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The Role of Packaging Film Permselectivity in Modified
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Modified atmosphere packaging (MAP) is commercially used to increase the shelf life of packaged
produce by reducing the produce respiration rate, delaying senescence, and inhibiting the growth of
many spoilage organisms, ultimately increasing product shelf life. MAP systems typically optimize
O; levels to achieve these effects while preventing anaerobic fermentation but fail to optimize CO,
concentrations. Altering film permselectivity (i.e., B, which is the ratio of CO,/O, permeation coefficients)
could be utilized to concurrently optimize levels of both CO, and O, in MAP systems. We investigated
the effect of modifying film permselectivity on the equilibrium gas composition of a model MAP produce
system packaged in containers incorporating modified poly(ethylene) ionomer films with CO,/O,
permselectivites between 4—5 and 0.8—1.3. To compare empirical to calculated data of the effect of
permselectivity on the equilibrium gas composition of the MAP produce system, a mathematical model
commonly used to optimize MAP of respiring produce was applied. The calculated gas composition
agreed with observed values, using empirical respiration data from fresh cut apples as a test system
and permeability data from tested and theoretical films. The results suggest that packaging films
with CO,/O, permselectivities lower than those commercially available (<3) would further optimize
0O, and CO, concentration in MAP of respiring produce, particularly highly respiring and minimally
processed produce.

KEYWORDS: lonomer films; CO , and O, permeability; CO /O, permselectivity; modified atmosphere
packaging; packaging films

INTRODUCTION The CQ/O, permselectivity is defined as the ratio of €t
O, permeation coefficients of the film (referred to #5.

Oxygen and C@ concentrations in modified atmosphere i i i )
Commercial packaging films typically have GO, permse-

packaging (MAP) change as a function of produce respiration N ; _ .
rate, temperature, and the area, thickness, ancr@ CQ lectivities of 4—_8_(7). This ratio may be larger than o_pt|mal,
permeability coefficients of the packaging matertl. Geveral and permselectivity may be a limiting factor for certain MAP

models, which combine these variables, have been publisheg@PPlications. Therefore, our objective was to investigate the
(2—4). Lakakul et al. 4), for example, have provided a detailed influence of CQ/O, film permselectivity on MAP applications;

model of the effects of a wide variety of factors, including ©€MPirical data was compared to that obtained from a widely
temperature, product mass, permeability, activation energy, andCited respiration mathematical model. Packaged apple slices
film type, area, and thickness on, @ontent in hermetically ~ Were used as a typical model of a rapidly respiring produce
sealed packages containing apple slices. While quite useful, thisSyStem- While variability in respiration rates does exist between
work did not consider the effects of film permselectivity on different produce items, we believe that the underlying principles
both CQ and G concentration. The concentration of both O @PPly to permselectivity in general; thus, we selected one

produce item to use as a model respiration system. We also

and Q influence product quality. High barrier films can lead 3 LT
to anaerobic conditions and excessive,®ildup, while low used a glass package, with a polymeric film insert. The/CO
O film permselectivity was 1, and we assumed that no pressure

barrier films can result in less than optimal £€&ncentrations, : ) ! S
a condition which may not provide maximum shelf life differential was created across the barrier as individual gases

extension, especially for rapidly respiring produce, such as Permeate. _
minimally processed fruits and vegetabl&. (Zhu et al. €) As described by Exama et aB)( the transient @level as a

used a second-order expression to demonstrate the importancE/nction of time can be expressed by ordinary differential
of both O consumption and Cproduction on the respiration ~ €duations (ODE)

of rutabaga; however, they did not include the effects of package . _ o _
permeability in their otherwise excellent model. dyiO,/dt = (AP, p/VL)(yeG, — yiO,) — (WRy/V) (1)

*To whom correspondence should be addressed. E-mail: jhh3@ Where A = area of permeable filmPo, = O, permeability
cornell.edu. coefficient, p = pressure (1 atm)Y = free volume of the
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Table 1. Apple Slice Mass, Package Free Volume, and lonomer Film Permeability and Permselectivity (determined at ambient temperature) Used to
Experimentally Determine Changes in Gas Composition in Cut Apples Stored in Glass Jars Covered with Each of Three lonomer Films (n = 3 for
each film)2

film area film apple slice container (ml cm/cm?s cmHg)
material (cm?) thickness (cm) wt (Kg) free vol mL) Po2 Pco, Pco,/Po,
jonomer A 7.9 0.0082 0.0173 230 5.27x107¢ 4.45 x 1079 0.85
ionomer B 7.9 0.0072 0.0178 229 2.03x107° 2.65x107° 1.29
jonomer C 7.9 0.0075 0.0120 236 3.11x107° 3.33x107° 1.07

2 Experimental and calculated results are given in Figure 1.

packagel = film thickness, ye@= external (atmospheric)O modified poly(ethylene) ionomer films and (2) comparing
concentration (21%), yi©= internal Q concentration (%), empirical to calculated data of the effect of permselectivity on
W= weight of produce, an&o,, = O, consumption rate. the equilibrium gas composition of the MAP produce system,
To model the @ composition in a package according to eq applying an ODE incorporated into a mathematical model
1, the respiration ratéRp,) must first be modeled by assuming commonly used to optimize modified atmosphere packaging
that respiration rate is a function o, ©@oncentration, that CO (MAP) of respiring produce.
concentration has no direct effect on respiration rate, and that
the respiration quotient (RQ), or ratio of the rate of £O MATERIALS AND METHODS
produced to the_rate offzonsumed, is 1. Several_such models Respiration Rate of Cut Apples.Red delicious apples at climacteric
have been published. We chose the model published by Lee et,eay were obtained from Cornell Orchards (Ithaca, NY). Individually
al. (9), because it is the most widely cited. Their model is based cleaned apples were cored, peeled, and sliced into eight equal wedges.
on Michaelis—Menten kinetics for {xonsumption as follows:  Any softened or brown parts were discarded. The respiration rate of
cut apples was measured by the method of €8, (n which a closed
_ vm[O,] system is used. Apple wedges (83%L.4gm) were placed in 250-mL
> Km + [0,] airtight glass jar§ sealed with metal lids fitte_d_with silicpne—sealec_i rubber
septa as sampling ports and held at’23 Initially, the jars contained
air; the change in gas composition over time was monitored by
headspace analysis. Headspace gas samples (0.5 mL) were withdrawn
by gastight syringe and analyzed by gas chromatography/thermal
conductivity detector for C@and Q as described by Gunes et &) (
Three jars were used for each respiration measurement, and sampling
terminated when @levels declined to<2%. Only the initial linear

whereRo, = respiration rate (mL Kg! h™1), Vm = maximum
respiration rate (mL Kg! h™1), [O,]= oxygen concentration
(%), and Km= Michaelis—Menten constant.

It follows that

RCOz - RQROz @) portion of the curves was used to calculate respiration rates to minimize
any effects of changing internal pressure due to respiration.
Because it is assumed that RQ1, Rco, = Ro,, and eq 1 can Package Model.Apple slices were prepared, weighed, and placed
be rewritten as in glass jars as above, using a different lid system. Metal lids were
prepared with single 7.9-cm diameter holes in the center, which were
(dyiO,/dt) = (AP, p/VL)(yeQ — yiO,) — (W/v)(Vm[O,])/ then covered with test films; films were sealed in place along the
: (Km + [0,]) (4) periphery with epoxy. Thus, a known “package” permeation rate could

be calculated based on the area of the hole and permeation rate of the
. e . . film (11). Apple wedges were immersed in water and the change in
The change in gas composition inside any given flexible \oyme noted to estimate volume. Density was calculated to give the
package of specific dimension (i.e., surface area) made from asree volume of each jar. Characteristics and dimensions of the slices
permeable film can be mathematically simulated once the and the package are shownTable 1. lonomer films with different
solution to eq 4 is obtained. The,@vel at a given time ina  permselectivitiesTable 1) were formed from ethylene/methacrylic acid
package (y,) is therefore ionomer (sodium ion; Scientific Polymer Products, Inc; Ontario, NY,
Cat# 465) as described by Al-Ati and Hotchkid®) (2002). The gas
— ; — ; transmission ratesTé@ble 1) were determined as described by Al-Ati
Yo, () = f (dyiO/d) = f [(APo,p/VL)(yeQ — yiOy) and Hotchkiss (12).6Headlpace analysis film permeability wgs carried
(WNV)(Vm[OQ)/(Km + [O,])] (5) out as described above. All experiments were independently repeated
three times.
Similarly, an equation can be developed to calculate values To simplify the calculation of MichaelisMenten parameters, eq 2
of CO; concentration over time. With the numerical solutions Was rewritten as
for the ODEs for both @and CQ, simulation of the internal
atmosphere of a given MAP application with permeable flexible 1_1 + (K_m)(i)
materials can be achieved. Although the respiration quotient Ro, Vm \VmJ\[O,]
can be affected by several environmental parameters, including
both G, and CQ concentration, we assumed an RQ of unity; A Iine_ar regression plot of (Rb,) against (l_/[Q]) thus generated a
our objective was to demonstrate the effect of permselectivity INe With a slope equal to (Km/Vm) and an intercept equal to (1/Vm).
on equilibrium atmosphere, not the effect of the respiration
quotient. RESULTS AND DISCUSSION
Our research objective was to determine the role of packaging The rate of @ consumption (B,) of the apple slices was calculated
film permselectivity in modified atmosphere packaging by (1) as
experimentally measuring the effect of modifying film perm-
selectivity on the equilibrium gas composition of a model MAP _A[OV

produce system packaged in containers incorporating flexible > WAL )
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whereV is free volume (ml)W is the weight of the apple slices (Kg),

andA[O7] is the change in @level (%) over a period of timat (hours).
Vm and Km were found to be 56.8 mL/Kg hr and 23.4%,

respectively (R= 0.91). The respiration rate for the apple slices was

_ 56.8[0]

2 23.44[0,] ®

To model the effect of [g) on CO; production, %Q was plotted
against %CQ A linear regression of the plot generated a straight-line
equation

%0, = —0.9781(%CQ) + 0.222,R? = 0.999 )

When the assumption that R® 1 is used, [@] in eq 8 can be
expressed in terms of [GD The CQ production rate gave the
following model:

_ 56.8((—0.9781)([CQ)) + 0.222)
% 234+ ((—=0.9781)([CQ)) + 0.222)

(10)

These empirically based respiration models (8 and 10) were used to
estimate the @levels and C@generated by apple slices inside a film
package, as discussed below.

Modeling of headspace changes in MAP was possible with the
incorporation of the respiration models into the ODEs, the solution of
which generates calculated values of thea®d CQ levels over time,
inside the particular flexible packaging system under investigation. The
%0, change over time can be calculated by substituting eq 8 into eq

1 to give
56.8(yi
dyiO,/dt = (APozp/VL)(21.0— yio,) — (WN{ﬁ)(/;?O)))
. 2

(11)
Similarly, the following ODE simulates C{production rate inside the
proposed package:
dyiCO,/dt = (APCOZp/VL)(O— yiCO,) +
56.8((—09781)(yiCQ) + 0.222
(WN)( (( )(YICQ ) ) 12)

23.4+ ((—0.9781)(yiCQ) + 0.222

Calculation of the changes in fpand [CQ)] due to respiration and
package permeation was achieved by determining the numerical
solutions of egs 11 and 12 using the Run¢f@itta method (MATLAB
Release 12, The MathWorks Inc., MA).

Experimentally determined value3dble 1) closely matched the
calculated values (Figure Ifpr CO, and Q concentration from apple
slices placed in jars sealed with each of three ionomer films. Apple
slices placed in test containers sealed with ionomer films resulted in
reduced Qlevels, which may be advantageous for fresh-cut fruits, yet
left sufficient G, to prevent anaerobic respiration. The empirical steady-
state level of @ for three different ionomer films was 1.6, 3.0, and
4.1% (Figure 1). The C@Qaccumulated inside the jars reached 23.3,
22.5, and 19.1% for the three films. Similar reduced][@nd elevated
[CO,] have been shown to be beneficial for fresh cut apples stored at
5°C (5).
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[CO2)&[0;] in Packages with lonomer A

A Calc
A Exp
Time (hr)
[CO.]&[O.] in Packages with lonomer B
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A Bxp
Time (hr)
[CO.]&[O-] in Packages with lonomerC
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A Exp

0 50 100 150 200
Time (hr)
Figure 1. Theoretical (i.e., calculated) (a) versus experimentally

determined (A) O, and CO, concentrations (+ sd) inside packages made
from ionomer films A, B, and C (see Table 1; n = 3 for each ionomer).
At time 0 h, O, level was 21%, and CO, level was 0%.

gas barrier. The difference in gas permeability coefficients between
the two materials is 5 orders of magnitude. Therefore, untested common
polymeric films would be expected to generate G@d Q levels that
lie between the gas levels provided by PVdC and silicon rubber.
LDPE was calculated to result in a low, ©oncentration (0.13%),
which raises concern that anaerobic fermentation would occur if apples
slices were sealed in this film (Figure 2). Silicon rubber resulted in
higher Q levels (5%) but low CQlevels (6.7%). The combination of
the low @ permeation rate of PVdC and apple slice respiration resulted
in anaerobic conditions (0%Pwhile the CQ accumulated to 22.7%
(Figure 2). The time to reach equilibrium varied from 5 to 10 h. While
the PVdC theoretical model produced acceptable [€@els for fresh-
cut apples, it failed to provide Qevels needed to maintain aerobic
respiration. Of the films evaluated in these calculations, only ionomers
in which the permselectivity had been modifietiaple 1) produced
both acceptable £(2%) and CQ (21%) levels. If the same cut apple

The model was used to estimate the effects of changing packagemass and film areas were used, common polymeric films with

dimension, product weight, and free volume on atmosphere composi- permeability coefficients between PVdC and silicon rubber would likely
tion. The model was also used to compare the,@@d Q levels result in Q levels between that of PVdC (0%) and silicon rubber (5%);
generated by cut apples packaged using ionomer film A with three CO; levels would be between 6.7 and 23%, provided by silicon rubber
common polymers (low-density polyethylene (LDPE), poly(vinylidene and PVdC films, respectively.

chloride) (PVdC), and silicon rubber) using standardized package and Parameters used to calculate the theoretical gas composition in
film parameters Table 2). Permeation coefficients were taken from packages made from ionomer A and LDPE with different (%
literature values compiled by Al-Ati and Hotchkisg)( LDPE was permselectivities are given iMable 3. Parameters used to calculate
evaluated because of its commercial importance, and PVdC and siliconthe effect of package dimension and product mass on theoretical gas
rubber were evaluated because they represent two extremes in gagomposition in packages made from an ionomer film withe@d CQ
permeability coefficients. PVdC is one of the highest gas barrier permeability coefficients of 5.2% 10° and 4.45x 10~° mL cm/cn?
materials used for food packaging, and silicon rubber is a very poor s cm Hg are given imable 4. The calculated effect on equilibrium
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Table 2. Package and Film Parameters Used to Calculate Theoretical CO, and O, Concentrations

from lonomer A, LDPE, PVdC, and Silicon Rubber Fims at 23 °C (n = 3, +

Al-Ati and Hotchkiss

in Apple Slices in Theoretical Packages Made
Sd)2.

apple free vol thickness mL cm/ cm?s cmHg
material area cm? weight (Kg) (ml) (cm) PO, PCO;
ionomer A 360 0.1 50 0.00254 5.27x107°+ 0.0 4.45%x107°+0.0
LDPE 360 0.1 50 0.00254 2.88 x 10710 1.26 x107°
silicon rubber 360 0.1 50 0.00254 1.24x1078 6.62 x 108
PvdC 360 0.1 50 0.00254 330x10718 1.98 x 10712

2 Results are given in Figure 2.

Table 3. Parameters Used to Calculate Theoretical Gas Composition in Packages Made from lonomer A and LDPE with Different (adjusted) CO,/O,

Permselectivities?
area weight free vol thickness mL cm/cm?s cmHg
material (cm?) (Kg) (ml) (cm) PO, PCO,
unmodified ionomer 360 0.1 50 0.00254 5.27 x 107° 4.45 % 1079
ionomer with decreased CO, barrier 360 0.1 50 0.00254 5.27 x 1079 2.31x10°8
ionomer with increased O, barrier 360 0.1 50 0.00254 1.02x107° 4.45x107°
unmodified LDPE 360 0.1 50 0.00254 2.88 x 10710 1.26 x107°
LDPE with increased CO, barrier 360 0.1 50 0.00254 2.88 x 10710 2.88 x 10710
LDPE with decreased O barrier 360 0.1 50 0.00254 1.26 x 1079 1.26 x 1079

2 Results Are Given in Figure 3.

Calculated Gas Composition inside Packages with lonomer
And Common Films

25

10
Time (hr)

15 20 25

Figure 2. Theoretical (i.e., calculated) O, and CO, concentrations inside
packages made from ionomer film A (M), LDPE (a), PvdC (—), and
silicon rubber (O) films.

Table 4. Parameters Used to Calculate the Effect of Package
Dimension and Product Mass on Theoretical Gas Composition in
Packages Made from an lonomer Filmab

area cm? weight (Kg) free vol (ml) thickness (cm)
360 01 50 0.00254
720 0.1 50 0.00254
360 0.1 25 0.00254
360 0.1 50 0.00127
360 0.05 50 0.00254

aResults are given in Figure 4. ® lonomer film had O, and CO, permeability
coefficients (mL cm/cm? s cmHg) of 5.27 x 10~° and 4.45 x 109, respectively.

CO; and Q concentration inside a theoretical package resulting from
changes in film permeability and permselectivity is expressed graphi-
cally in Figure 3; equilibrium effects due to changes in film area,
product mass, and free volume are expressédgare 4. For ionomer

A, the calculated @and CQ concentrations at steady state were 2.3

from 50 to 25 mL, the rate at which gas composition approached steady
state was reduced from 18 to 9 Rigure 4). However, changing the
free volume did not change the calculated steady-state levels of the
gases (2.3% for @and 20.5% for C@). Minimizing the free volume
would facilitate reaching the steady-state faster, which may be
advantageous for fresh-cut produce.

Reducing the thickness of ionomer A from 1 to 0.5 mil had a similar
effect on the [CQ| and [Q] to that resulting from doubling the film
area from 360 crhto 720 cn? (Figure 4). The calculated [€ and
[CO,] at steady state were 4.4 and 18.5% and was reached in
approximately 10 h. Reduction in film thickness did not change the
time required to reach equilibrium but increased thg] ff@om 2.3 to
4.4%, and reduced the [GDrom 20.5 to 18.5%. Increasing the film
area increased the amount of gas permeating through the film.
Therefore, the film would allow more Qinto the package (thus
increasing the [g] at steady state) and allow more € escape out
of the package (thus reducing the [g@t steady state).

Reducing the weight of apple slices from 100 to 50 g also led to the
same steady-state [G[0(18.5%) and [Q] (4.4%) as reducing film
thickness by one-half or by doubling the film area. However, it would
take about 40 h to reach the steady state, which is twice the time
required for 100 g of slices to reach steady state.

These modeled results indicate that changing the free volume affects
the time required for [Cg) and [O;] to reach steady state, but does
not affect the steady-state levels of both gases. Reducing the film
thickness by 1/2 or doubling the area changed the steady-state levels
of the gases but not the time required for steady state. Packages with
half the apple slice weight required twice the time to reach steady state.
From a package design perspective, if the time to reach steady state
must be shortened, then reducing the free volume or increasing the
produce weight should be considered. However, changing the produce
weight changes the gas concentrations, whereas changing the free
volume does not. When the,@vels provided by a given package are
close to anaerobic conditions, increasing the film area or reducing the
film thickness, or a combination of the two should be considered. In
this case, the time required to reach steady state would not be changed.
Such manipulations are only successful when the gas permeability
coefficients of the packaging materials are such that they provide
concentrations of CQand Q that are reasonably close to the desired
values. For example, neither PVdC or silicon rubber would provide
reasonable gas levels with commercially feasible produce weights, film

and 20.5%, respectively, and were reached in approximately 10 h areas, thickness, or free volumes.

(Figure 3, parts A and B). Free volume would not be expected to effect

The effect of film CQ/O, permselectivity can be estimated by

steady-state gas composition, but when the free volume was reducedcalculating the equilibrium gas composition with different permeability
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A. Effect of Modifying CO2/O, Permselectivity of lonomer Film by
Increasing CO» Permeability
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B. Effect of Modifying CO./O. Permselectivity of lonomer Film by
Decreasing O, Permeability
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D. Effect of Modifying the LDPE CO, /O ; Permselectivity by Decreasing
CO; Permeability
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Figure 3. Theoretical (i.e., calculated) effect on gas composition of increasing CO, permeability (O) (A and B) or decreasing O, permeability (O, A)
(Figures 3C & D) compared to packages made from unmodified ionomer (p), or LDPE (—) films.

Effect of Package Dimensions, Apple Weight and Free
Volume on Gas Composition
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Figure 4. Effect of changing packaging dimensions, free volume, or
product mass on the theoretical (i.e., calculated) gas composition inside
packages made from ionomer film A (Table 1). Film area = 360 cm?,
apple slices weight = 0.1 Kg, free volume = 50 mL, and film thickness
= 0.00254 cm (a); film area increased to 720 cm? (a); free volume
reduced to 25 mL (@®); film thickness reduced to 0.00127 cm (M); apple
slice weight reduced to 0.05 Kg (O0).

coefficients Table 3; Figure 3). For example, LDPE would be expected
to generate a low [€) (0.13%) and high [CG] (22.1%) Figure 3A).
lonomer films with a permselectivity of 0.844dble 3) would be
expected to result in 2.3% pPand 20.6% [CQ] at equilibrium in the
same system. Adjusting the G@ermeability coefficient of the ionomer
to 2.31 x 10® (mlcm/cn? sec cm Hg) while keeping the ;O

in [COy] from 22.1 to 13.5% [igure 3A). Alternatively, decreasing
the Q, permeability of the ionomer to 1.02 10° (mlcm/cn? sec cm
Hg) decreases the ppfrom 2.3 to 0.45% Figure 3B), which may
result in anaerobosis.

If the CO, permeability of LDPE were theoretically decreased from
1.26 x 107° (mlcm/cn? sec cm Hg) to match that of 32.88 x 10710
mlcm/cn? sec cm Hg), the COconcentration would increase slightly
from 22.1 to 22.5% Kigure 3C), and the [@ would remain low
(0.13%). If the Q permeability of LDPE were increased to 1.26
107° (mlcm/cn? sec cm Hg) (Table 3), the Oconcentration would
increase from 0.13 to 0.6%-igure 3D). The adjusted LDPE would
be expected to provide more;@nd would, therefore, be less likely to
create anaerobic conditions, while maintaining a highes @dcentra-
tion (22.1%).

Oxygen permeability may be a limiting factor for MAP of rapidly
respiring fresh-cut produce, due to the creation of anaerobic conditions;
therefore, changing C£D, permselectivity by increasing Aperme-
ability to match that of C@would have the greatest benefit. Because
[CO,] as high as 2530% may be desirable for fresh-cut fruits such as
apples (5), it follows that Copermeability should be kept low and, O
permeability increased to match that of £@nfortunately, no such
film is commercially available.

CONCLUSIONS

MAP of fresh-cut fruits and some vegetables face a technical
hurdle, resulting from the failure of common packaging films
to simultaneously provide optimal;@nd CQ permeation rates
(i.e., optimal CQ/O, permselectivity). Package dimensions,
produce weight, or free volume can be manipulated to reach a
desirable level of either [g)or [CO], but not both. Commercial
films can provide sufficient @permeation to prevent anaerobic

permeability coefficient the same (Table 3), would give a permselec- fermentation but sub optimal [GD Adjustment of CQ/O,
tivity equal to that of LDPE (i.e., 4.4) and would result in a decrease permselectivity to near unity would allow the internal atmo-
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sphere of fresh produce/package system to be optimized. Further, (5) Gunes, G.; Watkins, C. B.; Hotchkiss, J. H. Physiological
as others have pointed ou)( packaging dimensions, produce responses of fresh-cut apple slices under high @@l low Q
weight, and free volume can be manipulated to control the time partial pressurePostharvest Bio. Techna2001,22, 197—204.
needed to establish steady-state conditions. Because the respira- (6) cZ)Q;g;el\:ln';c(;:]l;jéncdilc;;iggagr?& ie;reléirf]ilﬂtuﬁg\gvn tlﬂzfalurzggiia(gon
tion process and f|lm pe_rm(_eablllty are both temperature de- rate of ’rutabag 2. Food Sci2001,66, 30-37.

pendent, changes in respiration rate due to temperature changes

L - L (7) Al-Ati, T.; Hotchkiss, J. H. Application of packaging and
should be balanced by changes in f'lm, permeablllty to maintain modified atmosphere to fresh-cut fruits.Fnesh-Cut Fruits and
the desired steady-state gas composition.

Vegetables: Science, Technology, and Markemikanra, O.,
Ed.; Technomic Publishing: Lancaster, PA, 2002.
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