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ARTICLE INFO ABSTRACT

Incorporating poorly soluble drugs into polymeric nanoparticles is a widely investigated approach to improve
their biopharmaceutical performance. Poly(DL-lactide-co-glycolide) (PLGA) nanoparticle formulations have
previously been tested and recommended as drug carriers for peroral administration of poorly soluble porphyrin
derivatives intended for photodynamical therapy. Based on those PLGA formulations the present study in-
vestigates conventional techniques like fluid bed granulation and tableting for conversion of such polymeric
nanoparticle suspensions into solid dosage forms. Analytical methods like asymmetrical flow field-flow frac-
tionation (AF4) and photon correlation spectroscopy (PCS) were used to assess changes of the nanoparticle
properties during processing and the recovery after redispersion of the solid dosage forms. Preliminary ex-
periments were conducted to demonstrate the feasibility of the granulation and tableting strategy. Afterwards,
design of experiments (DoE) was used to determine formulation and process parameters with critical influence
on several properties of the solid forms, in particular the recovery of nanoparticles during dissolution testing.

Fluid bed granulation with aqueous PLGA nanoparticle suspensions and soluble carriers was shown to be a
simple and high yield process for drying of the nanoparticles. The nanoparticle concentration of the granulation
suspension and the ratio of the spraying rate and the atomization air pressure were critical for the physico-
chemical characteristics of the granules like density and particle size distribution (PSD) as well as for the re-
dispersibility to nanoparticle suspensions of original properties. The granules were compressed to tablets without
impairing the nanoparticle diameter and the recovery when an adequate level of filler and low compression
forces were used.
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1. Introduction

Nanoparticulate drug carriers are intensively investigated as car-
riers for lipophilic drug substances, especially for tumor therapy due to
enhanced permeability and retention effect (EPR) [1-3]. Such poly-
meric nanoparticles for drug delivery most commonly consist of bio-
degradable materials such as poly(lactic-co-glycolic acid) (PLGA) [4,5].

Peroral administration of drugs is the preferred route for dosage
forms due to advantages in the manufacturing as well as the improved
patient compliance. While most work with polymeric nanoparticles has
been focused on intravenous administration, several studies have in-
vestigated polymeric nanoparticles for peroral administration of drugs
like curcumine [6], cyclosporine [7], exendin-4 [8], insulin [9-11],
nifedipine [12] or paclitaxel [13]. Several approaches for the mod-
ification of polymeric nanoparticles have been followed to overcome
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the challenges linked to the gastrointestinal barrier, including the
combination with mucolytic agents [14], densely charged surfaces [15]
and PEG coatings [16]. It seems not absolutely clear whether im-
provements in bioavailability observed after use of those nanoparticu-
late drug delivery systems require intact nanoparticles to cross the in-
testinal mucus layer and be absorbed [9,17,18] or if they can occur just
due to prolonged drug release at the mucosal barrier [19]. However,
polymeric nanoparticles for peroral administration and suitable dosage
forms thereof are a field of high interest.

As nanoparticle suspensions are disadvantageous in means of sta-
bility, they are often dried to avoid aggregation and sedimentation
during storage. Most common drying techniques are freeze- and spray-
drying or combinations thereof [4,20,21]. The dried intermediates
obtained by those techniques often show powder characteristics which
are unfavorable for further downstreaming. Wet granulation with
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nanoparticle suspensions or intermediates that contain nanoparticles
can lead to nanocomposite microparticles of better flowability. Fluid
bed granulation is one possibility of drying nanosuspensions. Several
authors investigated fluid bed processing for transforming nanoscale
drug delivery systems like nanocrystal suspensions or self-micro-
emulsifying drug delivery systems (SMEDDS) into solid form [22-26].
Though, drying of polymeric nanoparticles via fluid bed processing is
rarely mentioned. Only few studies deal with the processing of dried
intermediates containing polymeric nanoparticles into solid dosage
forms with the aim of obtaining the original nanoparticles after redis-
persion [27-29]. Systematic evaluation of the parameters by DoE is
common in the area of pharmaceutical fluid bed processing [30-33]
and also increasingly used related to polymeric nanoparticles [34-36].
Still, in connection with fluid bed drying of polymeric nanoparticles
and further downstreaming, DoE is not described so far to the best of
our knowledge.

The present study focuses on peroral dosage forms delivering PLGA
nanoparticles with the same characteristics as present in the original
suspensions and manufactured using conventional down-streaming
strategies like fluid bed processing with subsequent tableting or en-
capsulation.

2. Materials and methods
2.1. Materials

PLGA characterized by a copolymer ratio of 50:50 (Resomer’ RG
502H) was purchased from Evonik Industries (Darmstadt, Germany).
Other materials purchased were a-lactose-monohydrate (GranuLac® 70
(Lac) from Molkerei Meggle, Germany and Pharmatose” 200 (Lacaoo)
from DMV, Germany), dibasic calcium phosphate (DCPA) (A-Tab’ from
Innophos Inc., USA), polyethylene glycol 6000 (PEG) (Lipoxol® 6000
Med Powder from Sasol, Germany), microcrystalline cellulose (MCC)
(Avicel® PH 102) and croscarmellose sodium (CMC) (Ac-Di-Sol” SD711
from FMC BioPolymer, Ireland), sodium stearyl fumarate (SSF) (Pruv’
from JRS Pharma, Germany), poly(vinyl alcohol) (PVA4-88, molecular
weight 31kDa, or 8-88, molecular weight 67 kDa, from Merck,
Germany). Poloxamer (P188) (Kolliphor® P188 from BASF, Germany),
silica (SiO,) (Syloidg 244 FP from Grace, USA) and size 0 HPMC cap-
sules (VCaps® plus from Capsugel, Belgium) were obtained as gift.
Purified water (PW) was used as obtained either from pharma water
installation or PureLab flex (ELGA, UK). All solvents and other reagents
were of analytical grade and used as obtained.

2.2. Preparation and characterization of PLGA nanoparticles

2.2.1. Preparation of PLGA nanoparticles

Nanoparticles based on PLGA were formed by a well-established
emulsion diffusion method as previously described [37]. Briefly, PLGA
solutions in ethyl acetate (10% (w/v)) were emulsified with double the
amount of aqueous PVA solution (1% (w/v)) using an Ultra-Turrax’ T25
digital (tooling S25-19G, IKA, Germany) at 24,000 rpm for 20 min. The
resulting primary dispersions were diluted with PVA solution to achieve
the desired theoretic nanoparticle concentration and stirred on a
magnetic stirrer to evaporate the organic solvent for 14-23 h.

2.2.2. Physicochemical characterization of PLGA nanoparticles

2.2.2.1. Gravimetric determination of the nanoparticle content. The
nanoparticle content was determined gravimetrically by transferring
aliquots of 50.0 uL of the nanoparticle suspensions and PVA solutions
into trays and drying them to constant mass at 80 °C.

2.2.2.2. Photon correlation spectroscopy (PCS). The average particle
diameter and the polydispersity index (PDI) were determined by PCS
using a Malvern Zetasizer Nano ZS system (Malvern Instruments Ltd.,
Malvern, UK). Diluted samples were measured at a temperature of
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22°C, a backscattering angle of 173°, a measurement position of
4.65mm and an attenuator value of 6.

2.2.2.3. Scanning electron microscopy (SEM). For SEM, the particle
suspensions and the suspensions prepared from the solid dosage
forms were diluted with purified water to obtain a particle
concentration of around 0.25mg/ml. The dispersions were dropped
on a filter (MF-Millipore™ membrane filter VSWP, 0.1 um) and dried for
24h in a desiccator. Afterwards the membranes were sputtered with
gold under argon atmosphere (SCD 040, BAL-TEC, Balzers,
Liechtenstein) to gain electric conductivity. The SEM pictures were
received with an accelerating voltage of 10 kV and a working distance
of 10 mm.

2.3. Preparation and characterization of nanoparticle containing solid
forms

2.3.1. Preparation of PLGA nanoparticle containing granules

The granules were produced using MIDI Glatt fluid bed granulators
in top spray mode (Glatt, Germany). Different carriers in quantities to
achieve lots of 0.17 kg granules were loaded into the pre-warmed
product bowl. Mostly one single excipient was used as the carrier.
However, in few cases also mixtures were used as carrier that in addi-
tion to Lac either contained 5% P188 or 3% SiO, (percentage amount of
these additives in relation to the batch size of 0.17 kg). The spraying of
the nanoparticle suspension was started directly after starting the flui-
dization process. The air flow rate was chosen to obtain a fluidized bed.
The inlet air temperature was adapted to keep the product temperature
at around 25 °C. This was done to hold the process temperature below
the glass transition temperature of the used PLGA nanoparticles, though
earlier trials had shown that slightly exceeding this temperature range
up to 37 °C product temperature did not negatively influence the pro-
duct properties. After spraying the desired quantity of the nanoparticle
suspension, the granules were dried, unloaded and weighed.

2.3.2. Physicochemical
granules

The granules were characterized with respect to their moisture
(MA45, Sartorius, Germany), bulk and tapped density (Erweka,
Germany), flowability (based on angle of repose), and particle size
distribution (Analysette 3 Pro, Fritsch GmbH, Germany). Approximate
mean particle size in microns was determined from percentage residue
and mean sieve class in microns as follows:

characterization of nanoparticle containing

¥ (mean sieve class X residue)

approximate mean particle size [um] = 100

2.3.3. Tableting and encapsulation of nanoparticle containing granules

For preparation of the final blends, the excipients were sieved over a
500 um screen and mixed with the granules using a LM20 free fall
blender (L.B. Bohle GmbH, Germany) at 19 to 21 rpm for 13 min. The
blends consisted of 50-95% granules, 0-45% MCC, 2.9% PEG as soluble
lubricant in addition with 0.1% SSF, and 2% of CMC as disintegrant.
Classical metal lubricants, e.g. magnesium stearate and high amounts of
fine insoluble excipients were avoided to prevent issues during quali-
tative and quantitative analysis of the released nanoparticles. Final
blends were manually compressed to tablets of 500 mg weight using a
rotary tablet press (Kilian Eifel, Kilian GmbH, Germany) with a 11.5 r
12.5mm tooling. HPMC capsules were filled with granules or final
blend and closed using a manual capsule filling machine. In case the
final blends were encapsulated, plugs were manually preformed via a
tamping machine with a size 0 punch at 60 N.

2.3.4. Physicochemical characterization of nanoparticle containing tablets
The tablets were characterized with respect to their dimensions
(digital caliper, Mitutoyo Deutschland GmbH, Germany), weight
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(PB153-S/FACT, Mettler Toledo GmbH, Germany), disintegration time
(ZT 304, Erweka GmbH, Germany), breaking strength (PTB 302,
Pharma Test Apparatebau AG, Germany), moisture content (MA45,
Sartorius AG, Germany; 5 g, 85 °C, automatic end at < 5mg/24s), and
friability (F1 USP, Sotax AG, CH).

2.3.5. Dissolution test of nanoparticle containing dosage forms

In vitro dissolution tests of the nanoparticle-containing granules and
tablets were performed using an USP apparatus II (DT600, Erweka
GmbH, Germany). Samples corresponding to 10-40 mg NP were placed
in 500 ml purified water (PW) of 37 + 1°C at a paddle stirring rate of
50 rpm. At predetermined time points from 2 to 120 min, 2 ml aliquots
of dissolution medium were withdrawn and replaced with PW.

2.3.6. Asymmetric flow-field-flow fractionation (AF4)

An established method [29] was used to determine nanoparticle
recovery via AF4. The system consisted of an AF 2000 module box,
channel oven (PN4020), autosampler (PN5300), solvent organizer and
degasser (PN7140 and PN7520), two high performance liquid chro-
matography pumps (PN1130), and a multi angle light scattering
(MALS) detector (PN3070). All components were purchased from
Postnova Analytics (Landsberg am Lech, Germany). The channel con-
sisted of an acrylic glass plate, a polyetheretherketone (PEEK) spacer
with 350 pm thickness and 27.7 cm length and a channel block with a
ceramic frit. The channel was used with a regenerated cellulose mem-
brane with a 10 kDa cut-off. The temperature of the channel oven was
set to 25°C. SIFsp (pH 6.8) was used as the mobile phase. Slight de-
viations were made to the method. The cross-flow profile is presented in
Table 1. During the focusing step, the injection flow was set to 0.2 ml/
min. The detector flow rate was constant at 0.5 ml/min. MALS signals
were evaluated at 90°. Quantitative analysis was performed by Clarity
Software (Version 2.6, DataApex, Prague, Czech Republic).

2.3.7. Photon correlation spectroscopy (PCS)

The samples were analyzed for quantification without further
treatment using a PCS method with fixed experimental settings (at-
tenuator 8, position 4.65 mm, 15 runs of 10s, at a backscattering angle
of 173°). The method was validated for several batches of nanoparticles
(data not shown).

If not mentioned otherwise, the results for the particle size and
nanoparticle recovery below were obtained by the PCS method.

2.4. Design of experiments (DoE)

The granulation and tableting procedure described above were
performed to obtain information about the influence of the selected
process parameters on the physicochemical and reconstitution proper-
ties. A three-factor two-level design (2%) with three central point ex-
periments was used with the factors spraying rate (A), atomization air
pressure (B), and nanoparticle content of final granules (C). Parameters
kept as constant as possible were the type of stabilizing PVA (type 4-

Table 1

Cross flow profile to determine NP recovery via AF4.
Time Step Cross flow Profile
[min] [ml/min]
0 Focusing 1.0 constant
5.0 Transition 1.0 constant
5.2 Elution 1.0 constant
6.7 1.0 power function: 0.2
21.7 0.1 constant
66.7 Rinse 0.0 constant
84.7 Rinse 0.1 linear
85.7 Rinse 0.1 constant
95.7 End
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88), the carrier type (Lac), the product temperature (25°C), and the
amount of suspension to be sprayed. The latter was adjusted in a
narrow range of 410-445 ml based on the gravimetrically determined
nanoparticle content of the suspension to attain the desired nano-
particle load. The factor levels were set on the basis of preliminary
experiments. Minitab® software (version 17, Minitab Inc., USA) was
used to generate and evaluate the design that was performed in a
randomized order. Significant (p < 0.05) terms according to analysis
of variance were chosen for final evaluation.

A two-factor two-level design with central point and multiple re-
gression were used for tableting of all respective sub lots of the DoE
granules. The influence of the breaking strength and the amount of
plastic filler on the response variable recovery of nanoparticles during
dissolution was evaluated.

3. Results and discussion
3.1. Preliminary tests for setting of formulation and process parameters

The present study evaluated the downstreaming of aqueous PLGA
nanoparticle suspensions to oral solid dosage forms with conventional
methods. It also evaluated the influence of different formulation and
process parameters on the incorporated particles. An established stan-
dard formulation of unloaded PLGA nanoparticle suspensions was used
throughout the experiments to reduce the variance of nanoparticle
quality due to a batch to batch variability of the nanoparticle suspen-
sion. The formulation was only altered with respect to the content of
PLGA (2.5 or 5.0%) and the molecular mass of stabilizing agent PVA (4-
88 or 8-88).

The first step of the downstreaming process was a fluid bed gran-
ulation approach that was performed in top spray mode for all batches.
This was intended to avoid any formation of smooth films which are
reported for bottom spray processing [25,38]. The described effect is a
coalescence of PLGA nanoparticles into larger films which are gener-
ated during processing. This effect is assumed to be irreversible and any
deagglomeration is unlikely to occur. The stabilizer (PVA) was intended
to work as a binder during granulation. Its use for parenteral applica-
tion may be inadequate especially due to lack of degradation. However,
for peroral use, no such restriction exists, and the polymer is widely
used as a sustained release agent, in coating formulations and in hot
melt processes [39,40].

3.1.1. Choice of method for quantification of released nanoparticles

AF4, PCS and SEM were used to evaluate the release of unloaded
PLGA nanoparticles from the granules. The AF4 technique has been
widely used for characterization of nanoparticles and has already been
validated for quantification of unloaded PLGA nanoparticles [29]. This
method was shown to work for the dosage forms prepared in the pre-
sent study, when calibrated with an aliquot of the original nanoparticle
suspension batch. Still, the per se non-quantitative PCS technique was
tested as a time saving alternative quantification method due to the
large number of samples. SEM was only used to complement the
quantitative tools as it gave only rough information about changes of
the nanoparticle size and the occurrence of agglomerates.

A suitable correlation between the PCS count rate and the nano-
particle concentration was achieved for 14 PLGA nanoparticle pre-
parations with little batch to batch variability in particle diameter
(198 + 5nm) and PDI (0.068 + 0.013) (Fig. 1). The PCS method was
therefore calibrated for the used concentration range. As shown in
Fig. 2, the PCS led to similar results compared to the AF4 when used for
the quantification of the same samples. Both methods were validated
for the investigated nanoparticles. However, the use of this technique
might be limited to formulations as simple as the tested ones. The
formulations used for this study had quite a high load of nanoparticles.
They also did not include excipients or carriers of high viscosity or light
scattering properties that might falsify the measurement (e.g. gelatin
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Fig. 1. Calibration of PCS method with 14 nanoparticle suspensions (each = 4,
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Fig. 2. Comparison between recovery results of nanoparticle containing gran-
ules and tablets obtained by PCS and AF4.

capsules, higher amounts of nanoparticulate inorganic materials like
SiO,). If nothing else is stated, the following results were measured by
PCS for the recovery of the nanoparticles and the results represent the
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mean percentage recovery of nanoparticles after 120 min of dissolution
testing.

3.1.2. Choice of excipients and process parameters for granulation

For the first feasibility tests, carriers of different lactose grades and
DCPA were used. SEM revealed that only the pure soluble carriers led to
relevant recovery of single nanoparticles similar to the original sus-
pension (Fig. 3A). On the surface of lactose-based granules individual
nanoparticles were detected (Fig. 3B/C) and were isolated from dis-
solution media (Fig. 3D). On the other hand, on the surface of DCPA,
PLGA nanoparticles rather seemed to coalesce than to stick to the
granule$ surface (Fig. 3E). The addition of poloxamer to the lactose
improved the flowability of the granules but likewise led to particle
coalescence (Fig. 3F) and a decreased nanoparticle recovery (Table 2).
This was attributed to the formation of a lubricating film and a change
of the surface hydrophobicity that is generally critical in coating pro-
cesses [23,41]. Therefore, a simple formulation with lactose as a single
carrier seemed most suitable so far.

The nanoparticle recovery from such lactose granules was only
around 70% at its best. Hence, a relevant part of the nanoparticles
(~30%) was not detectable and most likely had agglomerated during
the drying step. The nanoparticle level of the suspension posed another
adjustable formulation parameter that was varied to further improve-
ment of the nanoparticle recovery. The content of the nanoparticles in
the granules was kept the same. However, a larger volume of diluted
suspension was used for spraying leading to a higher content of the
stabilizer. Even larger and looser granules were expected when
spraying larger volumes of suspension. The less viscous PVA type PVA
4-88 was therefore tested as alternative stabilizer to prevent the gen-
eration of unreasonably coarse granules. Actually, the use of a larger
volume of less concentrated suspension led to increased recovery values
(Table 2, batch 6). Later trials confirmed that this positive effect was
dependent on the decreased nanoparticle concentration of the suspen-
sion and not on the use of the new stabilizer type: a granulation trial
with diluted suspension with PVA 8-88 (batch 7) led to an optimized
recovery. In contrast, a process with the new stabilizer PVA 4-88 but in
a concentrated nanoparticle suspension analogue to batch 3 (batch 8)
resulted in no further improvement. Granules produced with PVA 8-88
showed a slightly higher nanoparticle recovery with the same process
conditions compared to granules produced with PVA 4-88. However,
granules with PVA 4-88 showed more desirable powder

Fig. 3. SEM pictures of PLGA NP suspension (A), surface of Lac granules (B, C), dissolution medium after 50 min dissolution of a tablet containing Lac granules (D),

surface of DCPA granules (E), redispersed Lac/P188 granules (F).
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Table 2
Settings and results of preliminary granulation experiments.

Batch [no] Carrier PVA type PVA Product PLGA Spraying Atomization air  Yield [%] Mean Bulk Flowability NP
content of  temperature content of rate [g/ pressure [bar] particle density [cot’] release
granules [°C] granules min] size [um]  [g/ml] [%]

[%] [%]

1 Lac 8-88 1.1 35 4.7 3.4 0.8 99 379 0.27 1.14 69 + 1

2 Lac/P188 8-88 1.1 35 5.1 3.4 0.8 99 369 0.27 1.19 1 £ 0

3 Lac 8-88 1.1 25 5.3 3.2 0.8 97 445 0.25 1.16 69 =5

4 Lac/P188 8-88 1.1 25 5.3 4.2 0.8 99 412 0.30 1.28 4+0

5 DCPA 8-88 1.0 25 5.1 4.0 0.8 98 249 0.39 1.22 4+0

6 Lac 4-88 2.5 25 5.8 3.2 0.8 97 525 0.23 1.14 86 + 1

7 Lac 8-88 2.2 25 5.5 3.2 0.8 97 533 0.20 1.00 95 + 1

8 Lac 4-88 1.2 25 5.2 3.1 0.8 98 379 0.26 1.14 49 + 1

9 Lac/Si0, 4-88 2.4 25 5.5 3.1 0.8 91 382 0.25 1.19 62 * 2

10 Lacago 4-88 2.4 25 5.4 3.2 0.8 97 323 0.19 1.14 95 +1

215 ] 0.16 experiments (granulation with PVA solution). A product temperature of
? g{;meter 35 °C was chosen for the first experiments. Later measurements showed

210 A [ [ o-14 that the T, of the nanoparticles in aqueous suspension was only around
30°C (data not shown). The T; values therefore were in accordance

g 205 | [ 012 with already published data [42]. Granulation trials with the same

5 [ I L ot0 B formulations and parameters led to granules with an equal nanoparticle

‘ﬂE? e release when performed slightly below (25 °C) or above (35°C) this

2 200 1 [ L 0.08 value (Table 2, batch 1 vs. 3 and batch 2 vs. 4). The product tempera-

I ’ ture was kept at 25 °C for the following experiments as a precaution to
195 l L 0.06 avoid a temperature related coalescence of the particles.
190 0.04 3.1.3. Tableting and encapsulation of nanoparticle containing granules

Suspensions Granules Tablets

Fig. 4. Mean diameter (bars) and PDI (circles) values of nanoparticles after
preparation and reconstitution from granules and tablets (mean = SD, n = 3
for 19 lots). For the sake of clarity the standard deviation bars were depicted in
one direction.

characteristics of a smaller mean particle size and a higher density.
These differences between the granules were mainly attributed to the
different viscosity of the two types of the steric stabilizer. In the end,
PVA 4-88 was chosen as stabilizer for further experiments.

The inclusion of colloidal silica into the carrier (batch 9) or the use
of a smaller grade of milled lactose (Lacsgo, batch 10) led to a decreased
nanoparticle recovery or very loose granules. Hence, a medium size
milled lactose monohydrate quality (Lac) was finally chosen as carrier
for further trials.

The batch size was kept at a small amount of around 0.17 kg for
each granulation trial. Parameters for the spraying rate and the ato-
mization air pressure were set based on preliminary nanoparticle free

The aim was to produce tablets with a release of nanoparticles as
high as possible, an average mass of 500 mg, with a fast disintegration,
and with a breaking strength and friability values allowing an optional
coating step. The first tablets were prepared from 95% nanoparticle-
containing granules produced of different carriers and 5% extra-
granular excipients. They showed distinct differences already in the
disintegration test: lactose tablets and DCPA tablets quickly disin-
tegrated to non-dissolving microparticles. In contrast, lactose/polox-
amer tablets swelled and formed insoluble matrices that were stable for
more than 4h testing and showed dry masses of about the amount of
PLGA per tablet. This phenomenon was attributed to a pressure de-
pendent coagulation of the PLGA-coated particle surfaces as reported
for the compression of formulations containing high loads of polymer-
coated pellets [43]. There was no measurable recovery of nanoparticles
from the lactose/poloxamer and DCPA tablets. That was in accordance
with the SEM images of those samples (Fig. 3E, F) and their disin-
tegration results. However, even lactose tablets containing well re-
leasing granules showed a bad nanoparticle recovery of only around
10% compared to the unprocessed granules in dissolution test. The

Table 3
Settings and results of DoE granulation experiments.
Factors Results
Batch [no] Carrier PVA type PVA Product PLGA Spraying Atomization air  Yield [%] Mean Bulk Flowability NP release
content of temperature content of rate [g/ pressure [bar] particle density [cot’] [%]
granules [°C] granules min] size [um] [g/ml]
[%] [%]
DoE 1 Lac 4-88 2.5 25 5.8 2.5 1.4 91 304 0.38 1.39 78 + 11
DoE 2 8.2 3.7 0.8 99 610 0.22 1.19 69 = 6
DoE 3 5.8 3.7 0.8 98 580 0.21 1.06 93 £ 1
DoE 4 7.0 3.1 1.1 96 353 0.32 1.16 74 £ 3
DoE 5 8.2 2.5 0.8 95 458 0.25 1.04 64 = 2
DoE 6 8.2 2.5 1.4 73 274 0.43 1.28 46 = 12
DoE 7 7.0 3.1 1.1 94 354 0.31 1.19 82 7
DoE 8 7.0 31 1.1 96 380 0.29 1.22 75 = 3
DoE 9 5.8 2.5 0.8 96 478 0.24 1.14 94 + 2
DoE 10 5.8 3.7 1.4 97 386 0.26 1.19 91 =1
DoE 11 8.2 3.7 1.4 94 296 0.38 1.22 59 =9
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Factor Name

A Spray rate [g/min]
B Air pressure [bar]
C NP content [%]

0 2 4 6 8 10 12 14
Standardized effect

Fig. 5. Pareto diagram of standardized effect regarding the release of nanoparticles from the DoE granules. Answer is NP released from granules [%]; o = 0.05.
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Table 4

Settings and results of granulation experiments extending prior design space.

NP release

[%]

Flowability [cot’]

Mean particle size Bulk density

[um]

Spraying rate [g/  Atomization air pressure Yield [%]

PLGA content of
min]

granules [%]

Product temperature

[°C]

PVA type PVA content of

Carrier

Batch [no]

[g/ml]

[bar]

granules [%]

94 + 1

1.09
1.04
1.09
1.09

0.23
0.22
0.26
0.24

612
671
496
587

98
98
96
96

0.8
0.8
1.4

4.4
5.1

5.8
5.8
5.8
8.2

25

2.5
2.5

11 Lac 4-88

12
13

92 + 2
97

+

5.2

2.5
3.5

92 £ 1

1.4

5.1

14

83

European Journal of Pharmaceutics and Biopharmaceutics 134 (2019) 77-87

following three alternatives on the former tablet formulation and ta-
bleting process were tested to determine whether a pressure dependent
film formation was responsible for that strongly declined recovery: (1)
the plastic filler and cushioning agent MCC was incorporated into the
formulation to separate the granule particles and thus to avoid a film
formation at their contact points, also to absorb some tableting energy
and to reduce the forces required to obtain robust tablets, (2) tablets
were produced with a wider range of target breaking strength to eval-
uate the influence of the compression force on the dissolution behavior,
and (3) either the granules or the final blend containing MCC were
filled into HPMC capsules and tested for dissolution as alternative oral
dosage form prepared with very low tamping forces of maximum 60 N.
Tablets prepared from the granules of batch 6 with 86 + 1% nano-
particle recovery that contained only 60% granules but 35% plastic
filler showed a nanoparticle recovery quite near to that of the original
granules: 63-75% mean recovery. Furthermore, a lower breaking
strength (correlating with lower compression forces) seemed to im-
prove the release from the tablets: 63 = 5% recovery at 107 N mean
breaking strength, 68 = 2% at 80N and 75 + 9% at 59 N.

Unexpectedly, the encapsulation approach led to a low nanoparticle
recovery. That was ascribed to the observed incomplete disintegration
of the plugs. The capsules with the final blend containing some disin-
tegrant showed slightly higher release (41 + 8%) than the capsules
filled with the pure granules (28 = 1%). Still, both formulations
showed only little release when compared with the tablets though the
tablets were prepared using much higher compression forces. This
finding was attributed to the swelling behavior of PLGA nanoparticles
reported by other authors [44]. It was assumed that water diffusion
through the dissolving HPMC capsule’s shell already led to a gelling
polymeric network. The resulting capsule-shaped matrices therefore
showed an incomplete particle release whereas the tablets containing
MCC were disrupted shortly after the contact with water. Henceforth,
only tableting was further investigated for converting the nanoparticle
containing granules into solid dosage forms. The addition of a plastic
filler at different levels and different target breaking strengths were
selected as factors for a tableting DoE to be performed after further
evaluation of the granulation step.

3.2. Optimization of drying and further downstreaming process

A general requirement for the use of AF4 and especially PCS in this
study was the reproducible size and narrow range of diameter values
(estimated by PDI) of the PLGA nanoparticle suspensions as well as of
the particles released from the solid dosage forms. As shown in Fig. 3D
and Fig. 4, the nanoparticles released during dissolution testing showed
very similar diameter values compared to those of the original sus-
pension. The PDI values increased over downstreaming but were below
values of 0.2 and therefore acceptable even for tablets compressed with
high compression force. This allowed further experiments to be ana-
lyzed by PCS/AF4 with the formulation from the preliminary trials.

3.2.1. Fluid bed granulation

All DoE experiments regarding the fluid bed granulation were per-
formed according to the test plan. Though, one effect of changing the
process parameters that was not numerically assessed but proved to be
critical was the appearance of adhering fines on the product container.
Such fine and sticky adhering occurred in the ‘dry’ experiments with
low spray rate and high atomization air pressure. It seemed to be ag-
gravated in combination with a higher nanoparticle concentration of
the used granulation suspension. Still, the yield was reduced only in
two of the 11 experiments (batch 1 and 6) as can be seen from the
results of the experiments given in Table 3. Only the DoE 6 (a low spray
rate combined with a high air pressure and nanoparticle concentration)
led to a final yield below 90% of the theoretical weigh-out quantity.
The DoE therefore was evaluated as previously planned focusing on the
main criteria and granules properties which were first of all the



L. Horster et al.

Table 5
Settings and results of tableting.
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Batch [no] NP release granules Target breaking MCC [%] Height Mass [mg] Friability 4 min Friability 20min  Disintegration [min] NP release [%]
[%] strength [N] [mm] [%] [%]
DoE 1 78 £ 11 60 0 5.6 509 = 14 0.2 1.7 3.5 62 £ 5
110 5.1-5.2 509 = 11 0.0 0.3 14.0 30 + 3
85 23 5.5-5.6 511 =+ 10 0.0 0.3 0.5 61 =1
60 45 6.2-6.3 508 * 0.1 0.8 0.2 76 =7
110 5.7-5.8 499 + 13 0.0 0.3 0.4 73 + 4
DoE 2 69 + 6 60 0 5.5-5.6 507 £ 7 0.1 1.0 2.0 40 + 4
110 5.2-5.3 500 = 8 0.1 0.3 36.0 20 + 2
85 23 5.6-5.7 505 = 13 0.1 0.7 0.8 46 £ 5
60 45 6.3-6.4 503 =+ 11 0.3 3.1 0.3 67 + 6
110 5.7-5.8 502 = 10 0.0 0.2 0.2 54 £ 5
DoE 3 93 £1 60 0 5.6 505 = 9 0.2 1.6 2.5 60 £ 6
110 5.3 508 + 8 0.1 0.4 100.0 44 + 5
85 23 5.6-5.8 509 £ 8 0.1 0.6 0.4 79 £ 7
60 45 6.3-6.5 504 = 10 0.2 2.1 0.2 79 £ 8
110 5.8 509 + 12 0.1 0.4 0.5 70 + 7
DoE 4 74 + 3 60 0 5.6 499 £ 5 03 1.8 4.0 45 + 3
110 5.2-5.3 502 £ 6 0.0 0.3 85.0 26 + 2
85 23 5.8 499 = 7 0.1 1.1 0.9 64 £ 5
60 45 6.3-6.4 502 + 4 0.2 1.8 0.3 71 = 5
110 5.8-5.9 502 £ 7 0.1 0.4 0.3 62 + 9
DoE 5 64 £ 2 60 0 5.5-5.6 509 = 9 0.3 1.9 10.0 29 £ 1
110 5.2-5.3 507 =11 0.1 0.6 43.0 14 =3
85 23 5.6-5.7 504 = 14 0.1 0.6 1.0 38 + 4
60 45 6.2-6.3 503 £ 7 0.1 0.9 0.3 49 =+ 8
110 5.7-5.8 508 = 13 0.0 0.5 0.4 40 = 2
DoE 6 46 + 12 60 0 5.4-5.5 509 £+ 9 0.2 1.1 30.0 16 =1
110 5.1-5.2 507 = 11 0.0 0.4 80.0 6 +1
85 23 5.6 504 = 14 0.0 0.4 0.7 28 £ 3
60 45 6.1-6.2 503 £ 7 0.0 0.5 0.2 41 =1
110 5.7-5.8 508 = 13 0.0 0.1 0.3 29 = 2
DoE 7 82 =7 60 0 5.5-5.6 497 £ 9 0.2 1.3 3.0 46 = 2
110 5.1-5.2 503 + 9 0.0 0.3 50.0 19 = 2
85 23 5.6 501 +8 0.1 0.6 1.0 54 £+ 5
60 45 6.3 501 =4 0.1 1.1 0.2 79 = 10
110 5.8 499 + 6 0.0 0.1 0.3 57 + 5
DoE 8 75 + 3 60 0 5.5-5.6 503 £+ 6 0.2 1.2 2.0 47 £ 3
110 5.2 503 =7 0.1 0.3 8.0 231
85 23 5.6 498 + 9 0.1 0.5 0.5 56 + 6
60 45 6.3-6.4 502 +9 0.2 1.7 0.3 72 + 7
110 5.7-5.8 499 £ 6 0.0 0.1 0.4 61 + 6
DoE 9 94 + 2 60 0 5.5-5.6 508 = 9 0.2 1.2 1.5 57 £ 5
110 5.1-5.2 505 = 10 0.0 0.3 15.0 29 + 4
85 23 5.6 506 £+ 9 0.1 0.6 0.5 68 + 4
60 45 6.2-6.3 501 = 8 0.1 1.1 0.3 88 + 4
110 5.7-5.8 506 + 9 0.0 0.1 0.4 81 + 10
DoE 10 91 + 1 60 0 5.5-5.6 504 =7 0.1 1.2 1.3 54 + 2
110 5.1-5.2 506 + 9 0.1 0.3 24.0 27 £ 3
85 23 5.6-5.7 505 = 12 0.1 0.6 0.6 68 £ 3
60 45 6.2-6.3 505 + 8 0.2 1.6 0.3 84 + 5
110 5.8 506 = 11 0.0 0.2 0.6 72 + 4
DoE 11 59 £ 9 60 0 5.6 505 = 10 0.3 1.8 7.0 33 £ 2
110 5.2-5.3 505 + 10 0.1 0.5 60.0 14 = 2
85 23 5.6-5.7 505 +7 0.1 0.7 1.0 39 +3
60 45 6.2-6.3 512 = 14 0.0 0.7 0.3 56 + 4
110 5.7-5.8 513 = 22 0.1 0.4 0.8 45 = 3

recovery of the nanoparticles, the mean granules size and the density.

The DoE granules showed a wide range of mean particle sizes
(274-610 pm) and bulk densities (0.21-0.41 g/ml) due to the relatively
broad ranges of the design space. The mean particle size was sig-
nificantly influenced by the synergistic factor spray rate and the an-
tagonistic factor atomization air pressure. The bulk density of the DoE
granules was in inverse proportion to the mean size and was sig-
nificantly influenced by the synergistic factor atomization air pressure.
Independent of the granulation parameters the loss on drying (LoD) of
the studied granules was only 0.53 + 0.06% and therefore no impact
on the nanoparticle recovery or the subsequent compaction process was
expected.

The recovery of nanoparticles during dissolution as the most im-
portant quality attribute was primarily influenced by the nanoparticle
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concentration of the granulation suspension while the spray rate, the
atomization air pressure and their interaction had significant but lesser
influence (Fig. 5).

As shown in the main effects diagram in Fig. 6A, a higher nano-
particle concentration in the granulation suspension and thus in the
granules led to a drastically declined recovery within the design space.
A higher spray rate rather increased the nanoparticle recovery whereas
a higher atomization air pressure decreased the recovery. All those
relations between the factors and the response recovery were found to
be quite linear.

Higher spray rates might have fostered the recovery due to higher
process humidity and larger droplets leading to faster nucleation, less
spray drying and abrasion. It perhaps also facilitated the wettability and
the adhesion of nanoparticles on the wetted carrier surface. The
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Fig. 7. Relative recovery of nanoparticles from DoE tablets (mean + 95% CI).

negative effect of a higher atomization air pressure was attributed to
the opposite effects plus the risk of above mentioned adhering fines and
higher shear forces. Still, higher levels of atomization air pressure were
generally seen as necessary for processing this formulation to achieve
granules with mean sizes and densities adequate for further use. The
interaction diagram in Fig. 6B indicated that the negative impact of the
higher level of atomization air pressure compared to the lower level
was distinctly diminished when combined with the higher level of spray
rate. That implied rather a dependence of the process on a good or
reasonable ratio of air pressure and spray rate than a per se bad influ-
ence of higher air pressure.

The higher level of nanoparticles in the granulation suspensions
might have decreased the nanoparticle recovery by promoting ag-
glomeration. This could have occurred due to increased closeness in the
granulation suspension and on the carrier surface. Furthermore, the
stabilizer to polymer ratio was slightly decreased. A different behavior
of adhesion due to the changed surface hydrophobicity once the carrier
particle was coated with PLGA was also assumed to be a possible factor
for an increased cohesion and agglomeration on the particle surface.
The importance of the surface hydrophobicity for coating processes has
been widely investigated, e.g. when using higher drug loads in drying
SMEDDS or nanocrystals [24,26].

As shown for the central point experiments in Table 3, the use of the
same factor levels led to granules very much alike each other
throughout the DoE: 77 + 4% nanoparticle recovery, 362 = 15um
mean particle size and 0.30 *+ 0.02 g/ml bulk density. All granules
from the DoE could be compressed according to the plan, despite the
wide range of granule size distributions and densities achieved. Before
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focusing on the compression step, some trials outside the DoE and its
design space shall be mentioned. Those were performed to firstly test
whether an increase in the spray rate enabled a higher level of atomi-
zation air pressure without impairing the nanoparticle recovery. Sec-
ondly, it was evaluated whether the higher nanoparticle loading of the
final granules or the higher nanoparticle concentration of the used
granulation suspension had induced the bad nanoparticle recovery
found for the respective granules in the DoE.

As shown in Table 4, two granules were produced using spray rates
exceeding the higher DoE level while maintaining the lower level of the
atomization air pressure and the lower concentration of nanoparticles
(batch 11 and 12). The resulting granules showed a high nanoparticle
recovery and could be processed without any process issues but how-
ever showed comprehensibly low bulk densities and high mean particle
sizes. A subsequent granulation, batch 13, was produced using the high
spray rate from batch 12 combined with the higher level of atomization
air pressure used in the DoE. The resulting granules had more ad-
vantageous particle properties while keeping a high nanoparticle re-
covery. A ratio of the atomization air volume and the spray rate was
determined that was reasonable in means of the processability
(avoiding fine adhering) and the particle data based on this test and the
previous ones. The factor of the fluid flow divided by the air flow (both
in g/min) multiplied with ten was set at =2.5.

The following test, batch 14, was conducted using the spraying
parameters from batch 13 and a larger volume of low concentrated
granulation suspension. This led to final granules with the same higher
level of nanoparticles as the poor releasing granules from the DoE
(DoE 2, 5, 6 and 11). In contrast to the latter, the granules of batch 14
showed a good nanoparticle recovery of more than 90% of the theo-
retically expected value. This finding supported the assumption that the
concentration of the granulation suspension was the main factor af-
fecting the extent of the later release of originally sized nanoparticles.
The loading of the final granules itself may be important too, but was
not the release limiting factor inside the evaluated design space.

3.2.2. Tableting

The tableting of the DoE granules should be performed using two
factors with the experience from the preliminary trials: Firstly, the
target breaking strength with 60, 85 and 110 N mean values for the
lower, central point and higher level. Secondly, the incorporation of
MCC into the final blends at a level of 0, 23 and 45% should be eval-
uated for each lot of the DoE granules. The most interesting quality
attributes were the relative nanoparticle recovery after compression
(relating to the nanoparticle release from the used granules) and the
properties of the suspension formed after resuspending, namely the
nanoparticle diameter and the PDI. The latter values were comparable
to the original nanoparticle suspensions, as already shown in Fig. 4:

100 -

Nanoparticles released [%]

—@— Suspension

—O— Granules

—m— Tablets 60N/45% filler
—O— Tablets 110N/45% filler
—A— Tablets 85N/23% filler

80
Time [min]

—A— Tablets 60N/0% filler
—&— Tablets 110N/0% filler
—O— Capsules 35% filler

100 120

Fig. 8. Nanoparticle recovery after dissolution of different dosage forms of the same batch (DoE 9) (mean = SD).
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203 + 2nm/0.59 *= 0.019 for the suspensions, 199 * 1nm/
0.078 = 0.011 for the granules and 208 = 3nm/0.110 = 0.019 for
the tablets. The PDI values increased during downstreaming indicating
some particle agglomeration during the drying and the compression
process. However, those values will not be discussed here further be-
cause the different tablet samples did not show significant differences of
mean PDI among each other depending on the level of MCC and
breaking strength. Other quality attributes determined were the uni-
formity of mass, the disintegration time, the dimensions of the tablets
and the friability after 4 min and, more predicative in terms of suit-
ability of the cores for coating, after 20 min. The LoD of the different
tablet samples depended alone on the amount of added MCC:
0.79 * 0.16%, (0% MCC), 1.63 = 0.17% (23% MCC) and
2.45 + 0.28% (45% MCC). These moisture levels are considered un-
critical taking into account usual LoD levels of commercial tablets from
similar composition and, therefore, no impact on the physical proper-
ties of the tablets had to be expected.

Varying compression forces were expected to be required to form
tablets of the same breaking strength due to the different amount of
MCC. That would be observable by a different tablet height and cal-
culated tablet density. Still, the same breaking strength for tablets
consisting of different formulations should ideally lead to a comparable
robustness and friability. The quality attributes for the tablets prepared
from the DoE granules are given in Table 5. An analysis revealed that
the nanoparticle release from the DoE tablets was depending on the
granule$ quality (release from the respective DoE granules compressed),
the level of plastic filler in the formulation and the breaking strength. A
low breaking strength and an addition of MCC improved the nano-
particle release. The relative nanoparticle release from the tablets
(absolute percentage recovery from the tablet sample divided by the
absolute percentage recovery from the respective granules multiplied
by 100) was depicted in Fig. 7. The relative release was shown to
highlight the influence of the tableting parameters and to grade the
important factor granule$ quality. As shown exemplary in Fig. 8, the
tablet’s dissolution rate curves showed distinct differences for the for-
mulations. The trend of the dissolution rate curves was quite the same
for all tablets with the same tableting factor levels though the extent of
release strongly depended on the compressed granules: formulations
including MCC showed a fast disintegration and reached the final dis-
solution plateau in 10-20 min. Samples without MCC often reached that
plateau only after 30-60 min. Additionally, the different required
compression forces for the two levels of the breaking strength were
more obvious in case of the formulation without MCC: the 110N
samples often formed matrices with slow or incomplete disintegration.
The eleven tablet samples with low breaking strength and high MCC
content showed 92 + 7% mean nanoparticle recovery relative to that
of their original granules (data not shown). Thus, the ‘tableting damage’
observed in the preliminary tableting tests was very low with around
mean 8% loss during that process step.

In a preliminary study the poorly soluble porphyrin derivative
5,10,15,20-tetrakis(m-hydroxyphenyl) porphyrin (mTHPC), approved
for photodynamic therapy, was incorporated into the nanoparticle
system at an drug-to-PLGA ratio of 0.3 to 1 [37]. Although the in-
corporation of the drug led to a slight increase in nanoparticle diameter
(225 * 6nm, PDI 0.099 = 0.007), the use of drug-loaded instead of
blank nanoparticle suspension did not alter the properties. In particular
the release profile of the resulting granules was similiar to drug-free
trials when using the same spraying parameters. However, tablets
compressed with 5% outer phase and 45% MCC at a breaking strength
of 60N showed a somewhat reduced recovery of the nanoparticles
when compared to similar drug-free trials (data not shown). Therefore,
the transferability of our results with blank nanoparticles to drug-
loaded ones may depend on the properties of a drug compound to be
processed.

In the case of tablets based on granules with blank nanoparticles the
factor breaking strength was used as a marker for the required

86

European Journal of Pharmaceutics and Biopharmaceutics 134 (2019) 77-87

compression force as that force was not reasonably adjustable for the
very small amounts of the final blend. The other two markers, the tablet
height and the calculated tablet density correlated with the nano-
particle release from the tablets too, the first directly and the latter
inversely.

Based on the DoE data, a multiple regression was performed with
the x variables x; nanoparticle release from the granules used for the
final blend in percent, x, breaking strength in Newton and x5 level of
MCC in percent. The nanoparticle release from the tablets Y [%] could
be described by the following equation:

Y= —13.6 + 1.566x; — 0.4159 %, + 0.393 %3 — 0.00575x% — 0.00970 X3
+ 0.00457 %%3 + 0.00391 XX5.

The calculated nanoparticle release for tableting trials prior and
after the DoE were in good agreement with the empirical values, even
when the factor settings were outside the design space of the DoE.

4. Conclusion

In summary, it can be stated that aqueous PLGA nanoparticle sus-
pensions were successfully converted into dried form using fluid bed
granulation. Formulation and process parameters were optimized to
achieve a high nanoparticle release from its dosage form using statis-
tical design of experiments. Soluble carriers for the granulation such as
lactose were found to benefit a relevant recovery of nanoparticles from
the granules. The factors most pronounced regarding the nanoparticle
release from the granules or the processability and the powder data
were determined. The same was done for the compression step.

The finally selected process parameters led to high yields of gran-
ules and a high release of original-sized nanoparticles from the gran-
ules. The most critical factor regarding the nanoparticle release during
the granulation step was the nanoparticle content in the granulation
suspension. Higher levels of nanoparticles in the suspension led to a
reduced nanoparticle recovery. The negative impact of a higher level of
atomization air pressure could be compensated when combined with a
higher level of spray rate.

The granules were compressed to tablets and the nanoparticle re-
lease from the tablets was investigated. The highest nanoparticle re-
lease from the tablets was achieved in the presence of comparable high
amounts of the filler MCC in combination with a low tablet breaking
strength.

Additional experiments in future studies should be performed in
order to prove the suitability of the described downstreaming process
for other nanoparticle formulations for the oral route of application.
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