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a b s t r a c t

Current methods of monitoring insulin in culture are limited to soluble insulin (secretions or lysates) or
synthetic gene reporter analyses. We present an insulin-specific cell enzyme-linked immunosorbent
assay (cell-ELISA) to assess relative intracellular insulin protein content of adherent cultures, normalized
to cell density with further immunocytochemical verification of insulin-expressing cells within identical
cultures. The protocol was optimized and validated using an insulin-expressing cell line (INS-1) by
confirming direct relations between intracellular insulin content and insulin-expressing cell density, in a
glucose exposure-dependent manner. Utility was demonstrated by identifying multiple INS-1 clones
lowly expressing insulin following lentiviral particle delivery of interference RNA intended to down-
regulate one of the insulin gene-directed transcription factors, MafA. The cell-ELISA was also applied to
monitor insulin content within partially dissociated primary mouse islet cultures. This technique allows
for the first time routine analysis of intracellular insulin protein in vitro suitable for investigating islet cell
biology by means of multiple parameter screening.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

The endemic prevalence of Diabetes Mellitus continues to in-
crease significantly. Diabetes Mellitus is initiated by various me-
chanisms and failures, and to simplify involves the loss of circu-
lating glucose restriction due to an inadequacy in insulin signaling.
Continued elevated circulating glucose levels are strongly linked to
various vasculature problems, metabolic syndrome and several
neuropathies with inevitable progressive and often devastating
consequences; although sometimes temporarily manageable it is
virtually incurable. In most vertebrates, circulating glucose is
stringently controlled through its storage and release by various
tissues, predominantly under the incentive of hormones derived
from the “Islets of Langerhans” located within the pancreas. Within
healthy individuals in response to fluctuating glucose levels, islet
α-cells release the hormone glucagon promoting glucose mobili-
zation, whereas islet β-cells release the hormone insulin promot-
ing glucose storage, each intended to respectively minimize hy-
poglycemia or hyperglycemia. Ultimately, Diabetes Mellitus in-
volves the loss of β-cell mass and/or function. Significant devel-
opments are progressing with respect to expanding functional
immunosorbent assay; HRP,

ndersen),
islet cell mass in vitro and in vivo as a scheme to restore insulin
requirements [1]. However, fundamental understanding regarding
particular aspects of β-cell biology and insulin biochemistry are
poorly characterized, primarily due to technical difficulties in
routinely characterizing intracellular insulin protein expression
and content.

The aim here was to develop a new method of routinely and
efficiently monitoring intracellular insulin content of cultured islet
cells. Currently, islet and β-cell functionality is most often mon-
itored by insulin release, typically in response to altering glucose,
nutrients or other secretagogue exposure. Extracellular assays are
potentially problematic because unintentionally induced necrosis
will potentially release significant amounts of insulin which will
be erroneously interpreted as physiologic secretions. Current
methods to analyze intracellular insulin expression requires
cumbersome lysate analysis of mRNA, protein (by radio-im-
munoassays or sandwich-ELISAs) or manufactured gene-reporter
analysis. Commercially available assay kits used for both extra-
cellular and lysate insulin protein determination requires sig-
nificant financial obligations restricting sample number analysis.
Our own inability to measure insulin using typical Western blot-
ting techniques from cell lysates (or purified commercial insulin)
reflects the lack of published intracellular insulin data. An alter-
native method of protein quantification is the cell enzyme-linked
immunosorbent assay (cell-ELISA), which has been utilized in
specific but infrequent applications [2, 3 as examples]. We de-
scribe an insulin-specific cell-ELISA procedure which is normalized
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to cell density, and confirmed by immunocytochemistry sequen-
tially on identical islet cell cultures. We show that this technique is
applicable to efficiently and routinely screening multiple para-
meters of interest simultaneously for insulin content as a practical
alternative to soluble insulin analysis.
Fig. 1. The cell-ELISA protocol and its verification. Identical cultures are processed in se
Janus Green B release (C). Anti-insulin immunocytochemistry (green immunofluorescen
presence of anti-insulin antibody and INS-1 cells. As negative controls, the antibody wa
place of INS-1 cells. Bars in “B” and “C” represent averages of original unprocessed abso
white). Error bars represent standard deviations. Scale bar in “D”¼50 mm.
2. Results and discussion

2.1. The cell-ELISA technique specifically recognizes insulin in INS-1
cell cultures

The INS-1 cell line, an insulin-expressing rat β-like cell line [4],
was utilized to develop and optimize the anti-insulin cell-ELISA
ries (A) and quantified by absorbance at 450 nm for insulin (B) and at 595 nm for
ce with Hoechst 33258 counterstain to identify nuclei) (D) is dependent upon the
s either omitted or pre-adsorbed with excess insulin, or PANC-1 cells were used in
rbances of six to eight wells from three independent experiments (black, gray and
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technique. A graphic representation of the procedure is given in
Fig. 1A. To demonstrate specificity, INS-1 cells were seeded at 4000
cells per well in a 96-well plate and cultured for 3 days. Typically,
six to eight wells per condition were assayed. Briefly, in 96-well
plates, identical cultures are processed sequentially for insulin
immunoreactivity (cell-ELISA, Fig. 1B), cell density (Janus Green B
staining and release, Fig. 1C) and insulin immunocytochemistry
(fluorescent targeting of the initial antibody applied in the cell-
ELISA, Fig. 1D). When desired, prior to cell-ELISA analysis, samples
of conditioned media are collected and frozen for further in-
vestigation of any particular wells of interest. Periodically
throughout the procedure, to characterize morphology of the
cultures observations were made by eliminating the meniscus
within wells of interest, allowing proper Köhler illumination and
phase ring alignment (Supplemental Fig. 1). Culture plates were
shaken for 8 s on a titer-plate shaker to remove loose debris before
addition of fixative. The fixative was added directly to the existing
culture medium gently to minimize cell disruption. Following the
first 20 min of fixation, the plates were left shaking nearly con-
tinuously throughout the procedures to ensure efficient exposure
and uniform reactions of all substrates. Continuous shaking does
not alter the cellular content of the procedure (Supplemental
Fig. 2) but does remove much of the debris including osmotically
lysed cells following intentional replacement of medium with
water in selected wells (Supplemental Fig. 3). Following fixation,
cultures were permeabilized with Triton X-100 and processed for
immunoreactivity using a horseradish peroxidase (HRP)-con-
jugated anti-insulin antibody (HRP-Ab) which recognizes insulin
from multiple species (as per supplier's product data sheet). The
term “insulin” used in this report is assumed to include insulin,
pro-insulin and intermediate structures, as we have to acknowl-
edge the antibody recognizes all forms (as per supplier's product
data sheet). Utilizing commercial TMB ELISA substrate, horse-
radish peroxidase produces a soluble colored end-product and its
absorbance when measured at 450 nm (following acid stabiliza-
tion) is proportional to bound HRP-Ab. Therefore, absorbance
(450 nm) represents insulin content of each culture well. When
INS-1 cells were processed for insulin immunoreactivity (HRP-Ab
derived), a positive reaction was observed (Fig. 1B). Im-
munoreactivity was virtually eliminated when the HRP-Ab was
previously pre-adsorbed with soluble commercial insulin, and
absent in wells containing PANC-1 cells (a human pancreatic
ductal, non-islet, non-insulin expressing cell line) in place of INS-1
cells. Additionally, no immunoreactivity was seen in wells void of
cells, nor in wells containing INS-1 cells without the presence of
HRP-Ab. Combined, this indicates immunoreactivity from HRP-Ab
in the cell-ELISA reflects the insulin content of INS-1 cell cultures.
All bar graphs in this manuscript depict means7standard devia-
tions within each experiment. Triplicates (black, gray and white
bars) are included to demonstrate variations between experi-
ments. Data presented as bar graphs therefore represents var-
iances within and between repeated experiments.

Following the initial cell-ELISA procedure, identical wells were
then processed to normalize insulin immunoreactivity to cell
density by Janus Green B binding and release, which in INS-1 cells
following the cell-ELISA procedure was retained predominantly
within nuclei until acid-induced release (Supplemental Fig. 4).
Under acidic conditions nuclear bound Janus Green B becomes a
colored soluble product which was measured by absorbance at
595 nm [5] (Fig. 1C). The acid release step was performed in a
140 mM salt solution in an attempt to preserve the original HRP-
Ab/antigen interaction. An increase in absorbance (A595nm) co-
incided with wells containing intact cells (Fig. 1C). As expected,
PANC-1 cells presented no detectable anti-insulin im-
munoreactivity but did display a Janus Green B reaction. Insulin
content and cell density are therefore resolved independently
within identical culture wells, and supports the notion that cell-
ELISA-derived anti-insulin immunoreactivity is dependent speci-
fically upon insulin containing cells (INS-1 as opposed to PANC-1
cells). Further analysis of the cultures by application of a fluores-
cently-labeled goat anti-mouse antibody intended to recognize the
initially applied HRP-Ab resulted in positive immunofluorescence,
which paralleled that of the cell-ELISA immunoreactivity (Fig. 1B
and D). Positive anti-insulin immunocytochemistry was observed
in INS-1 cells, but absent when the HRP-Ab was omitted or
pre-adsorbed with commercial insulin. Anti-insulin im-
munocytochemistry was also absent in PANC-1 cells. Although
anti-insulin immunocytochemistry of INS-1 cells yielded a visually
reduced signal intensity following the first two procedures (cell-
ELISA and Janus Green B staining), the resulting staining pattern
reflected what was expected, matching appearance to that of
cultures not processed for cell-ELISA and Janus Green B stain
(Supplemental Fig. 5). Additionally, because PANC-1 cells exhibit
no anti-insulin immunocytochemistry by either cell-ELISA or im-
munocytochemistry, it was concluded that an artificial epitope is
not being created. Combined, these data indicate that the cell-
ELISA specifically recognized insulin within the INS-1 cell cultures.
We are unable to demonstrate a similar retention of antigen-Ab
complex utilizing an anti-cytokeratin-19 antibody required to
identify PANC-1 ductal cells. This suggests not all antigen-antibody
complexes are sufficiently stable to sustain the procedure.

To demonstrate sensitivity of the assays, INS-1 and PANC-1
cells were counted using a hemocytometer (in our hands with
expected accuracy of no more than 720%), serially diluted two-
fold, seeded on poly-L-lysine to maximize plating efficiency, and
cultured for 14 h (to minimize proliferation of the INS-1 cells).
Cultures were then processed sequentially for insulin im-
munoreactivity (the cell-ELISA assay) and cell density (the Janus
Green B staining assay). Statistical p-values were calculated be-
tween averaged optical densities of the cultures initiated at dif-
ferent cell densities. This procedure allows determining the assay
sensitivity with respect to the lower detection limit, and to com-
pare cell densities. Details from Supplemental Fig. 6 indicate in-
sulin immunoreactivity can be observed from as low as approxi-
mately 300 INS-1 cells seeded per well (312720% in table of
Supplemental Fig. 6) with respect to negative control (blank)
wells, assuming a requirement of a p-value o0.005, and non-
overlapping standard deviation bars. However, the assay cannot
detect a significant difference between 312 and 625 cells under the
same criteria. Based on the same above statistical criteria, a similar
sensitivity was observed for the cell density when utilizing the
Janus Green B assay (Supplemental Fig. 7), providing a lower limit
of statistically significant detection of approximately 625 INS-1
cells. However, given the order of magnitude and the narrow range
of optical densities obtained for background insulin im-
munoreactivity from PANC-1 cells, although if p-values may be
statistically significant, for practical purposes the lower limit of
cell density should not be derived purely on p-values. For this
reason, our routine cell-ELISA analyses typically involve seeding
between 4000 and 40,000 cells per well such that optical densities
result in values between 0.1 and 1.4 (through 200 mL of solution in
each assay well of a 96-well culture plate) to consider statistical
p-values and standard deviations relevant (Supplemental
Figs. 6 and 7). Practically, we consider the lower limit for this
technique to be not below 2000 INS-1 cells per well. Although
immunoreactivity sensitivity may be increased, such as by in-
creasing antibody incubation time, or utilizing antigen retrieval
mechanisms (for examples), the Janus Green B sensitivity is not
anticipated to be increased, and therefore attempts were not
prioritized to increase sensitivity.

It is important to mention that optical densities between two
cell types stained with Janus Green B should not be compared. For



Fig. 2. Anti-insulin immunoreactivity is intracellularly derived. To determine if immunoreactivity was of intracellular origin, INS-1 cells were processed in the absence of
HRP-Ab, without permeabilization, and following osmotic lysis for insulin immunoreactivity (A) and Janus Green B staining (B). Fluorescent images with and without
permeabilization are presented (C). To determine if exogenous soluble insulin affects immunoreactivity, wells were processed with and without an anti-insulin capture
antibody previously attached to the culture plate surface. Bars represent averages of original unprocessed absorbances of six to eight wells from three independent ex-
periments (black, gray and white). Error bars represent standard deviations. Scale bar in “C”¼50 mm.
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example, under these conditions, 14 h after seeding, INS-1 cells are
in a lag period with little or no mitotic cells observed. Whereas
PANC-1 cells were highly proliferating with little or no lag period,
and demonstrated an increase in cell density over this culture
period. Therefore, significantly higher optical densities were
observed with PANC-1 cells when compared to those of INS-1 cells
after seeding at approximately the same densities (Supplemental
Fig. 7). Additionally, because the mechanism of Janus Green B
staining of fixed cells is unknown, particular cell types may exhibit
alternative staining profiles. Regardless, a direct linear correlation
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between cell density and Janus Green B optical density was re-
peatedly obtained within a given cell type.

2.2. Anti-insulin cell-ELISA immunoreactivity is intracellularly
derived

We next sought to determine if insulin immunoreactivity, as
measured by cell-ELISA, reflects intracellular and/or extracellular
insulin (Fig. 2). When the permeabilization step (0.5% Triton
X-100) was omitted in an attempt to restrict HRP-Ab entry into the
cells, anti-insulin immunoreactivity was virtually eliminated
(Fig. 2A). Furthermore, when cultures were osmotically lysed by
exchanging the culture medium with water, cells burst and were
easily washed away during the agitation procedure (Supplemental
Fig. 3), which again resulted in no cell-ELISA immunoreactivity
(Fig. 2A). This suggests that soluble insulin does not contribute to
cell-ELISA immunoreactivity. Additionally, when commercial in-
sulin was spiked into culture medium in the absence of cells one
hour before fixation, cell-ELISA immunoreactivity was absent. The
lack of immunoreactivity against spiked insulin was reversed after
a previous application of a capture antibody (an anti-insulin an-
tibody recognizing a distinct insulin epitope than that recognized
by HRP-Ab, often used in sandwich-ELISAs) to the culture plate.
This confirmed that the presence of soluble insulin was not de-
tected by cell-ELISA (Fig. 2A). Furthermore, Janus Green B staining
confirmed the requirement of intact cells for insulin im-
munoreactivity (Fig. 2B).

Combined, these data confirm that anti-insulin cell-ELISA re-
cognizes predominately intracellular insulin content and renders
the assay distinct from basal-level release or glucose-stimulated
insulin secretion experiments which monitors soluble insulin.
Small amounts of insulin have been reported on the surface of β-
cells during high-glucose stimulation, and attributed to a small
portion of fused vesicles (to the plasmalemma) which exocytose
partially or slowly [6]. Since we routinely keep INS-1 cells in
5.6 mM (except where mentioned) significant surface insulin was
not expected and was not observed. Therefore, lysed cells, secreted
insulin and surface insulin are not significantly contributing to
immunoreactivity in this system.
Fig. 3. Validation of the cell-ELISA assay. INS-1 cells were initiated at various densities id
and Janus Green B release (A 595 nm) were determined after five-day exposure to 5.6 mM
six wells, error bars represent standard deviations of one representative experiment an
variations between experiments are included in Supplemental Fig. 8. To compare cell-EL
of cells) were processed by cell-ELISA (B) or cell-lysate analysis using a commercial ass
(A) represent averages of raw immunoreactivity (original unprocessed absorbance) of six
lysate analysis) normalized to 5.6 mM glucose. Bars in “B” and “C” represent averages of o
white). Error bars represent standard deviations.
2.3. Chronic hyperglycemia suppresses insulin content

We next sought to validate the technique utilizing an experi-
mental manipulation predicted to directly influence insulin con-
tent. From the published literature, insulin expression is antici-
pated to decrease during chronic hyperglycemia, possibly due to
downregulation of the transcription factor MafA [7,8]. We hy-
pothesized the anti-insulin cell-ELISA would be appropriate to
determine the effects of increased glucose exposure on insulin
content. INS-1 cells were cultured at different densities for 5 days
in either physiological (5.6 mM) or hyper-physiological glucose
(28 mM) concentrations. Plotting cellular insulin im-
munoreactivity (cell-ELISA, A 450 nm) in function of cell density
(Janus Green B, A 595 nm) decisively revealed that 1) insulin
content was directly proportional to cell density (R240.99), but in
distinctly different relations depending upon either high- or low-
glucose environments; and 2) both insulin content and cell density
were affected by glucose concentration (Fig. 3A). Specifically, high-
glucose resulted in a greater number of cells present with a con-
current reduction in insulin content. One representative experi-
ment is depicted in Fig. 3, and two additional independent ex-
periments designed identically are shown in Supplemental Fig. 8
to demonstrate experimental variation. No obvious effect on cell
viability was observed. Importantly, these data immediately ad-
vocate further questions (intentionally not addressed here), such
as is the decrease in insulin content following hyperglycemia a
function of insulin release and/or a result of cell division diluting
cellular insulin granules, as possible alternatives to a reduction in
insulin mRNA stability as predicted from the literature [7,8]. The
high R2 values (typically 40.97) demonstrate linearity over a
range of cell densities, further validating the system (Fig. 3A) and
demonstrating the effectiveness in normalizing insulin im-
munoreactivity to cell density (Janus Green B).

To validate these initial observations of reduced insulin, we
compared sister cultures in parallel by two different methods. One
set of wells was used for insulin immunoreactivity by cell-ELISA
(Fig. 3B) alongside another set to monitor insulin content of cell
lysates (Fig. 3C). Lysates were prepared using Triton X-100 to
disrupt the cells. Triton X-100 lysis, which was previously used
entically between the two glucose conditions. Insulin immunoreactivity (A 450 nm)
(solid line) or 28 mM (dashed line) glucose (A). Each point represents an average of
d R2 values are included to demonstrate linearity. Additional data to demonstrate
ISA immunoreactivity to lysate analysis, sister wells (seeded with identical numbers
ay kit (C) following 5-day exposure to either 5.6 or 28 mM glucose. Data points in
wells. Bars in (B) and (C) represent averages of 4 wells (cell-ELISA) or 3 wells (cell-
riginal unprocessed absorbances of three independent experiments (black, gray and



Fig. 4. Identification of INS-1 clones with reduced insulin content. Analysis of INS-1 clones reveals clones with reduced insulin content after normalizing to Janus Green B
staining following exposure to lentiviral particles intended to permanently supply short hairpin iRNA targeting the transcription factor MafA for knockdown. Lines were
analyzed serially three times each (represented by different gray bars) and compared to non-transfected controls. The transfected population as a whole and a GFP-control
transfected population are also included for comparison. Bars represent averages of 4 wells normalized to control (non-transfected) and error bars represent standard
deviations.
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permeabilize the cells for the immunoreactivity reaction, when
used without fixation resulted in free-floating nuclei intact with
little cytoplasm allowing soluble insulin release for sandwich-
ELISA analysis. Soluble insulin analysis was carried out in kit form
(see Materials and Methods) as per manufacturer's re-
commendations except Triton X-100 was included in standard
curves to maintain consistency between samples and standards.
As expected, following 5-day exposure to high-glucose, insulin was
reduced to similar levels as measured by either technique (Fig. 3B
and C). Cell lysates had to be diluted (approximately 1% of each
lysate was measured) to be within the linear range of the com-
mercial sandwich-ELISA kit. Importantly, this demonstrated a
higher sensitivity using lysate analysis compared to the cell-ELISA.
The relative low immunoreactivity as measured by cell-ELISA may
reflect the physiological granular structure of insulin within sto-
rage/secretory vessels, potentially restricting HRP-Ab from reach-
ing the inner core of the structures. Nevertheless, cell-ELISA im-
munoreactivity paralleled total insulin content measurements (an
approximate 50% decrease) as measured by either technique in
response to hyperglycemia. The cell-ELISA technique however, has
the advantage of processing multiple samples in unison efficiently
in an economical fashion. In traditional ELISAs used for assessing
insulin secretion into the culture supernatant, there is a potential
of cell lysis, of which only of a few cells would cause an apparent
burst release of insulin, potentially contributing to and over-esti-
mating insulin measurements assumed to be of physiological
origin. This specific monitoring of intracellular insulin described
here is therefore a significant advantage because insulin im-
munoreactivity represents the culture condition at time of fixation
without change in cell number after fixation (Supplemental Fig. 2).

2.4. Cell-ELISA identification of clones with reduced insulin content

One of our primary motives for developing the cell-ELISA assay
is to routinely screen and compare cultures for variations in in-
sulin content. To determine if this is possible we attempted to
reduce insulin expression by downregulation of the transcription
factor MafA. MafA is a transcription factor (of at least three master
regulators, others being Pdx1 and NeuroD) thought to function in
maintenance of the mature β-cell phenotype, most notably but not
limited to insulin expression and processing [9–11]. INS-1 cells
were subjected to commercial lentiviral particles designed to
permanently integrate short-hairpin derived interference RNA
specifically targeting MafA mRNA for inactivation. Following
transfection the resulting population as a whole, a population of
lentiviral-induced GFP-expressing cells, and various isolated
clones (following puromycin selection and clone expansion over
many weeks) were subjected to anti-insulin cell-ELISA and Janus
Green B analysis, along with non-transfected cells as control cul-
tures. Measurements were normalized to a standard curve derived
by the application of different densities of non-transfected INS-1
cells applied to the identical assay plates the previous day. This
allowed direct comparison of both insulin immunoreactivity and
Janus Green B stain to a known number of cells, and because both
are directly proportional to cell number (Supplemental Fig. 9),
allowed normalization of relative insulin content. Initial cell
counts for the standard curves were estimated using a hemocyt-
ometer, which we believe represents no more than 720% accu-
racy. Trypan blue exclusion routinely indicates 495% viability
following trypsinization of INS-1 cells. Typically, dilutions were
used from an original cell suspension. This ensures that even if
initial cell density is inaccurate, dilutions reflect relative cell
numbers within the standard curve, within each experimental
plate. This experimental approach allows analysis of 16 conditions
(in this case 16 clones) and three control cultures (a non-trans-
fected population, a transfected population and a GFP-transfected
population), all compared with the standard curve on the identical
plate, each in quadruplicate. A representative standard curve
seeding from 5000 to 40,000 INS-1 cells and incubated overnight
is displayed in Supplemental Fig. 9. A control lentiviral particle
delivering green fluorescent protein was used as a transfection and
puromycin exposure control, which was grown in parallel to MafA



Fig. 5. Anti-insulin cell-ELISA on partially dissociated primary mouse islets. Par-
tially dissociated mouse islets were seeded (approximately 20 islets per well) and
analyzed after 3 and 7 days in vitro. For insulin immunoreactivity (A) and Janus
Green B (B), bars represent averages of original unprocessed absorbances of four
wells from three independent experiments (black, gray and white). Error bars re-
present standard deviations.
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mRNA targeted cultures. The standard curve ultimately inferred
relative insulin between cultures (between clones and between
controls) normalized to cell density. Identical clones were twice
more analyzed in series which confirmed insulin reduction in
identical clones, and demonstrated the cell-ELISA technique is
reliable (Fig. 4). Further application of a fluorescently labeled anti-
mouse antibody to identify the presence of the initial HRP-con-
jugated anti-insulin antibody on the identical assay plates con-
firmed reduced anti-insulin fluorescence (visually) which paral-
leled cell-ELISA immunoreactivity reduction (Supplemental
Fig. 10). The clones are not fully characterized at this time and
levels of potentially compensatory transcription factors other than
MafA have not been investigated. We are not attempting here to
propose the specific mechanism of insulin reduction nor speculate
on possible cellular adaptations. The purpose of this experiment
was to demonstrate that this technique is successfully able to ef-
ficiently screen multiple cultures for variations in insulin protein
content.

2.5. Utilization of anti-insulin cell-ELISA on primary islet-cell
cultures

Our ultimate goal is to apply this method to monitor insulin
content within primary islet cell cultures. To demonstrate the
feasibility of this assay on primary tissues, partially dissociated
mouse islets were utilized. Mouse pancreas tissue was digested
with collagenase and islets were isolated by handpicking, partially
dissociated with trypsin and seeded into 96-well plates previously
coated with fibronectin. Approximately 20 partially dissociated
islets of random sizes were seeded per well and analyzed after
3 and 7 days. Cell-ELISA analysis indicated that insulin im-
munoreactivity was present and relatively unchanging over this
time (Fig. 5A). The Janus Green B assay, as expected, demonstrated
an increase in cell density over this culture period due to pro-
liferation of non-β-cells (Fig. 5B). It should be noted, however, that
the mechanism of Janus Green B staining of fixed cells has not
been established, and may therefore be a source of error within
primary culture density analysis. Non-α and non-β proliferating
cells routinely contaminate our islet cell cultures and likely lead to
the observed increase in Janus Green B staining. In our hands (in
experiments not described here) we have yet to observe insulin-
positive (nor glucagon-positive) cells simultaneously positive for
the proliferation marker Ki-67, suggesting our β-cells are not
proliferating but surviving over this culture period as other cell
types continue to proliferate.
3. Conclusions

We were successful in optimizing and validating the cell-ELISA
method to monitor relative intracellular insulin content in culture.
Importantly, this method relies on soluble colored products which
are measured by absorbance of in-place liquids. This is an ad-
vantage over direct visual observations of immunocytochemistry
by eliminating preconception and bias as fields of view can change
dramatically, particularly in primary cultures such as partially
dissociated mouse islets which exhibit from few to many insulin-
positive cells per field of view.

The cell-ELISA technique measures relative intracellular insulin
which is distinct from secreted insulin measurements. The tech-
nique is not expected to replace extracellular insulin analysis. As
secreted insulin within a medium corresponds to an accumulation
over time (secreted and lysed), it is not expected to match the
intracellular insulin remaining after cell lysis, secretion, and/or
degradation due to intracellular insulin being replaced within vi-
able β-cells continuously. Much of the kinetics of insulin bio-
chemistry (such as turnover time following secretion and in-
tracellular degradation) are not properly characterized in the
published literature. This assay may aid in these investigations.
However, this also imposes a limitation on the assay because it
does not take into account physiological activity of β-cells; ex-
pression does not imply a physiological response to glucose sti-
mulation as demonstrated in the literature [12]. Prior to fixation,
supernatants can be stored for further secreted insulin measure-
ments if and when required. This technique therefore reduces the
reliance on secreted insulin analyses, with caution that it corres-
ponds to analysis of a single time point.

Additionally, it is not unexpected that culture conditions will
alter insulin expression or content. However, because analyses are
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performed on a single plate, culture-to-culture variances are ex-
pected to be minimized. This is evident upon the observation of
high R2-values in each of the figures presented. It should be noted
there are also variances between cells within each well. For ex-
ample, occasional highly expressing cells can be found within an
insulin-reduced clone population, as noted in Supplemental
Fig. 10. Insulin immunoreactivity values are directionally propor-
tional to cell density, but thousand of cells are required for con-
fident results. Results reflect immunoreactivity on a per cell basis,
but obtained over the means of a substantial number of cells. With
this cell-ELISA assay, a few highly insulin-expressing cells there-
fore do not generate false-positive reactions as opposed to assays
measuring released soluble insulin. In fact, burst-released insulin,
from damaged or death cells, can result in an overestimation of
assumed physiologically secreted insulin.

A potential limitation of this technique is the probable re-
striction of the HRP-Ab to only recognize insulin molecules at the
periphery of the normally granular-like insulin structures within
secretory/storage vesicles. This assay must therefore rely on the
assumption that insulin structures are, over an average, of uniform
size and density. However, because the described correlations
between cell density and insulin immunoreactivity from either
cell-ELISA or cell lysates are equivalent, and due to the observed
high R2 values, this assumption is reasonable. From our under-
standing, the dynamics of insulin vesicle formation and mor-
phology have not been adequately addressed in the literature to
answer these questions.

To apply the technique to biological questions, we screened and
identified several INS-1 clones with reduced insulin content by
means of cell-ELISA with confirmation using im-
munocytochemistry. Finally, it was demonstrated that this method
is applicable to mouse islets, revealing that insulin content re-
mains relatively stable from 3 to 7 days in vitro. This technique, by
providing an initial screen for further culture analysis on selected
samples, essentially reduces the necessity to monitor insulin re-
lease or cell lysates as the primary screen.

The cell-ELISA technique utilizes equipment common to most
cell biology laboratories. In our hands the cost of the required
materials combining the cell-ELISA, Janus Green B and im-
munocytochemistry procedures for a single 96-well plate is ap-
proximately 1/25th that of a typical 96-well plate commercially
used to determine soluble (secreted) insulin and cell lysates con-
tent (Supplemental Table).

We anticipate this method to be applicable for many explora-
tions including 1) optimizing β-cell differentiation/proliferation/
culture conditions; 2) insulin biochemistry; and 3) medium
throughput screening (including simultaneous combinations). Al-
though cell-ELISA has limitations, it provides the first opportunity
to routinely, efficiently and economically monitor intracellular
insulin levels intended as an initial screen for investigating fun-
damental β-cell biology questions.
4. Materials and methods

4.1. General cell line maintenance

The rat β-like cell line INS-1 was obtained from AddexBio (San
Diego, California, USA, C0018007) and the human pancreatic
ductal cell line PANC-1 was obtained from ATCC (USA, Manassas,
Virginia, CRL-1469). INS-1 and PANC-1 cells are routinely cultured
in RPMI medium (Sigma-Aldrich, R1383) or DMEM medium (Sig-
ma-Aldrich, D5523) respectively, containing 5.6 mM glucose
(without pyruvate) and 1.7 g/L NaHCO3, pH corrected to approxi-
mately 7.2, plus 10% fetal bovine serum (Thermo Fisher Scientific,
Gibco 12483-020). INS-1 cell culture medium was supplemented
with 50 mM β-mercaptoethanol (Sigma-Aldrich, M3148). Cultures
were grown at 37 °C in a humidified 5% CO2 atmosphere. Cultures
were routinely fed 3 times a week with β-mercaptoethanol and
serum being supplied fresh weekly, and passaged using 0.25%
trypsin-EDTA (Thermo Fisher Scientific, Gibco 25200-056) for 2–
3 min at 37 °C before confluence. During experiments in 96-well
plates, cultures were routinely fed every 2 days by replacing 50% of
the culture medium with fresh medium. Except where noted,
glucose was kept constant at 5.6 mM.

4.2. Experimental scheme

For experimental analysis, 96-well plates were prepared by
exposing overnight to 0.05 mg/mL poly-L-Lysine (30,000–
70,000 MW, Sigma-Aldrich, P9155) before adding cells to ensure
near 100% plating efficiency. Log-phase cells were trypsinized,
diluted with growth medium and centrifuged at 1k rpm (the
minimal setting for this laboratory) for 3 min to remove debris.
Viability, estimated by trypan blue exclusion, was routinely 495%.
Cell densities were determined with a hemocytometer and cells
diluted to seed at various densities depending upon expected time
in culture before analysis. Cell standard curves were applied the
day before analysis. The final culture volume was kept consistent
at 150 mL/well.

Cell-ELISA, Janus Green B staining and fluorescent imaging
were performed sequentially on identical wells. Immediately prior
to fixation, culture plates were rotated on a titer plate shaker
(Thermo Fisher Scientific, Lab-Line Instruments Inc.) for 8 s on
setting #7 to loosen cell debris. Directly to the existing culture
medium an equal volume of 4% freshly-depolymerized for-
maldehyde in Dulbecco's phosphate buffered saline (PBS) with
calcium and magnesium (Thermo Fisher Scientific, Gibco 14080-
055) was added to each well and left at room temperature. After
20 min, plates were placed on the titer plate shaker for an addi-
tional 10 min to give a total fixation time of 30 min. All further
steps were performed at room temperature on the shaker at set-
ting #7 except when the plates were stored at 4 °C overnight (see
below). Plates were washed 7 times over 30 min (5 min between
washes) with PBS (Fisher Bioreagents, BP665-1) containing
0.25 mL/L Tween-20 (PBST) with the inclusion of 0.5% Triton X-100
in the third wash (5 min) to permeabilize cell membranes (200 mL/
well/wash). When analyzing primary tissue, the fifth wash in-
cluded 1% H2O2 to quench possible endogenous peroxidase activ-
ity. Blocking solution (5% Carnation fat-free instant skim milk
powder in PBST) was applied for 60 min (300 mL/well). Horse-
radish peroxidase-conjugated anti-insulin (Abcam, ab28063) was
diluted (1:2000) in blocking solution and applied for 60 min
(50 mL/well). Plates were washed 7 times over 30 min with PBST
and “Slowest Kinetic Rate” TMB ELISA substrate (Abcam, ab171527)
was added (100 mL/well). After 5 min, 1 M HCl in 140 mM NaCl was
added (100 mL/well) and absorbance read at 450 nm. All absor-
bance readings were made with a Synergy HT plate reader with
Gen 5 software (both from Bio-Tek industrial, Winooski, Vermont,
USA). Plates were washed 7 times over 30 min with PBST and
stained with 0.3% Janus Green B (Sigma-Aldrich, 201677) in PBS or
Janus Green B cell normalization stain (Abcam, ab111622) for
5 min (50 mL/well). Plates were washed 7 times over 30 min with
PBST then rinsed once more quickly with 140 mM NaCl (non-
buffered) and exposed to 0.5 M HCl in 140 mM NaCl (100 mL/well).
After 10 min, absorbances were read at 595 nm. Plates were wa-
shed 7 times over 30 min with PBST. Alexa 488-conjugated goat
anti-mouse (1:2000, Life Technologies, A11001) plus Hoechst
33258 (2 μg/mL) and 0.01% thimerosal (as a preservative; Sigma-
Aldrich, T8784) in blocking solution was applied overnight at 4 °C
without shaking (50 mL/well). Next morning, plates were brought
to room temperature and washed 7 times over 30 min with PBST
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before image acquisition.

4.3. Experimental manipulations

To osmotically lyse cells, medium was replaced with distilled
water and culture plates returned to the culture incubator for
5 min. Following the initial titer plate shake (see above), all cells
were lysed and eventually washed away as the procedure pro-
gressed. To pre-adsorb the HRP-Ab antibody, 200-fold excess (w/
w) of bovine insulin (Sigma-Aldrich, I0516) was combined with
working strength antibody in blocking solution for 1 h during the
blocking reaction (see above), and then applied in place of the
native HRP-Ab. To apply the capture anti-insulin antibody, the
capture antibody (Abcam, ab8304) was diluted in 100 mM carbo-
nate-bicarbonate buffer (pH 9.6, 50 mL/well) and applied overnight
to wells on the assay plate previously intentionally left without
culture medium. Wells were rinsed twice with PBS and bovine
insulin in culture medium was applied (spiked) into these wells
and negative control sister wells void of the capture antibody for
1 h prior to fixation. To measure total insulin content using a
commercial sandwich-ELISA kit (ALPCO rat high range ELISA 80-
INSRTH-E01, Salem, New Hampshire, USA), cultures were rinsed
with PBS and exposed to 0.5% Triton X-100 in PBST (the identical
Triton X-100 concentration used in the permeabilization step
above) for 5 min at room temperature. Samples were then tritu-
rated with a 200 mL pipette tip, which left floating nuclei intact
without significant cell debris. Samples were centrifuged for 1 min
(14,000 rpm) to sediment nuclei, and supernatants were stored
frozen for later insulin content analysis as per manufacturer's
instructions.
4.4. Primary islet cultures

Animals were used in accordance with the local University
ethical committee and animal guidelines (protocol #367-14). Fe-
male adult CD-1 mice, approximately 20 g, were euthanized by
CO2 asphyxiation and the pancreas was removed and immediately
infused with 1 mg/mL collagenase (type V from Clostridium his-
tolyticum; Sigma-Aldrich, C9263) in L15 nutrient mix (Sigma-Al-
drich, L4386) supplemented with 5.6 mM glucose, 10 mM nicoti-
namide, 15 mM HEPES, 50 mM β-mercaptoethanol and 10% FBS on
ice for transport. The pancreatic tissue was dissociated for ap-
proximately 15–20 min with occasional brisk inversion. Under a
dissecting microscope, islets were hand-picked and placed in
culture medium consisting of DMEM and RPMI at a 1:1 ratio,
supplemented with 10% FBS, 50 mM β-mercaptoethanol, 10 mM
nicotinamide and 25 mM N-acetyl-L-cysteine, 15 mM HEPES, 1.7 g/
L NaHCO3 and 5.6 mM glucose. Tissues pieces which were not
initially digested were placed back into fresh dissociation medium
and digested for another 5–10 min until islets were released. Islets
were pooled and counted. Samples were tested for viability using a
live/dead viability kit for mammalian cells (Thermo Scientific,
L3224) as per manufacturers' instructions. Islets preparations es-
timated to be 490% viable were used. Islets were rinsed with
Hank's balanced salt solution (HBSS) (by gravity sedimentation)
and incubated with 0.125% trypsin plus ethylene diamine tetra-
acetic acid on ice for 30 min then placed at 37 °C for 5–8 min. The
tissue was returned into culture medium with one rinse (by
gravity sedimentation) and seeded into 96-well culture plates at
approximately 20 dissociated islets per well. Culture plates were
pre-exposed (on the day of tissue application) to 2 mg/cm2

fi-
bronectin (EMD Milipore, Darmstadt, Germany, FC010). Cultures
were incubated at 37 °C in a 5% CO2 humidified atmosphere.
4.5. Lentiviral particle exposure and cloning

INS-1 cells were seeded at a density of 20,000 cells per well
into two single wells of a 96-well plate one day prior to trans-
fection. Medium was replaced with fresh medium supplemented
with 5 mg/mL polybrenes (Santa Cruz Biotechnology, sc-134220),
100 mL per well. The lentiviral particles, MafA shRNA (h) (Santa
Cruz, sc-43905-v) and control copGFP (Santa Cruz, sc-108083),
were added separately to each well, 20 mL and 10 mL, respectively.
As per the manufacturer's confirmation, the shMafA lentiviral
contains a short-hairpin construct producing the sense strand: 5′-
GGACCUGUACAAGGAGAAA-3′ specifically targeting to knock down
both rat and human MafA mRNA. After two days, the cultures were
passaged by trypsinization for propagation in the presence of
puromycin dihydrochloride (Santa Cruz, sc-108071) added at a
final concentration of 1 mg/mL as a selection reagent. For cloning,
less than 100 cells were visually inspected to confirm a complete
single cell suspension, diluted into 160 mL growth medium (with
puromycin) and seeded into eight 96-well plates. After one week,
50% of the medium was exchanged for fresh medium with pur-
omycin decreased to 0.25 mg/mL. After two weeks, wells with a
single colony were identified and assumed to be a single clone.
These wells were fed weekly by replacing 50% of the medium with
fresh, containing 0.25 mg/mL puromycin. All further feedings con-
tained 0.25 mg/mL puromycin. Screening was initiated when
clones were of sufficient numbers for continued propagation
(approximately 5–6 weeks following initial transfection). Clones
(and full populations of transfected cells) were passaged into
dishes for further propagation and 96-well plates for insulin
screening. When wells were approximately 50% confluent, a
standard curve consisting of non-transfected INS-1 cells was in-
corporated onto the same assay plates at densities ranging from
5000 to 40,000 cells per well. Insulin and Janus Green B analysis of
clones, transfected populations and standard curves were done in
quadruplicate on each plate. Cultures were assayed the day after
application of INS-1 cells as the standard curve.
4.6. Photo microscopy

For bright field and phase contrast imaging, wells were filled
with culture medium, water or PBST (to match the solute in place)
and covered with a glass slide to eliminate the meniscus such that
Köhler illumination and phase contrast rings could be properly
adjusted (Supplemental Fig. 1). Cells were observed with a Nikon
inverted microscope (Nikon Eclipse TE2000-S) and images taken
using a Zeiss AxioCam MRm camera with Zeiss AxioVision SE64
software. Alexa-488 images within each figure were taken at
identical exposures and when color was applied, was added using
Photoshop CS5.
4.7. Data analysis

Determination of means, standard deviations, p-values and R2

values were calculated with Excel software.
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Supplemental Figure 1 - Removal of meniscus to reveal cell morphology. The curvature of the meniscus inhibits 
phase contrast imaging (A). Filling the well with appropriate fluid and covering with a glass slide allows Köhler 
illumination and phase contrast microscopy (B). Bar = 50 µm. 

  



 
 

Supplemental Figure 2 - Appearance of INS-1 cell cultures. Phase contrast images of near identical fields of view 
were taken before fixation (A) and following the entire protocol (cell-ELISA, Janus Green B stain release and 
immunocytochemistry, B). Although morphology has changed, cell number and position remain virtually consistent. 
Some debris (arrows in “A” as examples) have been detached. Bar = 50 µm. 

  



 
 

Supplemental Figure 3 – Osmotically-lysed INS-1 cells are removed from cell-ELISA analysis. Phase contrast images 
of near-identical fields of view were captured before (A), during (B) and following osmotic lysis and agitation (C) by 
replacing culture medium with water. Scale bar = 50 µm. 

  



 

 
 

Supplemental Figure 4 - Janus Green B staining of INS-1 cells. Bright field near identical fields of view were 
photographed following staining before (A) and after (B) acid release. Note binucleate cells were occasionally 
present (arrows in “A” and “B”). Bar = 50 µm. 
  



 
 

Supplemental Figure 5 - The effects of cell-ELISA and Janus Green B staining on anti-insulin immunofluorescence. 
Anti-insulin immunofluorescent images (upper panel) were captured without (left column) or following cell-ELISA 
and Janus Green B staining (right column). Nuclei of corresponding fields of view are revealed by Hoechst 33258 
staining (lower panel). Bar = 50 µm. 

  



 
 

Supplemental Figure 6 - Analysis of insulin immunoreactivity sensitivity based on statistical p-values. INS-1 cells 
were diluted two-fold in series and processed for insulin immunoreactivity (cell-ELISA). The table lists statistical p-
values between data points on the corresponding plot. The same plate was further processed for cell density analysis 
(Janus Green B staining, Supplemental Figure 7). Data points represent averages of eight wells +/- standard 
deviations. The solid line with black circles corresponds to INS-1 cell cultures. Clear circles, expanded to reveal error 
bars, correspond to PANC-1 cell cultures. The R² value is included to demonstrate linearity. 

  



 

 
 
Supplemental Figure 7 - Analysis of Janus Green B staining sensitivity based on statistical p-values. INS-1 cells were 
diluted two-fold in series and previously processed for insulin cell-ELISA (Supplemental Figure 6), then processed to 
determine cell densities using Janus Green B staining. The table lists statistical p-values between data points on the 
corresponding plot. Data points represent averages of eight wells +/- standard deviations. The solid line with black 
circles corresponds to INS-1 cell cultures. Clear circles, expanded to reveal error bars, correspond to PANC-1 cell 
cultures. The R² value is included to demonstrate linearity. 

  



 
 
 
 

 
 
 

 
 

Supplemental Figure 8 - Re-validation of the cell-ELISA assay. To repeat data presented in Figure 3, insulin 
immunoreactivity (A450nm) and Janus Green B release (A595nm) were twice more (A and B) determined after five-
day exposure to 5.6mM (solid line) or 28mM (dashed line) glucose. Cells were initiated at various densities identically 
between the two glucose conditions. Each point represents an average of six (A) or eight wells (B). Error bars 
represent standard deviations within each representative experiment, and R2 values are included to demonstrate 
linearity. 

   



 
Supplemental Figure 9 - INS-1-derived standard curves. INS-1 cells were seeded without (blank) and with cells 
ranging from 5,000 to 40,000 cells per well in quadruplicate, on each assay plate. The next day, plates were assayed 
for insulin immunoreactivity (A) or Janus Green B staining (B). This gives a direct relation between cell number and 
relative insulin content with the correlation shown on the graph (C). Bars indicate the standard deviations between 
four wells. Data points (means of four wells) are not included to reveal error bars. The R² values are included to 
demonstrate linearity. 

  



 
 

Supplemental Figure 10 - Anti-insulin immunocytochemistry of selected INS-1 clones. Directly from the assay plate 
(corresponding to Fig. 4A, black bars), selected clones were photographed for immunofluorescence to compare with 
relative measured insulin levels (Figure 4). Green indicates insulin immunoreactivity (left panel), with counterstain 
Hoechst 33258 to identify nuclei (center panel). The merge of the two staining (right panel) of the clone numbers 
and a non-transfected control population is also shown. Bar = 50 µm. 

  



 
Supplemental Table: Cost comparison between cell-ELISA and commercial soluble-ELISA kits. 

Component 
Unit cost 

(CAD) 
Unit 

Capacity 
(plates) 

Cost/plate 
(CAD) 

Average cost per 
plate (CAD) 

TMB solution 49 100 mL 10 4.90 

16 
Janus Green B 72.40 5 g >200 < 0.50 

488-anti-mouse 223.65 500 µL 200 1.12 

HRP anti-insulin 383 200 µg 40 9.56 

 

Rat high-range 
anti-insulin ELISA 

6194 1 16 (bulk) 387 
387-482 

482 1 1 482 

All prices are derived from the internet before shipping, handling and taxes in Canadian currency as of 
December 2015. These items are of common use in Vermette’s laboratory. Buffers, plastics and other  
common laboratory reagents are excluded. One “plate” refers to 96 wells. 
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