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ABSTRACT Insulin was immobilized on a surface-
hydrolyzed poly(methyl methacrylate) film. Chinese hamster
ovary cells overexpressing human insulin receptors were
cultured on the film in the absence of serum or soluble
proteins. Small amounts of immobilized insulin (1-10% of the
required amount of free insulin) were sufficient to stimulate
cell proliferation. In addition, the maximal mitogenic effect of
immobilized insulin was greater than that of free insulin.
Immobilized insulin activated the insulin receptor and down-
stream signaling proteins, and this activation persisted for
longer periods than that obtained with free insulin, probably
explaining the greater mitogenic effect of the immobilized
insulin. Finally the immobilized-insulin film was usable re-
peatedly without marked loss of activity.

Mammalian cell culture is a key technique for both basic
biological research and its industrial applications. The impor-
tance of substrata or biomaterials, including both biological
and synthetic extracellular matrices, for cell culture as well as
for the production of artificial tissues and organs has become
increasingly evident (1-4). However, it is difficult to regulate
cellular functions, such as proliferation, secretion, movement,
and differentiation with the use of biomaterials alone. The
immobilization of biosignaling molecules such as growth fac-
tors and cytokines in such a manner that they retain their
activity would therefore contribute significantly to the design
of functional biomaterials.
Although the binding of biosignaling molecules to their cell

surface receptors results in the formation of complexes that are
internalized and sorted, with some receptors recycled to the
cell surface, it is not known which steps in this process are
required for signal transduction. Horwitz et al. (5) showed that
covalently immobilized interleukin 2 preserved the viability of
an interleukin 2-dependent cell line, and they concluded that
the immobilized cytokine retains at least some of the activity
of the soluble protein and that internalization of the receptor
may not be essential for signal transduction.
We have previously shown that insulin immobilized on

various artificial and biological substrata increases the growth
of anchorage-dependent cells (mouse STO fibroblasts, mouse
sarcoma cells, and bovine endothelial cells) to a greater extent
than the free protein (6-9). These observations demonstrate
that it is possible to culture cells on artificial substrata without
the addition of growth factors to the culture medium. To clarify
the increased growth-promoting effect of immobilized insulin,
we have now investigated the mechanism of signal transduction
by the immobilized ligand with Chinese hamster ovary (CHO)
cells that overexpress human insulin receptors, in order to
detect changes in receptor activity more readily. We also
demonstrated the repeated use of the immobilized-insulin
substratum without substantial loss of activity.
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MATERIALS AND METHODS
Substrate Preparation. Insulin was immobilized on a par-

tially hydrolyzed poly(methyl methacrylate) (PMMA) film as
described (6, 7). The PMMA film (diameter, 15 or 100 mm)
was cast from a toluene solution on a glass plate. The film was
partially hydrolyzed by dipping in 4 M NaOH for 90 min at
50°C and was then immersed in 10% (wt/vol) citric acid
overnight at room temperature. The surface-hydrolyzed
PMMA film was washed with double-distilled water until the
pH of the washes reached pH 7.0 and was then incubated at 4°C
for 2 h in 0.5 M Mes buffer (pH 4.5) containing water-soluble
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (1 mg/ml) as
a coupling agent. The film was subsequently incubated in Mes
buffer (10 ml for four films with a diameter of 15 mm and 100
ml for a film with a diameter of 100 mm) containing 125I-
labeled bovine insulin at various concentrations at 4°C for 48
h and then washed >30 times with 10 ml of phosphate-buffered
saline (PBS) until the release of 125I-labeled insulin became
undetectable. The amount of immobilized insulin was deter-
mined on the basis of the radioactivity associated with the film.
Immobilization of nonlabeled insulin was performed accord-
ing to the same procedure. The surface-hydrolyzed PMMA
film without immobilized ligand was used as a control. The
films were disinfected with 70% (vol/vol) ethanol and washed
with sterilized PBS.

Cell Culture. CHO cells overexpressing human insulin re-
ceptors (CHO-T cells; 106 receptors per cell) were subcultured
in Ham's F-12 medium containing 10% (vol/vol) fetal bovine
serum under 5% CO2 in air at 37°C (10). After culture in the
absence of serum for 2 days, cells were harvested by incubation
at 37°C for 5 min with PBS containing 0.02% (wt/vol) EDTA
and 0.15% (wt/vol) trypsin, suspended in Ham's F-12 medium
(2 x 105 cells per ml), and cultured under 5% CO2 in air at
37°C for 48 h in the 24-well plates containing various PMMA
films (diameter, 15 mm).

Determination of DNA Synthesis. Cultured cells were sol-
ubilized by heating in 1 M NaOH at 70°C for 30 min or until
complete lysis was confirmed with a light microscope. The
lysate was then neutralized with 1 M HC1 and homogenized.
The homogenate (100 ,ul) was added to 3 ml of a solution
containing 100mM NaCl, 10 mM EDTA, 10 mM Tris-HCl (pH
7.0), and 4',6-diamidino-2-phenylindole (100 ng/ml). The
amount of DNA synthesized in the cells was determined by
measuring the amount of complex formed between DNA and
the dye (11). The fluorescence intensity of the complex at 450
nm was measured at an excitation wavelength of 360 nm. The
amount of DNA in cells grown on control PMMA films in the
absence of insulin decreased to 52% + 7% (mean + SD; n =
8) of the initial amount after culture for 48 h.

Abbreviations: PMMA, poly(methyl methacrylate); CHO, Chinese
hamster ovary; IR, insulin receptor; IRS-1, insulin receptor substrate
1; PI, phosphatidylinositol.
tTo whom reprint requests should be addressed.

3598



Proc. Natl. Acad. Sci. USA 93 (1996) 3599

Association of Insulin with Cells. Cells (2 x 105/ml) were
incubated with free or immobilized '25I-labeled insulin in
Ham's F-12 medium under 5% CO2 in air at 37°C for the
prescribed time and then harvested by incubation with PBS
containing 0.02% EDTA at room temperature for 1 h. The
complete removal of cells from the film by this treatment was
confirmed with a light microscope. The radioactivity associ-
ated with the harvested cells was measured.

Insulin Receptor Autophosphorylation and Activation of
Cellular Proteins. Time course assays were performed as
described (10, 12). CHO-T cells that had been cultured in the
absence of serum for 2 days were harvested by incubation with
PBS containing 0.02% EDTA, suspended in Ham's F-12
medium (106 cells per 10 ml), and added either to an immo-
bilized-insulin PMMA film (0.39 jpg/cm2; diameter, 100 mm)
or to a control PMMA film (diameter, 100 mm) in the presence
of free insulin (20 ,jg/ml).

After incubation at 37°C for the indicated time with immo-
bilized or free insulin, the cells were washed with PBS, frozen
in liquid nitrogen, scraped into 1 ml of ice-cold lysis buffer [137
mM NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 1 mM
CaCl2, 1 mM dithiothreitol, 10% (vol/vol) glycerol, 1 mM
phenylmethylsulfonyl fluoride, 1% Nonidet P-40, and 0.4 mM
sodium orthovanadate], and solubilized on ice for 10 min. The
lysate was centrifuged at 15,000 x g in an Eppendorf centrifuge
for 15 min, and the entire supernatant was collected and
subjected to one of the following biochemical assays.

For assay of the phosphorylation of the insulin receptor (IR)
or insulin receptor substrate 1 (IRS-1) on tyrosine residues,
protein G-Sepharose beads (15 ,l) (Pharmacia) were coated
with mouse antibodies to IR or to IRS-1 (20 ug) in 50 ,jl ofWG
buffer [50 mM Hepes (pH 7.6), 150 mM NaCl, 0.1% (vol/vol)
Triton X-100]. The beads were washed twice with WG buffer
(1 ml) and then incubated with the lysate supernatant for 4 h
at 4°C on a rotating platform. Immunoprecipitates were
washed twice with WG buffer (1 ml) and then heated at 100°C
for 3 min with 30 ul of SDS sample buffer [62.5 mM Tris-HCl
(pH 6.8), 10% glycerol, 2% SDS, 5% (vol/vol) 2-mercapto-
ethanol, 0.001% (wt/vol) bromophenol blue] (13). After cen-
trifugation at 1000 x g for 30 sec, a portion (10 jul) of the
resulting supernatant was subjected to SDS/PAGE on an 8.5%
gel, and the separated proteins were transferred to an Immo-
bilon-P (Millipore) nitrocellulose filter. The filter was incu-
bated with rabbit polyclonal or mouse monoclonal antibodies
to phosphotyrosine for detection of IR and IRS-1, respectively.
The bound antibodies were detected with horseradish perox-
idase-conjugated antibodies to rabbit immunoglobulin and
alkaline phosphatase-conjugated antibodies to mouse immu-
noglobulin, respectively, followed by ECL detection system
(Amersham).

Phosphatidylinositol (PI)-3-kinase activity was measured
directly in IRS-1 immunoprecipitates in a reaction mixture (50
,ul) containing PI (0.2 mg/ml), 20 mM Hepes (pH 7.1), 0.4mM
EGTA, 0.4 mM sodium phosphate, 10 mM MgCI2, and 40 tLM
[7-32p]ATP (0.1 ,tCi/ml; 1 Ci = 37 GBq). PI was dried with
nitrogen gas, sonicated in a bath sonicator (three times for 5
min each time with cooling in between), and incubated with
the immunoprecipitate for 5 min at room temperature before
addition of MgATP to start the reaction. The reaction was
stopped after 5 min by the addition of 4 M HCI (15 jtl) and
chloroform/methanol (1:1, vol/vol) (130 ,.l). Tubes were
shaken for 30 sec, and the lower layer (30 ,ul) was spotted onto
a silica gel 60 plate (Merck) that had been coated with 1%
(wt/vol) potassium oxalate and activated at 100°C for 1 h.
Plates were developed, and the radioactive reaction product
was determined with a radioanalytic imaging system.

Repeated Utilization of Substrata. Cells cultured on 24-well
plates containing immobilized-insulin PMMA films (0.39 jug/
cm2; diameter, 15 mm) were detached from the films by
incubation in 0.02% EDTA at room temperature for 1 h or

0.15% trypsin at 37°C for 10 min, after which no cells were
detected on the films by phase-contrast microscopy. The films
were sterilized and placed on a new 24-well plate for the next
cell culture.

RESULTS
PMMA films on which various amounts of insulin were
immobilized were obtained by changing the feed concentration
of insulin (Fig. 1). The amounts of immobilized insulin (0.1-0.3
/xg/cm2) indicate formation of the protein monolayer (14).

It is important to confirm that the immobilized ligand does
not subsequently dissociate from the film, as pointed out by
Horwitz et al. (5). We therefore incubated immobilized 125I-
labeled insulin with 10% (vol/vol) serum-containing or serum-
free culture medium at 37°C for 48 h. In neither instance was
an increase in radioactivity in the medium or a decrease in
immobilized 125I-labeled insulin on the film observed (data not
shown). In addition, incubation with 4 M urea and 8 M
guanidine hydrochloride for 48 h did not induce leakage of
immobilized 125I-labeled insulin, as described previously (14).

Association of insulin with the CHO-T cells was also ana-
lyzed (Fig. 2). Although cells incubated with free insulin
associated with this growth factor, cells incubated with an even
larger amount of immobilized insulin were not associated with
this growth factor after removal of cells from the film.
The amount of total DNA in CHO-T cells cultured for 48 h

was markedly increased in the presence of small amounts of
immobilized insulin; comparable effects required 10-100 times
as much free insulin (Fig. 3). In addition, the maximal stim-
ulation of DNA synthesis in response to immobilized insulin
was greater than that in response to free insulin.

Phosphorylation of the IR (Fig. 4A) and IRS-1 (Fig. 4B) on
tyrosine residues, as well as activation of PI-3-kinase (Fig. 4C),
was induced by both free and immobilized insulin. The time
courses of IR phosphorylation and PI-3-kinase activation
differed markedly between the two conditions. Both IR phos-
phorylation and PI-3-kinase activity continued to increase for
up to 12 h (in Fig. 4B, data for 12-h incubation not shown) in
response to immobilized insulin, whereas in response to free
insulin both phenomena achieved a transient maximum within
30 min. These results indicate that immobilized insulin inter-
acts specifically with IRs and that the increase in cell growth
induced by immobilized insulin is attributable to the persistent
phosphorylation and activation of IR substrates.
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FIG. 1. Effect of insulin concentration in the feed on the amount
of insulin immobilized on surface-hydrolyzed PMMA films. The
amount of immobilized insulin was calculated from the radioactivity of
125I-labeled insulin associated with the film. Data are means + SD (n
=5).
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FIG. 2. Time course of insulin association with CHO-T cells. Cells
were cultured in the presence of free 12I51-labeled insulin (0.1 ,ig per
well, 106 cpm) or immobilized 125I-labeled insulin (0.55 /ug per well, 106
cpm) for the indicated time. Cells were then detached by incubation
with 0.02% EDTA, and the radioactivity associated with the harvested
cells was measured. Incubation with free insulin was performed on
control PMMA films. Data are means + SD (n = 12).

The effect of repeated use of the PMMA film-immobilized
insulin on its activity was assessed by culturing CHO-T cells for
2 days, removing the cells by treatment with EDTA or trypsin,
and then repeating the procedure. Whereas trypsin treatment
markedly reduced the growth-promoting activity of immobi-
lized insulin (Fig. 5A), as a result of hydrolysis of the growth
factor (Fig. SB), EDTA treatment had no marked effect on
insulin actiyity or hydrolysis. The slight decrease in relative
growth rate after repeated use of immobilized insulin with
EDTA may result from coverage of the film with proteins
secreted from the growing cells.

DISCUSSION
We have shown that immobilized insulin induced a pro-
nounced stimulation of CHO-T cell growth. The growth of
mouse STO fibroblasts (7), mouse sarcoma cells (8), and
bovine endothelial cells (9) was previously shown to be in-
creased to a greater extent by immobilized insulin than by free
insulin, although the effect on these cells was less marked than
that on CHO-T cells. Hofmann et al. (15) showed that the
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FIG. 3. Relative amount of total DNA in CHO-T cells during

incubation in the presence of various concentrations of free or
immobilized insulin for 48 h. Incubation of cells (2 x 105/well) with
free insulin was performed on control PMMA films. The amount of
total DNA in cells cultured on control PMMA films in the absence of
free or immobilized insulin was taken as 1.0. Data are means + SD (n
=8).
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FIG. 4. Time courses of tyrosine phosphorylation of the IR 13

subunit (A) and of IRS-1 (B) and time course of activation of
PI-3-kinase (C) in CHO-T cells in response to free or immobilized
insulin. Cells were cultured on control PMMA films in the absence (-)
or presence of free insulin or on immobilized-insulin PMMA films for
the indicated times and then assayed as described in Materials and
Methods. Data in C are representative of three separate experiments.

stimulatory effects of insulin were enhanced by transfection of
insulin receptors into mouse fibroblasts.
The mitogenic effect of immobilized insulin appears to be

specific. Thus, immobilized albumin and 7-globulin have no
effect on either cell adhesion or cell growth, whereas immo-
bilized collagen and fibronectin enhance cell adhesion but not
cell growth (16). Furthermore, antibodies to insulin inhibit cell
proliferation induced by immobilized insulin (14). In addition,
whereas immobilized insulin increased the growth of anchorage-
dependent cells, it had no effect on anchorage-independent cells
such as hybridoma cells (8). Adhesion or direct interaction of cells
with the substratum is therefore necessary for growth stimulation.
We have now shown that direct interaction of immobilized insulin
with CHO-T cells triggers key steps in insulin signal transduction
and that the time course of these events differs from that
associated with free insulin.

Recent studies have demonstrated phosphorylation of inte-
grin or neighboring proteins without internalization of extra-
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FIG. 5. Effect of repeated use of PMMA film-immobilized insulin
on CHO-T cell proliferation (A) and the amount of growth factor
remaining associated with the film (B). After each 2-day culture, the
film was washed with 0.02% EDTA or 0.15% trypsin and either the
amount of DNA synthesis was determined (A; DNA synthesis by cells
cultured for the first time on control PMMA films in the absence of
free insulin was taken as 1.0) or the amount of immobilized 125I-
labeled insulin associated with the film was measured (B; the radio-
activity associated with virgin immobilized film was taken as 100%).
Data are means ± SD (n = 5 in A and n = 12 in B).

cellular matrix (17), as well as ligand-induced cell transforma-
tion and growth stimulation by a noninternalizing epidermal
growth factor receptor (18, 19). These results suggest that
immobilized insulin may induce autophosphorylation of the IR
without internalization.
The observation that immobilized insulin stimulated

CHO-T cell growth in smaller amounts than free insulin may
be attributable to immobilization providing a high local con-
centration of insulin that results in efficient interaction with
IRs and multivalent cross-linking of them. The greater maxi-
mal mitogenic effect of immobilized insulin may be due to
inhibition of receptor down-regulation by internalization. In
addition it is possible that immobilized insulin prevents the
free lateral diffusion of the activated receptor in the plane of
the membrane, thereby inhibiting its potential interaction with
regulators of receptor activity such as tyrosine phosphatases or

serine/threonine-dependent protein kinases. The persistent
activation of the receptor and neighboring proteins indicates
that the enhanced stimulatory effect on cell growth by immo-
bilized insulin primarily results from the long-term activation
associated with these explanations.

Insoluble insulin conjugates have been synthesized to inves-
tigate the mechanism of insulin action (20-23). Although these
conjugates facilitated extensive purification of solubilized IRs
by affinity chromatography (24), definitive conclusions regard-
ing the effectiveness of immobilized insulin could not be drawn
because of the possibility that immobilization was incomplete

(25). Furthermore, given our observation of the marked time
delay between exposure of CHO-T cells to immobilized insulin
and the detection of signal transduction events, previous
studies examining acute effects of insulin conjugates may not
have allowed sufficient time for evaluation of activity (24-26).
In addition, because previous studies used porous beads that
were not accessible to the cells as the immobilizing support, it
was difficult to evaluate quantitatively the relation between the
amount of immobilized insulin and biological effects (5, 26).
Although it is difficult to certify absolutely that no release

of immobilized insulin from the substratum occurs, the present
study sheds light on the mechanism of action of immobilized
insulin by demonstrating the time course of key signal trans-
duction events and opens the way to the biomaterial applica-
tion of immobilized insulin by repeated utilization. By taking
the cross-talk of receptors of different types into consideration
(27), coimmobilization of cell adhesion factors with insulin
may further enhance cell growth (9, 28). Thus, biomaterial
design with the use of biological signaling molecules should
yield further important advances in cell culture systems.

We thank R. Langer for critical review of the manuscript and K.
Saito for help with the radioisotope experiments.
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