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This investigation implements specifically designed solvent-sup-
pressed adiabatic pulses whose properties make possible the long-
term monitoring of 1H NMR detectable metabolites from alginate/
poly-L-lysine/alginate (APA)-encapsulated bTC3 cells. Our
encapsulated preparations were maintained in a perfusion biore-
actor for periods exceeding 30 days. During this prolonged culti-
vation period, the cells were exposed to repetitive hypoxic episodes
of 4 and 24 h. The ratio of the total choline signal (3.20 ppm) to the
reference signal (observed at 0.94 ppm assigned to isoleucine,
leucine, and valine) decreased by 8–10% for the 4-h and by
20–32% for the 24-h episodes and returned to its prehypoxic level
upon reoxygenation. The decrease in the mean value of total
choline to reference signal ratio for three 4-h and two 24-h epi-
sodes in two different cultures was highly significant (P < 0.01).
The rate of recovery by this ratio was slower than the rates of
recovery by oxygen consumption, lactate production, or glucose
consumption. A step-up in oxygen level led to a new, higher value
for the total choline to reference ratio. From spectra of extracts at
400 MHz, it was determined that 63.6% of the total choline signal
is due to intracellular phosphorylcholine. Therefore, it is inferred
that the observed changes in total choline signal are linked to an
oxygen level dependence of the intracellular phosphorylcholine.
Several possible mechanisms in which oxygen may influence phos-
phorylcholine metabolism are suggested. In addition, the implica-
tions of these findings to the development of a noninvasive mon-
itoring method for tissue-engineered constructs composed of
encapsulated cells are discussed. © 2000 Academic Press

Key Words: 1H NMR; bTC3 insulinoma cells; hypoxia; total
holine.

INTRODUCTION

The noninvasivein vivo monitoring of biochemical pro
esses relevant to the function, survival, and longevit
issue-engineered pancreatic constructs is extremely imp
or the development of the optimum construct design.
tudy represents the first step toward establishing a noninv
n vivo monitoring method that utilizes existing magnetic

1 Currently at Novartis Institute for Biomedical Research, Novartis P
aceuticals Corporation, Core Technologies/Analytics-BioNMR, Summ
7901.
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nance technology and permits the evaluation of key intr
ular metabolites in a microencapsulation-based bioarti
ancreas. The model construct employed in this study co
f insulin-secretingbTC3 cells encapsulated in an algina

poly-L-lysine/alginate (APA) matrix. This matrix imposes
barrier that can be manipulated to have a molecular w
cutoff of approximately 70,000 Da at the time of preparat
Consequently, nutrients and metabolites with smaller mo
lar weights diffuse through the construct, but antibodies
molecular weights above the cutoff and cytotoxic cells
excluded (1, 2). Such constructs provide an elegant mo
implant that can secrete insulin on demand by sensing
glucose concentration in the surrounding fluid. Similar c
structs containing mammalian islets have successfully res
normoglycemia in both small and large animals (3–7) and have

een somewhat successful in one human patient (8) for an
xtended period of time.
Our previous work has explored important biochem

roperties in this type of construct using both traditional
hemical and NMR-based31P and 13C NMR spectroscop

methods (9–17). Specifically, the effects of repetitive expos
to either low or high glucose (basal or stimulated ins
secretion) or hypoxia on the bioenergetic status of the en
sulated cells were investigated. In addition, we established
during prolonged perfusion cultures, APA-entrappedbTC3
cells maintained in a packed-bed bioreactor system und
significant cell growth (12). The profiles of metabolic an
secretory activity by the encapsulated cells are characteriz
three distinct phases (12, 16). Phase 1 (P1) is an initial stab
period that lasts for 3–5 days, Phase 2 (P2) is a period of
growth that lasts until Days 5–7, and Phase 3 (P3) is a p
of metabolic and secretory steady state that is sustained f
remainder of the culture.

Unlike 13C and 31P NMR, 1H NMR spectroscopy has se
limited application for the study of cells (18–20) in perfusion

ioreactors. Three major causes of this limitation are (1
ective water suppression over the bioreactor volume; (2
tability of the excitation scheme and quality of the w
uppression over repetitive data acquisitions during many
f culture; and (3) achieving a homogeneousB0 field over the
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50 LONG ET AL.
bioreactor volume. In order to observe intracellular metabo
with millimolar concentrations in the presence of water (c
centration of 110 M for hydrogens), it is required that one
optimized pulse sequences to minimize the intensity of
water resonance. Several water-suppression methods a
rently being utilized, including presaturation, relaxation-ba
techniques, and gradient and combined selective-excita
gradient-based methods. Many of these have been rev
recently by Gueronet al. (21).

We have applied specifically designed solvent-suppre
diabatic pulses whose properties make possible the mo

ng of 1H NMR detectable metabolites from APA-entrap
bTC3 cells perfused in a packed-bed bioreactor over a
longed period of time. Periodic application of 1D chem
shift imaging (CSI) has also allowed us to determine cha
in the distribution of the detected metabolites along the b
actor flow axis with the age of culture. In this study, we pre
data on the relationship between the1H NMR detectable tota
choline signal and dissolved oxygen concentration (DO).
implications of our findings to the development of a nonin
sive monitoring method for tissue-engineered pancreatic
structs are discussed.

RESULTS

Figure 1 shows a representative1H NMR spectrum at 20
MHz of APA-encapsulatedbTC3 cells perfused with DMEM
Resonance assignments are displayed in the figure an
based on extract spectra and on published values of k
chemical shifts (22). The resonance at 3.20 ppm is labele
total choline since it was determined from extract spectra

FIG. 1. Water-suppressed proton spectrum (200 MHz) ofbTC3 insuli-
noma cells entrapped in 1.06 0.2 mm APA beads (total volume 22 mL) in
packed-bed bioreactor perfused at 30 mL/min. The repetition time is 2.39
the delay between 90° and 180° SSAP pulses, TE/2, is 128 ms. The sp
represents 64 acquisitions, with a Gaussian line broadening, gf, of 0
defined in exp(2(t/gf)2). Total choline5 choline1 phosphocholine1 glyc-
erophosphocholine; Glx5 glutamate1 glutamine; Ala5 alanine; and AA
CH3 is the reference peak whose intensity is stable throughout the c

eriod. AA-CH3 is tentatively assigned to the methyl protons of amino a
leucine, isoleucine, and valine in the growth media.
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it is composed of the –N(CH3)3 groups of choline (Cho
phosphorylcholine (PCho), and glycerophosphorylcho
(GPC). For thebTC3 cell line and culture conditions used
this study, extract spectra of monolayer cultures acquire
400 MHz illustrate that PCho represents the major contrib
to this signal with 63.66 4.0% followed by GPC with 33.46

.0% and Cho with 3.06 0.4%. Upfield of the total cholin
resonance, the two broad resonances ranging between 2.
2.07 ppm represent a mix of theb- andg-protons of glutamat
and glutamine (Glx), while the large resonance at 1.27 pp
assigned to the lactate –CH3 group. The shoulder downfield
the lactate peak at 1.43 ppm is assigned to alanine (Ala),
the peak upfield of the lactate resonance at 0.94 ppm
signed to the methyl resonances of amino acids (labeled
CH3 in Fig. 1). Based on the composition of DMEM and
chemical shifts of the different amino acids, the compou
most likely contributing to this resonance are isoleuc
leucine, and valine. During each experiment described in
study, this resonance remained stable in intensity due to
dium replenishment and, as a result, the peak labeled AA3
in Fig. 1 is used as the “reference” peak in the expressio
several ratios presented and discussed below. An ex
sealed capillary was considered, but the residual air in
capillary caused line broadening of the proton reference si

It is possible that additional metabolites may also contri
to the signal intensity of the total choline or lactate resonan
For example, the H-2 protons ofb-D-glucose have a chemic
shift of 3.24 ppm (it appears as a multiplet) and, therefo
contribution to the total choline resonance is possible. H
ever, under the present experimental conditions, with the
echo occurring 128 ms after the refocusing adiabatic p
their contribution is minimized due to a combination ofT2 spin
relaxation andJ-modulation effects. Furthermore, spectra
quired from a 50 mMb-glucose solution in the bioreactor
the absence of beads using the same sequence showed
gible intensity from the H-2 resonance (data not shown). T
lycerides from serum in media might be expected to contr
to the signal intensity near the lactate resonance at 1.3
However, their contribution should be minimized by the l
echo time used. This was confirmed by comparison of sp
of cell-free APA beads perfused with either serum-free
serum-supplemented DMEM.

The signals presented in Fig. 1 are a composite of me
lites that are intracellular and extracellular. To determine
compartmentalization of the total choline and lactate peak
performed experiments with single-pass perfusion using
media. From samples of fresh media, lactate was measu
be 1.2 mM, while choline was assumed to be between 0
and 0.032 mM as previously published for serum-sup
mented DMEM (23). Our NMR data showed that upon switc
ing from recirculation to single-pass perfusion, the lac
signal fell to low levels, whereas the total choline sig
remained constant in intensity. Furthermore, the total ch
resonance was only observed when data were acquired
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511H NMR OF ENTRAPPEDbTC3 CELLS
APA beads that contained cells. Therefore, it was deduce
the origin of the total choline resonance was primarily in
cellular, while lactate was primarily extracellular.

Figure 2 shows the temporal changes of the total ch
resonance, as well as the rate of oxygen consumption (O
by the entire cell population during the lifetime of the 32-
culture. Changes in total choline are presented as the ra
the fitted area of the total choline peak divided by the are
the “reference” peak, while changes in OCR are present
percentage change over the initial value of OCR determ
during the first few hours of operation. As we have previo
demonstrated, cultures of APA-entrappedbTC3 cells underg
three distinct phases in our perfusion system: a lag phase
a growth phase (P2), and a plateau phase (P3) (12). Metabolic
and secretory indexes, such as the rates of oxygen and g
consumption, lactate production and insulin secretion, an
intracellular concentration of ATP as measured by31P NMR
spectroscopy for the specific alginate conditions, roughly
ble between P1 and P3 (12). The same pattern of change is a
observed in the present cultures. The ratio of total cholin
reference indicates that the total choline resonance paralle
metabolic activity of the culture. This change in signal in
sity is attributed to a combination of physiologic effects
well as to a net cell growth. To account for the effects
relaxation times as a potential source of intensity change
ing the growth history of a culture, experiments reflectingT1

andT2 information were performed. Effects ofT1 were ascer-
tained in Culture I by acquiring two data sets, one at a re
tion time of 2.39 s and one at 6.39 s on Days 1, 5, 10, 16
31. For the total choline, lactate, and the reference signa

FIG. 2. Temporal profiles of oxygen consumption rate (OCR) (s
circles), depicted as the percentage change from the initial consumptio
and the ratio of the total choline/reference (total choline/ref) (open squ
The data presented are from Culture I. The three characteristic phases
culture are P1, P2, and P3. The arrows mark the time duration of each
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ratio of the intensity at 6.39 s to that at 2.39 s was determ
for each of these days. The average for the 5 days was 16
0.07 for total choline, 1.536 0.08 for lactate, and 1.256 0.07
for the reference peak. Effects ofT2 were measured by acqu-
ng spectra at TE/2 of 128 and 178 ms. The ratio of
ntensity at TE/2 of 178 ms to that at 128 ms was evaluate
he total choline, lactate, and reference peaks. Althoug
ignals are not fully relaxed, no statistically significant chan
f the above ratios reflectingT1 or T2 were observed for th

total choline, lactate, or the reference resonance during the
period of the culture.

The effects of DO on the total choline resonance inten
can be attributed to two independent mechanisms: (1) ch
in total choline as a result of a change in viable cell num
supported by a particular DO level, and (2) changes in
choline as a result of a physiologic or metabolic change
given viable cell number. Two types of DO experiments w
performed to provide information to help deconvolute
potentially complex behavior. In the first experiment, the e
of DO on the total choline intensity for a given viable c
number was determined during transient (4 and 24 h dura
decreases in DO. The duration of these hypoxic episode
short enough to prevent significantbTC3 cell growth or deat
during the episode. This was ascertained from the equal
OCR before and after the hypoxic insult in this work and
Ref. (17). In total, two 4-h episodes and one 24-h episode
carried out in Culture I. The maximum decrease for the
line/reference ratio during the hypoxic episodes of Cultu
were 9.8 and 8.9% for the two 4-h episodes, and 32% fo
24-h episode. When comparing byt test the mean of the rat

efore and at the end of the hypoxic episodes, these de
ere highly significant (P , 0.001).Additional 4-h and 24-
pisodes were carried out in Culture II. Changes of the cho
eference ratio were barely detectable for the 4-h episodeP ,
.01),while for the 24-h episode the ratio was reduced by
P , 0.001). Theresults for the 24-h episode of Culture II
llustrated in Fig. 3. The time variable for these displays s
n Day 6 at the beginning of the P3 period for Culture II. P
displays the profile of DO measured at the input (DO(in)) and

output (DO(out)) of the bioreactor as well as the resultant O
of the culture. OCR, as percentage of initial, starts at;200%
on this display since the cell doubling occurred in P2.
noteworthy to point out that after each hypoxic expos
reoxygenation of the culture resulted in an immediate reco
of OCR to its prehypoxic value. This result suggests tha
net number of viable cells is unaffected by the hypoxic
sode, despite the reduction in metabolic activity during
episode. Panel B displays the profiles for the ratios of
choline to reference and lactate to reference measured1H

MR. Induction of hypoxia causes a decrease in the rat
otal choline to reference that continues for the duration o
pisode. Upon reoxygenation the ratio begins to recove
eaches its prehypoxic value within;2 days. Conversely, th

lactate ratio increases during hypoxia and recovers to its
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52 LONG ET AL.
hypoxic value within 36 h after reoxygenation. Panel C
plays the profiles of glucose consumption rate (GCR)
lactate production rate (LPR) measured from medium sam
that were removed from the perfusion fluid. Both rates incr
during hypoxic episodes, and recover to their prehypoxic v
within 36 h after reoxygenation.

The step-up in oxygen level is also depicted in Fig. 3 (
17 onward). Changes in the metabolic activity are attribute
both physiologic/metabolic changes as well as to an increa
viable cell numbers supported by a higher input DO level.
immediate and sharp increase in OCR is attributed to
increased oxygen consumption of existing viable cells; h
ever, the subsequent gradual increase is due to an incre
the number of viable cells supported by the higher DO
centration. The NMR data show that with the increase in
level, the ratio of total choline to reference increases con
ously with time, while the lactate to reference ratio decre
for the first 2 days, followed by an increase as one approa
a new DO steady state. A similar profile is also observed
both the GCR and the LPR.

Given the large bioreactor volume and the observation
the metabolic activity of the culture increased dramatic
during the first 6–7 days of culture, it is important to check
a stable metabolite signal distribution along the length o
bioreactor with the age of the culture. Figure 4 illustrates
distribution of the total choline/lactate ratio as a function
distance along the cylindrical axis coincident with the direc
of flow at various times during the 32-day-long culture.
ratio of the total choline to lactate is used in order to correc
the basicB1 field distribution of the RF coil. Since lacta
intensity was determined to be symmetric about the cent
the coil, at each time point, the above ratio reflects the d
bution of total choline. The curves are normalized to a lac
concentration in the external media of 17.7 mM. Lactate
centration was measured analytically from samples of
medium collected periodically from the perfusion system,
was maintained constant by medium replenishment. The
in Fig. 4 show that during P1 and early P2 (Days 1 and 3
ratio of total choline/lactate is nearly constant from inpu
output (slope of20.002,20.011 ratio units/cm), during late P
(Day 5) a gradient is beginning to develop (20.044 ratio

nits/cm), and finally during P3 (Day 16 and 30) the grad
s significant (20.083 to20.133 ratio units/cm). The increa
n the ratio from Day 1 to 30 shows an increase in total cho
elative to lactate. Indicated in Fig. 4 are also the input
utput DO concentrations at each time of measurement (d

DISCUSSION

Two questions that are critical for an implanted constru
sustain optimum function are: (1) is there a significant
growth within the construct during the lifetime of the impla
and (2) do the cells experience conditions of nutrient defici
as a result of either fibrotic overgrowth development or
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/
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FIG. 3. Temporal profiles of key metabolic and NMR parame
during the steady-state phase, P3, observed from Culture II. (A) Inpu
output dissolved oxygen levels (DO(in) and DO(out)) as percentage oxygen
a gas phase in equilibrium with the liquid phase and the resultant ox
consumption rate (OCR). (B) Ratio of total choline/reference (total cho
ref) and lactate/reference (lactate/ref). (C) Glucose consumption
(GCR) and lactate production rate (LPR) depicted in units ofmmol/h for the
entire culture. In each panel, the boundaries of the 4- and 24-h hy
episodes as well as the time of oxygen level step-up change are de
Dotted lines mark the beginning and end of the hypoxic episodes as w
the step-up in oxygen concentration.
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531H NMR OF ENTRAPPEDbTC3 CELLS
implantation procedure? It is apparent that either exce
growth or nutrient deficiency can be detrimental to the func
of the implant. The ability to monitorin vivo, noninvasively
he function of a bioartificial pancreas might allow us to pre
ts potential to secrete insulin while the recipient patient is
ormoglycemic. One technique that may fulfill this requ
ent is localized NMR spectroscopy. Given the fact that1H is

the most sensitive NMR nucleus and that the capabilit
acquire 1H NMR spectra is widely available in current M
equipment, we set forth to investigate the utility of this nuc
for monitoring model tissue-engineered pancreatic constr

In addressing the first critical question raised above,
apparent that the ratio of total choline to reference track
total number of viable metabolically active cells with th
associated physiology. Assuming that OCR represents a
sure of viable cells, then our observation in Fig. 2 that
major temporal changes in the total choline resonance cor
positively with changes in OCR infers that the total cho
resonance can track the net cell growth of the system. T
supported by the observation that during P3 the ratio of
choline to reference is relatively stable. Although the c
continue to multiply, the net number of viable cells is the sa
This has been previously demonstrated by hematoxylin/e
stained histology cross sections (12). The continuous divisio
of cells, but lack of net cell growth, is attributed to the fact
a specific DO concentration supports only a fixed numbe
viable cells. As is shown in Fig. 3, following the step incre
in DO(in) from ;9.0% oxygen (;64 mm Hg) to 23% oxyge
;163 mm Hg), the metabolic activity of the cells as reflec
n the OCR reaches a new higher plateau. Total cholin
eference also increases. This is primarily attributed to a
ell growth within the bioreactor. However, the presenc

FIG. 4. 1D chemical shift imaging data of the total choline/lactate rat
f view for these experiments was 6 cm) acquired at different times durin

evels as percentage oxygen are shown in brackets with the associated
ve
n
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etabolic or physiological processes brought about by lim
oncentrations of nutrients imposed by either specific env
ental conditions or diffusional barriers that can either
ance or diminish this correlation cannot be discounted. T
ffects are expected to be particularly significant as hete
eity in the cell population within the APA beads develops

o the continuous growth/death of the encapsulated
12, 16, 24). It should also be noted that the positive correla
etween OCR and an NMR detectable intracellular metab

s not unique to the total choline resonance, as similar re
ave been reported for ATP in APA-encapsulatedbTC3 cells

(12). However, the improved temporal resolution and sig
o-noise of the spectra, afforded by the increased sensitiv
he 1H nucleus, make1H a more suitable nucleus for futurein
vivo experiments.

In addressing the second critical question, our data show
he total choline resonance is sensitive to changes in ox
oncentration. During all hypoxic episodes, the ratio of t
holine to reference tracked the changes in %OCR, but
lower kinetics. Figure 3 clearly shows slower decline
ecovery than %OCR. As the time of hypoxic insult increa
he time of recovery to the prehypoxic value increases.
ime scale of choline recovery is on the order of 1.1 and
ays for the 4-h and 24-h episodes, respectively. The fac
OCR recovers immediately following reoxygenation to

rehypoxic values implies that the hypoxic episodes did
ave a detrimental effect on the net viability of the cult
herefore, the observed changes in total choline reson
uring the hypoxic episodes are attributed to physiologi
etabolic causes and not to a change in net viability. This

ignificant finding with implications that are wide ranging
reas of choline metabolism.

normalized to 17.7 mM lactate) versus distance along the bioreactor ax
ulture I indicated in the figure. The corresponding input and output dissoed oxygen
lture phase designation P1, P2, or P3.
io (
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54 LONG ET AL.
The first step in identifying a possible biochemical mec
nism responsible for the change in total choline signal
identify the component of the total choline resonance res
sible for these changes. As we have stated under Re
extract spectra ofbTC3 cells have identified PCho as the ma
component with 63.66 4.0%, followed by GPC with 33.46
4.0% and Cho with 3.06 0.4%. Based on previous stud
with 31P NMR spectroscopy, the concentration of GPC d
not change significantly with time during either 4-h or 2
hypoxic episodes, whereas PCho does not change for th
and declines during the 24-h episodes performed while
culture was in the middle of the P3 period (17). Since choline
represents less than 5% of the total choline signal intens
is unlikely that it can contribute significantly to the obser
decline. Therefore, the most probable scenario for the dec
in total choline during hypoxic episodes is a reduction of PC
Owing to its sensitivity, proton NMR is able to detect sm
changes observed during 4-h episodes (;8%), whereas the
are not detectable by31P NMR. During the 24-h episode, PC
intensity as determined by31P drops by 40% (17), in rough

greement with the proton data.
The enzymology underlying the changes of PCho met

ism is complex. Intracellular PCho concentration may
ltered by a number of different mechanisms which inc
ptake of choline from the perfusion media and subseq
hosphorylation by choline kinase; activation of phospholi
-induced release from phosphatidylcholine (PC); and
egradation by glycerophosphocholine hydrolase (25). The
ynthesis of PCho from exogenous choline has been de
trated for several cell lines (26, 27). Although the direc
emonstration of this process forbTC3 cells has not bee

studied in detail, there is evidence to suggest that PCho
eration by phospholipase C activation might be presen
bTC3 cells (28) as well as cholinergically stimulated pancre
(29, 30). Under hypoxic conditions, it has been suggested
the action of phospholipases leads to net phospholipid d
dation with increases in choline, PCho, and possibly G
concentrations (31, 32). Although an increase in PCho w
hypothesized, a reduction of PCho was observed under c
tions of hypoxia in ventricular myocytes (31). If we conside
hat the decline of PCho is due to a reduction in its overall
f synthesis, then this reduction could be derived from on
combination of the following: reduced rate of choline up

rom the media; a reduced choline kinase activity; or a red
ate of choline phosphorylation due to a decrease in
oncentration (ATP is required in the choline kinase step
ur 31P studies, we have shown that both the PCho and the

intensity decrease during hypoxia (16, 17). It has also bee
shown that during hypoxia, leakage of PCho from the cyt
to the perfusion medium can occur (33).

A point of concern about our bioreactor system is the
nificant gradient in total choline signal observed during
period of metabolic plateau. We suggest that this gra
reflects one or a combination of the following: viable
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number, cell type fraction (proliferative, quiescent, and
crotic), and cell physiology at each point, from input to ou
of the bioreactor. It is known that proliferative cells hav
higher steady-state level of PCho than quiescent or nonp
erative cells (23). Even though the 1D CSI experiment can
separate the above contributions, it is plausible that the h
DO at the input of the bioreactor supports a larger numb
viable more proliferative and more metabolically active c
than the DO at the output. Viewing the total choline/lac
ratio at specific positions along the bioreactor, it is found
this ratio takes on a quite different evolution with culture ti
At the input, the ratio of total choline/lactate increases co
uously with time, while at the output, it increases at fi
followed by a decrease over time. At positions near the ce
a limiting value is reached. When combined to give the ov
global ratio, a near steady state is achieved. The tem
changes at the input and output locations are supportive
larger number of metabolically healthy cells at the input ve
the output.

In summary, our data demonstrate the utility of adiab
solvent-suppression pulses for acquiring1H NMR spectra with
a stability not possible by other methods for large biorea
examined over prolonged periods of time. It establishes
dependence of the total choline signal, which is prima
phosphorylcholine, on the available oxygen concentratio
the first time. For the field of tissue engineering, our res
provide a foundation for the development of a noninva
monitoring method to observe the function of cell-based tis
engineered constructsin vivo.

MATERIALS AND METHODS

Cell Cultures and APA Encapsulation

bTC3 cells were obtained from the laboratory of Dr. Shim
Efrat (Department of Molecular Pharmacology, Albert Eins
College of Medicine, New York, NY). The cells were pro
gated as monolayers in T-flasks and cultured in Dulbec
modified Eagle’s medium (DMEM) (D-5648, Sigma Chem
Co., St. Louis, MO) supplemented withL-glutamine to a fina
concentration of 6 mM, 15% heat-inactivated horse se
2.5% fetal bovine serum, and 1% of penicillin/streptomy
solution as described previously (11). Only cells between pa
sage number 32 to 47 were utilized for these experiment

Encapsulation ofbTC3 cells in APA beads was based on
initial protocol of Lim and Sun (5) that was modified to me
our present experimental requirements (11). Trypsinized cell

ere suspended in a 2% alginate solution (Kelco LV,
iego, CA) and via an extrusion apparatus, droplets
llowed to fall in a 1.1% CaCl2 solution producing calcium

alginate beads. The beads were subsequently treated with
L-lysine (MW ;29,000, Sigma Chemical Co., St Louis, M
and coated with alginate to form APA beads. Beads were 16
0.2 mm (mean6 SD) in diameter and contained initially 73
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551H NMR OF ENTRAPPEDbTC3 CELLS
10 cells/mL alginate. Approximately 25 mL of APA bea
was prepared and placed in spinner flasks for mainten
before loading into the bioreactor. All NMR experiments w
initiated within 48 h after completion of the encapsula
protocol. The viability of the encapsulated cells, 24 and
after completion of this procedure, has been reported by
group to range between 60 and 85%. No statistical differe
in viability measured at these times are observed (9, 34).

Overall, two entrapped cultures were prepared for t
studies, one that was maintained for 32 days (Culture I)
another that was maintained for 23 days (Culture II). A tota
two 24-h and three 4-h hypoxic episodes were carried ou
1H NMR studies.

Perfusion System

Beads with entrapped cells were placed in a 22-mL pac
bed bioreactor, resulting in a total number of 1.53 109 cells a
the beginning of each experiment. The perfusion system
which a detailed schematic is shown in a previous publica
(11), consisted of three medium circulation loops. Only
circulation loops were used in this study: (1) a perfusion l
in which medium was circulated through the bioreactor
rate of 30 mL/min; and (2) a medium replenishment lo
which was used to constantly replace spent medium with
medium. Temperature sensors (Resistance Temperatur
vices, Omega Engineering, Inc., Stamford, CT) and po
graphic dissolved oxygen probes (Ingold, Wilmington, M
were placed in flowthrough cells and positioned upstream
downstream of the bioreactor. Directly measured value
percentage air saturation were converted to percentage o
(100% air saturation is equal to 20% oxygen for 95% air
CO2). All sensors were interfaced to a personal compute
an analog-to-digital board for repetitive data acquisition
addition, the amount of medium removed was measure
weight online using an electronic balance interfaced to the
system, thus providing an accurate measure of the ra
replenishment. The perfusion system was operated at 376 1°C
initially in a batch mode (without replenishment) until
glucose concentration dropped to a desired level (10–16
Medium replenishment was then initiated at a rate w
maintained the residual glucose concentration in the perf
loop at a predetermined level (Culture I,;10 mM; Culture II,
;15 mM). The concentration of oxygen supplied to the h
space of the medium reservoir was maintained constant d
the experiment by pumping incubator air. The supply of o
gen to the headspace combined with the oxygen demand
cell culture and the leaks through the lines and other sy
components determined the bioreactor input oxygen level
poxic episodes were carried out by pumping humidified
CO2/95% N2, while step-up in oxygen concentration was-
tained by pumping humidified 95% O2/5% CO2 into the head-
space of the medium reservoir. Exposures to either reduc
increased dissolved oxygen concentrations were carrie
during the period of metabolic and secretory steady state
ce
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3).

Analytical Techniques

Lactate and glucose concentrations were determined w
Ektachem DT60 II analyzer (Eastman Kodak, Rochester,
The rates of glucose consumption (GCR) and lactate pro
tion (LPR) were determined by measuring the residual glu
and lactate concentrations in the perfusion loop and taking
account the concentrations of these species in the fresh m
and the rate of medium replenishment. The rate of ox
consumption (OCR) was determined by measuring the d
ence between the input and output dissolved oxygen elect
and multiplying this with the perfusion flow rate through
bioreactor. The Pharmed tubing used to connect the biore
between the input and output oxygen electrodes has negl
permeability to oxygen for the length used. However, oxy
consumption by the cells and line permeability to gases fo
other lines leading to and from the medium resevoir as we
connectors preclude attaining a 0 or 95%oxygen level in ou
ystem.

xtracts of Monolayers and Beads for NMR Studies

Extraction of the intracellular milieu ofbTC3 cells for
assignment purposes was performed by the dual extra
method proposed by Tyagiet al. (35). Culture flasks wer
removed from the incubator and growth media aspirated.
cells were washed twice with ice-cold saline. Five milliliters
ice-cold methanol was added to each monolayer flask
allowed to stand for 5–10 min. The cells and cell debris w
then scraped into 50-mL centrifuge tubes. Five milliliters
chloroform was added, followed by 5 mL of deionized wa
The aqueous layer containing water-soluble intracellular
tabolites was lyophilized after treatment with Chelex-100 (
Rad Laboratories, Hercules, CA) and dissolved in a mixtu
D2O/H2O (;300 mL) (5%/95%, v/v) in a 5-mm NMR tube
For the preparation of the NMR samples, 1–3 T-175 fl
were used. The extraction protocol for APA beads is simil
that described for monolayers, except that one additional s
wash was applied and the beads were allowed to equilibra
an additional 10 min to allow media in the beads to diffuse

NMR Methods

Water-suppressed1H NMR spectra of perfused APA bea
(total volume 22 mL) were obtained on a 4.7-T Sisco Va
200/33 horizontal-bore spectrometer using a 12-cm-i.d. g
ent insert. A copper foil loop–gap resonator 3 cm in diam
and 2.95 cm in height about the bioreactor and perpendicu
the main magnetic field acted as the transmit/receive co
90°–TE/2–180°–acquisition spin-echo sequence was
which employs BIR-4 adiabatic pulses (Dvmax 5 42 kHz)
modified for solvent suppression, as first suggested by
wood and co-workers (36, 37). Suppression was accomplish
by introducing a free precession period within the pulses
vent-suppressed adiabatic pulse, SSAP) in such a way
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56 LONG ET AL.
create minimum excitation at the water resonance frequ
and maximum excitation between the choline and lactate
onance. The length of the excitation pulse was 2.859 ms
that of the refocusing pulse was 3.318 ms (the duration of
precession during the refocusing pulse was twice that d
the excitation pulse). The repetition time was 2.39 s. The
echo time was chosen to be 128 ms. The excitation band
maximum was centered at 2.00 ppm (540 Hz or 2.70
upfield of the water resonance at 4.70 ppm). Use of
sequence resulted in the generation of an echo that con
optimum signal for the metabolites of interest and minim
signal for water. The digitized full-echo signal was obtai
with a sweep width of 4000 Hz (2048 data points), zero fi
to 4096 points, filtered with a Gaussian filter constant, g
0.038 s defined in exp(2(t/gf)2) , Fourier transformed, and
in the frequency domain by Lorentzian model functions
each resonance in the frequency domain by routines sup
with the Sisco/Varian software. Eachin vitro spectrum was th
esult of 64 acquisitions. 1D CSI was carried out at var
imes over the history of the culture. For 1D CSI, 32 ph
ncoding steps were applied and the data were zero fill
28 in the phase encoding direction. With a field of view
m, this results in a resolution of 0.94 mm along the flow a
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