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ABSTRACT

The purpose of this study was to examine the growth and morphology of a salivary epithe-
lial cell line (HSG) in vitro on several biodegradable substrata as an important step toward
developing an artificial salivary gland. The substrates examined were poly-(L)-lactic acid
(PLLA), polyglycolic  acid (PGA), and two co-polymers, 85% and 50% PLGA, respectively.
The substrates were formed into 20- to 25-mm disks, and the cells were seeded directly onto
the polymers or onto polymers coated with specific extracellular matrix proteins. The two
copolymer substrates became friable over time in aqueous media and proved not useful for
these experiments. The purified matrix proteins examined included fibronectin (FN), laminin
(LN), collagen I, collagen IV, and gelatin. In the absence of preadsorbed proteins, HSG cells
did not attach to the polymer disks. The cells, in general, behaved similarly on both PLLA
and PGA, although optimal results were obtained consistently in PLLA. On FN-coated PLLA
disks, HSG cells were able to form a uniform monolayer, which was dependent on time and
FN concentration. Coating of disks with LN, collagen I, and gelatin also promoted mono-
layer growth. This study defines the conditions necessary for establishing a monolayer or-
ganization of salivary epithelial cells with rapid proliferation on a biodegradable substrate
useful for tissue engineering.

INTRODUCTION

MAM M A LIA N SAL IV ARY GLA N DS are compact parenchymal tissues consisting of both secretory and ab-
sorptive epithelial cells.1 Acinar cells comprise the major glandular cell type. They are salt secreting

and are considered to be the exclusive site of fluid movement in these glands.1,2 Ductal cells are salt ab-
sorbing and are considered to be relatively water impermeable.1,2 Importantly, both epithelial cell types ex-
ist as a continuous, polarized monolayer along an extensively arborized luminal system, which opens di-
rectly into the mouth.1 The principal purpose of these glands is to secrete saliva, an exocrine secretion that
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serves a primary protective role for the mouth.3 Saliva functions to mediate oral microbial colonization,
mucosal repair, dental remineralization, food bolus formation and translocation, lubrication, and gustation.

Approximately 40,000 new cases of head and neck cancer occur each year in the United States, with an
additional 500,000 new cases worldwide.4 In the industrial countries, the majority of these patients receive
irradiation (IR) that includes the salivary glands in the radiation field. If the therapeutic IR treatment ex-
ceeds , 50 Gy, irreversible damage occurs to the salivary glands.5 This results primarily in the destruction
of acinar cells, which are highly sensitive to IR.6 In many individuals, all salivary epithelial cells are re-
placed by nonsecretory tissue,6 which leads to a persistent salivary hypofunction with marked reductions
in salivary output.7 Patients consequently suffer from rampant dental caries, frequent mucosal infections,
dysphagia, as well as considerable pain and discomfort.8 At present there is no effective conventional  ther-
apy for this condition.

We have initiated a program to develop an artificial salivary gland for patients with such IR damage, or
with salivary parenchymal loss due to other causes, e.g., the autoimmune exocrinopathy Sjögren’s syn-
drome. The device we envision would consist of a blind-end tube made out of a porous, slowly biodegrad-
able substratum, coated with matrix components on the inner (luminal) surface of the tube to promote for-
mation of a polarized epithelial cell monolayer. This device would be implanted in the buccal mucosal tissue
with an “exit” to the oral cavity, mimicking the orifices of the natural salivary duct system.9,10 The pur-
pose of the present study was to examine the growth and organizational behavior of a potential allogeneic
graft cell on biodegradable polymers that were coated or not with different matrix protein preparations. We
view this as an important initial step in developing an artificial salivary gland.

MATERIALS AND METHODS

Polymer disk preparation

Two-dimensional films of poly-(L)-lactic acid (PLLA) (Boehringer Ingelheim Inc., Winchester, VA),
polyglycolic acid (PGA), and two copolymers, 50/50 PLGA and 85/15 PLGA (Alkermes, Cincinnati, OH)
were produced by melt-processing polymer pellets between sheets of aluminum foil using a Carver press
at 350°F, 450°F, 175°F, and 200°F for PLLA, PGA, 50/50 PLGA, and 85/15 PLGA, respectively, to cre-
ate disks with diameters of 20–25 mm. The disks were sterilized using gamma-irradiation for , 150 min
with a dose of 2.01 Mrad.

Matrix proteins

Extracellular matrix proteins were obtained from the following sources: collagen I (Vitrogen; Collagen
Biomaterials, Palo Alto, CA), collagen IV (Trevigen, Gaithersburg, MD), and laminin (LN; Gibco BRL,
Gaithersburg, MD). Human fibronectin (FN) was prepared as described by Miekka et al.11 Gelatin was ob-
tained from ICN Pharmaceuticals, Inc. (Costa Mesa, CA).

Cell culture

HSG cells were a generous gift from Prof. M. Sato (Tokushima University, Japan)12 and were maintained
in vitro as previously described.13 For the experiments presented herein, HSG cells were removed from
confluent plates using a solution of Versene 1:5000 in Hanks’ balanced salt solution without calcium and
magnesium (BioFluids, Rockville, MD). Cells were then resuspended in fresh media consisting of a 1:1
mixture of Eagle’s minimal essential medium, Dulbecco’s modification, and Ham’s F-12 supplemented with
2 mM glutamine (BioFluids, Rockville, MD), 10% fetal calf serum (FCS; Hyclone, Logan, UT), and 100
units/mL penicillin, 100 m g/mL streptomycin, and 2.5 m g/mL fungizone (BioFluids, Rockville, MD).

Matrix protein adsorption to polymer disks

The sterilized disks were either immersed in phosphate-buffered saline (PBS; Gibco BRL, Grand Island,
NY) or coated with one of the following proteins in PBS: collagen I, FN, gelatin, collagen IV, or LN. Disks
were coated by incubation in solutions of the different matrix proteins for 18 h. In several experiments,
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disks were also coated with FCS. Thereafter, the individual disks were gently placed in each well of a six-
well tissue culture plate (Becton Dickinson, Franklin Lakes, NJ) and incubated at 37°C for , 18 h. If ap-
propriate (see figure legends), the coated disks were next blocked for 1 h with bovine serum albumin (BSA;
Calbiochem-Novabiochem Corp., La Jolla, CA) at 37°C and then gently washed twice with PBS. BSA was
used to occupy remaining nonspecific adsorption sites for matrix proteins on the disks, thereby preventing
nonspecific cell adherence.14 Cell suspensions were added to the wells in complete culture media (i.e., with
FCS) and incubated at 37°C.

Measurement of HSG cell number and organization

At the indicated times, the disks were removed from wells, washed twice in PBS, and then stained with
0.2% crystal violet in 20% ethanol for 20 min. Next, the disks were rinsed twice with PBS and examined
under a light microscope using 100 3 magnification. Three randomly selected photomicrographs were ob-
tained from each specimen using 200 ASA color slide film (Elite chrome, Kodak, Rochester, NY). There-
after, the slides were scanned to convert them to digital images. Using Adobe Photoshop® , three 200- m m2

regions were randomly chosen from each field; the cell number was determined manually and cell organi-
zation was studied. Cell number was counted directly from the scanned image on a printed computer dis-
play. Organization was assessed for the presence of a monolayer, size of cells, existence of clumps, pres-
ence of spaces between cells, as well as the relative homogeneity and overall morphology of the cells in
culture.

RESULTS

HSG cell growth on different polymers

In the absence of any protein coating, HSG cells were unable to attach to any polymer surface examined
by us (not shown). However as shown in Fig. 1, after coating disks with 10% FCS, HSG cells could attach
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FIG. 1. HSG cell growth on biodegradable polymers. The PGA, PLLA, 50/50, or 85/15 copolymer disks were incu-
bated overnight in tissue culture medium containing 10% FCS. Then, HSG cells were seeded on disks for an additional
overnight period, and the cells were stained with crystal violet. Randomly chosen areas of the disks are shown.



and grow on all of the biodegradable polymers, i.e., PLLA, PGA, and the 50/50 and 85/15 copolymers.
Cells grown on PLLA and PGA were similar in appearance and morphology, but quite different from cells
grown on both copolymers. Growth on the latter appeared to result in an uneven cell distribution. It was
difficult to use both copolymers because they were brittle in the aqueous medium and fragmented easily
over time in culture. Hence, further studies utilized only the PLLA and PGA disks.

HSG cell growth in the presence of different matrix proteins

HSG cells (5 3 105 cells/mL) were seeded on disks coated with different matrix proteins, incubated for
24 h, and then stained with crystal violet. Results of initial experiments comparing PLLA and PGA disks
were quite similar regarding the effect of each matrix protein coating on HSG cell growth, although back-
grounds tended to be lower, and signals higher, with PLLA. For that reason we chose to examine in detail
only cell-to-matrix protein interactions on PLLA disks. In the absence of any protein coating, or if the PLLA
disks were first blocked with BSA overnight and then coated with 10% FCS, little to no HSG cell attach-
ment occurred (Fig. 2). Conversely, all of the other protein solutions used were able to mediate cell at-
tachment to polymer disks. As a positive control, 10% FCS was used without pretreatment with BSA. In
the presence of FCS we observed , 850 cells/mm2. When disks were coated with either FN, LN, or gelatin,
HSG cell adherence was somewhat higher ( , 900–1000 cells/mm2). When the disks were coated with ei-
ther collagen I or IV, levels of cell adhesion were similar to those seen with 10% FCS (Fig. 2). Results
with FN showed the least variability in cell number, and the most consistent monolayer morphology. For
these reasons, and particularly because FN is a human protein that can be readily obtained, we chose to ex-
amine in more detail the FN-mediated adherence of HSG cells to the PLLA disks.

Kinetic evaluation of HSG cell growth and morphology on FN-coated PLLA disks

At different time points after seeding of HSG cells on the PLLA disks, we examined their growth and
appearance (Fig. 3). For these experiments, the PLLA disks were coated with FN (20 m g/mL), and the cells
were incubated for up to 5 days. As shown in Fig. 3, HSG cell growth was time dependent. Cell number
increased slowly over the first 2 days and then in rapid, exponential fashion until day 4. Thereafter, cell
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FIG. 2. HSG cell growth on PLLA disks coated with different adhesive proteins. HSG cells (5 3 105 cells/mL; 2
mL) were seeded on PLLA disks and incubated for 24 h at 37°C and 5% CO2. Thereafter cells were stained as in Fig.
1. Data are the mean 6 SEM of nine separate determ inations. Abbreviations used are fetal calf serum (FCS), bovine
serum albumin (BSA), laminin (LN), fibronectin (FN), gelatin (Gelat), collagen I (Coll I), collagen IV (Coll IV). All
individual proteins were used at 20 m g/mL and FCS was at 10%.
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number plateaued as growth ceased. The FN-coated disks assumed a densely packed, epithelioid monolayer
morphology over this time course.

Effect of FN concentration on HSG cell growth

We lastly examined HSG cell growth over 72 h on PLLA disks coated with different concentrations of
FN ranging from 0.02 to 20.0 m g/mL (Fig. 4). The effect of FN coating was concentration-dependent. Half-
maximal growth occurred with , 0.2 m g/mL FN coated onto the disks, with maximal growth seen at both
2.0 and 20 m g/mL FN.

DISCUSSION

The purpose of this study was to examine the ability of different biodegradable polymers to support the
growth of a human salivary epithelial cell line in the presence of purified matrix proteins. As such, the study
represents an important step toward the development of an artificial salivary gland for individuals whose
secretory tissue has been lost. Patients who have lost all functional salivary epithelium, e.g., those with Sjö-
gren’s syndrome or post-irradiation for head and neck cancer, experience severe salivary hypofunction re-
sulting in a markedly diminished quality of life. There is no effective conventional therapy for these pa-
tients. In the absence of glandular epithelium, pharmacological therapies using secretogogues,15 or gene
therapy,16 are not possible. Although salivary gland transplantation is an option,17 it is not likely to be prac-
tical because of an insufficient donor supply, the need for continuous immunosuppression, and the surgi-
cal difficulty.

Using now well-accepted principles of tissue engineering,18,19 we have begun to explore the fabrication
of an orally implantable fluid-secreting device. Homopolymers of lactic or glycolic acid, or certain of their
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FIG. 3. Time course of HSG cell growth on FN-coated PLLA. HSG cells (5 3 105 cells/mL; 2 mL) were seeded on
PLLA disks after coating overnight with fibronectin (20 m g/mL), and incubated for 0, 2, 3, 4, and 5 days. Data are the
mean 6 SEM of nine separate determinations. Where error bars are not visible, they were less than the symbol size
used.
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copolymers, are biocompatible and have been useful as scaffolds in efforts to build other artificial tis-
sues.20–22 As a model test cell, we employed the HSG cell line.12 HSG cells are well-studied,23– 26 and ex-
hibit functionally coupled neurotransmitter receptors,27,28 intact Ca2 1 signaling systems,29,30 and various
ion channels and transporters31; all of these systems are necessary to generate the osmotic gradients re-
quired for saliva formation.1,2 Additionally , HSG cells respond to extracellular matrix signals that can di-
rect morphological and genetic differentiation.32– 34 Furthermore, HSG cells are useful for gene transfer35

and are known to use established salivary cell-specific promoter elements.36

Because native salivary epithelia exist essentially as a monolayer lining a lumen,1 the ideal substratum
should induce the formation of a monolayer of polarized cells. Therefore, we focused on determining con-
ditions that would stimulate HSG cell growth on the various polymers as a continuous monolayer. Both
copolymers used by us (50/50 and 85/15 PLGA) proved too brittle for the manipulations required in our
experiments. Both homopolymers, PLLA and PGA, supported HSG cell growth and organizational behav-
ior when coated with certain individual matrix proteins. However, results with PLLA were considerably
more reproducible and less variable. In general, cell growth on substrates coated with either pure FN or LN
provided optimal results, i.e., highest cell number and continuous monolayer, while growth on either na-
tive (I, IV) or denatured (I, gelatin) collagens was not as effective in this regard. FN is relatively easy to
purify in substantial amounts from human plasma, compared to LN which must be extracted from base-
ment membranes. Thus, FN appears to be preferable as a coating for support of salivary epithelial cell
growth on these biodegradable substrates.

If an allogeneic cell line is desired, HSG cells are a valuable candidate. However, as a cell line, they pos-
sess unlimited growth potential. For this reason our future plans include incorporating the use of a suicide
gene as a safety factor with these cells to limit possible host compromise. Also, they have not yet been
shown to express facilitated water permeability pathways37 such as those needed for stimulus-coupled sali-
vary flow. Furthermore, although HSG cells yield a classic epithelioid “cobblestone” appearance when
grown on FN-coated PLLA, it needs to be established if these cells are both functionally polarized and pos-
sess functional junctional complexes such as required for unidirectiona l fluid secretion.38 HSG cell use may
require substantial genetic engineering to obtain the needed cellular characteristics. Conversely, the use of
autologous, amplified epithelial cells for a graft device would be ideal, but the growth of acinar (fluid-se-
creting) mammalian epithelial cells in vitro has thus far been elusive. Although the current studies demon-
strate significant progress toward our desired goal, the development of an artificial salivary gland will re-
quire considerable additional work.
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FIG. 4. Effect of fibronectin concentration on HSG cell growth. HSG cells (5 3 105 cells/mL; 2 mL) were seeded
on PLLA disks precoated with different fibronectin concentrations (0, 0.01, 0.02, 0.2, 0.6, 2, and 20 m g/mL), cultured
for 72 h, and thereafter stained with crystal violet as in Fig. 1. Cell number was determined as described in Materials
and Methods. Data are the mean 6 SEM of nine separate determ inations.
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