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This investigation implements specifically designed solvent-sup-
pressed adiabatic pulses whose properties make possible the long-
term monitoring of ‘H 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: '"H NMR; BTC3 insulinoma cells; hypoxia; total
choline.

INTRODUCTION

onance technology and permits the evaluation of key intrace
lular metabolites in a microencapsulation-based bioartificia
pancreas. The model construct employed in this study consis
of insulin-secretingBTC3 cells encapsulated in an alginate/
poly-L-lysine/alginate (APA) matrix. This matrix imposes a
barrier that can be manipulated to have a molecular weigt
cutoff of approximately 70,000 Da at the time of preparation
Consequently, nutrients and metabolites with smaller molect
lar weights diffuse through the construct, but antibodies witt
molecular weights above the cutoff and cytotoxic cells are
excluded {, 2. Such constructs provide an elegant mode
implant that can secrete insulin on demand by sensing tf
glucose concentration in the surrounding fluid. Similar con:
structs containing mammalian islets have successfully restor
normoglycemia in both small and large anim&és ) and have
been somewhat successful in one human patignfdr an
extended period of time.

Our previous work has explored important biochemical
properties in this type of construct using both traditional bio-
chemical and NMR-basedP and ®*C NMR spectroscopy
methods 9—17). Specifically, the effects of repetitive exposure
to either low or high glucose (basal or stimulated insulin
secretion) or hypoxia on the bioenergetic status of the enca
sulated cells were investigated. In addition, we established th
during prolonged perfusion cultures, APA-entrapp@tC3
cells maintained in a packed-bed bioreactor system underg
significant cell growth 12). The profiles of metabolic and
secretory activity by the encapsulated cells are characterized
three distinct phased2, 1§. Phase 1 (P1) is an initial stable
period that lasts for 3-5 days, Phase 2 (P2) is a period of rap

The noninvasivein vivo monitoring of biochemical pro- growth that lasts until Days 5-7, and Phase 3 (P3) is a peric
cesses relevant to the function, survival, and longevity 6f metabolic and secretory steady state that is sustained for t
tissue-engineered pancreatic constructs is extremely importegimainder of the culture.
for the development of the optimum construct design. This Unlike °C and*P NMR, "H NMR spectroscopy has seen
study represents the first step toward establishing a noninvadiagted application for the study of celld8-2Q in perfusion
in vivo monitoring method that utilizes existing magnetic redsioreactors. Three major causes of this limitation are (1) ef

fective water suppression over the bioreactor volume; (2) th

* Currently at Novartis Institute for Biomedical Research, Novartis Pha?—tablllty Qf the eXCItatI.O.n scheme and _qua“ty Pf the watel
maceuticals Corporation, Core Technologies/Analytics-BioNMR, Summit, NSMPpression over repetitive data acquisitions during many da
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of culture; and (3) achieving a homogenedjsfield over the
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Lactate it is composed of the —N(CH,); groups of choline (Cho),
% phosphorylcholine (PCho), and glycerophosphorylcholine
I (GPC). For theBTC3 cell line and culture conditions used in
‘}] this study, extract spectra of monolayer cultures acquired «

Total Choline [ 400 MHz illustrate that PCho represents the major contributc
& 5 to this signal with 63.6= 4.0% followed by GPC with 33.4&
/‘ Ala “ 4.0% and Cho with 3.6 0.4%. Upfield of the total choline
. resonance, the two broad resonances ranging between 2.35 :
A /| AA-CH, .

WA GIx [y 2.07 ppm represent a mix of the andy-protons of glutamate
/ | A /” V\\ and glutamine (GIx), while the large resonance at 1.27 ppm |
S I\”\T—fl/f e assigned to the lactate —Gigroup. The shoulder downfield of

40 35 30 25 20 15 10 05 ppm the lactate peak at 1.43 ppm is assigned to alanine (Ala), whil

FIG. 1. Water-suppressed proton spectrum (200 MHZ)gaC3 insuli-  the peak upfield of the lactate resonance at 0.94 ppm is a
noma cells entrapped in 1:8 0.2 mm APA beads (total volume 22 mL) in a Signed to the methyl resonances of amino acids (labeled A/
packed-bed bioreactor perfused at 30 mL/min. The repetition time is 2.39 s @@¢, in Fig. 1). Based on the composition of DMEM and the
the delay between 90° and 180° SSAP pulses, TE/2, is 128 ms. The spectifibmical shifts of the different amino acids, the compound:

represents 64 acquisitions, with a Gaussian line broadening, gf, of 0.03 . . . . . .
defined in exp{ (t/gf)?). Total choline= choline + phosphocholine+ glyc- %%St likely contributing to this resonance are isoleucine

erophosphocholine; Glx glutamate+ glutamine; Ala= alanine; and AA- |€ucine, and valine. During each experiment described in thi
CH, is the reference peak whose intensity is stable throughout the cultgldy, this resonance remained stable in intensity due to m
period. AA-CH, is tentatively assigned to the methyl protons of amino aciddium replenishment and, as a result, the peak labeled AA-CF
leucine, isoleucine, and valine in the growth media. in Fig. 1 is used as the “reference” peak in the expression ¢
several ratios presented and discussed below. An exterr
sealed capillary was considered, but the residual air in th
bioreactor volume. In order to observe intracellular metabolitegpillary caused line broadening of the proton reference signa
with millimolar concentrations in the presence of water (con- |t js possible that additional metabolites may also contribut
centration of 110 M for hydrogens), it is required that one usg the signal intensity of the total choline or lactate resonance
optimized pulse sequences to minimize the intensity of t®r example, the H-2 protons @o-glucose have a chemical
water resonance. Several water-suppression methods are gHift of 3.24 ppm (it appears as a multiplet) and, therefore,
rently being utilized, including presaturation, relaxation-base@ntribution to the total choline resonance is possible. How
techniques, and gradient and combined selective-excitati@er, under the present experimental conditions, with the sp
gradient-based methods. Many of these have been revievigfo occurring 128 ms after the refocusing adiabatic pulse
recently by Gueroret al. (21). their contribution is minimized due to a combinationTgfspin
We have applied specifically designed solvent-suppressif@flaxation and)-modulation effects. Furthermore, spectra ac-
adiabatic pulses whose properties make possible the moniigiiired from a 50 mMg-glucose solution in the bioreactor in
ing of "H NMR detectable metabolites from APA-entrappeghe absence of beads using the same sequence showed ne
BTC3 cells perfused in a packed-bed bioreactor over a pigible intensity from the H-2 resonance (data not shown). Trig
longed period of time. Periodic application of 1D chemica{cerides from serum in media might be expected to contribut
shift imaging (CSI) has also allowed us to determine changgsthe signal intensity near the lactate resonance at 1.3 ppt
in the distribution of the detected metabolites along the biorgowever, their contribution should be minimized by the long

actor flow axis with the age of culture. In this study, we presegtho time used. This was confirmed by comparison of spect
data on the relationship between th¢ NMR detectable total of cell-free APA beads perfused with either serum-free o

choline signal and dissolved oxygen concentration (DO). TR@rum-supplemented DMEM.

implications of our findings to the development of a noninva- The signals presented in Fig. 1 are a composite of metabi
sive monitoring method for tissue-engineered pancreatic cQfes that are intracellular and extracellular. To determine thi
structs are discussed. compartmentalization of the total choline and lactate peaks, w
performed experiments with single-pass perfusion using fres

RESULTS media. From samples of fresh media, lactate was measured

be 1.2 mM, while choline was assumed to be between 0.02

Figure 1 shows a representatiid NMR spectrum at 200 and 0.032 mM as previously published for serum-supple
MHz of APA-encapsulate@TC3 cells perfused with DMEM. mented DMEM 23). Our NMR data showed that upon switch-
Resonance assignments are displayed in the figure and iage from recirculation to single-pass perfusion, the lactate
based on extract spectra and on published values of knosignal fell to low levels, whereas the total choline signal
chemical shifts Z2). The resonance at 3.20 ppm is labeled agmained constant in intensity. Furthermore, the total cholin
total choline since it was determined from extract spectra thasonance was only observed when data were acquired frc
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Pl P2 P3 240 ratio of the intensity at 6.39 s to that at 2.39 s was determine
Aph for each of these days. The average for the 5 days was#.18

220 0.07 for total choline, 1.5 0.08 for lactate, and 1.25 0.07
56 - 200 = for the reference peak. Effects f were measured by acquir
5.2 180 ‘-;' ing spectra at TE/2 of 128 and 178 ms. The ratio of the
48 160 % intensity at TE/2 of 178 ms to that at 128 ms was evaluated fc

o 44 ] 4o ¥ the total choline, lactate, and reference peaks. Although th

£ ) @ @ @D g % 120 & signals are not fully relaxed, no statistically significant change

_E 100 8 of the above ratios reflecting, or T, were observed for the

£ total choline, lactate, or the reference resonance during the tin

© Total Choline/ref [ 80 period of the culture.

é 60 The effects of DO on the total choline resonance intensit
can be attributed to two independent mechanisms: (1) chang
in total choline as a result of a change in viable cell numbe

L B L L supported by a particular DO level, and (2) changes in tote
0 4 8 12 16 20 24 28 32 choline as a result of a physiologic or metabolic change for
Time (days) given viable cell number. Two types of DO experiments were

_ _ performed to provide information to help deconvolute this
FIG. 2. Temporal profiles of oxygen consumption rate (OCR) (50“13totentially complex behavior. In the first experiment, the effec

circles), depicted as the percentage change from the initial consumption ratg, . . . . .
and the ratio of the total choline/reference (total choline/ref) (open squaregf DO on the total choline Intensity for a given viable cell

The data presented are from Culture I. The three characteristic phases of thénber was determined during transient (4 anq 24 h duratior
culture are P1, P2, and P3. The arrows mark the time duration of each phakecreases in DO. The duration of these hypoxic episodes w

short enough to prevent significa®TC3 cell growth or death

during the episode. This was ascertained from the equality
APA beads that contained cells. Therefore, it was deduced t(ER before and after the hypoxic insult in this work and in
the origin of the total choline resonance was primarily intraRef. (17). In total, two 4-h episodes and one 24-h episode wer
cellular, while lactate was primarily extracellular. carried out in Culture I. The maximum decrease for the cho

Figure 2 shows the temporal changes of the total cholifiae/reference ratio during the hypoxic episodes of Culture

resonance, as well as the rate of oxygen consumption (OCREre 9.8 and 8.9% for the two 4-h episodes, and 32% for th
by the entire cell population during the lifetime of the 32-dag4-h episode. When comparing byest the mean of the ratio
culture. Changes in total choline are presented as the ratiobefore and at the end of the hypoxic episodes, these declin
the fitted area of the total choline peak divided by the area wkre highly significant® < 0.001).Additional 4-h and 24-h
the “reference” peak, while changes in OCR are presentedemsodes were carried out in Culture 1l. Changes of the choline
percentage change over the initial value of OCR determinegference ratio were barely detectable for the 4-h episBde (
during the first few hours of operation. As we have previously.01),while for the 24-h episode the ratio was reduced by 19¥%
demonstrated, cultures of APA-entrapg&bC3 cells undergo (P < 0.001). Theesults for the 24-h episode of Culture Il are
three distinct phases in our perfusion system: a lag phase (Ristrated in Fig. 3. The time variable for these displays start
a growth phase (P2), and a plateau phase (P3) Metabolic on Day 6 at the beginning of the P3 period for Culture Il. Pane
and secretory indexes, such as the rates of oxygen and gluclstsplays the profile of DO measured at the input (3¥0and
consumption, lactate production and insulin secretion, and thetput (DQ,,,) of the bioreactor as well as the resultant OCR
intracellular concentration of ATP as measured®dy NMR  of the culture. OCR, as percentage of initial, starts-2800%
spectroscopy for the specific alginate conditions, roughly doan this display since the cell doubling occurred in P2. It is
ble between P1 and P3%). The same pattern of change is alsooteworthy to point out that after each hypoxic exposure
observed in the present cultures. The ratio of total choline teoxygenation of the culture resulted in an immediate recover
reference indicates that the total choline resonance parallelstfi®OCR to its prehypoxic value. This result suggests that th
metabolic activity of the culture. This change in signal intemet number of viable cells is unaffected by the hypoxic epi:
sity is attributed to a combination of physiologic effects, asode, despite the reduction in metabolic activity during the
well as to a net cell growth. To account for the effects adpisode. Panel B displays the profiles for the ratios of tote
relaxation times as a potential source of intensity change deholine to reference and lactate to reference measuretiby
ing the growth history of a culture, experiments reflectihng NMR. Induction of hypoxia causes a decrease in the ratio ¢
andT, information were performed. Effects @f, were ascer total choline to reference that continues for the duration of th
tained in Culture | by acquiring two data sets, one at a repegipisode. Upon reoxygenation the ratio begins to recover ar
tion time of 2.39 s and one at 6.39 s on Days 1, 5, 10, 16, arehches its prehypoxic value within2 days. Conversely, the
31. For the total choline, lactate, and the reference signal tlaetate ratio increases during hypoxia and recovers to its pri
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A OCR hypoxic value within 36 h after reoxygenation. Panel C dis-
45 plays the profiles of glucose consumption rate (GCR) an
[ 375 Tg lactate production rate (LPR) measured from medium sample
¢ 325 E that were removed from the perfusion fluid. Both rates increas
OCR [ 275 E during hypoxic episodes, and recover to their prehypoxic valu
_ 2 et ol po,, [ 225 S  within 36 h after reoxygenation.
a 20 i 3 r 175 {'5 The step-up in oxygen level is also depicted in Fig. 3 (Day
2161 & e 1 r12s O 17 onward). Changes in the metabolic activity are attributed t
Q\i 121 L ’ e both physiologic/metabolic changes as well as to an increase
S g |weep b viable cell numbers supported by a higher input DO level. The
2, £ bo, ! NGO immediate and sharp increase in OCR is attributed to th
o . : . : : , , . increased oxygen consumption of existing viable cells; how
6 8 10 12 14 16 18 20 22 ever, the subsequent gradual increase is due to an increase
Time (days) the number of viable cells supported py the higher DQ con
centration. The NMR data show that with the increase in DC
B 10 level, the ratio of total choline to reference increases continu
; ’ 8 - ously with time, while the lactate to reference ratio decrease
Lactate/ref . 2 for the first 2 days, followed by an increase as one approacht
w !. ¢ 6 % a new DO steady state. A similar profile is also observed fo
257 i ) 4 ©  both the GCR and the LPR.
s 8.5 8‘§ , ~ Given the large bioreactor volume and the observation the
) 73 ‘ 88 the metabolic activity of the culture increased dramatically
'_§ 65 i 8 0 during the first 6—7 days of culture, it is important to check for
= Total Choline/ref | & a stable metabolite signal distribution along the length of th
£ & o § bioreactor with the age of the culture. Figure 4 illustrates the
= s : distribution of the total choline/lactate ratio as a function of
2.5 ~ T T+ ' i distance along the cylindrical axis coincident with the directior
6 o 12 1 16 18 20 2 of flow at various times during the 32-day-long culture. The
Time (days) ratio of the total choline to lactate is used in order to correct fo
the basicB, field distribution of the RF coil. Since lactate
c . of 250 intensity was determined to be symmetric about the center «
} ﬁ_% ‘ 40 ©  the coil, at each time point, the above ratio reflects the distri
2004 | =8 LPRED% (2002 pution of total choline. The curves are normalized to a lactat
%‘gﬂm = %DDDD@EQ 0 g L1so £ concentration in the external media of 17.7 mM. Lactate con
- 250 ot - oo i centration was measured analytically from samples of th
< 200 - | ! A medium.col!ected periodically from the perfu.sion system, an(
E 150 4 o 50 was maintained constgnt by medium replenishment. The da
3 | « GCR *| 0 in Fig. 4 show that during P1 and early P2 (Days 1 and 3) th
& 100 —W}NO ’ ‘.“.«»“1‘ o ratio of total choline/lactate is nearly constant from input to
O 540 . output (slope 0f~0.002,—0.011 ratio units/cm), during late P2
(Day 5) a gradient is beginning to develop-@.044 ratio
0 . '8 1'0 1'2 1'4 1'6 1'8 2'0 2'2 units/cm), and finally during P3 (Day 16 and 30) the gradien
Time (days) is significant (-0.083 to—0.133 ratio units/cm). The increase

in the ratio from Day 1 to 30 shows an increase in total choline
relative to lactate. Indicated in Fig. 4 are also the input an

FIG. 3. Temporal profiles of key metabolic and NMR parameter% t ; ;
ut DO concentrations at each time of measurement (day:
during the steady-state phase, P3, observed from Culture Il. (A) Input ané]I P (day

output dissolved oxygen levels (QQand DQ.,,) as percentage oxygen in

a gas phase in equilibrium with the liquid phase and the resultant oxygen
consumption rate (OCR). (B) Ratio of total choline/reference (total choline/
ref) and lactate/reference (lactate/ref). (C) Glucose consumption rateTwo questions that are critical for an implanted construct tc
(GCR) and lactate production rate (LPR) depicted in unitambl/h for the sustain optimum function are: (1) is there a significant cel

entire culture. In each panel, the boundaries of the 4- and 24-h hypoxic L . e .
episodes as well as the time of oxygen level step-up change are depicg{]‘?Wth within the construct durmg the lifetime of the |mplant,

Dotted lines mark the beginning and end of the hypoxic episodes as well@dd (2) do the cells experience conditions of nutrient deficienc
the step-up in oxygen concentration. as a result of either fibrotic overgrowth development or the

DISCUSSION
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FIG. 4. 1D chemical shift imaging data of the total choline/lactate ratio (normalized to 17.7 mM lactate) versus distance along the bioreactor axis (th
of view for these experiments was 6 cm) acquired at different times during Culture | indicated in the figure. The corresponding input and ougulibdiggety
levels as percentage oxygen are shown in brackets with the associated culture phase designation P1, P2, or P3.

implantation procedure? It is apparent that either excessivetabolic or physiological processes brought about by limiting
growth or nutrient deficiency can be detrimental to the functiaroncentrations of nutrients imposed by either specific enviror
of the implant. The ability to monitoin vivo, noninvasively, mental conditions or diffusional barriers that can either en
the function of a bioartificial pancreas might allow us to predit¢tance or diminish this correlation cannot be discounted. The:
its potential to secrete insulin while the recipient patient is stiiffects are expected to be particularly significant as heterog
normoglycemic. One technique that may fulfill this requireneity in the cell population within the APA beads develops due
ment is localized NMR spectroscopy. Given the fact théts to the continuous growth/death of the encapsulated cel
the most sensitive NMR nucleus and that the capability {@2, 16, 24. It should also be noted that the positive correlatior
acquire'H NMR spectra is widely available in current MRIbetween OCR and an NMR detectable intracellular metabolit
equipment, we set forth to investigate the utility of this nucleus not unique to the total choline resonance, as similar resul
for monitoring model tissue-engineered pancreatic construdisve been reported for ATP in APA-encapsulagadC3 cells

In addressing the first critical question raised above, it {2). However, the improved temporal resolution and signal
apparent that the ratio of total choline to reference tracks tt@noise of the spectra, afforded by the increased sensitivity
total number of viable metabolically active cells with theithe "H nucleus, makeH a more suitable nucleus for futuire
associated physiology. Assuming that OCR represents a meae experiments.
sure of viable cells, then our observation in Fig. 2 that the In addressing the second critical question, our data show th
major temporal changes in the total choline resonance correltite total choline resonance is sensitive to changes in oxyge
positively with changes in OCR infers that the total cholineoncentration. During all hypoxic episodes, the ratio of tota
resonance can track the net cell growth of the system. Thiscisoline to reference tracked the changes in %OCR, but wit
supported by the observation that during P3 the ratio of toslbwer kinetics. Figure 3 clearly shows slower decline anc
choline to reference is relatively stable. Although the cellgcovery than %OCR. As the time of hypoxic insult increases
continue to multiply, the net number of viable cells is the samthe time of recovery to the prehypoxic value increases. Th
This has been previously demonstrated by hematoxylin/eosiimre scale of choline recovery is on the order of 1.1 and 1.
stained histology cross sectiorE2). The continuous division days for the 4-h and 24-h episodes, respectively. The fact th
of cells, but lack of net cell growth, is attributed to the fact th&%OCR recovers immediately following reoxygenation to its
a specific DO concentration supports only a fixed number pfehypoxic values implies that the hypoxic episodes did nc
viable cells. As is shown in Fig. 3, following the step increasieave a detrimental effect on the net viability of the culture.
in DOy, from ~9.0% oxygen {64 mm Hg) to 23% oxygen Therefore, the observed changes in total choline resonan
(~163 mm Hg), the metabolic activity of the cells as reflecteduring the hypoxic episodes are attributed to physiologic o
in the OCR reaches a new higher plateau. Total choline twetabolic causes and not to a change in net viability. This is
reference also increases. This is primarily attributed to a r&gnificant finding with implications that are wide ranging in
cell growth within the bioreactor. However, the presence afreas of choline metabolism.
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The first step in identifying a possible biochemical mechawumber, cell type fraction (proliferative, quiescent, and ne
nism responsible for the change in total choline signal is twotic), and cell physiology at each point, from input to output
identify the component of the total choline resonance respaof-the bioreactor. It is known that proliferative cells have a
sible for these changes. As we have stated under Resutigher steady-state level of PCho than quiescent or nonproli
extract spectra gBTC3 cells have identified PCho as the majoerative cells 23). Even though the 1D CSI experiment cannot
component with 63.6- 4.0%, followed by GPC with 33.4= separate the above contributions, it is plausible that the high
4.0% and Cho with 3.0+ 0.4%. Based on previous studieDO at the input of the bioreactor supports a larger number c
with *'P NMR spectroscopy, the concentration of GPC doegable more proliferative and more metabolically active cells
not change significantly with time during either 4-h or 24-than the DO at the output. Viewing the total choline/lactate
hypoxic episodes, whereas PCho does not change for the #atio at specific positions along the bioreactor, it is found tha
and declines during the 24-h episodes performed while ttigs ratio takes on a quite different evolution with culture time.
culture was in the middle of the P3 perioti7f. Since choline At the input, the ratio of total choline/lactate increases contin
represents less than 5% of the total choline signal intensityuidbusly with time, while at the output, it increases at first,
is unlikely that it can contribute significantly to the observetbllowed by a decrease over time. At positions near the cente
decline. Therefore, the most probable scenario for the decreadiniting value is reached. When combined to give the overal
in total choline during hypoxic episodes is a reduction of PChglobal ratio, a near steady state is achieved. The tempor
Owing to its sensitivity, proton NMR is able to detect smalthanges at the input and output locations are supportive of
changes observed during 4-h episode8%), whereas they larger number of metabolically healthy cells at the input versu
are not detectable bYP NMR. During the 24-h episode, PChathe output.
intensity as determined b¥/P drops by 40% X7), in rough In summary, our data demonstrate the utility of adiabatic
agreement with the proton data. solvent-suppression pulses for acquirilgNMR spectra with

The enzymology underlying the changes of PCho metaba-stability not possible by other methods for large bioreactor
lism is complex. Intracellular PCho concentration may bexamined over prolonged periods of time. It establishes th
altered by a number of different mechanisms which includiependence of the total choline signal, which is primarily
uptake of choline from the perfusion media and subsequeaitosphorylcholine, on the available oxygen concentration fo
phosphorylation by choline kinase; activation of phospholipagiee first time. For the field of tissue engineering, our result:
C-induced release from phosphatidylcholine (PC); and GRfovide a foundation for the development of a noninvasive
degradation by glycerophosphocholine hydrolag8).(The monitoring method to observe the function of cell-based tissue
synthesis of PCho from exogenous choline has been demengineered construcis vivo.
strated for several cell lines2, 27). Although the direct
demonstration of this process f@TC3 cells has not been
studied in detall, there is evidence to suggest that PCho gen-
eration by phospholipase C_acti\{ation might be present éfbll Cultures and APA Encapsulation
BTC3 cells £8) as well as cholinergically stimulated pancreata
(29, 30. Under hypoxic conditions, it has been suggested thatBTC3 cells were obtained from the laboratory of Dr. Shimon
the action of phospholipases leads to net phospholipid degidrat (Department of Molecular Pharmacology, Albert Einsteir
dation with increases in choline, PCho, and possibly GRCollege of Medicine, New York, NY). The cells were propa-
concentrations 31, 32. Although an increase in PCho waggated as monolayers in T-flasks and cultured in Dulbecco’
hypothesized, a reduction of PCho was observed under condidified Eagle’s medium (DMEM) (D-5648, Sigma Chemical
tions of hypoxia in ventricular myocyte81). If we consider Co., St. Louis, MO) supplemented withglutamine to a final
that the decline of PCho is due to a reduction in its overall ratencentration of 6 mM, 15% heat-inactivated horse serumn
of synthesis, then this reduction could be derived from one 5% fetal bovine serum, and 1% of penicillin/streptomycin
a combination of the following: reduced rate of choline uptaksolution as described previousl¥l). Only cells between pas-
from the media; a reduced choline kinase activity; or a reducedge number 32 to 47 were utilized for these experiments.
rate of choline phosphorylation due to a decrease in ATPEncapsulation oBTC3 cells in APA beads was based on the
concentration (ATP is required in the choline kinase step). Initial protocol of Lim and Sun?g) that was modified to meet
our *P studies, we have shown that both the PCho and the ABr present experimental requiremeritd)( Trypsinized cells
intensity decrease during hypoxia6 17. It has also been were suspended in a 2% alginate solution (Kelco LV, Sal
shown that during hypoxia, leakage of PCho from the cytosbiego, CA) and via an extrusion apparatus, droplets wer
to the perfusion medium can occl83j. allowed to fall in a 1.1% CaGlsolution producing calcium

A point of concern about our bioreactor system is the sigdginate beads. The beads were subsequently treated with po
nificant gradient in total choline signal observed during thelysine (MW ~29,000, Sigma Chemical Co., St Louis, MO)
period of metabolic plateau. We suggest that this gradiesmid coated with alginate to form APA beads. Beads were=1.0
reflects one or a combination of the following: viable celd.2 mm (meant SD) in diameter and contained initially X

MATERIALS AND METHODS
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10" cells/mL alginate. Approximately 25 mL of APA beadsAnalytical Techniques

was prepared and placed in spinner flasks for maintenanc?_ at ddl rati determined with
before loading into the bioreactor. All NMR experiments wer% actate and giucose concentrations were determined with «

A
initiated within 48 h after completion of the encapsulatio ktachem DTG0 Il analyzer (Eastman Kodak, Rochester, NY]

protocol. The viability of the encapsulated cells, 24 and 48 e rates of glucose C(_)nsumpnon (GC.:R) and Iaptate produ
after completion of this procedure, has been reported by dlan (LPR) were determmeo_l by measuring the residual gluc_os
group to range between 60 and 85%. No statistical diﬁerenc@%d lactate concentratl_ons in the perfuspn Iqop and taking ”?‘
in viability measured at these times are obsen@d4). account the concentra_\tlons of the_se species in the fresh medit

Overall, two entrapped cultures were prepared for theggd the rate of medium replenl_shment. The rate of oxyge
studies, one that was maintained for 32 days (Culture I) afgnsumetion (OCR) was determmeql by measuring the diffet
another that was maintained for 23 days (Culture 11). A total §yice between the input and output dissolved oxygen electrod

two 24-h and three 4-h hypoxic episodes were carried out ﬁ?d multiplying this with the _perfusion flow rate through the
IH NMR studies. bioreactor. The Pharmed tubing used to connect the bioreact

between the input and output oxygen electrodes has negligib
Perfusion System permeability to oxygen for the length used. However, oxygel

Beads with entrapped cells were placed in a 22-mL packe%a_nsumption by the cells and line permeability to gases for a
bed bioreactor, resulting in a total number of X5.0° cells at other lines leading to and from the medium resevoir as well a

the beginning of each experiment. The perfusion system, fgnnectors preclude attaigra 0 or 95%oxygen level in our

which a detailed schematic is shown in a previous publicati(?PfStem'
(12, consisted of three medium circulation loops. Only two )
circulation loops were used in this study: (1) a perfusion loofXtracts of Monolayers and Beads for NMR Studies

in which medium was circulated through the bioreactor at a gyiraction of the intracellular milieu of3TC3 cells for

rate of 30 mL/min; and (2) a medium replenishment l00Rssignment purposes was performed by the dual extractic
which was used to constantly replace spent medium with fregluinog proposed by Tyagit al. (35). Culture flasks were

medium. Temperature sensors (Resistance Temperature f&joved from the incubator and growth media aspirated. Tt
vices, Omega Engineering, Inc., Stamford, CT) and polarga|is were washed twice with ice-cold saline. Five milliliters of
graphic dissolved oxygen probes (Ingold, Wilmington, MAjce_cold methanol was added to each monolayer flask ar
were placed in flowthrough cells and positioned upstream aglyed to stand for 5-10 min. The cells and cell debris wer
downstream of the bioreactor. Directly measured values @fon scraped into 50-mL centrifuge tubes. Five milliliters of
percentage air saturation were converted to percentage oxyggfdroform was added, followed by 5 mL of deionized water.
(100% air saturation is equal to 20% oxygen for 95% air/S%ne aqueous layer containing water-soluble intracellular me
CO;). All sensors were interfaced to a personal computer ignojites was lyophilized after treatment with Chelex-100 (Bio-
an analog-to-digital board for repetitive data acquisition. Ipaq Laboratories, Hercules, CA) and dissolved in a mixture ¢
addition, the amount of medium removed was measured B¥O/H20 (~300 L) (5%/95%, v/v) in a 5-mm NMR tube.

weight online using an electronic balance interfaced to the dgig, the preparation of the NMR samples, 1-3 T-175 flask
system, thus providing an accurate measure of the rate\@dre ysed. The extraction protocol for APA beads is similar tc
replenishment. The perfusion system was operated at 3%C 5t described for monolayers, except that one additional salir
initially in a batch mode (without replenishment) until thgyash was applied and the beads were allowed to equilibrate f

glucose concentration dropped to a desired level (10-16 MM}, qditional 10 min to allow media in the beads to diffuse out
Medium replenishment was then initiated at a rate which

maintained the residual glucose concentration in the perfusiﬂﬂm Methods

loop at a predetermined level (Culture~+10 mM; Culture II,

~15 mM). The concentration of oxygen supplied to the head- Water-suppressetH NMR spectra of perfused APA beads
space of the medium reservoir was maintained constant durigtal volume 22 mL) were obtained on a 4.7-T Sisco Variar
the experiment by pumping incubator air. The supply of oxy200/33 horizontal-bore spectrometer using a 12-cm-i.d. grad
gen to the headspace combined with the oxygen demand of &m insert. A copper foil loop—gap resonator 3 cm in diamete
cell culture and the leaks through the lines and other systemd 2.95 cm in height about the bioreactor and perpendicular
components determined the bioreactor input oxygen level. Hjxe main magnetic field acted as the transmit/receive coil. /
poxic episodes were carried out by pumping humidified 5%0°-TE/2—-180°-acquisition spin-echo sequence was use
CO,/95% N,, while step-up in oxygen concentration was atwhich employs BIR-4 adiabatic pulsedd,.. = 42 kHz)
tained by pumping humidified 95% 5% CQO, into the head maodified for solvent suppression, as first suggested by Ga
space of the medium reservoir. Exposures to either reducedmvaod and co-workers3g, 37. Suppression was accomplished
increased dissolved oxygen concentrations were carried bytintroducing a free precession period within the pulses (sol
during the period of metabolic and secretory steady state (P&nt-suppressed adiabatic pulse, SSAP) in such a way as
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create minimum excitation at the water resonance frequenc§, P. Soon-Shiong, R. E. Heintz, N. Merideth, Q. X. Yao, Z. Yao, T.
and maximum excitation between the choline and lactate res- f/lheenndgézMR. '\'\:ZLZZVZ g’r'{d'; /';\A(?Slzrr:?florzﬂlnssmrr?zge F’)‘g-n ('j"eanr;':’mRé
onance. The Iengt_h of the excitation pU|Se was 2'85_9 ms, and type | diabetic patient after encapsulated islet transplantation, Lan-
that of the refocusing pulse was 3.318 ms (the duration of free cet 343, 950-951 (1994).
precession during the refocusing pulse was twice that during A sambanis, k. K. Papas, P. C. Flanders, R. C. Long, Jr., H. Kang,
the excitation pulse). The repetition time was 2.39 s. The TE/2 and I. Constantinidis, Towards the development of a bioartificial
echo time was chosen to be 128 ms. The excitation bandwidth pancreas: Immunoisolation and NMR monitoring of mouse insuli-
maximum was centered at 2.00 ppm (540 Hz or 2.70 ppm nomas, Cytotechnology 15, 351-363 (1994).
upfield of the water resonance at 4.70 ppm). Use of tht§ " i?’_‘slta”tc'i“'d'_s and A. S_agpgmgowafds the_de"e'do,pme?t_ of
sequence resulted in the generation of an echo that contained? i endocrine tissues: spectroscopic studies of im-
1 . ; . s munoisolated, insulin-secreting AtT-20 cells, Biotechnol. Bioeng.
optimum signal for the metabolites of interest and minimum 47, 431443 (1995).
signal for water. The digitized full-echo signal was obtaineg. k. k. papas, R. C. Long, Jr., I. Constantinidis, and A. Sambanis,
with a sweep width of 4000 Hz (2048 data points), zero filled Role of ATP and P; in the mechanism of insulin secretion in the
to 4096 points, filtered with a Gaussian filter constant, gf, of mouse insulinoma BTC3 cell line, Biochem. J. 326, 807-814
0.038 s defined in exp{(t/gf)?) , Fourier transformed, and fit  (1997) o _
in the frequency domain by Lorentzian model functions for? K- K- Papas, R. C. Long, Jr., |. Constantinidis, and A. Sambanis,
. . . ., Towards the development of a bioartificial pancreas. I. Long-term
eaCh reso_nance m the frequency .domam by routines supphed propagation and basal and induced secretion from entrapped
with the Sisco/Varian software. Eaghvitro spectrum was the BTC3 cell cultures, Biotechnol. Bioeng. 66, 219-230 (1999).
result of 64 acquisitions. 1D CSI was carried out at various, 1. Constantinidis, N. E. Mukundan, M. Gamcsik, and A. Sambanis,
times over the history of the culture. For 1D CSI, 32 phase Towards the development of a bioartificial pancreas: A *C NMR
encoding steps were applied and the data were zero filled to study on the effect_s of alginate/poly-l_-lysin(_e/alginate entrapment
128 in the phase encoding direction. With a field of view of 6 ©" glucose metabolism by BTC3 mouse insulinoma cells, Cell. Mol.

: ) . .~ Biol. 43, 721-729 (1997).
cm, this results in a resolution of 0.94 mm along the flow axi$, 'L \iukundan. P. C. Flanders. . Constantinidis. K. K. Papas, and

A. Sambanis, Oxygen consumption rates of free and alginate-
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