JOURNAL OF
CHROMATOGRAPHY A

\., =S
ELSEVIER Journal of Chromatography A, 865 (1999) 3-12
www.elsevier.com/locate/ chroma
Influence of column design on process-scale ion-exchange
chromatography
Peter R. Levison®, Anne K. Hopkins, Prit Hathi
Whatman International Ltd., Springfield Mill, James Whatman Way, Maidstone, Kent ME14 2LE, UK

Abstract

The performance of two new designs of pump-packed axial flow process chromatography columns have been evaluated
for the preparative anion-exchange chromatography of hen egg-white proteins using Whatman Express-lon Exchanger Q. A
16 | Side-Pack column and a 24 | IsoPak column containing Express-lon Q were used in this study. In each case ca. 20 |
feedstock containing 5—7 g protein/l, was applied per litre packed bed at flow-rates of ca. 150 and 300 cm/h. In each case
the ovalbumin binding capacity was ca 70 g/l packed bed with ca. 100% (w/w) recovery of applied protein. A
clean-in-place procedure involving storage in 0.5 M NaOH was effective in maintaining chromatographic performance in al
cases. These data were consistent with our previous work using the more traditionally configured slurry-packed axial flow
columns. Each of these column designs were easy to use facilitating rapid packing with this adsorbent and in the case of
IsoPak rapid pump unpacking. The introduction of these column designs significantly improves the task of column packing,
hitherto a labour intensive, physically demanding and potentially unreproducible process. [0 1999 Elsevier Science BV. All
rights reserved.
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1. Introduction

The downstream processing of commercialy im-
portant biopolymers has been gaining significance
over the recent past. Traditionally proteins were
isolated from various sources including animal tis-
sue, microbial culture and plants. More recently with
emerging techniques in biotechnology the isolation
of recombinant proteins, peptides, carbohydrates and
nucleic acids have gained importance. lon-exchange
chromatography is routinely carried out in these
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applications and for low-pressure separations widely
used ion-exchange media are based on polysac-
charide supports including cellulose, agarose and
dextran [1,2].

Protein separations can be carried out in either a
positive or negative ion-exchange step, where either
the target or contaminants are retained, respectively
[3] and in each case the separation could be carried
out using a batch or column-based contacting sys-
tem. We have compared process-scale ion-exchange
separations using each of these techniques and
reported them elsewhere [4,5]. Packed bed column
chromatography is the idea technique where a
contained system approach is preferred, for example
where the process requires automation or where
regulatory and validatory concerns are critical [6].
Several pilot and production scale columns are
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available including two geometric configurations
namely axia flow and radia flow [7]. We have
evaluated each of these column configurations at
different scales and compared their performance
elsewhere [8,9]. Axial flow designs include systems
for durry and pump-packing and manua or pump-
unpacking with either fixed or adjustable volume.
For the avoidance of doubt, a slurry-packed column
reguires the introduction of a dlurry of adsorbent in
packing buffer (typically 30%, w/v) into the column
barrel section fitted with an extension tube/packing
reservoir. The bed is pressure consolidated, head-
space buffer removed and a flow adaptor moved into
contact with the packed bed. A pump-packed column
enables the adsorbent slurry to be pumped directly
into the column assembly through a packing
port. This eliminates the need for an extension
tube/packing reservoir and the subsequent
operations associated with headspace buffer remov-
al.

In previous studies we have reported ion-exchange
separations using a 25 | pump-pack fixed volume
column [10] and a 25 | dlurry pack adjustable volume
column [11]. In each of these studies the columns
required manua unpacking, a labour intensive pro-
cess typically leading to adsorbent loss. More recent-
ly however, adjustable volume columns have been
designed for pump-packing a slurry of media to
facilitate rapid bed consolidation and are also con-
figured to permit rapid pump unpacking using in situ
dlurry preparation within the column barrel itself
[12,13]. Another recent design is the side-packed
chromatographic column (SPC) which include fixed
volume axia flow columns into which the dlurry is
pump-packed through a side port [14].

We have previously reported the process-scale
purification of hen egg-white proteins using What-
man Express-lon Exchanger Q in a dlurry-packed
adjustable volume column (16 cmXx45 cm I.D.)
operated at flow-rates of up to 225 cm/h [11]. Hen
egg-white is a complex protein mixture [15] and is
an ideal feedstock for anion-exchange chromatog-
raphy. In the present study we compare the chro-
matographic performance of Express-lon Q for the
process-scale separation of hen egg-white proteins
using two new designs of pump-packed axial flow
chromatography columns.

2. Experimental
2.1. Materials

Cell debris remover (CDR) and Express-lon Q
were obtained from Whatman (Maidstone, UK). A
Side-Pack column (16 cmXx35 cm 1.D.) was obtained
from ProMetic BioSciences (Burtonsville, MD,
USA) and an IsoPak column (50 cmXx44 cm 1.D.)
with associated recirculating slurry preparation sta-
tion was obtained from Millipore (Stonehouse, UK).
Tris(hydroxymethyl)aminomethane (Tris) was ob-
tained from Merck (Poole, UK). All other chemicals
were of analytical reagent grade. Fresh large hen
eggs were obtained from Barradale Farms (Head-
corn, UK).

2.2. Feedstock preparation

Egg-whites (55 I) were separated from 1440 fresh
hen eggs and diluted to 10% (v/v) with 0.025 M
Tris—HCI buffer (pH 7.5). The egg-white suspension
was clarified using a total of 35 kg of pre-equili-
brated CDR in a batch mode. Spent CDR was
removed by centrifugation through a 1.6X<0.6 mm
slotted screen (EHR 500 basket centrifuge, Robatel
and Mulatier, Lyons, France) and the sample
clarified through a Grade 541 filter-paper (What-
man). The clear solution (550 I) containing 5-7
mg/ml of total protein was used for chromatography
on Express-lon Q.

2.3. Process-scale chromatography

2.31. Sde-Pack column

Express-lon Q (15 kg) was equilibrated with 0.025
M Tris—HCI buffer (pH 7.5) to give a final dlurry
concentration of ca. 30% (w/v). The dlurry was
transferred to the SPC (16 cmXx35 c¢cm 1.D.) through
the packing port and the bed consolidated at a
pressure of ca 12 p.si. (1 p.si.=6894.76 Pa
according to the column manufacturer’s guidelines.
The packed column of Express-lon Q (16 cmx35
cm 1.D.) had a volume of ca. 15.4 | and a packing
density of 0.303 kg/l. All procedures were carried
out at room temperature (15—20°C). The pressure/
flow performance of the packed bed was measured
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using 0.025 M Tris—HCI buffer (pH 7.5), prior to
egg-white chromatography. The ion exchanger was
used with the egg-white feedstock accordingly (i)
analytical loading, (ii) preparative loading, (iii)
analytical loading, (iv) clean-in-place (CIP), (v)
analytical loading.

(i) Analytical loading. Egg-white feedstock (6 I)
was |loaded on to the column and non-bound material
removed by washing with 0.025 M Tris—HCI buffer
(pH 7.5) (30 1). Bound material was eluted using a
linear gradient of 0—0.5 M NaCl in 0.025 M Tris—
HCI buffer (pH 7.5) (100 I). The Express-lon Q was
equilibrated with 0.025 M Tris—HCI buffer (pH 7.5)
(50 1). Flow-rate was maintained at 150 cm/h
throughout.

(ii) Preparative loading. Egg-white feedstock (300
I) was loaded on to the column and non-bound
material removed by washing with 0.025 M Tris—
HCl buffer (pH 7.5) (90 1). Bound material was
eluted using a linear gradient of 0—-0.5 M NaCl in
0.025 M Tris—HCI buffer (pH 7.5) (220 I). The
Express-lon Q was re-equilibrated with 0.025 M
Tris—HCI buffer (pH 7.5) (100 I). Flow-rate was
maintained at 150 cm/h throughout.

(iii) Analytical loading. Egg-white feedstock (6 I)
was chromatographed on Express-lon Q as described
in (i).

(iv) Clean-in-place procedure. The column of
Express-lon Q was washed with 0.5 M NaOH (301),
depressurised and allowed to stand at room tempera-
ture for 72 h. The column was repressurised and
washed successively with 0.1 M Tris—HCl buffer
(pH 7.5) (75 1) and 0.025 M Tris—HCI buffer (pH
7.5) (50 1). Flow-rate of 150 cm/h was maintained
throughout.

(V) Analytical loading. Egg-white feedstock (6 I)
was chromatographed on Express-lon Q as described
in (i) above.

The complete study was repeated at a flow-rate of
280 cm/h.

232 |soPak column

Express-lon Q (20 kg) was equilibrated with 0.025
M Tris—HCI buffer (pH 7.5) to give a final durry
concentration of ca. 30% (w/v) using the recirculat-
ing slurry preparation station associated with the

IsoPak column. The height of the 44 cm 1.D. IsoPak
column was adjusted to 16 cm, and the column was
pump-packed in upflow from the durry tank a a
pressure of ca. 10 p.si. according to the column
manufacturer’s guidelines. The packed column of
Express-lon Q (16 cmx44 cm 1.D.) had a volume of
ca. 24.3 | and a packing density of 0.227 kg/l. All
procedures were carried out in downflow at room
temperature (15-20°C). The pressure/flow perform-
ance of the packed bed was measured using 0.025 M
Tris—HCI buffer (pH 7.5), prior to egg-white chro-
matography. The ion exchanger was used with the
egg-white feedstock accordingly (i) analytical load-
ing, (ii) preparative loading, (iii) analytical loading,
(iv) clean-in-place (CIP), (v) anaytical loading.

(i) Analytical loading. Egg-white feedstock (10 I)
was |loaded on to the column and non-bound material
removed by washing with 0.025 M Tris—HCI buffer
(pH 7.5) (50 1). Bound material was eluted using a
linear gradient of 0—0.5 M NaCl in 0.025 M Tris—
HCI buffer (pH 7.5) (100 1). The Express-lon Q was
equilibrated with 0.025 M Tris—HCI buffer (pH 7.5)
(150 I). Flow-rate was maintained a 150 cm/h
throughout.

(ii) Preparative loading. Egg-white feedstock (500
I) was loaded on to the column and non-bound
material removed by washing with 0.025 M Tris—
HCl buffer (pH 7.5) (150 1). Bound materia was
eluted using a linear gradient of 0—-0.5 M NaCl in
0.025 M Tris—HCI buffer (pH 7.5) (400 I). The
Express-lon Q was re-equilibrated with 0.025 M
Tris—HCI buffer (pH 7.5) (150 1). Flow-rate was
maintained at 150 cm/h throughout.

(iii) Analytical loading. Egg-white feedstock (10
I) was chromatographed on Express-lon Q as de-
scribed in (i).

(iv) Clean-in-place procedure. The column of
Express-lon Q was washed with 0.5 M NaOH (50 1),
depressurised and allowed to stand at room tempera-
ture for 72 h. The column was repressurised and
washed successively with water (50 I), 0.1 M Tris—
HCl buffer (pH 7.5) (50 |) and 0.025 M Tris—HCI
buffer (pH 7.5) (150 I). Flow-rate of 150 cm/h was
maintained throughout.

(v) Analytical loading. Egg-white feedstock (10 I)
was chromatographed on Express-lon Q as described
in (i) above.
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The complete study was repeated at a flow-rate of
300 cm/h.

2.4. Assays

Pooled fractions at various stages of chromatog-
raphy were assayed for total protein and ovalbumin
content by fast protein liquid chromatography
(FPLC) [10Q]. Throughout the column procedures the
effluent was monitored for absorbance at 280 nm and
by conductivity.

3. Results and discussion

The microgranular cellulose matrix upon which
the Whatman ion-exchange product ranges are based
is chemically and physically robust, lending itself to
mechanical pumping and agitation under appropriate
conditions [16]. This feature has enabled their appli-
cation in batch processes where significant numbers
of durry transfers are required [4,5]. Furthermore we

350 ~

300

have shown their suitability for process-scale use in
earlier designs of pump-packed fixed volume axial
[10] and radial flow columns[9]. In the present study
we have investigated the performance of Express-lon
Q in two new designs of pump-packed columns
using a well-proven hen egg-white separation
[10,11]. In each case a 30% (w/v) Slurry of Express-
lon Qin 0.025 M Tris—HCI buffer (pH 7.5) formed a
well packed bed following the pump-packing opera-
tions recommended by the manufacturer. The pres-
sure-flow performance of the SPC and IsoPak col-
umns is summarised in Fig. 1. In each case linear
pressure/flow performance was observed over the
flow-rate range 100—300 cm/h, with maximal flow-
rates of 280 and 320 cm/h for the SPC and IsoPek,
respectively using these system configurations. The
pressure-flow performance of the Express-lon Q
throughout the process-scale separations remained
constant, observations in keeping with our earlier
studies on Express-lon exchangers [10,11]. The
column packing operations were relatively straight-
forward with the columns packed and operational
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within 20 min for the SPC and 10 min for the IsoPak
column. This compares with packing times of ca. 60
min for the more traditionally configured slurry-pack
columns we have previously used [11]. It is notewor-
thy that the column packing density of 0.303 kg dry
mass/| for the SPC is greater than the density of
0.227 kg dry mass/I for the IsoPak column. This is
presumably attributed to the different column de-
signs, and packing mechanism. What effect, if any,
this may have on the column operation and chro-
matographic performance remains to be established.
However, it has been suggested that adsorption of
proteins to ionic groups on an ion exchanger results
in a utilisation of ca 5% (w/w) the number of
charged groups attached to the ion-exchange matrix
[17]. In this case a tighter packing in a chromato-
graphic column may have little effect on protein
capacity. However, for small molecules, this may not
be the case. We have recently reported the binding of
a hexapeptide (M, 873) to the cation-exchange
cellulose Express-lon C [18], and showed that ca
40% of the available binding sites were used for
peptide adsorption. In this instance, a tighter packing
density may give rise to a proportional increase in
binding capacity and consequently throughput, but
this remains to be established. However it should be
noted that packing more adsorbent into a column will
affect the overall economics of this unit operation,
both in terms of adsorbent cost and also buffer costs
since the equilibration stages will be chemically
more demanding.

It has previously been reported that Express-lon Q
has an ovalbumin binding capacity of ca. 70 mg/ml
[11,17]. Hen egg-white contains 63.8% (w/w) oval-
bumin [19] and in the present study we loaded the
Express-lon Q columns with 0.11-0.14 kg total
protein/l packed bed, i.e., levels of ovalbumin in
excess of the anticipated maximum dynamic capaci-

ties of each column [11], and directly equivalent to
our earlier studies using a 25 | durry-packed adjust-
able volume column [11]. The protein capacity data
for Express-lon Q in the SPC and IsoPak column at
flow-rates of 150 and ca. 300 cm/h are summarised
in Table 1 and the chromatograms represented in
Fig. 2. Since we are dealing with a natural feedstock
and it would have been impractical for us to produce
and store a pooled feedstock of 1700 | and use this
for each of the four runs, there is a variability in the
mass of protein loaded and this is reflected in the
mass of protein bound. Notwithstanding, feedstock
variability it is clear that the protein capacity of the
Express-lon Q isin the range 60—70 g/| packed bed.
This is similar to the levels we have reported
previously for preparative separations of egg-white
proteins using Express-lon D [10] and Express-lon Q
[11] at similar flow-rates. There does appear to be a
dlight reduction in protein capacity with increased
flow-rates, observations in keeping with previous
studies on Express-lon Q and Q-Sepharose Fast Flow
[11]. However it should be recognised that in these
columns, assuming 75% (v/v) voidage of the ad-
sorbent, the mobile phase turnover time is <3 min at
a flow-rate of 300 cm/h so the maximum contact
time between adsorbent and adsorbate will be of
similar duration. We have reported very rapid diffu-
sion kinetics of Express-lon Q for ovalbumin [11],
but nonetheless contact times of <5 min may give
rise to a dlightly reduced capture efficiency of
proteins. Protein recovery was high in every case
(Table 1) and FPLC analysis of the desorbed protein
demonstrated it to be predominantly ovalbumin, with
some ovomucoid and ovoglobulin content, observa-
tions in keeping with those previously reported for
Express-lon D [10] and Q [11].

The data in Table 1 indicates that some residual
protein may be retained on the Expresslon Q

Table 1

Protein capacities of Express-lon Q during preparative chromatography of hen egg-white proteins

Flow-rate  Side-Pack column IsoPak column

(em/h)
Feedstock total protein  Protein adsorbed  Protein desorbed  Feedstock total protein  Protein adsorbed  Protein desorbed
(kg) (kg) (kg) (kg) (kg) (kg)

150 2.196 1.025 0.962 2.660 1.705 1.831

300° 2.188 0.939 1.118 3.355 1.622 1.602

280 cm/h for the SPC.
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following the elution step. We carried out a CIP
between preparative runs and there was no apparent
reduction in performance of the Express-lon Q
following this operation (Fig. 2a—d). We have ex-
amined column fouling in more detail elsewhere
[16,20] and consider that inclusion of analytical
separations of feedstock are a useful monitor of
media fouling. A representative series of analytical
runs is presented in Fig. 3. Prior to the preparative
run (Fig. 3a), a typical separation of egg-white
proteins is observed [11] with the conalbumin com-
ponent (ca. 50 1) eluting before the ovalbumin
component (ca. 75 1). Following the preparative
loading (Fig. 3b), it is evident that the resolution
between these components is significantly impaired.
This suggests that an element of media fouling has
occurred following preparative chromatography and
the final elution condition of 0.5 M NaCl was
insufficient to regenerate the bed fully. The CIP
protocol using 0.5 M NaOH has restored chromato-
graphic performance of the medium back to its initial
state (Fig. 3c). These conditions for CIP have been
demonstrated to be efficacious for simultaneous
sanitisation of heavily contaminated columns of
Express-lon exchangers [20].

In the traditional design of dlurry-pack columns,
the slurry would be poured into the column barrel,
possibly fitted with an extension tube and the bed
would be consolidated at constant applied pressure.
The next operation would involve depressurisation,
removal of headspace buffer and positioning of the
upper flow adaptor on top of the bed, followed by a
physical bed compression to a height similar to that
established during the initial packing step. This
procedure is time-consuming, typicaly taking at
least 60 min to complete. Additionally, as column
diameter increases, the upper flow adaptor becomes
heavy and is cumbersome to manoeuvre, often
requiring a mechanical lowering assembly. Further-
more, its positioning can be a labour intensive
operation in order to ensure that no air is trapped
under the flow adaptor which could affect column
performance. In our earlier studies using a 45 cm
I.D. column of this design, we have found this
operation to be highly operator dependent and small
differences of ca 1 cm in bed over or under
compression can lead to significant changes in the
pressure/flow performance of the packed column

[9,26]. This would most likely affect the process
economics and may have an impact on process
validation.

With the IsoPak columns, packing pressure is
maintained throughout all stages of bed consolidation
and this problem is therefore eliminated. This should
result in operator-independent consistent packing
facilitating process validation. The packing process
takes ca. 10 min to complete and can be readily
achieved with one operative. Any mechanical issues
associated with bed height adjustment may be carried
out prior to column packing and in principle external
to the chromatographic suite. In the case of the SPC,
pump-packing using the dedicated side port enables
the bed to be consolidated at a prescribed pressure
and once this port is clamped shut following pack-
ing, the bed is retained within the upper and lower
bed supports at its origina packing density. In earlier
fixed volume column designs, without dedicated
packing ports, the column bed could relax following
packing, thereby reducing packing density and po-
tentially causing voids within the bed. Both designs
of pump-packed column use upflow thereby displac-
ing air from the column barrel during packing. This
eliminates the difficulties often encountered with
slurry-packed columns in removal of trapped air
during flow adaptor replacement and bed re-com-
pression.

Column unpacking has hitherto been an area
where little attention has been directed in the litera-
ture. A widely adopted approach is to remove the
upper flow adaptor/column top section and manually
excavate the spent adsorbent. Not only is this labour
intensive and gives rise to adsorbent loss, it is a
potential health and safety hazard since the used
adsorbent is now in an open, abeit contained,
environment. Furthermore, reaching the base of a 50
cm high column barrel can prove a physical chal-
lenge!! Our experiences based on previous studies
[8-11] have shown column unpacking to take at
least 60 min an observation in keeping with the SPC
which took two people 60 min to disassemble,
unpack, clean and reassemble.

It has been reported that pump-packed adjustable
volume columns have a capability for pump-unpack-
ing [12,13]. The IsoPak column could be rapidly
unpacked within 10 min by means of an in situ
reslurrying of the bed and pump-unpacking of this
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dlurry, using the recirculating slurry preparation
station. We found this a very facile task requiring a
single operative. Furthermore it reduces, if not
eliminates, many of the labour, material loss and
safety issues described above for manual unpack-
ing.

In the present investigation we have carried out a
process-scale separation of hen egg-white proteins
using Express-lon Q in two designs of axia flow
column. The key difference between the SPC and
IsoPak is their method of packing. We found that
both column designs were highly effective in this
separation, facilitating use of the absorbent at high
flow-rates of up to 300 cm/h and supporting our
earlier studies using the traditional slurry-packed
columns. The ability to pump-pack a Slurry of
adsorbent directly into the column, which should
minimise variability from run to run offers a major
benefit to the user. The ease of unpacking the 1soPak
column is particularly advantageous, especidly in
applications where single use of the ion exchanger is
appropriate, for example negating the need for CIP
and associated system validation. Our studies dem-
onstrate that the packing and unpacking of process-
scale chromatography columns, hitherto seen as a
time-consuming, labour-intensive challenge can now
be regarded as a smple, rapid and routine stage of a
chromatographic separation.

Acknowledgements

Grateful acknowledgement is given to Mr. Peter
Bonnett and Dr. Andrew Alaska of ProMetic Bio-
Sciences Inc., Burtonsville, MD, USA for the loan of
the Side-Pack column and to Drs. Fred Mann, Nicola
Dickson and Geoff Purdom of Millipore (UK) Ltd.,
Bioprocess Division, Stonehouse, UK for the loan of
the IsoPak column.

References

[1] D. Friefelder, in: Physical Biochemistry, 2nd ed., Freeman,
San Francisco, CA, 1982, p. 249.

[2] E.F. Rossomando, Methods Enzymol. 182 (1990) 309.

[3] PR. Levison, in: G. Subramanian (Ed.), Process-Scale Liquid
Chromatography, VCH, Weinheim, 1995, p. 131.

[4] PR. Levison, S.E. Badger, DW. Toome, M.L. Koscielny, L.
Lane, E.T. Butts, J. Chromatogr. 590 (1992) 49.

[5] PR. Levison, in: G. Ganetsos, PE. Barker (Eds.), Preparative
and Production Scale Chromatography, Marcel Dekker, New
York, 1993, p. 617.

[6] G.K. Sofer, L.-E. Nystrom, Process Chromatography — A
Guide to Validation, Academic Press, London, 1991.

[7] V. Saxena, M. Dunn, Bio/Technology 7 (1989) 250.

[8] L. Lane, M.L. Koscielny, PR. Levison, DW. Toome, E.T.
Butts, Bioseparation 1 (1990) 141.

[9] PR. Levison, S.E. Badger, DW. Toome, E.T. Butts, M.L.
Koscielny, L. Lane, in: A. Huyghebaert, E. Vandamme
(Eds.), Upstream and Downstream Processing in Biotechnol-
ogy |1, Royal Flemish Society of Engineers, Antwerp, 1991,
p. 3.21.

[10] PR. Levison, SEE. Badger, DW. Toome, M. Streater, JA.
Cox, J. Chromatogr. A 658 (1994) 419.

[11] PR. Levison, R.M.H. Jones, DW. Toome, S.E. Badger, M.
Streater, N.D. Pathirana, J. Chromatogr. A 734 (1996) 137.

[12] M. Hoffman, J. Chromatogr. A 796 (1998) 75.

[13] G. Purdom, in: 1998 International Symposium on Preparative
Chromatography, Washington, DC, 31 May—3 June 1998,
Abstracts, paper L-207.

[14] A.B. Alaska, US Pet., 5667 676 (1997).

[15] A.C. Awadg, T. Efstathiou, J. Chromatogr. B 723 (1999) 69.

[16] PR. Levison, in: M. Verrall (Ed.), Downstream Processing of
Natural Products — A Practical Handbook, Wiley, Chichester,
1996, p. 179.

[17] M. Ahmed, D.L. Pyle, J. Chem. Technol. Biotechnol. 74
(1999) 193.

[18] PR. Levison, M. Streater, JW. Dennis, J. Chem. Technol.
Biotechnol. 74 (1999) 204.

[19] W. Bolton, in: C. Long, E.J. King, W.M. Sperry (Eds.),
Biochemist's Handbook, E.&F.N. Spoon, London, 1971, p.
764.

[20] PR. Levison, M. Streater, R.M.H. Jones, N.D. Pathirana, in:
JK. Shillenn (Ed.), Validation Practices for Biotechnology
Products, ASTM STP 1260, American Society for Testing
and Materials, West Conshohocken, 1996, p. 44.



