Drug Development and Industrial Pharmacy, 33:1030-1039, 2007
Copyright © Informa Healthcare USA, Inc.

ISSN: 0363-9045 print / 1520-5762 online

DOI: 10.1080/03639040601180143

informa

healthcare

Purification of PEGylated Nanoparticles Using Tangential

Flow Filtration (TFF)

Gautam Dalwadi and Vivian Bruce Sunderland

School of Pharmacy, Curtin University of Technology, Bentley Campus, Bentley, Perth,

Western Australia, Australia

A tangential flow filtration system was evaluated to purify
PEGylated nanoparticles. Two widely used surfactants, PVA and
sodium cholate wer e efficiently removed from an empty nanopar -
ticles suspension using the proposed system. During drug loading,
surfactant (PVA) was observed to be entrapped within the core of
the nanoparticle to a higher extent, hence was purified at a com-
paratively slower rate. The presence of dextran sulfate enhanced
the drug loading but also resulted in reduced purification rate;
this was described by the hypothesis of PVA inclusion within the
core of the nanoparticles. Practically, it was possible to correlate
the slow purification rate of PVA to its reduced filtration flow
during the purification of the empty and loaded nanoparticles
containing dextran sulfate. Indirectly, this system was capable of
revealing theinfluence of an excipient and drug on the nanoparti-
clesurface.
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INTRODUCTION

Preparation of poly (D,L-Lactide co-glycolide) (PLGA)
based nanoparticles normally involves the use of a large
amount of surfactant. Various surfactants have been used in
the preparation of nanoparticles from PLGA based copoly-
mers, however polyvinyl alcohol (PVA) is commonly used
due its effectiveness in obtaining nanoparticles and stabilising
properties compared to other surfactants (Murakami, 1999;
Vandervoort, 2002). However, when the nanoparticles are for-
mulated for parenteral use, the presence of surfactantsisunde-
sirable due to their potential toxicities. PVA is generally used
in concentrations of 3-5% in nanoparticle formulations, at this
level it produces anemia and infiltrates in various organs and
tissue, beside its proven carcinogenicity on repeated use
(Youan, 2003). Its presence could extensively damage the red
blood cells (Kim, 2005) and also affects the cellular intake
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(Sahoo, 2002). Therefore, the use of PVA is restricted in
parenteral formulations. Considering this fact, there is a need
for the development of a purification method that can remove
or reduce the level to areasonable limit in such formulations.
Alternatively, other biocompatible surfactants may be used
that effectively produce nanoparticles (Mu, 2002). Addition-
aly, such surfactants can be grafted on to the PLGA backbone
to obtain a copolymer as a new entity that may required little
or no additional surfactant to form nanoparticles (Dailey,
2005). However the use of entirely novel copolymers requires
a whole range of toxicological testing in order to consider
them for human pharmaceuticals. This could be more costly
than developing and validating a purification process to
remove undesirable surfactant/impurities from nanoparticles
prepared from copolymers that are already acceptable for
pharmaceutical use.

Polyethylene glycol (PEG) is an approved safe excipient
widely used in pharmaceuticals. Its copolymerisation with gly-
colide and lactide monomers gives rise to another category of
novel copolymers, which are equally regarded safe for pharma-
ceutical use. The PEGylated PLGA copolymer provides many
additional in vitro as well as in vivo advantages over conven-
tional PLGA.

A PEGylated PLGA copolymer is reported to form nano-
particles by a common process that required relatively less
PVA, compared to that of nonPEGylated. This is due to its
hydrophilic stealth provided by the presence of PEG that
reduces the interfacial tension during nanoparticle formation.
The amount of PVA to be utilized to form nanoparticles is
dependent on the percentage composition of PEG on the
copolymer. Despite grafting 15-20% PEG,pp0-5000 ON tO
PLGA (35-50,000 MW), 0.5-0.6% PVA is still required to
obtain nanoparticles with a core and shell structure (Gref,
1995). This level is undesirable when the particles are
designed to be administered intravenously especially for
brain targeting of drugs.

Alternatively, the use of sodium cholate and other bile salt
based surfactants in the concentration range from 10 to 20 mM
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is also reported in the formulation of nanoparticles from
PEGylated-PL GA copolymers (Gref, 1995). Thislevel of bile
salts in the nanoparticle formulation is toxic via the intrave-
nous route. Generally, sodium cholate is tolerable by intesti-
nal cells when given orally but is reported to damage cell
membranes by solubilization of membrane lipid and protein
at concentrations of 1 to 20 mM when delivered intrave-
nously (Child, 1986). Therefore, their removal from the
formulation becomes essential if the particles are delivered
via the intravenous route, and there is a need for developing
an industrially scalable purification process to achieve this
purpose.

Traditionally, high speed centrifugation at 50,000—
300,000 x g-forces up to 3 h is commonly used to separate
the surfactants from the nanoparticles (Govender, 1999;
Niwa, 1993; Riley, 1999). This also leads to the formation of
pellets which are generally difficult to redisperse due to
aggregate formation (Chiellini, 2003). Use of lower g-forces
can be adopted to avoid aggregate formation, however lower
than 50,000 x g force conditions during centrifugation has
resulted in incomplete separation of the submicron particles
from the supernatant especially for particle sizes less than
100 nm. In the current experiment, the use of PEGylated
PLGA resulted in a very small nanoparticles (80—-120 nm)
compared to that of nonPEGylated. This did not resolve from
the free surfactants under the proposed ultracentrifugation
conditions therefore an alternative process was developed to
purify the nanoparticles from excess surfactant and free
drug.

Recently, ultrafiltration techniques have been expanded for
the separation of a variety of macromolecules from complex
matrices. Tangential flow filtration (TFF) is a unit operation
that is inherently used to separate solutes differing by more
than 10 fold in their size (Reis, 1997); the application is widely
exploited in the area of biotechnology, mainly in purifying cell,
virus and bacterial proteins (Charcosset, 2006). With the
growth of nanotechnology and its application in the biophar-
maceutical field, there is an expanding application to process
nanosized pharmaceutical colloids. A successful use of diafil-
tration and TFF has been demonstrated in nanoparticle purifi-
cation from excess surfactants and residual solvent
(Limayem, 2004; Tishchenko, 2003). The use of TFF is not
only limited to polymeric nanoparticles, but has been suc-
cessfully extended to separation of various sized gold nano-
particles from small impurities (Sweeney, 2006) and in the
field of liposomes as well as cationic solid lipid nanoparticles
(Guichardon, 2005) to remove surfactants to minimize toxicity
(Heydenreich, 2003).

In our laboratory we have successfully developed the TFF
system to remove PVA from PLGA based nanoparticles
(Dawadi, 2005). In the current study, this technique is further
explored to purify PEGylated PLGA based nanoparticles with
quantitative monitoring of the most widely used surfactants
PV A and sodium cholate.
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MATERIAL AND METHODS

Materials

Polyvinyl alcohol (PVA) (80-89% hydrolyzed, MW 9000—
10,000, Sigma Aldrich [St. Louis, MO]), Minimate™ capsule
with Omega™ 300 K membrane (Lot # 3086E003) purchased
from PALL Scientific (East Hills, NY). Dextran sulfate (MW
5000, Lot # K30054789 O, Sigma Aldrich), Loperamide HCI
(99% pure, Lot # 103K0611, Sigam Aldrich), Sulfuric acid
(AR grade, Lot # K25120855, Mallincordt). Polyethylene gly-
col (monomethyl ether) (99% pure, Lot # 44931/1, Fluka,
Germany). Glycolide monomer (Purasorb®, 99.9% pure, Lot #
0305000324), D,L-Lactide monomer (Purasorb®, 99.9% pure
Lot # 0310000164) purchased from PURAC International,
Holland. Stannous octoate (95% pure, Lot # 102K0104, Sigma
Aldrich). Sodium cholate (99% pure, Lot # 092K0123, Sigma
Aldrich). Ultra pure water (<6 uS) prepared from a Milli-Q
purification system was used in all experiments.

Synthesis and Characterization of mPEG-PLGA
a Co-Polymer
Synthesis and Characterisation

The synthesis of monomethoxy poly(ethylene glycol) —
poly (D,L-lactide-co-glycolide) (mPEG-PLGA) co-polymer
was performed via a ring opening polymerisation (Belets,
1999; Gilding, 1979). Briefly, 4 g of D, L-lactide, 4 g of gly-
colide and 4 g of monomethoxy poly (ethylene glycol) (MPEG)
were mixed and heated at 140°C under an inert atmosphere
(nitrogen) for 6 hr in the presence of 0.085 g of stannous
octoate as a catalyst. After polymerization the melt was dis-
solved in minimum dichloromethane and precipitated from
excess methanol several times. The purified copolymer was
subjected to thermal characterization using modulated differ-
ential scanning calorimetry (mDSC) (TA instrument, Model
Q100) to determine a glass transition temperature T’y from
second heating scan which was found to be 24.58°C. Relative
molecular weight and polydispersity of the copolymer were
determined by organic solvent based gel permeation chroma-
tography (GPC), which were found to be 35,974 with polydis-
persity 2.5 relative to the polyethylene glycol standards. The
polymer composition was determined using the intensity ratio
of methylene (-CH,-) of ethylene oxide proton shift at 3.6 ppm,
to the shift at 4.78 ppm for methylene (-CH,-) protons of the
glycolide and the shift at 5.15 and 1.60 ppm of methine (-CH-),
as well as (—CH;) protons of D, L-lactide respectively in H!
NMR spectrum. (Beletsi, 1999; Du, 1995). From the intensities
of these protons, the weight ratio of MPEG,:Lactide:Gly-
colide was found to be (17.4:73.0:11.2) in composition. The
identity and the proof of the ring opening polymerization was
confirmed using the vibrational spectra of the monomers and
copolymer. In Raman spectra, the carbonyl ()C = O) stretching
vibration of glycolide and D, L-lactide monomers appeared
at 1768.7, 1791.33, and 1764.00 cm™ frequencies, which
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disappeared from the final Raman spectrum of the copolymer,
instead appeared as a wide non-symmetrical band at 1760.2
cm™t with 1737.00 cm! as a shoulder which indicated the
vibration of the ()C = O) of ester (-COO), this confirmed open-
ing of the lactonic ring followed by polymerization. (Bhatt,
1964; Durig, 1963, 1968; Kister, 1992). In Raman spectra,
the ring vibration modes with max. at 794.01 cm™ with
shoulder at 745.36 cm™ appeared for glycolide, with dou-
blets at 790.77 cm* and 768.10 cm™* for D, L-lactide. These
were not observed in the final spectrum of copolymer,
instead, a new intense line occurred at 868.0 cm™ with a
shoulder at 893.58 cm™* attributed to stretching of YC-COO,
which indicated another characteristic of ring opening poly-
merization (Bhatt, 1964; Durig, 1963, 1968; Kister, 1992).
In the IR spectra of individual monomers, a broad and large
band at 1760 cm™* was assign to -C = O stretching,
squeezed into a strong band with comparatively less band
width at 1764 cm™ after polymerization. The IR group fre-
quencies at 3648.05 and 3506.99 cm™! as a small to medium
band in the spectrum confirmed the presence of free -OH or
—COOH terminal groups of co-polymer, however the inten-
sities of these peaks were reduced compared to that of the
IR spectra of MPEG,y,, due to incorporation of a hydropho-
bic polyester segment into mPEG that reduced the extent of
hydrogen bonding. In the final copolymer, three medium IR
bands at 2995.7, 2947.51, and 2881.12 cm™ mainly arise
from C-H stretching of sp® hybridized carbon from ethyl-
ene, lactide and glycolide units (Beletsi, 1999; Gilding,
1979). The copolymer with these properties was used in all
experiments.

Preparation and Characterisation of Empty and Drug
Loaded Nanoparticles

Preparation of Nanoparticles Using Sodium Cholate

as a Surfactant

An o/w techniques was adopted to prepare empty nanopar-
ticles. A total of 100 mg mPEG-PLGA was dissolved in 8 ml
of acetone and added drop wise to 50 ml 12 mM sodium cho-
late solution as a continuous phase, and stirred over a period
7.5 hr, this provided a nanoparticle suspension on evapora-
tion of acetone.

To prepare empty nanoparticle, a double emulsion
method (w/o/w) was adopted from (Olivier, 2002). 125 mg
of mMPEG-PLGA was dissolved in 5 ml DCM to that 0.25 ml
of pure water was added, followed by high speed homogeni-
sation for 1 min. This primary emulsion was added to 10 ml
of 1% sodium cholate solution under constant homogenisa-
tion at 10,000 rpm (Diax 900 Heidolph). Once the addition
was complete, the solution was allowed to homogenise for
2.5 hr at ambient conditions. The volume of the suspension
was made to 50 ml using 0.5% sodium cholate solution. The
DCM was rotary evaporated. The sodium cholate content of
the preparation was measured as stated below.
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Preparation of Nanoparticles (o/w Method) Using PVA
as a Surfactant

The drug loaded nanoparticles were prepared from 200 mg
of mMPEG-PLGA co-polymer dissolved in 6 ml of 2 mg/ml
Loperamide HCI solution in acetone; a further 4 ml of acetone
was added for solubilisation followed by addition of 0.025 ml
DCM. To this organic phase 0.3 ml of 20 mg/ml solution of
dextran sulfate (MW 5000) was added. The entire organic
phase was added drop wise to 60 ml 0.6% PVA solution. The
solution was stirred for 7.5 hr at ambient conditions.

The empty nanoparticles with dextran sulfate were prepared
by excluding loperamide HCI in acetone followed by adopting
similar preparation conditions mentioned above.

The empty nanoparticle without dextran sulfate was pre-
pared by excluding both, the dextran sulfate and the drug in the
preparation.

Particle Sze and Zeta Potential Measurement

Nanoparticle size and a zeta potential were measured on
Zetasizer 3000HS (Malvern Instrument, UK). The particle size
was measured by photon correlation spectroscopy (PCS) at
25°C with a detection angle of 90°. The average mean size Z
was derived from the raw data using a Zetasizer HS software
using cumulative analysis mode. The zeta potential was
determined by laser doppler anemometry. This procedure was
performed on the particle before and after purification.

Quantification of Surfactant and Drug
Quantification of Sodium Cholate

The method was adopted from (Mosbach, 1954). Briefly,
accurately weighed 11 mg sodium cholate was dissolved upto
100 ml water. Aliquots of 0.2 to 4.0 ml were pipetted accurately
into a5 ml volumetric flask. Each solution were dried under
vacuum at 40°C for 2 hr. Freshly prepared 5 ml of 65% w/v
sulfuric acid was added to each dried sample. Absorbance of
each solution was measured at 319 nm using a UV-Vis spectro-
photometer (Shimadzu). The concentration of sodium cholatein
5 ml sulfuric acid solution vs. absorbance at 319 nm was plotted
as a calibration curve over a concentration range from 20.96 to
419.32 pg/ml (y = 0.0062x + 0.0837, R? = 0.9992).

Assay of Sodium Cholate in Nanoparticle Suspension

A 1 ml nanoparticle sample was centrifuged in eppendorf
tubes at 13,400 rpm for 20 min. A 0.05 ml of supernatant was
dried under vacuum at 40°C for 2 hr in a separate via fol-
lowed by addition of 65% wi/v sulfuric acid solution, which
was measured for absorbance at 319 nm by UV-vis spectro-
photometry. The amount was calculated using the calibration
curve mentioned in the previous section. This method was
found to be accurate with in 100 £ 2.23% n = 3. This was
determined by adding known amounts of the sodium cholate
into the purified nanoparticle suspension assayed by the
proposed method.



PURIFICATION OF PEGYLATED NANOPARTICLES

Quantification of PVA

The colorimetry assay for PVA was adopted from (Finely,
1961). Briefly, a standard curve was prepared by appropriate
dilution of 2 mg/ml PV A stock solution to obtain a concentra-
tion range from 0 to 25 pug/ml. To each fraction of stock solu-
tion 5 ml of water, 3 ml of 4% boric acid, and 0.6 ml of 0.1 N
iodine solution were added, finally 10 ml was made up with
water. This generates a complex between boric acid and PVA
which has a green colour in the presence of iodine solution,
which provided optimum absorbance at 690 nm by UV-Vis
spectrophotometry. This method was found to be linear over
the stated concentration range (y = 0.0221x + 0.0364, R? =
0.9993), with an accuracy of 100.30 + 4.37, n = 3 and was also
specific to quantify PVA in the nanoparticle matrix.

Assay of PVA Content in Nanoparticle Suspension

A volume of 0.5 ml of nanoparticle suspension was centri-
fuged at 13,000 rpm for 20 min, then 0.05 ml of supernatant
was diluted with 5 ml of water, 3 ml of 4% boric acid solution
and 0.6 ml 0.1 N iodine solution finally adjusted to 10 ml using
water. The absorbance was measured at 690 nm by UV-Vis
spectrophotometry. The relevant amount of PVA was calcu-
lated from the calibration curve generated previously.

HPLC Assay of Loperamide HCI

A HPLC method was developed using a reversed phase
C,g column and a Waters HPLC system comprised of dual
wavelength UV detector, dual piston pump, autosampler
controlled by Breeze™ software. Loperamide HCI was
quantified over a concentration range 2 to 300 pug/ml (y =
93400x + 8662, R? = 0.9999) with accuracy of 94.35 +
7.63%, (n = 8). The mobile phase was 65:35 acetoni-
trile:buffer containing 20 mM Tri-ethyl amine (TEA), 20
mM phosphate buffer at pH = 5.0, and aflow rate of 0.5 ml/
min, with detection wavelength 220 nm. The pK, value of
loperamide HCI is 8.6, therefore under the proposed condi-
tions of the mobile phase it remained in the ionized form. A
similar pH (5-5.5) was also maintained in the dispersed
phase of the nanoparticle preparation, therefore the current
HPLC method and its calibration data was performed using
the salt form of the loperamide.

The dried recovered mass (100 mg, accurately weighed),
after each purification was digested in 10 ml of 2% methanolic
KOH by sonicating for 5 min, aclear fraction was separated by
centrifugation (10,000 rpm for 10 min), and loperamide HCI
content was determined after 10 fold dilution with mobile
phase followed by the HPL C analysis discussed previously.

Purification of Empty and Drug Loaded Nanoparticles
by Tangential Flow Filtration (TFF)

The TFF system was set up as shown in Figure 1, adopted
from Dalwadi, 2005. The nanoparticle suspension was purified
at 10 and 20 psi transmembrane pressure (TMP) on a TFF
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FIGURE 1. Components of the schematics of TFF (Adopted from Dalwadi,
2005). (1) Sample reservoir (2) Peristaltic pump-1 (3) Feed Pressure gauge (4)
Minimate™ 300 K (5) Transmembrane pressure gauge (6) Screw clamp valve
(7) Filtrate collector.

system which comprised of Minimate™ fabricated with
Omega™ 300K membrane (PALL Scientific). Concentrated
mode was adopted for purification, where the nanoparticle sus-
pension was circulated through the TFF system using a peri-
staltic pump back to a reservoir until it concentrated to the
minimum possible volume then followed by additional washes
by adding purified water in to the reservoir to alow efficient
removal of the surfactants.

On starting purification, a 50 ml nanodispersion was pro-
cessed in concentrated mode until it concentrated to less than
10 ml, at this stage 30 ml of water was added to the reservair to
provide washing; the filtrate was collected again until retentate
volume again concentrated to less than 10 ml. Thus, two
washes were performed in the case of the nanoparticles con-
taining sodium cholate as surfactant. This purification was per-
formed only on the empty nanoparticles at 10 and 20 psi
transmembrane pressures. In the case of the nanoparticles con-
taining PVA, the purification was also commenced with 50 ml
with a total of three additional washes to remove the excess
PVA. This was performed only at 20 psi on the empty as well
as drug loaded nanoparticles.

During the purification, each filtrate fraction obtained
from the filtrate port was measured for its volume and the
time to collect it. This was followed by measurement of the
drug and surfactant in the case of the loaded particle purifi-
cation and only surfactant in the case of empty nanoparti-
cles using the relevant quantitative methods discussed
previously. The filtrate flow rate (ml/min) vs. cumulative
time (hr) was plotted for the flow rate data obtained from
triplicate experiments of each case, and mean flow rate
standard deviation for each case was calculated by exclud-
ing theinitial five time point readings from the average plot.
The mean values obtained were statistically compared using
p values generated from one way ANOVA with Scheffe's
post hoc test.

From the surfactant and drug analysis data generated during
triplicate experiments of each case, cumulative % surfactants
and cumulative % free drug vs. cumulative time (hr) were plotted
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for each case. Their trends were assessed in comparison with
the flow rate trend. From the mean purification curve, slope
values were obtained to estimate purification rates.

The drug loaded nanoparticles were recovered after the
third wash during purification when the dispersion volume was
concentrated to 10 ml. Air was pushed into the device and the
retentate was collected into preweighed empty containers, then
the contents were lyophilized followed by drug analysis by
HPL C to confirm encapsulation efficiency.

RESULTS AND DISCUSSION

Purification of Nanoparticles Containing Sodium Cholate
as a Surfactant

The nanoparticles prepared by o/w techniques using sodium
cholate resulted in small particle size values of lessthan 40 nm.
This was overlapped with the pore size distribution of the TFF
membrane. The purification of the first batch was observed to
be efficient but subsequently it blocked the TFF membrane
(data not presented) during purification hence reproducibility
was not achieved. Therefore, w/o/w techniques were adopted
to obtain a desired particle size, this provided a larger particle
size distribution (290.5 + 13.4 nm, n = 3, Table 4) than the
membrane pore size (40 nm). This allowed complete retention
of nanoparticles without blocking of the membrane and pro-
vided absol ute resolution from surfactant.

The purification rate of sodium cholate was faster a 20 psi
compared to that at 10 psi. Initialy, sodium cholate was removed
inalinear relationship at arate of 240.96%/hr, this slowed due to
progressive remova of the sodium cholate and extra water
washes causing dilution in the reservoir. Later phases of the puri-
fication curve showed a logarithmic fit that showed the sodium
cholate removal rate at 29.61%/hr. This was remarkably lowered
compared to the purification rate obtained from the initia phase
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of the curve and indicated that the purification process was near
completion (Figure 2). Thus, a 20 pd, in less than 0.5 hr tota
94.99 + 1.26%, n = 3 sodium cholate was removed. The mgor
portion (73.00 £ 6.25% n = 3) was removed in the filtrate with
only 2.90 £ 2.03% n = 3 remained associated with the nanoparti-
cles, while 24.10 + 7.92%, n = 3 was estimated to adsorb onto the
membrane (Table 1) that was further washed away during the con-
ditioning steps between the purification of two subsequent batches.

A similar trend was observed at 10 psi, where sodium cho-
late was removed at 168.61%/hr initialy, and at 28.60%/hr
towards the end of the purification curve. However, at 10 psi,
93.86 + 0.19% n = 3 was purified within 0.75 hr which was
slower compared to that at 20 psi. The major portion (71.94
5.60% n = 3) was removed in the filtrate, with 4.92 + 1.69%,
n = 3 remained associated with the nanoparticles. The remain-
der 23.14 + 5.30%, n = 3 was estimated to adsorb onto the
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FIGURE 2. Impact of transmembrane pressure on remova of sodium

cholate from the nanoparticle formulation. -4- 20 psi. -l- 10 psi.

TABLE 1
Distribution of Sodium Cholate During Purification by Tangential Flow Filtration (TFF)

Percentage of Sodium Cholate Distribution (Mean + SD, n = 3)

Before Left on Particles Adsorbed on the
TMPs (psi) Purification? Lossin Filtrate®  (After Purification)® Membrane® Total Purified®
10 98.78 + 1.50 71.94 + 5.60 492+ 1.69 23.14+5.30 93.86+0.19
20 97.89+ 3.29 73.00+6.25 2.90+2.03 24.10+7.92 94.99+ 1.26
Sig. (p) (10 vs. 20 psi) - p=0.838 p = 0.256 p=0.870 p=0.810

TMPsis transmembrane pressures.
D is standard deviation.

p < 0.05issignificant, p > 0.05 is not significant, obtained from one way ANOVA test.

assayed.
b
Cassayed.

destimated { 100 — (b + ¢)}.
estimated (a—c).
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membrane (Table 1), that was washed away further with condi-
tioning steps between the purification of two subsequent
batches. The slow purification rate at 10 psi compared to that at
20 psi was anticipated and can be further explained by the higher
filtration flow rate at 20 psi (Figure 3). In Figure 3, at the com-
mencement of purification, filtrate flow rate progressively fell
from 4.00 to 2.63 £ 0.06 ml/min for 20 psi and from 3.00 to 1.89
+ 0.04 mi/min at 10 psi. The overlap of the flow rate values in
Figure 3 contributed to theinitial dilution of the nanoparticle dis-
persion by the held back water volume (approximately 15-20
ml) within the THF system that induced changes in the viscosity
and dynamics of the flow until it completely replaced the held
back water. This took awhile to stabilize the filtration flow rate.
After complete replacement of the nanodispersion throughout
the TFF cassette, the filtration flow rate remained stabilized at
2.63 £ 0.06 ml/min and 1.89 + 0.04 ml/min for 20 and 10 ps,
respectively with significant difference (p = 0.000, Table 5).
After purification, less than 7% of sodium cholate remained
associated with the nanoparticles recovered at both TMPs, with
no significant difference (p = 0.256) in the residual amount
(Table 1). These results are in agreement with the finding of
(Gref, 1995), who reported an almost similar level of sodium
cholate association with the nanoparticles after purification.
Similarly, the amounts of surfactant loss in the filtrate,
adsorbed on the membrane and the tota purified were not sig-
nificantly (p = 0.838, 0.870, 0.810) different at 10 and 20 psi
(Table 1). This suggests that only the rate of removal was dif-
ferent during the purification at two different TMPs. The parti-
cle size aso remained unaffected after removal of sodium
cholate during purification at two different TMPs (Table 4).

Purification of the Nanoparticles Containing PVA
as a Surfactant

Purification of the PVA containing empty nanoparticles
without dextran sulfate was observed at the rate of 165.03%/hr
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FIGURE 3. Impact of transmembrane pressure on the filtrate flow rate -4-
20 psi. -A- 10 psi.
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at 20 psi. This was followed by a slower purification rate at
39.91%/hr towards the end portion of the purification curve
due to progressive remova of PVA and potentia dilution
caused by additional water washes (Figure 4). At this rate, a
total of 108.42 + 3.67%, n = 3 of PVA was removed from the
nanoparticles, with 5.40 £ 3.0% PV A left on the nanoparticle,
while 103.02 £+ 4.10%, n=3 PV A was found in the filtrate with
minimal adsorption estimated on the TFF membrane (Table 2).
Thisindicates that in the case of the empty nanoparticles with-
out dextran sulfate PVA was removed efficiently. However,
the drug loaded nanoparticles containing dextran sulfate, sur-
prisingly purified at a very slow rate compared to the previous
one (Figure 4). In Figure 4, the curve was arbitrarily divided
into three equal segments to calculate the slope values from
their linear fit equation to follow the purification rates of PVA
at different time points on the curve; this was found to progres-
sively decrease from 58.34 to 22.41%/hr towards the end of the
process. Despite 1.5 hr purification time, only 69.35 £ 2.50%,
n = 3 of PVA was purified with minimal surfactant adsorption
on the membrane (4.85 £ 1.36%, n = 3). This indicates that
most of the purified PVA was lost in the filtrate (64.50 £
3.84%, n = 3). At the end of purification, aimost 30.64 +
2.50%, n = 3 PVA was found to be associated with the nano-
particles (Table 2). This value was significantly higher (p =
0.000) than the amount of PVA associated with the empty
nanoparticles without dextran sulfate. A high level of PVA
association was also reported by (Gref, 1995). At the same
time, the filtration flow rate of the empty nanoparticles without
dextran sulphate was significantly higher (p = 0.039, 0.005)
compared to the empty and loaded nanoparticle with dextran
sulphate (Table 6, Figure 6).

To confirm the impact of the dextran sulfate on the purifica-
tion behavior of the PVA, another set of experiments was

120

Cumulative %
PVA infiltrate

Cumulative Time (h)

FIGURE 4. Remova of PVA from PEGylated nanoparticles. Impact of
dextran sulfate on purification trend. -A- Empty nanoparticle without dextran
sulfate (n = 3), -4- Loperamide HCI loaded nanoparticle with dextran sulfate
(n = 3), -[J- Empty nanoparticle with dextran sulfate (n = 1). -O- Loperamide
HCI loaded nanoparticle without dextran sulfate (n = 3).
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TABLE 2
Distribution of PV A During Purification by TFF

Percentage of PV A Distribution (20 psi TMPs) (Mean = SD)

Before LeftontheParticle  Adsorbed on the

Formulations Purification®  Lossin Filtrate®  (after purification)® Membrane® Total Purified®
Empty without DS (n = 3) 100.30 £+ 4.30 103.02+4.10 540+ 3.0 3.16£5.47 94.90+7.30
Loaded without DS(n=3) 102.12+ 351 7452 £ 3.52 2253+5.26 2.56 + 4.50 79.59+1.75
Loaded with DS (n = 3) 105.37 £ 4.42 64.50 +£ 3.84 30.64 £ 2.50 485+ 1.36 74.72+£1.90
Empty with DS (n = 1) 102.50 65.49 31.56 5.02 70.94

DS means dextran sulfate.

D is standard deviation.

8assayed.

Passayed.

Cassayed.

destimated { 100 — (b + ¢)}.

estimated (a—c).

TABLE 3
Distribution of Loperamide HCI During Purification by Tangential Flow Filtration
Percentage of Loperamide HCI Distribution (20 psi TMPs, Mean = SD, n = 3)
L eft within Nanoparticles
Sig. (p) b Adsorbed on

Formulation Lossin Filtrate? Expected® Assayed® VS. C Membrane® Total®
Loaded without DS 4415+ 1.88 55,50+ 1.88 5253+ 5.17 p =0.403 1.09+1.35 96.98 + 4.45
Loaded with DS 27.06 £ 2.26 72.93+2.26 7429+ 4.48 p = 0.663 135+ 1.15 101.36 £ 5.37
Sig. (p) (Formulation) p =0.001 p=0.001 p=0.001 p =0.867 -

DSis dextran sulfate.
TMPsistransmembrane pressures.
D is standard deviation.

p < 0.05issignificant, p > 0.05 is not significant, obtained from one way ANOVA test.

8assayed.
Pexpected (100-a), derived from the purification curve (Figure 6).

Cassayed (assayed using the dry recovered mass of the purified nanoparticles).

destimated { 100 — (a+ C)}.
estimated (a + c).

performed. Empty nanoparticles with dextran sulfate were pre-
pared and purified. The PV A removal profile (Figure 4) and its
distribution values (Table 2) for this batch overlapped with the
PV A removal profile of the drug loaded nanoparticles contain-
ing dextran sulfate. At the same time their filtration flow rates
were not significantly different (p = 0.992) compared to the
loaded nanoparticle with dextran sulfate (Figure 5). This indi-
cates that the removal of the drug from the formulation did not
affect the PV A purification profile.

To further evaluate the role of drug entrapment on the PVA
purification pattern, the drug loaded nanoparticles without dex-
tran sulfate were prepared and purified under similar condi-

tions. The PVA removal was also equaly suggish, with an
overlapping pattern initialy, then marginaly increased
towards the end of purification curve (Figure 4). The filtration
flow rates were not significantly different (p = 0.608, 0.460)
from the empty and loaded nanoparticles containing dextran
sulfate (Figure 5, Table 6). This indicates that in the presence
of the drug, PVA purification behavior was marginally better
compared to purification behavior in the presence of dextran
sulfate. Combining these outcomesiit is clear that the presence
of the dextran sulfate and loperamide HCI reduced the PVA
removal rate compared to that of empty nanoparticles without
dextran sulfate. The particle sizes of the nanoparticles with
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TABLE4
Impact of Purification on Physical Properties of the Nanoparticle Formulation

Particle Size (nm)

Zeta Potential (mV)

Formulations Before Purification

After Purification Before Purification ~ After Purification

Nanoparticle Formulation-sodium cholate as a surfactant (w/o/w)

No drug (10 psi) 273.10+14.80 271.20+ 17.40 - -
No drug (20 psi) 290.50 + 13.40 290.40+ 11.00 - -
Nanoparticle formulation — PVA as a surfactant (o/w)
Empty without DS (20 psi) (n = 3) 108.50+ 7.58 102.20 + 2.05 -10.30+ 1.60 —20.58 = 3.65
Loaded without DS (20 psi) (n = 3) 109.00 £ 5.06 100.90 + 3.76 -0.4+1.30 -84+1.93
Loaded with DS (20 psi) (n=3) 109.63 £ 2.75 104.10£ 2.19 0.19+ 0.030 1.70+£0.26
Empty with DS (20 psi) (n=1) 106.40 100.25 -15.02 -12.3
TABLES TABLE6

Impact of the Transmembrane Pressure on Mean
Filtrate Flow Rate

Mean Filtration Flow Rate (mL/min) (n = Time Points
Used in the Flow Rate Determination)

Transmembrane Pressure
Formulation Type 10 psi 20 psi
The empty nanoparticles 189+0.04 2.63+0.06
suspension containing (n=18) (n=18)

sodium cholate as a surfactant

Mean flow rate at 20 psi was significantly higher (p = 0.000) com-
pared to 10 psi.

p < 0.05 is significant, p > 0.05 is not significant, obtained from
one way ANOVA test.

dextran sulfate and without dextran sulfate were almost simi-
lar, thus removing the possibility of a size involvement in the
retardation of PVA removal. In various preparations of the
nanoparticles overal surface charges ranged from neutral to
negative values, which is less likely to affect the negatively
charged polyether sulfone membrane of the TFF cassette in
reducing the flow rate. From their zeta potential values (Table 4),
it was not possible to derive any correlation between the
reduced filtrate flow rate and surface charge of the nanoparti-
cles. The reduced flow rate may be explained by the following
hypothesis (1) enhanced entrapment of the PVA in the pres-
ence of excipient and drug may slow PV A purification rate. (2)
Adsorption of the dextran sulfate, a rigid molecule onto the
membrane may reduce the passage of the PVA across the
membrane hence slow filtrate flow rate. The later reason may
contribute to alesser extent to cause such aslow down in PVA
removal, because when dextran sulfate was removed from the
loaded nanoparticle formulation, it still provided sluggish PVA

Statistical Comparison of the Mean Flow Rates Obtained from
Purification of the Nanoparticles Formulations Containing
PVA on TFF at 20 psi Transmembrane Pressure

Mean Flow Rate (mL/min) (n = Time Point Used in the Flow
Rate Determination)

Flow rate
Formulation Type Comparison Sig. (p)
Empty without DS Loaded without DS 0.039
3.71+£044 (n=11) Loaded with DS 0.005
Empty with DS 0.007
L oaded without DS Empty without DS 0.039
2.73+£0.42(n=16) Loaded with DS 0.460
Empty with DS 0.608
Loaded with DS Empty without DS 0.005
2.28+0.15(n=16) Loaded without DS 0.460
Empty with DS 0.992
Empty with DS Empty without DS 0.007
2.36+£0.18 (n=16) Loaded without DS 0.608
Loaded with DS 0.992

Mean flow rate value was calculated separately for each formula-
tion, from each time point value of average curve in Figure 5 after
excluding initial five readings.

Sig. (p) values were obtained from the one way ANOVA compari-
son, with Scheffe's post hoc test.

p < 0.05issignificant, p > 0.05is not significant.

removal, this means dextran sulfate adsorption was not the
only reason for the impaired PVA removal. Its adsorption on
the membrane might contribute to a margina reduction in
PV A purification performance (Figure 4). The first possibility
is more likely and from the above outcomes it was hypothe-
sized that the PVA could be entrapped to a higher extent into
the core of the nanoparticle in the presence of drug and dextran
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FIGURE 5. Impact of dextran sulfate on the filtrate flow rate at 20 psi. -A-
empty nanoparticle without drug and without dextran sulfate (n = 3). -<>-
loperamide HCL loaded nanoparticles with dextran sulfate (n = 3). -[J-
loperamide HCL loaded nanoparticles without dextran sulfate (n = 3). -*-
empty nanoparticle with dextran sulfate (n = 1). Mean = SD values are derived
by excluding initial five time pointsin above average profiles.

sulfate compared to their absence. This entrapped PVA is
likely to be removed very slowly on dilution, hence leaving
higher amounts of PVA associated with nanoparticles. Along
with this highly entrapped PVA, its chain is likely to protrude
outwards due to high molecular weight (=9000) and longer
chain length compared to a short chain length and comparatively
lower molecular weight of PEG,y,. This could be dragged
towards the surface of the membrane along with nanoparticles
during purification and is possibly polarized at the surface which
may reduce the filtration flow rate. Thiswas practically reflected
in the comparison of the filtrate flow rates for empty and |oaded
nanoparticles with and without dextran sulfate (Figure 5).

During purification of the drug loaded nanoparticles, free
drug was aso removed in the filtrate, the loaded nanoparticle
without dextran sulfate was observed to have 44.45 + 1.88%,
n = 3 of free drug. In the presence of dextran sulfate only 27.06
+ 2.26%, n = 3 remained as free drug. The difference is
believed to be entrapped within the nanoparticles. This was
confirmed by assaying the dried weight of recovered nanopar-
ticles, that provided 74.29 + 4.48%, n = 3 entrapment in the
case of loaded nanoparticles with dextran sulfate and 52.53 +
5.17%, n = 3 entrapment in the case of loaded nanoparticles
without dextran sulfate. These were not significantly different
(p = 0.663, 0.403) than the expected entrapment efficiencies of
the respected formulation derived from the purification curves
generated on TFF (Table 3, Figure 6). The presence of the dex-
tran sulfate resulted in increased encapsulation efficiency, pos-
sibly due to an ion pairing phenomenon (David, 1997; Meyer,
1995; Powers, 1993).

CONCLUSION
It is clear that in the presence of the drug and other excipi-
ents, higher amounts of PVA were associated with nanoparticles
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FIGURE 6. Purification of loperamide loaded nanoparticles on TFF at
20 psi transmembrane pressure, comparison of cumulative % pvaremoved and
cumulative % loperamide HCL release. Where, -A- loperamide HCI release
and -H- PVA removed from the loaded nanoparticle without dextran sulfate. -
O- loperamide HCI release and -4- PVA removed from the loaded
nanoparticle with dextran sulfate.

that was difficult to remove during purification. Asaresult, the
presence of a rigid molecule like dextran sulfate is likely to
increase the d-spacing of the PEG molecules within the stealth
on the surface of the nanoparticles. This could potentially dis-
turb the stealth density and allow macrophages to recognize a
hydrophobic core for opsonization more quickly, which may
result in a reduced half life of such particulate systems. How-
ever, the in vivo fate of the proposed nanoparticle system
remains to be investigated. From the current study it was clear
that, the amount of PV A associated with the empty nanoparti-
cles without dextran sulfate and drug was almost zero, such
particles are likely to maintain an ideal stealth surface of the
PEG molecules on the nanoparticle, which potentially could be
disturbed when incorporation efforts are being made using
additional excipients.
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