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Abstract

Manufacturing processes used in the production of biopharmaceutical or biological products should be evaluated for their ability to remove
potential contaminants, including TSE agents. In the present study, we have evaluated scrapie prion protein (PrP5°) removal in the presence of
different starting materials, using virus removal filters of different pore sizes. Following 75 nm filtration, PrP5° was detected in the filtrate by
Western blot (WB) analysis when a *super-sonicated” microsomal fraction derived from hamster adapted scrapie strain 263K (263K MF) was
used as the spike material. In contrast, no PrP5¢ was detected when an untreated 263K MF was used. By using spike materials prepared in a man-
ner designed to optimize the particle size distribution within the preparation, only 15 nm filtration was shown to remove PrP* to below the limits
of detection of the WB assays used under all the experimental conditions. However, infectious PrP*¢ was recovered following 15 nm filtration
under one experimental condition. The results obtained suggest that the nature of the spike preparation is an important factor in evaluating the
ability of filters to remove prions, and that procedures designed to minimize the particle size distribution of the prion spike, such as the “‘super-

sonication” or detergent treatments described herein, should be used for the preparation of the spike materials.
© 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The transmission of variant Creutzfeldt—Jakob disease
(vCID) through blood transfusion has been of increasing
concern, since a fourth possible transmission case was re-
ported [1]. In addition, prions have been detected in the
buffy coat separated from the blood of hamsters infected
with scrapie, using a biochemical assay (protein misfolding
cyclic amplification, or PMCA) [2]. Infectious prions are
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thought to be the causative agent of the transmissible spon-
giform encephalopathy (TSE) diseases, which include
Creutzfeldt—Jakob disease (CJD), vCID, and bovine spongi-
form encephalopathy (BSE). Therefore, to reduce the risk of
transmission when raw materials for protein products (such
as plasma) are contaminated with infectious prions, mea-
sures should be introduced to decrease the prion load, to
evaluate the risk to the product, and to introduce prion re-
moval/inactivation step(s) in the manufacturing process, if
feasible [3—5]. Unlike viruses, the minimum infectious
prion unit does not exist as a single particle. The infectious
prion unit is believed to be composed of protein polymers/
aggregates, rather than a prion particle. The unusual nature
of the prion agent makes it particularly important to
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consider the effect of the prion spike material when evalu-
ating process steps for prion clearance. A rationale for the
choice of the spike preparation used for such evaluation
studies should be provided [4].

Several prion strains have been used to evaluate
manufacturing processes for their ability to remove TSE
agents, including hamster scrapie prion protein (PrPSc,
263K or Sc237), and mouse PrP®SE (301V). In a polyethyl-
ene glycol (PEG) fractionation process, hamster PrP® and
human PrP*“'®, prepared using the same methodology,
were reported to behave in a very similar manner [6]. Dif-
ferent prion spike preparations have been used to investigate
prion removal, including crude brain homogenate (BH), mi-
crosomal fraction (MF), caveolae-like domains (CLDs), and
purified PrPS°. Of these materials, purified PrP%° was re-
ported to behave differently from the other preparations in
an 8% ethanol fractionation step [7]. This result suggests
that the methods used to prepare the prion spike material
may be a critical factor in prion clearance studies. Further-
more, these reports are useful in providing a rationale for
the choice of the prion source and spike preparation used
for such evaluation studies [8].

Tateishi et al. reported that sarkosy! influenced the ability
of BMM40 filters to remove prions, using BH derived from
CID-infected mice (9]. The presence of sarkosyl was also
shown to significantly reduce the capacity of Planova (P)-
35N to remove the scrapie agent ME7, while filtration with
P-15N resulted in the complete removal of infectivity, to be-
low ‘the limit of detection of the bioassay used, in both the
presence and absence of sarkosyl [10]. Van Holten et al.
evaluated the capacity of Viresolve 180 membranes (de-
signed for virus removal from proteins of <180 kDa) to re-
move prions by using BH which was lysolecithin-treated,
sonicated, and subsequently passed through a 100 nm filter
(SBH), and demonstrated removal of PrP5° down to the limit
of detection of the Western blot assay used. They argued that
by using a better defined spike material, where the size of the
scrapie particles was limited, the results may be more rele-
vant with respect to the removal of potential TSE infectivity
in plasma than previous studies that used a less well-defined
BH [11].

Aggregation of the prion protein is a critical parameter
when evaluating nanofiltration steps. The actual form of the
infectious agent present in plasma in natural infection is not
known. In addition, nanofiltration is typically performed late
in the downstream processing, after protein purification steps,
which may result in removal of larger or aggregated prion
forms. Therefore, use of a spike preparation containing large
aggregates may result in an over-estimate of the prion removal
capacity of a filter. Although the reports described above, and
others, have shown excellent prion removal ability for a num-
ber of filters, most reports have not described the particle size
distribution of the prion protein in the spike preparations used.
Therefore, in this study we have investigated the prion re-
moval capacity of P-35N, P-20N and P-15N filters under di-
verse conditions, considering the particle size distribution of
the MF preparations used.

2. Materials and methods
2.1. Preparation of microsomal fraction (MF)

Brains removed from hamsters infected with scrapie strain
263K [12] (originally obtained from the Institute for Animal
Health, Edinburgh, UK), were homogenized in phosphate
buffered saline (PBS) until homogeneous, to a final concentra-
tion of 10% (w/v). The homogenate was clarified by low speed
centrifugation, to remove larger cell debris and nuclei, and the
supernatant material was then further clarified by centrifuga-
tion at 8,000 x g for 10 min at 4 °C, before being ultracentri-
fuged at 141,000 x g for 60 min at 4 °C, to concentrate the
scrapie fibrils, and small membrane vesicles and fragments.
The pelleted material was resuspended in PBS, aliquoted,
and stored at —80 °C. This material was designated 263K
MF. Prior to use, stocks were thawed at 37 °C, and sonicated
2 X 4 min on ice water (Ultrawave ultrasonic bath model
#U100, 130 W 30kHz, Ultrawave Ltd., Cardiff, UK). Six
independent batches of 263K MF were used in this study.
These batches are designated 263K MF preparation lots
A—F (Tables 1—3). Normal MF, derived from normal (i.e. un-
infected) hamster brain material, was also prepared as described
above.

Since we were unable to measure the particle size distribu-
tion of contaminated materials in our facility, we used normal
MF, and investigated changes in the particle size distribution
following strong sonication or treatment with detergent. Vari-
ous concentrations of sarkosyl (N-lauroylsarcosine sodium
salt, Nacalai Tesque, Inc., Kyoto, Japan), lysolecithin (L-o-
lysophosphatidylcholine, Sigma-Aldrich Corp., St. Louis, USA),
Triton X-100 (polyethylene glycol mono-p-isooctylphenyl
ether, Nacalai Tesque, Inc.), TNBP (tri-n-butyl phosphate,
Wako Pure Chemical Industries, Ltd., Osaka, Japan), and/or
1% Tween 80 (Nacalai Tesque, Inc.) were added to normal
MF. Changes in the particle size distribution were then moni-
tored by dynamic light scattering method using volume-
weighted gaussian analysis using a submicrometer particle
sizer (NICOMP Type 370, Particle Sizing Systems, Inc., Santa
Barbara, USA). To evaluate the effect of strong sonication,
normal MF was sonicated using a closed system ultrasonic
cell disruptor (Bioruptor UCD-200T, CosmoBio Co. Ltd., To-
kyo, Japan) with a resonance chip set in the tube. Sonication
was performed for 1 min at 20 kHz, 200 W in a cold water-
bath. Ten cycles of sonication were performed, with a 1 min

Table 1
Scrapie infectivity in different 263K MF preparations®
Logio SE at 95%
LDsg/ml probability
Non-super-sonicated 263K MF lot C 5.7 0.44
Super-sonicated 263K MF lot C 6.0 0.53
Super-sonicated 263K MF lot D 53 0.69
SD-treated, ultracentrifuged, super-sonicated 6.9 0.69

and 220 nm-filtered 263K MF lot C

* This bioassay study was performed in accordance with GLP regulations. -
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Table 2
Removal of PrP> from PrP*-inoculated PBS

PVDF filter Planova filter

220 nm 100 nm P-75N (72 £ 2 nm) P-35N (35 £ 2 nm) P-15N (15 £+ 2 nm)
Super-sonicated + - + - + - + - + -
Before filtration 4235 3.5/14.2 4.2/3.5 35/4.2 42/42 3.5/4.2 4242 3.5/4.2 4.2/4.2 3.5/4.2
Filtered 3.8/3.8 3.1/3.8 3.8/3.1 24/3.1 24124 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0
LRPF® 0.4/-0.3 0.4/0.4 0.4/0.4 1.1/1.1 1.8/1.8 >2.5/>3.2 >3.2/>3.2 >2.5/>32 >3.2/>3.2 >2.5/>32

Data represents total PrP> present in samples, expressed as logo arbitrary units, following Western blot analysis as described for WB1. This study was performed

in accordance with GLP regulations.

* Two independent batches of 263K MF were used: lot C (left) and lot D (right), respectively.
® LREF, log reduction factor = total PrP% in input/total PrP> in filtrate, expressed as a log,o value.

interval between each sonication treatment. During the treat-
ment cycle, the particle size distribution was monitored. We
named this treatment cycle “‘super-sonication”.

Different preparations of 263K MF, treated with various
combinations of detergent, ultracentrifugation and/or “super-
sonication”, were used as the spiking agent in the process
evaluation studies, and are described in the relevant methods
sections below.

2.2. Detection of PrP5 by Western blotting (WB)

To determine the relative levels of PrP> present in different
samples, WB assays were performed. Three slightly different
WB methodologies were applied over the course of the studies,
all of which are based on detection of the disease-associated,
protease-resistant form of the prion protein (PrP5°), using the
monoclonal antibody 3F4 (Signet Laboratories, Inc., Dedham,
USA) [13]. WB methods 1 and 2 were developed independently,
and use different approaches to calculate the titer of PP, As
these assays were performed as part of GLP studies intended

Table 3
Removal of PrP from PrP5°-inoculated plasma preparations®

for regulatory submission, the results are presented as reported
in these studies.

2.2.1. Method 1 (WB1)

Samples and controls were either tested directly, or first
ultracentrifuged at 141,000 x g for 60 min at 4 °C, and the
pelleted material then resuspended in PBS. Ultracentrifugation
was performed to concentrate the PrP5¢ present in large vol-
ume samples, and to remove soluble proteins or buffer compo-
nents that might interfere with the WB assay. Samples were
digested with proteinase K (Roche Diagnostics, GmbH, Penz-
berg, Germany) for 60 min at 37 °C. The optimal concentra-
tion of proteinase K, to remove any background that could
interfere with the detection of PrP>® and to allow effective re-
covery of the PrP® protein, was previously established for
each sample. Digested samples were mixed 1:1 with Laemmli
sample buffer (62.5 mM Tris—HCI, pH 6.8, 25% (v/v) glyc-
erol, 2% (w/v) SDS, and 0.01% (w/v) bromophenol blue,
BioRad Laboratories Inc., Hercules, USA) containing 5% (v/v)
B-mercaptoethanol. After boiling, serial S-fold dilutions of

Filter P-35N (35 + 2 am) P-20N (19 & 2 nm) P-15N (15 4+ 2 nm)

Preparation IVIG Haptoglobin IVIG Haptoglobin Antithrombin ) Thrombin
Spike material 263K sMF* 263K sMF° 263K sMF? 263K dsMF° 263K dMF 263K sMF° 263K dsMF*
MF preparation lot. C/D B E/F E/F A/A B Cc/D

Spike ratio 1/100 1/200 1120 1/200 1/50 1721 1/20
Detection method® WBI1 WB3 WB2 WB2 WB1 WB3 BA WB1
Before filtration 3.212.5 24 6.8/6.8 6.7/6.1 3.13.1 36 +ve 3.713.3
Filtered 0.8/0.8 <1.0 4.8/4.3 4.8/4.7 0.0/0.0 <0.8 +ve <0.2/<0.2
Log reduction factor 2417 >1.4 2.0/2.5 1.9/14 >3.1/>3.1 >2.8 NA >3.5/>3.5

Abbreviations used: 263K MF, microsomal fraction derived from hamster adapted scrapie strain 263K; IVIG, intravenous immunoglobulin; 263K sMF, “super-

sonicated” 263K MF; WB, Western blotting; 263K dsMF, detergent treated and ‘‘super-sonicat

assay; -+ve, scrapie positive.

” 263K MF; 263K dMF, detergent treated 263K MF; BA, bio-

® Scaled down conditions were designed according to current guidelines. However, in a study using P-35N filter and haptoglobin, clogging of the filter occurred,

and the filtration was subsequently terminated.

® WB1, WB2, and WB3 mean Western blotting methods 1, 2 and 3, respectively. The studies involving the use of WB1 and WB2 were performed in accordance
with GLP regulations; the studies involving the use of WB3 and the qualitative BA shown in this table, were performed as non-GLP studies.

¢ 263K MF was “‘super-sonicated” then 220 nm-filtered prior to spiking.

4 263K MF was ultracentrifuged at 141,000 x g for 60 min at 4 °C, resuspended in buffer equivalent to the starting material without protein, *super-sonicated”,

and 220 nm-filtered prior to spiking. .

¢ 263K MF was “SD-treated”, ultracentrifuged at 141,000 x g for 60 min at 4 °C, resuspended in the starting material (thrombin) or saline (haptoglobin), and

“super-sonicated”. These materials were 220 nm-filtered prior to spiking.
f 263K MF was treated with 0.1% sarkosy! for 30 min at room temperature.
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the sample were then prepared and subjected to electrophore-
sis using 12% (w/v) SDS-polyacrylamide gels. Proteins were
transferred from the gels to 0.45 ym PVDF membranes
(Immobilon-P, Millipore Corp., Billerica, USA), and non-
specific binding sites on the membranes were then blocked
by overnight incubation in buffer containing dried milk and
Tween 20. The blocked membranes were incubated with
monoclonal antibody 3F4, washed extensively, and then
incubated with a secondary horseradish peroxidase (HRP)-
conjugated anti-mouse antibody (Sigma-Aldrich Corp.). After
further extensive washing, bound antibody was detected using
an ECL-Plus detection system (GE Healthcare UK Ltd, Buck-
inghamshire, UK) and exposure to blue-light sensitive film.

The level of PtP5 present in each sample was calculated
based on the end-point dilution after analysis by WB. The
end-point dilution for each titration was taken as the first dilu-
tion at which the 28 kDa PrP>® protein could not be detected.
The reciprocal of this dilution was then taken as the titer of the
agent, and expressed in arbitrary units/ml.

2.2.2. Method 2 (WB2)

WB was performed essentially as described by Lee etal. [14].
Briefly, samples were digested with proteinase K at approxi-
mately 6 U/ml for 60 min at 37 °C and centrifuged at approxi-
mately 20,000 x g for 60 min at 4 °C. The pellet was then
resuspended and denatured in a 1:1 mix of supernatant and sam-
ple buffer (62.5 mM Tris—HCl, pH 6.8, 10% (v/v) glycerol, 2%
(w/v) SDS and 0.0025% (w/v) bromophenol blue, Invitrogen
Corp. Carlsbad, USA), by heating at approximately 100 °C. Se-
rial 3.2-fold (0.5 log,o) dilutions of the sample were prepared,
and loaded onto 12% (w/v) SDS-polyacrylamide gels. Follow-
ing electrophoresis, proteins were transferred to nitrocellulose
membranes (Invitrogen Corp.), and the membranes blocked us-
ing buffer containing dried milk and Tween 20 for 1—2 hatroom
temperature. The blocked membranes were then incubated with
monoclonal antibody 3F4, washed extensively, and incubated
with a secondary alkaline phosphatase (AP)-conjugated anti-
mouse antibody (Cambridge Biosciences Ltd., Cambridge,
UK). After further extensive washing, bound antibody was
detected using a CDP Star/Nitroblock II detection system
(Applied Biosciences, Bedford, USA) and exposure to blue-
light sensitive film.

The titer of PrP>° present in each sample was calculated
slightly differently from WB1 and WB3. The end-point dilu-
tion for each titration was taken as the last dilution at which
the 28 kDa PrP>° protein could be detected. The reciprocal
of this dilution was then taken as the amount of agent in the
sample volume tested, and was adjusted for the volume tested
and any concentration factors, to give a titer/ml for the original
process sample.

2.2.3. Method 3 (WB3) -

Samples were ultracentrifuged twice at 150,000 x g for 1 h.
The samples in the precipitates were then resuspended in PBS at
1/1 or 1/10th volume of the original. Resuspended samples
were treated with proteinase K at a final concentration of 10—
100 pg/ml. After incubation at 37 °C for 60 min, samples

were treated with 10 mM 4-(2-aminoethyl)-benzene sulfonyl
fluoride hydrochloride (AEBSF) at room temperature for
10 min, then mixed with 5x SDS-polyacrylamide gel electro-
phoresis (PAGE) sample buffer (300 mM Tris—HCl, 12% (w/v)
SDS, 25% (v/v) glycerol, and 0.025% (w/v) bromophenol
blue, pH 6.8, with 25% (v/v) B-mercaptoethanol) and heated
at 100 °C for 5 min. Samples were serially 5-fold diluted with
1x PAGE dilution buffer (60 mM Tris—HCIl, 2.4% (w/v)
SDS, 5% (v/v) glycerol, and 0.005% (w/v) bromophenol
blue, pH 6.8). SDS-PAGE was performed at 30 mA per gel
for approximately 42 min. The proteins in the gel were trans-
ferred to 0.45 um PVDF membranes. After treating with block-
ing buffer (5.0% (w/v) skimmed milk in PBS, 0.05% (v/v)
Tween 20), the membrane was incubated with monoclonal
antibody 3F4 at 4 °C overmight, then incubated with HRP-
conjugated sheep anti-mouse IgG (Sigma- Aldrich Corp.). Bound
antibody was visualized by chemiluminescence (ECL-Plus) on
X-ray film. The titer of PrP¢ present in the samples was cal-
culated as described for method 1 in Section 2.2.1.

2.3. Evaluation of PrP> removal by filtration

A 10% (v/v) concentration of ‘“‘super-sonicated”” 263K MF
was prepared in PBS, and 10 ml aliquots were then filtered
through a 220 nm or a 100 nm 4 cm? PVDF filter (Millex-
GV or -VV, Millipore Corp.). In addition, 25 ml aliquots of
“super-sonicated” 263K MF in PBS were filtered through
a 0.01 m? P-75N (72 £ 2 nm), P-35N (35 + 2 nm), or P-15N
(15 & 2 nm) filter (Asahi Kasei Medical Co., Ltd. Tokyo,
Japan). Two independent batches of 263K MF were used.
WBI analysis of samples before and after filtration was per-
formed to determine the removal of PrP under the different
conditions. Non-sonicated 263K MF (from the same batch
of 263K MF) was also filtered as a control.

2.4. Hamster bioassay to determine the infectious titer of
263K scrapie stocks

Three- to four-week-old female specific pathogen-free
(SPF) Syrian hamsters were used in these experiments. Serial
10-fold dilutions of each sample or positive control were
prepared in PBS. Six hamsters per sample dilution were inoc-
ulated intra-cerebrally with 0.02 ml per animal. The inoculated
animals were monitored daily for general health, and weekly
for clinical evidence of scrapie. Animals were euthanized
once advanced signs of scrapie were evident, or at the end
of the assay period (200 days). The brain was removed from
each hamster following euthanasia: one half was fixed for his-
topathology and the other half was stored frozen at —~70 °C for
further analysis if required. For histopathological analysis,
sections taken at four standard coronal levels, to cover the
nine areas of the brain which are recognized to be mostly in-
fected by the scrapie agent, were stained with hematoxylin and
eosin, and scored for the presence or absence of scrapie lesions
{15]. Histopathological analysis was performed on samples
from around the clinical end-point of the titration assays, to
confirm the clinical results. Hamsters that died during the
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course of the study for reasons other than scrapie infection
were not included in the final calculation of infectious titers.
Infectious titers were expressed as a 50% lethal dose (LDsg)
according to the method of Kirber [16]. :

Samples taken before and after filtration during the P-15N/
antithrombin (AT; previously named antithrombin-III) study
were tested for the presence of scrapie infectivity using a qual-
itative hamster bioassay. Syrian hamsters were inoculated with
undiluted samples only, as described above, except that only
three animals were used per sample.

2.5. Evaluation of PrP* removal in the presence of
plasma preparations

To investigate whether differences in how the scrapie spike
material was prepared influenced our evaluation of prion re-
moval, two different spiked preparations were compared using
the manufacturing process for preparing AT (Neuart®, Benesis
Corp., Osaka, Japan). Samples taken during the actual
manufacturing process, immediately before the Planova step,
were spiked with 263K MF treated with 0.1% (w/v) sarkosyl
for 30 min at room temperature, or with 220 nm-filtered ““super-
sonicated” 263K MF. The spiked AT materials were then
passed through a P-15N filter. The influence of different filtra-
tion conditions on the removal of PrPS¢ was compared for the
same spike preparations, and for different spike preparations,
using heat/PEG-treated intravenous immunoglobulin (IVIG)
(Venoglobulin-TH, Benesis Corp.) and haptoglobin (Haptoglo-
bin Injection-Yoshitomi, Benesis Corp.). Samples taken during
the actual manufacturing process, immediately before the Pla-
nova step, were spiked with: 220 nm-filtered ““super-sonicated”
263K MF (IVIG/P-35N and haptoglobin/P-35N); 263K MF
ultracentrifuged at 141,000 x g for 60 min at4 °C, resuspended
in buffer equivalent to the starting material without protein,
“super-sonicated” and 220 nm-filtered (IVIG/P-20N); or
263K MF treated with 0.3% (v/v) TNBP/1% (v/v) Tween 80
for 6h at 30°C (“SD treatment’), ultracentrifuged at
141,000 x g for 60 min at 4 °C, resuspended in saline, *‘super-
sonicated”, and 220 nm-filtered (haptoglobin/P-20N). The
spiked material was then passed through either a P-35N filter
or a P-20N filter (19 & 2 nm). Although not part of the
manufacturing process for haptoglobin, the SD treatment was
included for the spiked preparation in an effort to reduce the
clogging of the filter that occurs following the addition of
a prion spike. Filtration processes for the thrombin preparation
(Thrombin-Yoshitomi, Benesis Corp.) were also investigated.
For thrombin, a sample taken during the actual manufacturing
process immediately before the Planova step was spiked with
263K MF subjected to “SD treatment” followed by ultracentri-
fugation at 141,000 x g for 60 min at 4 °C, resuspended in the
starting material, ‘‘super-sonicated” and 220 nm-filtered, and
the spiked material then passed through a P-15N filter.

The experimental conditions used in the prion removal
studies were designed to mimic the conditions used during
the actual manufacturing process for the relevant product.
For all processes, samples were analyzed by WB. The log;o
reduction factor (I.LRF) for PrP>° was calculated for each

filtration run, by comparing the total amount of PrP%° present
in samples before and after filtration. All studies involving the
use of WB1 and 2, and the quantitative bioassays, were per-
formed in facilities in compliance with current GLP regula-
tions. Studies involving the determination of average particle
size in normal MF preparations, the use of WB3, and the qual-
itative bioassay, were performed as non-GLP studies.

3. Results

3.1. Influence of MF preparation method on particle size
distribution

Ideally, to represent a “worst case” challenge for a filter,
the smallest form of prion protein, or infectious agent, should
be used. Studies to investigate the optimum method for prepar-
ing the prion spike material were therefore performed. In these
studies, changes in the average particle size in normal MF
were investigated, as 263K-infected brain material could not
be handled within our facility. Although prion particles in
MF derived from 263K-infected brain material were not inves-
tigated directly, we tried to optimize the design of our exper-
iments by minimizing the size of particles in normal MF, as
particle size may influence filtration performance (both with
respect to filter blockage, and removal of PrPsc). The results
are shown in Figs. 1 and 2.

Treatment of normal MF with sarkosyl or lysolecithin re-
duced the average size of particles to approximately 100 nm,
when 0.1% or higher concentrations of the detergents were
used. However, below that concentration, the particle size
did not change significantly, with the exception of 0.01% lyso-
lecithin which reduced the average particle size to approxi-
mately 300 nm (Fig. 1A,B). Treatment with Triton X-100
did not result in a significant change in particle size, even at
1% (Fig. 1C). Treatment with 0.3% TNBP or 1% Tween 80
alone was not able to reduce the particle size below 200 nm.
However, when combined, one of the conditions generally

~used for viral inactivation (““SD treatment’), 0.3% TNBP

and 1% Tween 80 reduced the average particle size to below
200 nm (Fig. 1D). These results suggest that the reduction in
average particle size in normal MF depends on the choice of
detergent(s), and the concentration and combination of deter-
gent(s) used.

We also studied the effect of “super-sonication” on the
particle size in normal MF. The results showed that ‘““super-
sonication” could reduce the average particle size to a very
fine level in a short time, without the need to change the com-
position of the normal MF material (Fig. 2A). Since “‘super-
sonication” is a temporary physical procedure, reversal of
the particle size reduction may possibly occur. To exclude
this possibility during the experiments, we conducted a sta-
bility study on the particle size in normal MF after “super-
sonication”. There was no significant change in the particle
size up to 24 h after “‘super-sonication”, with the size remain-
ing at approximately 100 nm (Fig. 2B).

The results showed that the particie size of normal MF
preparations could be reduced significantly by treatment
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Fig. 1. Change of particle size in normal MF following treatment with various detergents. To normal MF, sarkosyl (A), lysolecithin (B), or Triton X-100 (C)
was added to a final concentration of 1%, 0.1%, 0.01%, and 0.001%, respectively. The change in the average particle size was then monitored at room temperature
for 90 min. In addition, TNBP or Tween 80 was added to normal MF to a final concentration of 0.3% and 1%, respectively, either alone, or in combination
(“SD treatment”). The change in the average particle size was then monitored at 37 °C for 6 h (D).

with 0.1% sarkosyl, 0.1% lysolecithin, “SD treatment”, or
‘“super-sonication’’. The use of detergent or “SD treatment”,
in combination with “‘super-sonication”, was also shown to ef-
fectively reduce the average particle size in normal MF prep-
arations, to comparable levels to the individual treatments
alone (data not shown). “Super-sonication” has an advantage
over the other treatments in that it can minimize the change of
composition of samples taken from the manufacturing process,
as it does not require the addition of reagent(s) to the normal
MEF. For this reason, “super-sonication” is considered to be
a useful approach for the treatment of 263K MF for process
evaluation. “SD treatment”, although slightly less effective,
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is used in many manufacturing processes, and may therefore
be useful alone, or in combination with *“‘super-sonication”,
for the process evaluation of products whose manufacturing
process includes an “SD treatment” step. These approaches,
alone or in combination, may also be useful to prevent the
clogging of filters that can occur during spiking studies.

3.2. Infectivity of PrP* in 263K MF and influence of
263K MF preparation methods on infectivity

The effect of ‘“super-sonication” and “SD treatment” on
the infectivity of 263K MF was studied. Infectious titers of

1400
1200
1000
800 i

Particle size (nm)

200
0 Ly .
4
(Meant SD, n=3)
Time after treatment (h)

Fig. 2. Change of particle size in normal MF following intense sonication (*‘super-sonication”). Normal MF in a test tube equipped with a resonance chip (20 kHz,
200 W) was sonicated for 1 min in an ice bath. After 1 min, the sonication step was repeated. The change in average particle size was monitored during 30 cycles
of sonication (A). After 10 cycles of sonication (*‘super-sonication”), normal MF was held at room temperature for 24 h, and the change in particle size was
monitored (B).



M. Yunoki et al. | Biologicals 36 (2008) 27—36 33

263K MF, “super-sonicated” 263K MF, and 263K MF sub-
jected to “SD treatment”, ultracentrifuged at 141,000 x g
for 60 min at 4°C, resuspended with thrombin starting
material, “‘super-sonicated”, and 220 nm-filtered, were deter-
mined using a hamster bioassay. The results are summarized
in Table 1.

The titers of two independent batches of 263K MF treated
by “super-sonication” were 6.0 and 5.3 logyo LDs¢/ml, re-
spectively. The titer of the ‘‘non-super-sonicated”’263K MF
used to generate one of these stocks was 5.7 log o LDs¢/ml.
These results suggest that ‘‘super-sonication’ does not influ-
ence the infectivity of 263K MF. The titer of the 263K MF
subjected to “SD treatment”, ultracentrifuged at 141,000 x
g for 60 min at 4 °C, resuspended with the thrombin starting
material, “super-sonicated”, and 220 nm-filtered, was 6.9 log;q
LDso/ml, which was approximately 1 log higher than that of
the corresponding stock treated by ‘“‘super-sonication’ alone.
Whether this difference is significant is unclear. The process
to generate the ‘““SD-treated” spike materials included an ultra-
centrifugation step. We were therefore concerned about recov-
ery of infectivity following centrifugation, as the particle size
of 263K MF was highly reduced by the “SD treatment” step.
However, these results suggested that the recovery of infec-
tious particles following ultracentrifugation was satisfactory.

Although it is possible that use of a 200 day bioassay may
under-estimate the infectious titer of the 263K MF stocks, the
use of a relatively short duration bioassay is considered un-
likely to affect the main conclusions drawn. At least the last
two dilution groups tested showed no animals with evidence
of scrapie infection in all four titrations, and only three ani-
mals in the study (one in each of three separate titrations) de-
veloped clinical symptoms necessitating euthanasia later than
day 131 (euthanized on days 160, 183 and 183, respectively),
suggesting the titers obtained for all the stocks are close to
end-point (data not shown). In addition, as others have demon-
strated that treatment with detergent, and exposure to treat-
ments that result in inactivation of the scrapie agent, such as
heat or NaOH, may result in extended incubation periods for
clinical scrapie, if anything the results may under-estimate
the relative titers of the treated stocks [17,18]. Therefore, the
bioassay results support the conclusion that ‘“‘super-sonication”
of 263K MF stocks, with or without “SD treatment”, does not
appear to significantly reduce the infectious titer of the stock,
and that these preparations are therefore suitable for use in
prion clearance studies.

3.3. Removal of PrP%¢ by various filters

To determine whether “super-sonication” influenced the
logo reduction observed for PrP5° following filtration under
defined conditions, ‘‘super-sonicated” or ‘‘non-super-soni-
cated” stocks of 263K MF were diluted in PBS, and then fil-
tered through 220 nm, 100 nm, P-75N, P-35N and P-15N
filters. Samples were analyzed by WB. The results are summa-
rized in Table 2. The use of “super-sonicated” 263K MF
appeared to result in lower log, reduction values, supporting
the idea that “‘super-sonication” of 263K MF produces a

more severe challenge for a filter step. An approximately
5-fold higher log;o reduction factor was observed for *“non-
super-sonicated” stocks, for the 100 nm and P-75N filters,
for both stocks tested. No significant loss of PrP® was ob-
served with either spiking material with 220 nm filtration,
and no PrP5¢ was detected in the filtrates following P-35N
and P-15N filtration.

Previously, we have observed some removal of PrP*° in
some lots of ‘“‘non-super-sonicated” 263K MF by 220 nm fil-
tration. Strict contro] of the methodology used to generate the
263K MF stocks appeared to prevent this, suggesting that
the method of preparing the 263K MF itself may influence
the particle size distribution (data not shown).

3.4. Removal of PrP¢ by Planova filters in the presence
of plasma preparations

Removal of PrP>° by P-15N, P-20N, and P-35N filters was
evaluated in the presence of a number of different plasma
preparations, under conditions designed to mimic the relevant
manufacturing process. The design of the experiments was
similar to that of virus clearance studies. Samples were ana-
lyzed by WB, and the log,, reduction factor (LRF) was calcu-
lated for each filter step. The results are shown in Table 3.

Under all the experimental conditions tested, PrP5° was not
detected by WB after filtration through P-15N. The LRF
values were >2.8. In contrast, PrP5¢ was detected by WB in
samples following filtration through P-20N and P-35N filters,
in three out of the four processes tested, giving LRF values in
the order of 2 logs. In one study, P-35N/haptoglobin, using
‘“‘super-sonicated” 263K MF, PrP>¢ was not detected in the fil-
trate. However, the sensitivity of this study was low, giving
a LRF of >1.4, and therefore the robustness of this filtration
process was not evaluated. In the initial studies (Table 2),
PrP*° was not detected in the fractions after P-35N filtration
of either “‘super-sonicated” or ‘‘non-super-sonicated” 263K
MF in PBS, resulting in log reduction factors in the order of
3 logs. The variance in the results obtained for these filters
could be due to a combination of factors, including how the
scrapie spike material was prepared, the composition of the
starting material, and the precise filtration conditions used.

3.5. Removal of prion infectivity by Planova filters in the
presence of plasma preparations

P-15N filtration was shown in these studies to be able to
remove PrP>° to levels below the detection limit of the WB
assays used, regardless of the method used to prepare the spike
material, the composition of the start material, or the filtration
conditions. However, a bioassay study for samples generated
in a P-15N/AT study using 220 nm-filtered “‘super-sonicated”
263K MF, demonstrated that infectivity was recovered follow-
ing filtration, as clinical signs appeared in all hamsters inocu-
lated with the filtrate, and analysis of hamster brain material
confirmed the clinical results. PrP>° was detected in the brain
homogenates from all clinically positive hamsters by WB,
and scrapie-associated lesions were observed in all the
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Table 4
Scrapie infectivity in samples generated during the P-15N/AT study

Before filtration

Filtrate

Animal number

Animal number

) 1 2 3 1 2 3
Appearance of clinical signs (day euthanized) 87 87 87 94 143 105
PrP> in brain by WB3 Detected Detected Detected Detected - Detected Detected
Lesions by histopathology +ve +ve +ve +ve +ve +ve
Medulla (oblongata) D,V.p D,vp D,V,P D,VP D, VP D,V,p
Cerebellum (cortex) D D,VPp D,V,p D,V,p D, VP D,V,p
Midbrain D,P D,VP \'Ad D,p D,P D, V,p
Hypothalamus DpP D,V,p D.,p D,V,p Dp D,P
Thalamus DP D,V,p D,p D,P DP Dp
Hippocampus NR D,V D D D,V,P D,V
Paraterminal body D,P D,P D,p NR D,V,p P
Cerebral cortex (posterior midline) D,p D,p D.p D,P D, VP D,VP
Cerebral cortex (anterior midline) ) D,P D,VP D,VP D,VP D,v.p D,V,P

Abbreviations used: +ve, scrapie positive; NR, no remarkable change; D, degeneration of nerve cell; V, vacuolation; P, proliferation of glial cell.

corresponding hamster brain material on histopathological ob-
servation (Table 4). Typical nerve lesions are shown in Fig. 3.
Thus, P-15N filtration did not result in the complete removal
of infectivity, for this process step.

4. Discussion

In this study, we have investigated the capacity of P-35N,
P-20N and P-15N filters to remove the 263K scrapie prion pro-
tein, PrP°°, under the conditions used for the manufacture of
four different plasma-derived products, using spike prepara-
tions designed to present a serious challenge to the filters.

Validation studies to evaluate the capacity of manufacturing
processes to remove potential contaminants, including prions,
are required for biological or biopharmaceutical products
intended for human use. When designing these studies, a worst-
case challenge should be used wherever possible, to minimize
the risk of over-estimating the capacity of the process to re-
move such contaminants. Virus removal filters (or nanofilters)
are designed to remove contaminants predominantly on the
basis of size. The worst-case challenge for such steps should

-therefore be a preparation containing the smallest possible
form of the infectious agent.

TSE clearance studies provide a particular challenge in that
the nature of the infectious agent is still uncertain, and the
forms of infectious agent present in plasma, and/or during
the different stages of a manufacturing process, are not clearly
understood. The causative agent of TSE diseases is believed to
be strongly associated with, if not solely composed of, the dis-
ease-associated prion protein, PrP5¢. Normal cellular PrP is
a membrane-bound glycoprotein, which associates with mem-
branes through a glycosylphosphatidylinositol (GPI) anchor.
Prion infectivity is associated with heterogeneous particles,
including membranes, liposomes and protein aggregates, so
called prion rods. Therefore, methods which result in solubili-
zation of membrane proteins, or dispersal of membrane frag-
ments, vesicles and/or protein aggregates, may be expected
to reduce the size of particles associated with prion infectivity.

Treatment of MF preparations derived from brains of
uninfected (normal) hamsters with either detergent (0.1%
lysolecithin or 0.1% sarkosyl) or extensive sonication (*“‘super-
sonication) resulted in a rapid reduction in the average
particle size, to approximately 100 nm. SD treatment (1%
Tween 80 and 0.3% TNBP for 6 h) also resulted in a reduction
in particle size, although this was slower and less effective,
reducing the average particle size to the order of 200 nm.

Fig. 3. Typical nerve lesions in the hippocampus of a hamster brain, taken from an animal inoculated with a P-15N-filtered sample (B), in comparison with the
comresponding region from an uninfected animal (A). Arrows, vacuolation; Arrowheads, degeneration of nerve cells; scale bar = 50 um; HE staining used.
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“Super-sonication” has the advantage that it is a physical dis-
ruption process, and does not alter the chemical composition
of the spike material, thus minimizing changes to the start
material used for nanofiltration. SD treatment is included in
many manufacturing processes for plasma-derived products,
and therefore, although not as effective as ““super-sonication”,
use of this treatment might be expected to result in a spike
material more closely mimicking the form of infectious prion
present in the relevant start material during the manufacturing
process. Use of these treatments alone or in combination may
therefore be useful in reducing the size of infectious particles
present in TSE spike materials for prion clearance studies.

The effect of the above treatments was studied using nor-
mal MF, as the facility was unable to handle infectious TSE
materials. Although some care should be taken in extrapolat-
ing these results to TSE-infected brain material, *‘super-soni-
cation” of 263K MF preparations appeared to reduce the
removal of PrP° following filtration, while detergent-treated
spike preparations have previously been shown to present
a more significant challenge to nanofiltration steps than un-
treated preparations ([9,10] and own unpublished observa-
tions). Furthermore, ‘“‘super-sonication”, with or without SD
treatment, does not appear to reduce the level of infectivity
present within the 263K MF, supporting the use of such prep-
arations for prion clearance studies.

Using 263K MF treated with 0.1% sarkosyl, ““super-sonica-
tion” or SD plus “super-sonication”, we investigated the
prion removal capacity of P-15N, P-20N and P-35N filters in
the manufacturing processes used for four different plasma
products. The results obtained suggest that both the composi-
tion of the materials to be filtered and the prion load influences
the removal of prions. PrP>¢ was recovered in the filtrate frac-
tion from three out of the four processing steps performed for
P-20N and P-35N. In contrast, under all conditions tested, P-
15N filtration resulted in removal of PrP*° to below the limit
of detection of the Western blot assays used. Thus, P-15N
would appear to be a more robust method for the removal of
prions, reproducibly giving LRF in the order of 3 logs, under
the conditions tested. In practice, however, it is not feasible
to incorporate P-15N filtration into the manufacturing process
for all plasma derivatives. From the results shown in Table 2, it
may also be possible to optimize processing conditions to al-
low effective removal of PrP3° using P-20N or P-35N filters.

WB assays were used to monitor the partitioning of PrPS
during the nanofiltration processes. WB assays are semi-quan-
titative and serve to provide an indication of the relative levels
of PrPS® present in different samples. However, there are lim-
itations to the sensitivity of available WB assays, and these as-
says provide only an indirect measure of infectivity. Therefore,
to confirm that removal of PrP*° does reflect removal of infec-
tivity, bioassays need to be performed.

Although PrP*° was not detected in any of the P-15N fil-
tered samples by WB assay, infectivity was recovered in a fil-
trate fraction tested by bioassay for one process run. Foster
also noted that infectivity was detected in a filtrate fraction af-
ter P-15N filtration ([8] reported as personal communication;
data not shown). Thus, even with P-15N, depending on the

processing conditions, there may be incomplete removal of
prion contaminants.

Although infectivity was detected in the filtrate fraction from
the one process step studied, longer and more variable incuba-
tion periods were observed in the animals inoculated with the
filtrate sample (Table 4), suggesting a lower prion titer follow-
ing filtration. However, it was not possible to estimate the rela-
tive levels of prion infectivity present in the input and filtrate
samples, as no data was available to correlate incubation pe-
riods and prion titers for this study. Based on the titers typically
observed for 263K MF stocks, the bioassay used could theoret-
ically detect reductions in prion infectivity in the order of 4 logs
for this process step. Detection of infectivity in the filtrate frac-
tion by bioassay is therefore not necessarily incompatible with
the WB results obtained (LRF >2.8 logs), and may simply re-
flect a difference in sensitivity between the two assays used.

As discussed above, uncertainties about the nature of the in-
fectious agent in plasma, and during the manufacturing pro-
cess, raise concemns about the design and interpretation of
prion clearance studies. No single spike preparation is likely
to contain all potential forms of the infectious agent. Infectiv-
ity is associated with membranes and protein aggregates. In
addition, it has recently been shown that the GPI anchor is
not required for infectivity, suggesting that endogenous pro-
teolytic release of PrPS¢ from cell surfaces may also contribute
to the spread of the infectious agent in vivo {19,20]. Whether
significant levels of infectivity in human plasma are associated
with GPI-anchorless prion protein is not yet clear. These dif-
ferent forms of infectivity, with different biophysical proper-
ties, could show different partitioning properties through the
same manufacturing process [7]. Furthermore, different forms
of the agent may differ in their level of infectivity. For exam-
ple, it was recently reported that particles in the order of 17—
27 nm appeared to have the highest relative level of infectivity,
in comparison to levels of PrP% [21]. Therefore, a better un-
derstanding of the nature and forms of the infectious agent
is essential to allow the design of more accurate models for
prion clearance studies, and a more confident evaluation of
the safety of manufacturing processes with respect to potential
TSE contamination.

In summary, we used methods intended to reduce the size
of particles present within MF preparations in an effort to pres-
ent a worst-case (smallest) prion challenge during nanofiltra-
tion. Using such preparations, P-15N filtration consistently
reduced the level of PrP> to below the limits of detection of
the Western blot assays used, suggesting that this process
step is effective for the removal of prions. However, data
from a single process step studied suggested that infectivity
could be recovered following P-15N filtration, and thus even
P-15N filtration may not result in complete removal of prions,
at least when used under some conditions.
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Abstract

The purpose of this study was to investigate whether visible and near-infrared (Vis—-NIR) spectroscopy can be used for diagnoses of
anti-phospholipid syndrome (APS). Vis—-NIR spectra from 90 plasma samples [anti-phospholipid antibodies (aPLs)-positive group,
n = 48; aPLs-negative group, n = 42] were subjected to principal component analysis (PCA) and soft independent modeling of class anal-
ogy (SIMCA) to develop multivariate models to discriminate between aPLs-positive and aPLs-negative. Both PCA and SIMCA models
were further assessed by the prediction of 84 masked other determinations. The PCA model predicted successful discrimination of the
masked samples with respect to aPLs-positive and aPLs-negative. The SIMCA model predicted 42 of 48 (87.5%) aPLs-positive patients
and 33 of 36 (91.7%) aPLs-negative patients of Vis—NIR spectra from masked samples correctly. These results suggest that Vis-NIR

spectroscopy combined with multivariate analysis could provide a.promising tool to objectively diagnose APS.

" © 2007 Elsevier Inc. All rights reserved.

Keywords: Visible and near-infrared spectroscopy; Anti-phospholipid syndrome; Anti-phospholipid antibodies; Lupus anticoagulant activity; Systemic

lupus erythematosus; Enzyme-linked immunosorbent assay

Anti-phospholipid antibodies (aPLs) are a distinct
group of autoantibodies that appear in a variety of autoim-
mune diseases, particularly systemic lupus erythematosus
(SLE) [1]. It is now generally accepted that aPLs do not
bind primarily to the negatively charged phospholipid itself
but rather to complexes of the phospholipid and plasma
proteins, and that the most common and well-character-
ized antigenic targets are B2-glycoprotein I and prothrom-
bin [2,3]. The presence of aPLs is associated with clinical
events such as arterial and/or venous thromboembolic
complications and obstetric complications [4,5]. Anti-
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phospholipid syndrome (APS) is diagnosed by both clinical
finding (recurrent arterial and/or venous thrombosis and
recurrent fetal loss) and laboratory evidence of persistent
aPLs [6]. At present, detection of anti-cardiolipin/B2-glyco-
protein I antibodies (anti-CL/B2-GPI) and anti-B2-glyco-
protein 1 antibodies (anti-B2-GPI) by enzyme-linked
immunosorbent assay (ELISA) and detection of lupus anti-
coagulant (LA) activity by phospholipid-dependent coagu-
lation assays have been standardized for the diagnosis of
APS,

Several clinical studies have established that anti-CL/
B2-GPI, anti-p2-GP1 and LA activity are present in
approximately 40% of patients with SLE and that the pres-
ence of these aPLs constitutes a risk factor for arterial and/
or venous thrombosis. More recently, some clinical studies
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indicated that the presence of LA activity detected by a
phospholipid-dependent coagulation assay is the strongest
risk factor for thromboembolic events in patients with SLE
(7). However, LA activity is heterogeneous with respect to
the specificities and functional capacities of the antibodies,
and LA activity depends on the ability of autoantibodies to
bind to phospholipid-bound B2-GPI or prothrombin
[2,3,8]. Therefore, the detection of LA activity requires a
careful, sequential series of steps. Despite internationally
accepted guidelines and many efforts to improve the stan-
dardization of LA assays, it is very difficult to standardize
the laboratory diagnosis of LA. Moreover, some investiga-
tions showed anti-CL/B2-GPI and anti-phosphatidylser-
ine/prothrombin  antibodies  (anti-PS/PT) to be
independently responsible for the LA activity [9,10]. There-
fore, several ELISA methods, including anti-CL/B2-GPI
antibodies and anti-PS/PT antibodies are needed for the
detection of LA activity. However, these aPLs-ELISA sys-
tems are not suitable for the large-scale routine screening
that is required for surveillance, because those specific
ELISA methods are complicated and high-cost methods.
As the first screening examination, the development of an
accurate, fast, and low-cost method for the detection of
aPLs is needed.

Visible and near-infrared (Vis-NIR) spectroscopy is the
spectroscopic method using visible light and NIR radiation
[11]. Moreover, Vis—-NIR spectroscopy is a fast, multi-com-
ponent assay that requires no sample preparation and no
reagents [l11]. Therefore, Vis-NIR spectroscopy has
become a widely used analytical method in the agricultural,
pharmaceutical, chemical, and petrochemical industries.
Recently, Vis—NIR spectroscopy combined with multivari-
ate analysis has been attempted to the diagnosis of viral
infection and chronic fatigue syndrome [11,12]. However,
it remains unclear whether this analysis method is widely
applicable to clinical diagnosis.

In the present study, we examined plasma samples from
118 SLE patients (aPLs-positive group, n = 64; aPLs-nega-
tive group, n = 54) to investigate the ability of Vis—NIR
spectroscopy to diagnose the presence of aPLs.

Materials and methods

Samples. We studied plasma samples from 118 patients with SLE (116
females, 6 males; aged 10-75 years, mean 41.7 years). Diagnosis of SLE
was made according to the revised criteria of the American Rheumatism
Association. Blood samples were taken into vacuum tubes (5.0-ml total
volume, SEKISUI, Japan) containing 0.5 ml of 3.13% trisodium citrate
(Na3;C¢HsO,2H,0), and platelet-poor plasma was prepared by double
centrifugation at 2800g for 15 min at 15°C. The plasma samples were
frozen at —80 °C until batch assays could be performed. Informed consent
was obtained from all patients and control subjects.

Detection of aPLs. The presence of aPLs was detected by 3 different
aPLs-ELISA (anti-CL/B2-GPI, anti-B2-GPI, and anti-PS/PT). and LA
assay. The concentrations of anti-CL/B2-GPI, anti-B2-GPI, and anti-PS/
PT were measured by each specific ELISA system, as described previously
[10.13]. LA activity was detected by both the dilute Russell viper venom
time (Gradipore Ltd) and STACLOT (Diagnostica Stago) LA tests. The
dilute Russell viper venom time and STACLOT LA tests were performed

with commercially available screening and confirmatory tests as reported
previously [10.13). We divided 118 SLE patients into two groups (aPLs-
positive group, n = 64; aPLs-negative group, n = 54) according to the APS
criteria [6].

Calibration model of PCA and SIMCA. Multivariate analyses such as
principal component analysis (PCA) and soft independent modeling of
class analogy (SIMCA) are the most useful methods for analyzing Vis—
NIR spectra. Plasma samples from 48 aPLs-positive patients and 42 aPLs-
negative patients were used as test samples to develop a calibration model
of PCA and SIMCA. Moreover, another 48 determinations (16 aPLs-
positive patients X 3 spectra) and 36 determinations (12 aPLs-negative
patients x 3 spectra) were masked and used for prediction. All samples
were diluted 10-fold with phosphate-buffered saline and adjusted to a
constant volume (2 ml) in a polystyrene cuvette (SARSTEDT, Aktienge-
sellschaft, Germany) before Vis-NIR spectroscopy measurement.

Instrument and data collection. Three consecutive Vis-NIR spectra
were measured at 2nm resolution with an NIRGUN (Japan Fantec
Research Institute, Shizuoka, Japan) at 37 °C. The spectral data were
collected as absorbance values [log (1/7)), where T = transmittance in the
wavelength ranged from 600 to 1100 nm.

Data processing. Pirouette software (ver: 3.11; Infometrics, Woodin-
ville, WA) was employed for data processing. To minimize differences
between spectra caused by baseline shifts and noise, prior to calibration,
spectral data were mean-centered and transformed by standard normal
variates (SN'V) and smoothing based on the Savitsky—Golay algorithm. To
identify the predominant absorbance peaks in the spectra, PCA and
SIMCA methods were further applied to develop PCA and SIMCA
models for CFS diagnosis, respectively. We used a method of visualizing
the SIMCA approach, the Coomans plot, which plots class distances
against each other. Coomans plot was applied to assess the classification
performance of the SIMCA model by predicting class membership in
terms of distance from the model. The critical distance from the model
used corresponded to the 0.05 level and defined 95% tolerance intervals.
The mathematical formulas used are available in the Pirouette manual.

Results and discussion

Although several specific ELISA methods, including
anti-CL/B2-GPI, anti-B2-GPI, and anti-PS/PT, in addition
to LA assay are usually used for the detection of aPLs
[2,3,9,14], those methods are not ideal in terms of cost effec-
tiveness and speed. We report here the first evidence that
the presence of aPLs can be objectively diagnosed by
PCA and SIMCA of Vis-NIR spectra of plasma sample.

Vis-NIR spectroscopy is a fast and low-cost method
that requires no sample preparation and no reagents {11].
To investigate the ability of Vis—NIR spectroscopy to diag-
nose aPLs, we examined plasma samples from SLE
patients with or without aPLs. Vis—NIR spectra from 90
plasma samples of SLE patients, including 48 in aPLs-posi-
tive group and 42 in aPLs-negative group, were PCA and
SIMCA to develop multivariate models to discriminate
between aPLs-positive and aPLs-negative. Discrimination
of the plasma samples of aPLs-positive group from those
of aPLs-negative group was seen in PCA scores using first
principal component (PC1) and second principal compo-
nent (PC2). The SIMCA model allowed correct separation
of Vis—NIR spectra of 139 of 144 (96.5%) aPLs-negative
group and 113 of 126 (89.7%) aPLs-positive group. SIM-
CA analysis using the Coomans plot demonstrated that
plasma classes from aPLs-positive and aPLs-negative did
not share multivariate space, providing validation for the
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Fig. 1. Speciroscopic diagnosis of anti-phospholipid antibodies (aPLs) by
visible and near-infrared (Vis—NIR) spectroscopy. Principal component
analysis (PCA) of Vis-NIR calibration and prediction of aPLs diagnosis
(A). Soft independent modeling of class analogy (SIMCA) of Vis-NIR
calibration and prediction of aPLs diagnosis (B). () aPLs-negative
patients. (¢) aPLs-positive patients.

class separation. Both PCA and SIMCA models were fur-
ther assessed by the prediction of 84 masked other determi-
nations including 48 determinations (16 aPLs-positive
group % 3 spectra) and 36 determinations (12 aPLs-nega-
tive group x 3 spectra). The PCA model predicted success-
ful discrimination of the masked samples with respect to
aPLs-positive and aPLs-negative (Fig. 1A). The SIMCA
model predicted 42 of 48 (87.5%) aPLs-positive patients
and 33 of 36 (91.7%) aPLs-negative patients of Vis—-NIR
spectra from masked samples correctly (Fig. 1B).

These findings indicate that Vis-NIR spectroscopy com-
bined with multivariate analysis could provide a promising
tool to objectively diagnose the presence of aPLs. There-
fore, NIR spectroscopy has great potential as a new
method for the diagnosis of APS. This approach deserves
further evaluation as a potential novel strategy for instru-

mental diagnosis of APS. More importantly, NIR spectros-
copy can simultaneously measure many components.
Further information obtained from detailed analysis of
NIR spectra may make significant contributions not only
to the diagnosis but also to the understanding of the path-
ogenesis of APS.

Finally, we would like to emphasize that noninvasive
approaches to APS diagnosis are further attractive,
because the characteristics of NIR radiation enable non-
destructive and non-invasive analysis in vivo. Further stud-
ies are currently in progress.
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ABSTRACT — A procedure has been used for the classification and quantification of metals on the basis
of a chemometric analysis of visible and near-infrared (Vis-NIR) spectra of metals such as Cu, Mn and
Fe in the brain, liver, kidney and testis of mice without digestion. Transmittance spectra in the 600- to
1000-nm region subjected to partial least-squares (PLS) regression analysis and leave-out cross-validation
facilitated development of chemometrics models for predicting metal concentration. From the models, Cu,
Mn and Fe yielded the coefficients of determination in cross-validation (R%y,p) as 0.8013, 0.9021 and
0.8295 with standard errors of cross-validation (SECV) of 3.399, 0.8237 and 76.512 pg per g tissue,
respectively. The respective detection limits of Cu, Mn and Fe were 12.19, 2.616 and 266.32 ug per g
tissue. Furthermore, the regression coefficients of the models showed specific patterns for the respective
metals. These results suggest that Vis-NIR spectroscopy may have a great potential for analysis of native
state of metals in tissues.

KEY WORDS: Non-destructive, Vis-NIR spectroscopy, Metal, Tissue, Partial least squares regression

analysis

"INTRODUCTION

Including human beings, living tissues of organ-
isms are composed of only 30 elements (Sharma and
Sharma, 1997). Of these elements, 95% represent
hydrogen (H), carbon (C), nitrogen (N) and oxygen
(0), while the remaining 5% are minerals. Of the min-
erals, calcium (Ca), phosphorus (P), sulphur (S), potas-
sium (K), sodium (Na), chlorine (Cl), magnesium
(Mg), iron (Fe), zinc (Zn), manganese (Mn), copper
(Cu), selenium (Se), iodine (I), molybdenum (Mo),
chromium (Cr) and cobalt (Co) are essential for normal
physiological functions of the living system. Fe, Zn,
Mn, Cu, Se, I, Mo, Cr and Co (9 elements) are required
in very small quantities and are hence known as “trace
elements” (Baran, 2004). A deficiency in or increased
exposure to any of these trace elements leads to abnor-
malities that occasionally may eventuate in pathologi-

cal conditions (Taylor, 1996). Thus, developments of
analytical methods for trace elements are even more
important with increasing importance of trace metals
recognized for growth and functions of living organ-
isms. Although current methods, such as atomic
absorption spectroscopy (AAS) and inductively cou-
pled plasma mass spectrometry (ICP-AES), have been
used for detection of trace metals in mammalian tissues
(Minami er al., 1995; Verbanac e al., 1997; Morita et
al., 1994), these methods are destructive. The main dis-
advantage of AAS and ICP-AES is a need for a diges-
tion procedure with proper acids.

Visible and near-infrared (Vis-NIR) spectroscopy
is a fast multicomponent assay and does not require
sample preparations or reagents (Osborne and Fearn,
1986). The NIR and the red regions are dominated by
weak overtones and combinations of vibration bands of
atoms with strong molecular bonds containing nitro-
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gen, oxygen and/or carbon attached to hydrogen
(Osbome et al., 1993). Moreover,-as the NIR and red
regions have shown relatively weak water absorption
with low energy levels, Vis-NIR spectroscopy can be
performed without any non-digestive procedures
(Ciurczak and Drennen, 2002). It is therefore not sur-
prising that Vis-NIR spectroscopy is an extensively
employed analytical method in the agricultural, phar-
maceutical, chemical, petrochemical and medical
fields (Osborne and Fearn, 1986; Osborne et al., 1993;
Ciurczak and Drennen, 2002; Raghavachari, 2001;
Sakudo et al., 2005; Sakudo et al., 2006a)

The present study investigated the vibration
mode of native states of metals in tissues using Vis-
NIR spectroscopy. Hitherto, Vis-NIR spectroscopy has
been routinely employed for vibration mode of metals
in wines (Sauvage et al., 2002), legumes (Cozzolino
and Moron, 2004), forages (Clark et al., 1987, 1989),
soils (Moron and Cozzolino, 2003), sediments (Malley,
1998; Malley and Williams, 1997), grasses and hays
(Saiga et al., 1989; Smith et al., 1991), where metals
are incorporated in complex organic matrices.
Although detectable, metals per se exhibit no absorp-
tion in the NIR and red regions, since they form com-
plexes with organic molecules containing the C-H, N-
H and O-H bonds (Osborne and Fearn, 1986) and
water (Sakudo et al., 2006b) that modulate their vibra-
tional modes. Alteration of the vibrational mode has
been exploited for distinct metal detection in said agri-
cultural materials (Sauvage et al., 2002; Cozzolino and
Moron, 2004; Clark et al., 1987, 1989; Saiga et al.,
1989; Smith et al., 1991). In this study, Vis-NIR speé—
troscopy was used to determine native states of metals

in tissues espousing organic matrices by comparing

vibration mode using partial least squares regression
analysis.

MATERIALS AND METHODS

Animals

Ten male C57BL/6CrSlc mice (Japan SLC,
Hamamatsu, Japan) were analyzed at 10 weeks of age.
All mice were housed according to standard animal
care protocols and sacrificed according to guidelines of
the University of Tokyo before harvesting the tissues.
Portions of harvested tissues were stocked in a freezer
at —80°C before spectroscopic measurements.

Vis-NIR instruments

The frozen tissue samples were thawed and left
standing at 25°C to establish a stable temperature.

Vol. 32 No. 2

Transmittance spectra of the tissue samples in a cuvette
with a polystyrene cell (optical length: 10 mm)
(SARSTEDT, Numbrecht, Germany) were measured
at 1-nm resolution with a Fruits-Tester-20 spectropho-
tometer (Japan Fantec Research Institute, Shizuoka,
Japan) in an air-conditioned room at 25°C (Fig. 1).
Spectral data were collected to yield absorbance value
{log (1/7)], where T= transmittance was measured
within the wavelength range of 600 - 1000 nm. Three
consecutive spectra were taken from each sample.
After collection of Vis-NIR spectra, tissue samples
were applied to ICP-AES.

Data processing

Pirouette software (ver. 3.11; Infometrics,
Woodinville, WA) was employed for data-processing.
To minimize differences between spectra caused by
baseline shifts and noise prior to calibration, spectral
data were mean-centered and transformed by smooth-
ing based on the Savitsky-Golay algorithm (Savitzky -
and Golay, 1964). The mathematical formulas are
available in the Pirouette manual. The partial least-
squares regression (PLS) method was applied to
develop the PLS regression model for predicting metal
concentrations. The number of PLS factors was chosen
from the minimized standard error of cross-validation
(SECV). Calculations were performed by leave-out
cross validation using 3 spectra after training other
samples. The accuracy of the model was evaluated
using SECV, while the standard deviation (SD) divided
by SECV and the coefficient of determination in cross-
validation (R%y,1) were determined accordingly.

Calculating the detection limits

According to Miller’s study (Miller and Miller,
2000), Equation (1) defines the detection limit (y) that
indicates if a sample contained a certain metal(s) based
on the average (yg) and standard deviation (Sg) of the
signal from the blank control (signal of hypothetical
tissues without metals), where the calculated intercept
is used as an estimate of yg Equation (2), which is used
to estimate Sg, or statistics Sy, which estimates ran-
dom errors in the y-direction (Miller and Miller, 2000)
The y; values are the points corresponding to the indi-
vidual x-values on the calculated regression line:

y=1yB + 3Ss ¢))

z (yi-yi)2 12
Syx = { —'T:z— 2)
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ICP-AES .

To minimize metal contamination of samples, all
vessels were immersed in 0.1 M HNO; overnight and
washed with deionized water. Tissue samples were
dried at 105°C for 4 hrin a 10-ml polytetrafluoroethyl-
ene beaker to obtain the dry weight. Dry weights of tis-
sue samples were as follows. Brain: 114.2-88.2 mg;
Liver: 122.9-89.7 mg; Kidney: 75.9-67.4 mg; Testis:
36.5-27.4 mg. The sample and 0.5 ml of concentrated
HNOj; were heated separately from room temperature
to 150°C for over 1 hr and then kept at 150°C for 6 hr
to promote vapor-phase digestion with HNO3 in a 50-
ml polytetrafluoroethylene digestion vessel with a
stainless steel jacket (Takahashi et al., 2003). After
cooling to room temperature, the container was diluted
to 2 ml with 0.1 M HNO3. The concentrations of Cu,
Mn, Fe and Zn were determined by ICP-AES. Emis-
sion intensities were measured using an ICP-AES
spectrometer (SPS1200 VR; Seiko, Tokyo, Japan). The
respective emission lines used for Cu, Mn, Fe and Zn
were 324.754, 257.610, 259.940, and 213.856 nm, and
Ar plasma was maintained with an incident power of
1.3 kW.

RESULTS AND DISCUSSION

The Cu, Mn, Fe and Zn concentrations in the

brain, liver, kidney and testis of mice were measured
by Vis-NIR spectroscopy, while those in tissues were
determined by ICP-AES. The transmittance spectra
were collected within the wavelength range of 600- to
1000-nm region for constructing PLS models for Cu,
Mn, Fe and Zn concentrations. To determine predomi-
nant changes in the spectra, two pre-processing were
performed; viz., mean-centering of spectra and
smoothening of spectra. Mean-centering emphasized
the subtle variations in the spectra due to changing spe-
cies concentrations, while smoothing of all spectra was
performed to minimize noise variations. Following the
determination of predominant species in the spectra,
PLS analysis of pre-processed data was performed.
The full cross-validation was then applied to construct
the PLS calibration models. SECV of Cu, Mn and Fe
reach the minimum values with respective factors of
10,17 and 9. Thus, the optimal numbers of PLS factors
for Cu, Mn and Fe concentrations were found to be 10,
17 and 9, respectively (Table 1). Regression plots and
regression coefficients of the PLS model for predicting
Cu, Mn, and Fe concentration are indicated in Fig. 2.
Good correlation could be obtained between
metal values and predicted values based on Vis-NIR
spectroscopy (Fig. 2a, ¢, ), while several tissue sam-
ples were predicted as low value when the actual con-

-centration of Fe was high in the tissue in Fig. 2e.

T
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collection

Fig. 1. Schematic representation of non-digestive measurement of a tis-
sue sample by transmittance mode.
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Table 1. Statistics of PLS models.

R? vaL SECV [pg/g dry tissue] SD/SECV " factors used
Cu 0.8012 3.399 . 1.62 : 10
Mn 0.9020 0.8236 224 17
Fe 0.8294 76.51 1.74 9
(a  Regression plot (b) Regression coefficient
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Fig. 2. PLS calibration models for predicting Cu (a), Mn (c) and Fe (e) concentrations in tissues using Vis-NIR spectros-

copy.
Cross-validation model: 10 (Cu), 17 (Mn) and 9 (Fe) PLS factors based on a 600- to 1000-nm spectral region
using a leave-out cross validation procedure. Loading plots of the regression coefficient for the model based
on the Vis-NIR spectra in the 600- to 1000-nm region of Cu (b), Mn (d) and Fe (f) in tissues. Peak wave-

lengths specific for Cu, Mn and Fe are indicated accordingly.
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Although the reason remains unclear, it might be due to
light scattering of tissues (Thennadil et al., 2006). Cor-
relation between data and line identity of metals
yielded RZVAL values of 0.801 (Cu), 0.902 (Mn), and
0.829 (Fe). The SECV on the linear regression was cal-
culated to be 3.399 (Cu), 0.8237 (Mn), and 76.51 (Fe)
ug per g of dry tissue. The criterion for assessing the
models was that R?y,; >0.70 (Sauvage et al., 2002),
although poor when SD/SECV < 1.6; acceptable when
1.6 — 2.0; and excellent implies >2.0 (Moron and
Cozzolino, 2003). SD/SECV calculated for metals
indicated reliable results; viz., 1.62 for Cu; 2.24 for
Mn; and 1.74 for Fe. In contrast, although the develop-
ment of a PLS calibration model for Zn concentration
was also tried, we could not develop an acceptable cal-
ibration model to meet the above criteria (data not
shown). Therefore, the present study used the wave-
length range of 600- to 1000-nm region to generate
excellent predictive models for Cu, Mn, and Fe con-
centrations but not for Zn concentration. Based on
Equation (1), the detection limits of the methods for
deteremining metal concentrations were thus calcu-
lated (Table 2). The respective detection limits of Vis-
NIR spectroscopy for Cu, Mn and Fe registered 12.2,
2.6 and 266.3 (Fe) pg/ g dry tissue. As all predicted
values of the liver and kidney over the detection limits
of Vis-NIR spectroscopy for Cu, Mn and Fe, the PLS
model would be applicable to measure Cu, Mn and Fe
concentrations in livers and kidneys. However, as other
tissues (such as the brain and testis) showed a predicted
value below the detection limits for Cu, Mn and Fe, the
PLS model might not be applicable. Moreover, Zn is
also an important metal found in tissues. Although we

endeavored to develop the model for Zn concentration
in tissues, we could not develop a model satisfying the
criteria.

The PLS modeling provides not only develop-
ment of quantitative models but also elucidates spec-
troscopic characterization of samples. Next, to exam-
ine spectroscopic characterization of Cu, Mn and Fe in
tissues, the regression coefficients for the PLS models
were investigated (Fig. 2b, d, f). The regression coeffi-
cient contains the model coefficients. A line plot of this
object reveals the independent variables (wavelength)
important in modeling the dependent variable (metal
concentration). Regression coefficients in this model
presented peaks corresponding to Cu, Mn and Fe
(Table 3). Besides these, many peaks around 610, 620,
630, 640, 690, 720, 740, 760, 770, 790, 800, 850, 870,
950, 970 and 990 nm were commonly observed in the
loading of regression coefficients of Cu, Mn and Fe.
Although it is often difficult to assign wavelengths to
specific molecular absorptions in the NIR and red
regions, the commonly observed peaks may be related
to interactions between metals and water or organic
compounds in tissues such as those of agricultural
crops (Sauvage et al., 2002; Cozzolino and Moron,
2004; Clark et al., 1987, 1989; Saiga et al., 1989;
Smith et al., 1991). Several peaks for each metal were
specifically observed: the peak specific for Cu was
detected at 892 nm, while those around 702 and 831
nm (absent for Cu) were indicative of Mn and Fe.
Moreover, peaks specific for Mn were also detected at
605, 654 and 683 nm, while those around 910 and 932
nm (absent for Mn) for Cu and Fe were observed as
well. No specific peaks for Fe were observed, whereas

Table 2. Detection limits of Cu, Mn and Fe concentrations in tissues by Vis-NIR spectroscopy.

[ug/ g dry tissue}

Cu Mn Fe
Brain | Range (ICP-AES) 9.8 - 144 14-2.1 624 - 97.8
Range (Vis-NIR spectroscopy) 50-14.6 —-03-29 =734 -2114
Liver Range (ICP-AES) 149 - 199 33-42 263.5 - 504.2
Range (Vis-NIR spectroscopy) 10.0 - 20.0 22-5.2 140.4 - 363.7
Kidney Range (ICP-AES) 14.1 - 159 48-5.3 212.2 - 309.7
Range (Vis-NIR spectroscopy) 11.2-21.3 34-53 214.9 - 3379
Testis Range (ICP-AES) 1.7- 33 03-0.7 61.4 - 99.8
Range (Vis-NIR spectroscopy) -34- 84 —0.2-18 34.6 - 127.0
Range (ICP-AES) 1.7-19.9 03-5.3 61.4 - 504.2
Total Range (Vis-NIR spectroscopy) -34-213 -03-5.3 -73.4 - 363.7
Limit of detection (Vis-NIR spectroscopy) 12.2 2.6 266.3

Tissue samples were digested for ICP-AES and not digested for Vis-NIR spectroscopy.
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peaks around 748, 780, 867 and 889 nm (absent for Fe)
were representative of Cu and Mn. These results sug-
gest that each metal displayed specific interaction with
water or organic functional groups. Several peaks of
the regression coefficient were identical to those
obtained by other authors using agricultural crops,
albeit certain peaks were not commonly shared
(Sauvage et al., 2002; Cozzolino and Moron, 2004;
Clark et al., 1987, 1989; Saiga et al., 1989; Smith et
al., 1991). This is consistent with the notion that the
concentration of a metal is measured indirectly by
absorbance corresponding to the specific interaction
between the metal and water or organic compounds.
The current extensively employed methods for

Table 3. Peaks of regression coefficients for PLS
model shown in Fig. 2.

[nm]
Cu Mn Fe
1605
T611 T614 T606
1625 1620 1620
T634 T631 T635
T645 T645 T649
1654
T683
1691 1693 les7
1702 T707
1719, 7730 T725 1724
1739 4739 1742
T749 1748
1760 1760 1758
1770 1773 T771
1778 1780
1789 T791 1791
1802 1814 1800
1831 1823
1849 1846 1846 -
T860 T867
1873 1879 1866
T880 T889
1892
T906, 1922 T907
1932 1932
T954 T954 T951
1971 1980 1964
T985 T991 Togs

T: positive peak
l: negative peak
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measuring metal concentrations in tissues are AAS,
ICP-AES and ICP-MS. It is noteworthy that all these
methods are destructive analyses, which require acid
digestion. Results in our study suggest that Vis-NIR
spectroscopy has the advantage of being a non-diges-
tive analysis for monitoring metal levels in tissues.
Furthermore, other advantages of Vis-NIR spectros-
copy include prompt analysis, simplicity in sample
preparations, and requirements of no chemical
reagents. Therefore, Vis-NIR spectroscopy may be
used as a large-scale routine assay for measuring metal
concentrations in tissues. If Vis-NIR spectroscopy
apparatus could be automated, the procedural time
would further be abbreviated. Moreover, as the regres-
sion coefficients of Cu, Mn and Fe in tissues displayed
many distinct peaks, Vis-NIR spectroscopy could
therefore discriminate the different metals at native
state in tissues.
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