation condi-
tions were Tinlet: 35 °C; pprocess: 1.0 bar; patomizing air: 1.0 bar; spray rate:
1.0 mL/min; and spray nozzle diameter: 0.3 mm. Based on the optimal
sucrose concentration, PS 80 concentration was increased to 0.1% to
prevent IgG1 aggregation under the same condition.

2.2.2. Preparation of drug-loaded starting cores
The spray solution (10mL) containing 3.1 mg/mL IgG1, 0.1% PS 80,

22.5 mg/g sucrose, and 10mM methionine in 10mM histidine buffer
pH 7.2 was filtrated through an Acrodisc 0.2 µm PES syringe filter.
Mannitol particles (30 g) were loaded with the drug solution in a Mini-
Glatt fluid bed system with Wurster insert (Glatt GmbH, Binzen,
Germany). The detailed operation conditions were Tinlet: 35 °C; pprocess:
1.0 bar; patomizing air: 1.0 bar; spray rate: 1.0mL/min; and spray nozzle
diameter: 0.3 mm. After loading, the particles were dried for additional
15min at 35 °C in the fluid bed. The drug loaded particles were col-
lected and kept at 2–8 °C until lipid coating.

2.2.3. Preparation of lipid-coated microparticles
Lipid was dissolved at 2% w/v in isopropanol at 70 °C. 30 g drug-

loaded microparticles were coated with the lipid solution in the Mini-
Glatt fluid bed with Wurst insert at, Tinlet: 40 °C for GS and 30 °C for HF;
pprocess: 0.7 bar; patomizing air: 0.5 bar; spray rate: 7.0 mL/min; and spray
nozzle diameter: 0.5 mm. After coating, the microparticles were an-
nealed for additional 15min at the same conditions.

2.2.4. High performance size exclusion chromatography (HP-SEC)
HP-SEC was performed on an Agilent 1100 series HPLC system

(Agilent Technologies, Germany). The autosampler and the column
were controlled at 20 °C and 23 °C, respectively. The samples were
centrifuged for 5min at 2000 rpm. For each sample solution, 250 µl
supernatant was injected onto a Tosoh TSKgel® G3000SWXL column
(7.8× 300mm) (Tosoh Bioscience, Stuttgart, Germany) using a mobile
phase of 100mM sodium phosphate buffer with additional 100mM
sodium sulfate pH 6.8 at a flow rate of 0.5mL/min. UV detection at
280 nm was used. The chromatograms were analyzed regarding
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Fig. 3. Results of light obscuration and turbidity of reconstitutions of placebo
and IgG1 loaded microparticles from a formulation composed of 0.02% or 0.1%
PS 80, 22.5 mg/g sucrose, and 10mM methionine in 10mL histidine buffer (pH
7.2, 10mM), 1 g of microparticles were redissolved in 6mL PBS buffer (10mM,
pH 7.4, 0.05% NaN3), results are given as mean ± SD for n=3.
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Fig. 4. IgG1 release profiles of microparticles coated with different amounts of
HF (a) or GS (b), 5 g:■; 10 g:●; 20 g:▲; 30 g:▾, results are given as mean ± SD
for n=3.
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retention times and area under the curve (AUC) with ChemStation®
B.02.01-SR2 (Agilent Technologies).

2.2.5. Determination of drug loading of lipid-coated microparticles
1.0 g of HF-coated particles was dispersed in 10mL PBS buffer at

45 °C. After cooling down to room temperature, approximate 2mL
slurry were filtered through a 0.2 μm filter to remove the lipid after.
Filtrate was analyzed for drug content by HP-SEC. Each experiment was

performed in triplicate.

2.2.6. Microparticle morphology
The morphology of microparticles was analyzed by use of a light

optical microscope (Olympus BX50 F4, Olympus, Tokyo, Japan)
equipped with a digital camera (HVC 20, Hitachi, Maidenhead, GB).

          before release                        after release

Fig. 5. Microscope images of mannitol particles coated with 5 g (a), 10 g (b), 20 g (c) and 30 g (d) HF before (left) and after (right) release.
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2.2.7. Turbidity
The turbidity of IgG1 solution in formazine nephelometric units

(FNU) was determined with a NEPHLA turbidimeter (Dr. Lange,
Düsseldorf, Germany), based on light scattering in a 90° angle at
λ=860 nm. The system was calibrated with a formazine standard.
1000mg of microparticles was dissolved in 6mL PBS buffer (10mM, pH
7.4, 2.7mM KCl, 137mM NaCl, 0.05% NaN3). Approximately 2mL of
each sample were used for analysis in triplicate.

2.2.8. Light obscuration
Light obscuration tests were carried out according to Ph.Eur. 2.9.19.

The particle counting of subvisible particles in a size range between 1
and 200 µm was conducted using a SVSS-C instrument and associated
analysis software (PAMAS GmbH, Rutesheim, Germany). For each
sample (n=3), three measurements of a volume of 0.3 mL with a pre-
run volume of 0.3 mL at fixed fill rate, emptying rate and rinse rate of
5mL/min were performed. Prior to each measurement the system was
rinsed with high purified water until particle counts of less than 30
particles/mL were determined. The obtained results represented the
mean value of the particle counts of three measurements, referred to a
sample volume of 1.0 mL.

2.2.9. In vitro release
Protein release was studied in PBS pH=7.4 on a horizontal shaking

incubator at 37 °C (60 rpm). Approximately 1.0g of drug-loaded parti-
cles were suspended in 3mL buffer, transferred into a dialysis bag with
1 MDa cutoff and immersed into a 15mL disposable plastic tube with
7mL of PBS release medium containing 0.01% NaN3. At designated

time points, 350 µl release medium were withdrawn from the tube and
replaced with the same amount of fresh release medium. The drug
content in the release medium was quantified using a HP-SEC. Each
experiment was performed in triplicate.

2.2.10. Fourier-transformed-infrared spectroscopy (FTIR)
The release medium was analyzed using a Bruker Tensor 27 FTIR

spectrometer (Ettlingen, Germany) equipped with a Bio ATR measuring
cell and an MCT detector at 25 °C. 35 µl of the sample was spread under
dry nitrogen to ensure an equal distribution on the crystal surface and
analyzed against PBS buffer as blank. For each experiment, 100 scans
were set for the blank and sample with a resolution of 4 cm−1 and
water vapor correction. The data were analyzed with the OPUS 6.5
software for second derivative spectra and vector normalization.

3. Results and discussion

3.1. Optimization of formulation for IgG1 loading

Generally, temperature, air-liquid interfaces and dehydration are
three main stress factors affecting the chemical and physical protein
instabilities during spray drying [25]. As the inlet air temperature is
lower in the fluid bed system, thermal denaturation during drug loading
could be regarded as negligible. However, the tremendous expansion of
the air-liquid interface may lead the orientation of hydrophobic amino
acid residues towards the nonaqueous environment and subsequent
protein unfolding and aggregation [25–27]. Meanwhile, the protein
molecules are deprived of the surrounding and protective water, and
are thermodynamically destabilized by losing their hydrogen bonding
to water molecules [25].

Addition of surfactant e.g. polysorbates (PS) and other excipients
e.g. mannitols, sugars, salts and amino acids are effective in protecting
the stability of a protein drug during spray drying [25,26,28,29]. Sur-
factants adsorb at the air-liquid interface reducing the appearance of
protein molecules at the surface [25,26]. Small molecule excipients
could be incorporated as “water substitutes” replacing the hydrogen
bonding existing in an aqueous environment [25,29]. Therefore, PS 80
and sucrose were selected as two stabilizers for the drug loading in the
fluid bed coater. Although improved protein stabilization has been
shown with increasing concentration of sucrose, its addition is limited
by the formation of more viscous solutions result in microparticle ag-
glomeration in the fluid bed. Thus, the concentrations of PS 80 and
sucrose have to be optimized during the IgG1 loading process. As shown
in the Fig. 1, protein loading with a formulation containing 22.5mg/mL
sucrose did not show agglomeration, whereas large agglomerates were
observed at higher sucrose concentrations.

The influence of PS 80 concentration on IgG1 stability after drug
loading was analyzed via visual inspection, turbidity, light obscuration
and HP-SEC. At a level of 0.1% PS 80 in the spray solution, the redis-
solved IgG1 loaded microparticles did not show any sign of aggregation,
neither visually (Fig. 2) nor in turbidity and subvisible particle con-
centration compared to placebo samples (Fig. 3) nor in HP-SEC with
100% monomer recovery. In contrast, at 0.02% PS 80 slight formation
of particles (Figs. 2 and 3) and 0.4% dimers in HP-SEC were found.
According to these results, it was concluded that 22.5 mg/mL sucrose,
0.1% PS 80 in 10mM His buffer pH 7.2 presented a suitable formula-
tion for IgG1 loading.

3.2. IgG1 release from lipid-coated microparticles

The obtained in vitro release profiles of IgG1 from lipid coated mi-
croparticles are illustrated in Fig. 4. IgG1 loaded microparticles coated
with 5 g HF exhibited an approximate 50% burst release and subse-
quently nearly complete release (81.9% (SD=16.8%, n=3)) within
two weeks. Coating with 10 g lipid reduced the protein release rate.
This deceleration of the release became more apparent with the
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addition of more lipid. For the microparticles coated with 20 g and 30 g
lipid, IgG1 was released in a sustained manner over 5 weeks and
6weeks without initial burst release. For methyl blue the release period
was only extended to 14 and 25 days for 20 and 30 g lipid coat and
much shorter for 5 and 10 g [23]. In parallel to this prolongation of the
release period, the total amount of drug released differed with the size
of drug. Complete release was determined for methyl blue, whereas
about 25% of IgG1 antibody remained in the microparticles coated with
20 or 30 g lipid. Compared to HF, GS exhibits a higher wettability and
more stable polymorphic structure [23]. Fig. 4b depicts IgG1 release
profiles of microparticles coated with different amount of GS. A long
term sustained release of IgG1 was not observed at any GS coating level.
After a burst release within the first day, only little amounts of IgG1
were released in the following days.

Almost all of the protein-loaded microparticles coated with 5 g HF
were degraded after the release test period whereas this was the case for
only a small amount of microparticles coated with more lipid (Fig. 5).
Thus, particle degradation substantially contributes to the drug burst
and release of 5 g lipid-coated microparticles. Drug release from mi-
croparticles with a thicker lipid layer, which maintained their geo-
metric form during the release test, was more controlled by Fickian
diffusion. Therefore, the microparticles coated with 5 g lipid showed
similar release for methyl blue and IgG1. In contrast IgG1 was released
more slowly than methyl blue from microparticles coated with higher
amounts of lipid, which could be explained by the increase in drug size
resulting in a lower diffusion coefficient [30] and limited movement if
the sizes of pores resulting from dissolution of the mannitol core beads
were too small for free diffusion of large molecule IgG1 (150 kDa, hy-
drodynamic diameter≈ 11 nm) [31]. Additionally, a small pore size
can explain the partial IgG1 entrapment by the lipid matrix leading to
incomplete release. The small pores formed by MAN dissolution and
diffusion in GS coated microparticles may be too small for the release of
large IgG1 molecules in contrast to methyl blue and aspartame. The
incomplete release of protein may also be related to the surfactant
characters of GS, which may cause the protein denaturation. Conse-
quently, the IgG1 stability after release was analyzed in the following.

3.3. IgG1 stability

The HP-SEC analysis revealed that IgG1 was totally released as
monomer over the entire release period without formation of frag-
ments, dimers or higher molecular weight species. In addition, to de-
termine if the fabrication process and the long term release period in-
duced conformational changes of the IgG1, analysis of the secondary
structure was performed by FTIR. Several transmittance bands (e.g.,
amide I, amide II and amide III) could be used for structure analysis of
IgG1 [32,33]. The IgG1 exhibits major absorption peaks at 1612 cm−1,
1640 cm−1, 1690 cm−1, which correspond to the native β-sheet struc-
ture [34,35]. So Fig. 6 shows the second derivative spectrums of amide I
and amide II bands measured in transmission obtained for IgG1 before
and after release. For the HF-coated microparticles after release, the
second derivatives of the amide I and II spectra showed no significant
difference compared to native IgG1. It can be concluded that the
loading and the lipid coating process as well as the IgG1 release from
HF-coated microparticles did not induce relevant changes in secondary
structure. However, for the GS-coated microparticles, formation of a
new band at 1633 cm−1 was observed. Typically, upon denaturation
monoclonal antibodies form anti-parallel β-sheet giving rise to a peak
near 1620 cm−1 [36]. This change in FTIR spectrum may indicate a
structure change of the IgG1 in cause of the release test and could ex-
plain the incomplete release from GS-coated microparticles.

4. Conclusion

In this work, mannitol microparticles were loaded with IgG1 and
coated with lipid in a fluid bed system to control the sustained release

of the protein. 22.5 mg/mL sucrose, 0.1% PS 80, 10mM methionine in
10mM His buffer pH 7.2 presented a suitable formulation for IgG1
loading process. An extended release manner over 6 weeks could be
achieved by coating 30 g HF. It was shown that IgG1 was totally re-
leased as monomer. Furthermore, the particle fabrication procedure
and the long release periods did not affect the secondary structures of
IgG1 from HF-coated microparticles. Sustained release of IgG1 was not
observed from GS-coated microparticles, which may result from the
small pore sizes of GS layer or detrimental surfactant character of GS.
Thus, HF-coated microparticles developed in this study could be a
promising protein delivery system.
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