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A Robust Microfluidic in vitro Cell Perifusion System
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Abstract— We present here a robust microfluidic cell
perifusion device for in vitro primary tissue cell secretion
studies. This system increases the sample concentration to
perifusion volume ratio by an order of magnitude compared
with standard multi-well plate static incubation assays.
Further, this device achieves physiologically relevant flow rates,
pressures, and temperature. It has been manufactured with
typical machining facilities, principally drilling and milling. No
specialist clean room equipment is required to replicate it. We
show its capability here with hormone perifusion experiments
on primary pancreatic tissue from mice. This device can
increase cell secretion concentrations by up to a factor of 20,
allowing for the first time the direct measurement of islet
glucagon using mass spectrometry.

I. INTRODUCTION

Microﬂuidic perifusion systems can improve temporal
and spatial control over the environment around cells
and tissue placed within them. The chemical and
physical effects that cells experience in vivo can be
accurately mimicked and modeled in vitro using these
systems, which can increase accuracy of measurements [1].
Concurrent with the development of microfluidic systems is
the drive for artificial organ technologies, such as the
artificial pancreas for type 1 diabetic treatment [2 - 4].
Glucagon and insulin are hormones released from the
alpha and beta cells of pancreatic islets of Langerhans that
regulate blood glucose levels. The role of glucagon in the
prevention of low blood sugar (hypoglycemia) is prevalent
in diabetic control research [5, 6]. However, the
measurement and analytical modeling of glucagon is
complicated by: (a) the scarcity of primary islets of
Langerhans tissue for in vitro study [7] (b) low alpha cell
numbers which vary between species from 15-30% of islet
the total cell population [8, 9] (¢) the release of glucagon in
concentrations, that are typically three orders of magnitude
less than insulin [10] (d) the pulsatile nature of glucagon
release, which oscillates over a period of 7 to 14 minutes
[11, 12] and (e) species variations between animal models
and humans of the signaling pathways and mechanisms of
action [13].
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Multi-well plate static incubation assays, are practicably
simple and cost-efficient. In comparison, perifusion studies
are technically complex, however they can mimic
microvasculature of the body more accurately, which is
particularly important for islet studies [14, 15]. Alpha and
beta cell secretions are dependent on feedbacks from
glucose, insulin, and glucagon, amongst myriad internal and
external affects [13]. By replacing the extracellular
environment over time, perifusion flow rates can influence
the level of interaction and feedback experienced by cells
[14, 15].

Published islet perifusion techniques include filter
chamber systems, BioGel bead matrix columns, and parallel
perifusion column devices [17 — 20]. These systems have
been successful in elucidating the underlying biology of
insulin secretion in beta cells. There are few reports,
however, of glucagon perifusion investigations, and those
that exist do not all achieve physiologically relevant
pressures (<SmmHg), or perifusion volumes that allow high-
resolution time sampling [11, 19, 21]. Recently, microfluidic
systems have been used to study islets [22 — 25]. Common to
these systems are the need for clean-room fabrication
facilities, which can introduce supply limitations.

II. OUR APPROACH

We have developed a microfluidic cell perifusion system
that measures glucagon secretion using a design that is
simple to manufacture, can be re-used and maintained in a
typical biological laboratory, and in which all parts are
easily accessible from laboratory supply companies. The
system increases glucagon sample concentrations beyond
two orders of magnitude greater than the minimum detection
assay sensitivity limit (radioimmunoassay, RIA). This
allows us to sample 24 individual islets at two minute
intervals, whist achieving chamber pressures below SmmHg
and flow rates between 10-20pl /min [28]. The device has
increased the available quantities of glucagon for assay to
the extent that we were able to investigate the use of mass
spectrometry (MS) to measure glucagon secretion.

>
Figurel. Drawing of the perifusion device, showing the three chamber
layers held by bolts.
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As an alternative analytical tool to Radioimmunoassay
(RTIA) or Enzyme-linked immunosorbent assay (ELISA),
tandem quadropole mass spectrometry can provide highly
specific semi-quantitative or quantitative data of multiple
analytes within the same sampling volume. Therefore
visualization of more than one analyte in a selected sample
is possible providing novel information in a single run and
limiting the need for repetitive measurements.

III. METHODS

A. Device Assembly

The device is a three-tiered system that when assembled
forms a chamber, into which cells may be pipetted. Figure 1
shows a drawing of the assembled device; the central layer
forms the cell chamber. The device Top layer holds inlet
tubing in place and directs reagent flow into the central
chamber holding the islets. The Middle and Bottom layers
make the cell chamber with porous membranes held between
them. Each chamber volume is 12 microliters and the device
has 24 chambers. Outlet tubing attached to the Bottom layer
allows secretants from the chamber to be collected into
eppendorfs.

Figure 2. Exploded view of the perifusion device, showing the three
chamber layers. Above the bottom layer are the porous membranes, which
hold the cells in place. O-rings form a seal between the device chambers.
The top and bottom devices hold perfusion inlet and outlet tubes in place.

Cells are loaded vertically into short Imm inner diameter
(ID) inlet tubing using a pipettor with a tip that has a <Imm
outer diameter (OD). The inlet tubing is connected upstream
to a syringe containing reagent solution. After islet loading,
the device and tubing are placed into a water bath at 37°C.

B. Principal Considerations for in vitro cell studies

a) Temperature- Mammalian cell metabolism is sensitive to
ambient temperature fluctuations from 37°C [15]. Cell
chamber temperature was controlled by submerging inlet
tubing such that the perfusate reaches 37°C before it arrives
at the chamber. The required submerged lengths are

dependent on perfusion flow rate and the external buffer
temperature.

b) Materials- The device structure is machined from
Polymethylmethacrylate (PMMA), the inlet and outlet tubes
are polytetrafluoroethylene (PTFE), the membranes are
polycarbonate or Nylon.

¢) Membranes- Islet diameters range from approximately
50 um to 200 um. 30 pm and 40 pm polycarbonate and nylon
membranes have been verified as suitable.

d) Pressure- Chamber pressure was recorded using a Millar
gauge (PCU-2000) using flow rates between 10 pl min™
(< ImmHg) and 1000ul min" (< 20mmHg).

1IV. EXPERIMENTAL PROCEDURE

Islet isolation- Female CD1 mice (8-24 weeks old) were
sacrificed by cervical dislocation, in accordance with the UK
Home Office Animals Scientific Procedures Act, 1986. The
pancreas (5.0 ml per mouse) was inflated via the pancreatic
duct with collagenase (1.0 mg ml™). The distended pancreata
were then incubated in a shaking water bath (37° C for 10
min) and recovered using a Histopaque gradient (3ml 1.119g
1", 3 ml 1.083g I, 3 ml 1.077 g 1. Islets were cultured in
RPMI 1640 medium supplemented with 10% heat-
inactivated FCS and antibiotics and incubated in a humidified
atmosphere at 37° C with 5% CO,. They were cultured
between 4-7 days before assay [26].

Cell solutions- D-Glucose was dissolved in Krebs’ Ringer
bicarbonate HEPES solution containing (mmol/l: 130 NaCl,
3.6 KCl, 1.5 CaCl,, 0.5 MgSOy, 0.5 KH,PO,4 2 NaHCOs3, 10
HEPES pH 7.4 with NaOH. The solution was supplemented
with 0.1% (wt/vol) Bovine Serum Albumin and bubbled with
95% O3, 5% CO;, for 30 mins.

Perifusion cell assay- Between four to twenty islets per
chamber were loaded into the device. Glucose solution (1,3
or 17 mM) was pumped at a flow rate of 20 pl min™. Once all
islets were loaded, the device was submerged into the water
bath and left for 30-60 mins for islet acclimatisation. Cell
secretion at high glucose was collected for 10 minutes, and
then buffer was switched to low glucose. Samples were
collected every 2 mins for 1 hour and placed immediately on
ice for analysis by glucagon Radioimmunoassay. As a
positive control, 14 mM Arginine hydrochloride solution was
perfused at the end of the glucose collections to maximally
stimulate glucagon secretion (Data not shown).

LC-MS and MS/MS Analysis-100 islets were placed in the
perifusion system kept at 37° C for 1 hour at 0. mM
glucose. Islet solutions were prepared for analysis using the
procedures described above. The sample solution was
acidified with 0.1% Formic acid ready for analysis.
Preliminary semi-quantitative Multiple Reaction Monitoring
data were obtained using a XevoTQ-S instrument on-line to
a Waters Aquity LC with a C18 microbore column.

V. RESULTS

Glucagon hormone secretion in pancreatic islets cells is
maximally stimulated by low glucose concentrations (0-
3mM) [27]. The islet glucagon response was recorded every
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2 mins at 1, 3 and 17mM glucose concentrations using the
microfluidic perifusion device.

A. Effect of large glucose step concentration on islet
glucagon secretion. Decreasing glucose concentration from
17 mM to 1 mM in Figure 3 resulted in a glucagon peak 10
fold greater than glucagon release before the switch..

Islet glucagon release during perifusion
from 17mM glucose to ImM glucose
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Figure 3: Glucagon secretion at 17mM glucose followed by ImM glucose
perifusion.

B. Effect of small glucose step concentration on islet
glucagon secretion. In Figure 4 glucagon release from islets
tested with a 3 mM glucose solution was =3 fold less when
the glucose was switched to 1mM.

Islet glucagon release during perifusion
from 3mM glucose to ImM glucose
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Figure 4: Glucagon secretion at 3mM glucose followed by 1mM low glucose
perifusion

C. Glucagon release measured in a static incubation assay
and a perifusion assay using the microfluidic device.

Glucagon concentrations collected from a static incubation
technique relative to concentrations recorded from the
perifusion device displayed in Table 1 show that the
maximal glucagon sample concentration was increased by
20 fold compared to the static incubation concentrations,
when glucose was reduced from 17mM to ImM.

Islets Glucose conc. | Normalized Glucagon | Glucagon
No. step (mM) Conc.( pg/ml) Conc./ Islet
12 10 and 0.1 22.8+2.7 1.9

50 10 and 1.0 540.2+17.8 25.1

12 10 and 1.0 20.1+3.3 1.7

40 17 and 1.0 1347.9 +51.4 33.7

Table 1: Islet glucagon concentration recorded from the microfluidic
perifusion device and a multi-well plate static incubation assay under
different physiological conditions

D. Invitro glucagon Multiple Reaction Monitoring (MRM)

Data from an islet-derived sample that was analysed directly,
i.e. not desalted prior to MS analysis, is shown in Figure 5.
10ul from Sml of collected islet secretions was loaded
directly onto the Xevo LC-TQ-S, equivalent to the secretion
from 0.2 islets (inferred from 100 islets in 5mls). This was
sufficient to produce the data shown in Figure 5 below.
Future experiments will include full quantification of our
islet glucagon samples by co-running synthetic internal
standards with the islet samples for quantitative MRM data.
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Figure 5: Shows the MRM islet glucagon data looking at the 872(4+)
multiple charge state precursor ion observed eluting at 6.5mins. The peptide
fragment ion transitions displayed are the N-terminal Histidine a, ion m/z 110
and the C-terminal daughter 365y; and 120 y, ions

VI. DISCUSSION

The data presented here in Figures 3 and 4 and described
in Table 1 validate that this device provides an environment
in which islets function with expected physiological
behavior [27]. When glucose concentration is decreased
from >10mM to <ImM, data from the perifusion device
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displayed a glucagon sample increment between 13 and 20
fold more than typical concentrations recorded from static
incubation assays under similar conditions.

Glucagon secretion rates calculated from the experiments
described in Table 1 were 1.67pg/islet/min and
2.3pg/islet/min. In comparison, glucagon perifusion data
from Kalkhoff ef al. measured a rate of 0.6-0.8pg/islet/min
at low glucose 2.8mM, which is favorably comparable to the
data presented here.  However, the perifusion set-up
described by Kalkhoff et al required the use of 90-100 islets
and implemented a flow rate of 0.9ml/min, which is
approximately double the islet number required here, and
over 400 times the physiological flow rates [19, 28].

The detection of islet glucagon using mass spectrometry
illustrates the capacity of the device to optimize measurable
sample glucagon, providing the researcher with greater
opportunity to explore other areas previously limited by
sensitivity, including the quantitation of multiple analytes.

Careful design and testing for robustness including Human
Factors testing analysis and design feedback with assembly
testing from trained and non-trained personelle has ensured
that the device can be constructed in any wet lab. It may be
autoclaved so it can be recycled without degradation in use.
Further, the ready availability of parts required to make and
maintain this device ensures that damaged or lost components
can be replaced.

ACKNOWLEDGMENT

The authors wish to thank Professors Tony Cass and Guy
Rutter for the use of their facilities, and Amy Bartlett at
Waters Corp, for assistance with the TQ-S measurements.

REFERENCES

[1] Meyvantsson I, Beebe D, “Cell culture models in microfluidics
systems”, Annu. Rev. Anal. Chem, vol.1, pp. 423-49, 2008

[2] Dassau E, Atlas E, Phillip M, “Closing the loop”, International
Journal of clinical practice, vol. 65, pp. 20-25, 2011

[3] Jaremko J, Rorstad O, “Advances toward the implantable artificial
pancreas for treatment of diabetes”, Diabetes Care, vol. 21, pp. 444—
450, 1998.

[4] Georgiou P, Toumazou C, “A silicon pancreatic beta cell for
diabetes”, IEEE transactions on biomedical circuits and systems, vol.
1, pp. 34-39, 2007

[5] El-Khatib F, Russell, Steven J, Nathan, David M, “A bihormonal
closed-loop artificial pancreas for type 1 diabetes”, Sc Trans! Med vol.
2, pp. 27,2010

[6] Cryer PE, “Hypoglycaemia: the limiting factor in the glycaemic
management of Type I and Type II diabetes” Diabetologia, vol. 45,
pp. 937- 48, 2002

[71 Barg, S., Galvanovskis, J., Goepel, S. O., Rorsman, P. & Eliasson, L,
“Tight coupling between electrical activity and exocytosis in mouse
glucagon-secreting o cells”, Diabetes, vol. 49, pp. 1500-1510, 2000.

[8] Brissova M, Fowler M, Nicholson W, Chu A, Hirshberg B, Harlan D,
Powers A, “Assessment of Human Pancreatic Islet Architecture and
Composition by Laser Scanning Confocal Microscopy”, Journal of
Histochemistry and Cytochemistry, vol. 53, pp. 1087-1097, 2005

[9] Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO,
Caicedo A, “The unique cytoarchitecture of human pancreatic islets
has implications for islet cell function”, PNAS, vol. 103, pp. 2334-
2339, 2005.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

8415

Palmer.J,  “Glucagon = Response  to  Hypoglycaemia in
Sympathectomized Man”, Journal of Clinical Investigation, vol. 57,
pp. 522-525, 1976.

Hellman B, Salehi A, Gylfe E, Dansk H, Grapengiesser E, “Glucose
generates  coincident insulin and somatostatin  pulses and
antisynchronous glucagon pulses from human pancreatic islets”,
Endocrinology, vol. 150, pp. 5334-5340, 2009

Lefebreve, Paolisso, Sheen, Henquin, “Pulsatility of insulin and
glucagon release: physiological significance and pharmacological
implications”, Diabetologia vol. 30, pp. 443-452, 1987

Gromada J, Franklin I, Wollheim CB, “Alpha-cells of the endocrine
pancreas: 35 years of research but the enigma remains”, Endocr Rev,
vol. 28, pp. 84 —116, 2007

Ammon HPT, Reiber C, Verspohl EJ, “Indirect evidence for short-
loop negative feedback of insulin secretion in the rat”, J. of
endocrinology, vol. 128, pp. 27-34, 1991.

Kim L, Toh Y, Voldman J, Yu H. “A practical guide to microfluidic
perfusion culture of adherent mammalian cells”, Lab Chip, vol. 7, pp.
681-94, 2007.

Paguirigan A, Beebe D, “Microfluidics meet cell biology: bridging the
gap by validation and application of microscale techniques for cell
biological assays” Bioessays, vol. 30, pp. 811, 2008.

Pipleers D, Veld P, Maes E, Van De Winkel M, “Glucose-induced
insulin release depends on functional cooperation between islet cells”
in Proc. Natl. Acad. Sci USA, Vol. 79, pp. 7322-7325, Dec 1982.

Lacy P, Finke EH, Conant S, Naber S, “Long-term perifusion of
isolated rat islets in vitro”, Diabetes, vol. 25, pp.484-493, 1976
Kalkhoff R, Kim HJ, “ Effects of pregnancy on insulin and glucagon
secretion by perifused rat pancreatic islets”, Endocrinology, vol.102,
pp. 623-631, 1978

Sato Y, Aizawa T, Komatsu M, Okada N, Yamada T, “ Dual
functional role of membrane depolarization/Ca2+ influx in rat
pancreatic B-cell” Diabetes, vol. 41, pp. 438-443, 1991

Carlsson PO, Jansson L, Ostenson CG, Kallskog O, “Islet capillary
blood pressure increase mediated by hyperglycemia in NIDDM GK
rats” Diabetes, vol. 46, pp. 947-952, 1997

Chen D, Du W, Liua Y, Liua W, Kuznetsovb A, Mendezb FE,
Philipson L, Ismagilova RF, “The chemistrode: A droplet-based
microfluidic device for stimulation and recording with high temporal,
spatial, and chemical resolution”, PNAS, vol. 105, pp. 16843-16848,
2008

Adewola A, Lee D, Harvat T, Mohammed J, Eddington DT,
Oberholzer J, Wang Y, *“ Microfluidic perifusion and imaging device
for multi-parametric islet function assessment”, Biomed Microdevices,
vol. 12, pp. 409-417, 2010

Rocheleau JV, Walker GM, Head SW, McGuiness OP, Piston DW,
Microfluidic glucose stimulation reveals limited coordination of
intracellular Ca2+ activity oscillations in pancreatic islets” PNAS, vol.
101, pp. 12899-12903, 2004

Roper MG, Shackman JG, Dahlgren GM, Kennedy RT, “Microfluidic
chip for continuous monitoring of hormone secretion from live cells
using an electrophoresis-based immunoassay”, Analytical Chemistry,
vol. 75, pp. 4711-4717, 2003

Noordeen N, Khera T, Sun G, Longbottom RE, Pullen TJ, da Silva
Xavier G, Rutter GA, Leclerc I, “Carbohydrate-Responsive Element-
Binding Protein (ChREBP) Is a Negative Regulator of ARNT/HIF-18
Gene Expression in Pancreatic Islet B-Cells”, Diabetes, vo. 59, pp.
153-160, 2010

Vieira E, Salehi A, Gylfe E, “ Glucose inhibits glucagon secretion by
a direct effect on mouse pancreatic alpha cells”, Diabetologia, vol 50,
pp. 370-379, 2007

Lifson N, Lassa C, Dixit P, “Relation between blood flow and
morphology in islet organ of rat pancreas”, Am J Physiol, vol. 249,
pp. e43-e48, 1985



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

