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Abstract

Osteoblasts in vivo form an epithelial-like layer with tight junctions between cells. Bone 

formation involves mineral transport into the matrix and acid transport to balance pH levels. 

To study the importance of the pH gradient in vitro, we used Transwell inserts composed 

of polyethylene terephthalate (PET) membranes with 0.4 μm pores at a density of (2 ± 0.4) 

× 106 pores per cm2. Mesenchymal stem cells (MSCs) prepared from murine bone marrow 

were used to investigate alternative conditions whereby osteoblast differentiation would better 

emulate in vivo bone development. MSCs were characterized by flow cytometry with more than 

90% CD44 and 75% Sca-1 labeling. Mineralization was validated with paracellular alkaline 

phosphatase activity, collagen birefringence, and mineral deposition confirming MSCs identity. 

We demonstrate that MSCs cultured and differentiated on PET inserts form an epithelial-like layer 

while mineralizing. Measurement of the transepithelial resistance was ~ 1,400 ohms•cm2 at three 

weeks of differentiation. The pH value of the media above and under the cells were measured 

while cells were in proliferation and differentiation. In mineralizing cells, a difference of 0.145 

pH unit was observed between the medium above and under the cells indicating a transepithelial 

gradient. A significant difference in pH units was observed between the medium above and 

below the cells in proliferation compared to differentiation. Data on pH below membranes were 

confirmed by pH-dependent SNARF1 fluorescence. Control cells in proliferative medium did not 
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form an epithelial-like layer, displayed low transepithelial resistance, and there was no significant 

pH gradient. By transmission electron microscopy, membrane attached osteoblasts in vitro had 

abundant mitochondria consistent with active transport that occurs in vivo by surface osteoblasts. 

In keeping with osteoblastic differentiation, scanning electron microscopy identified deposition of 

extracellular collagen surrounded by hydroxyapatite. This in vitro model is a major advancement 

in modeling bone in vivo for understanding of osteoblast bone matrix production.
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Introduction

Our work over several years has postulated that compact bone synthesis requires an 

epithelial-like layer of osteoblasts that transport bone mineral components, export protons 

and secrete proteins into the bone matrix space producing the mineralized bone matrix [1]. A 

major difficulty in studying this system is that, in vitro and in vivo, epithelial-like osteoblasts 

are microscopic and very difficult to preserve for morphology or physiologic study [2].

Here we created an epithelial-like organ in vitro by employing permeable support 

membranes for cell growth in medium with slightly alkaline pH, Dulbecco’s modified 

Essential Medium (DMEM) in 5.1% CO2. We report that murine MSCs differentiate well, 

producing an initial epithelial-like layer of cells on porous PET membranes. The bone 

differentiation correlates with a significant transmembrane pH gradient and transepithelial 

resistance (also called TEER).

Transepithelial electrical resistance measurements were used to assess the barrier function 

of marrow stem cells (MSC) grown in culture. This increased 250 fold after the cell layer 

was confluent and allowed to differentiate on these porous membranes. When assessing the 

electrical resistance, a current was passed through the Transwell membrane interrogating 

both transcellular and paracellular pathways. The transcellular resistance is primarily from 
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apical and basolateral plasma membrane and paracellular resistance from cell-cell contacts. 

Hence, the transepithelial electrical resistance reflects physical properties of filter-grown 

epithelial-like cells.

Materials and Methods

MSCs isolation.

MSCs were isolated from C57Bl/6J mouse bone marrow. Epiphyses were removed from the 

dissected femur and tibia. Bone marrow was flushed using RPMI-1640, 10% fetal bovine 

serum (FBS), with antibiotic-antimycotics, with a needle 26 gauge (0.46 mm) driven through 

the bone. MSCs were cultured as described [3]. Briefly, from primary tissue aspirate, 

erythrocytes were removed by hypotonic red cell lysis. To remove fibroblasts, cells were 

plated in 25 cm2 flasks for overnight, after which non-adherent cells, containing the MSCs, 

were re-plated in supplemented RPMI at 2 × 106 cells per cm2 for 72 hours. Remaining 

non-adherent cells were discarded and medium was replaced with MesenCult expansion 

media (Stem Cell Technologies, Cambridge, MA). After passage 3–5 MesenCult expansion 

medium was changed to proliferation medium.

MSCs culture and material.—Proliferation medium was DMEM with1 g/l glucose, 10% 

FBS and an antibiotic-antimycotic. Osteogenic differentiation medium was proliferation 

medium supplemented with 10 mM 2-phosphoglycerol, 30 μg/ml of ascorbic acid and 0.5 

mM CaCl2 (to obtain 2 mM final concentration). Cells were grown on PET membrane 

inserts, 4.2 cm2 surface, for 6 well plates. (Transwells, Falcon, Corning NY). The 

membranes were 12 μm thick with 2 ± 0.4 × 106 0.4 μm perforations per cm2 (See Fig 

1C).

Flow cytometry and cell labeling.—Characterization of MSCs from murine bone 

marrow was assessed by flow cytometry [4] using a FACScalibur instrument (Becton 

Dickinson, San Diego, CA). Cells were washed in Hank’s balanced salt solution containing 

0.1% bovine serum albumin and 0.1% sodium azide (NaN3) and labeled with appropriately 

diluted antibodies (CD44, Sca-1, isotype controls) directly conjugated with fluorescein, for 

30 minutes, followed by three washes and fixation in 2% paraformaldehyde. Data analysis 

used Cell Quest Software (Becton Dickinson). Phalloidin was used for labeling filamentous 

actin. Cultured cells were washed in phosphate buffered saline (PBS) and fixed in 3.7% 

formalin for 10 min. After three washes with PBS, the cells were permeabilized with 

0.5% Triton X-100 (Sigma) for 20 min. These cells were stained in the dark with TRITC­

conjugated phalloidin antibody (Molecular Probes, Eugene, OR) for 30 min, washed and 

mounted on microscope slides with Fluoroshield mounting medium (Abcam, Cambridge, 

UK). Images were acquired on a Nikon TE2000 inverted fluorescence microscope using a 

Spot 12-bit 1600 × 1200-pixel charge-coupled device; red fluorescence used excitation 536–

556 nm, a 580 nm dichroic filter. Images were processed with ImageJ software (National 

Health Institute, Bethesda, USA)
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Mineralization and alkaline phosphatase activity.

Alkaline phosphatase activity was determined in citrate-buffered saline at pH 8.0 using 

0.01% naphthol phosphate substrate with 0.25 mg/ml of fast blue to precipitate the product 

as an insoluble blue adduct [5]. Mineralization was evaluated by silver nitrate (Von Kossa) 

stain. Cells were rinsed with deionized H2O (diH2O) and fixed with 3.7% formalin for 2 

minutes. Subsequently, cultures were incubated with 2% AgNO3 under UV light for 10 min 

[5] and washed with diH2O multiple times. Stains were visualized by light microscopy.

Refractive index anisotropy.—Birefringence of secreted collagen was detected by 

setting linear polarizers perpendicular and observing the fixed cultures on the PET 

membranes as reported [2].

Transepithelial electrical resistance (TEER).—Transepithelial electrical resistance 

was measured using an EndOhm chamber with the EVOM2 meter calibrated in normal 

saline solution to ± 1 Ω according to the manufacturer’s instructions (World Precision 

Instruments, Sarasota, FL). At every time point, measurements were performed prior to 

fixation. To eliminate the influence of temperature, measurement was performed within 10 

min after taking the culture plate out of the incubator and values were recorded 4 min 

after placing the inserts in the Endohm chamber. Within this time frame, the transepithelial 

resistance was stable. Fluid levels were equalized above and below the membrane within 

1 mm. In parallel, blank resistances were measured in culture insert with medium but 

without cells. To obtain the sample resistance, the blank value was subtracted from the total 

resistance. The reported TEER was calculated by multiplying the sample resistance by the 

effective area of the membrane which is 4.2 cm2. To strengthen our experiment, 4 inserts 

were used at each time point for transepithelial electrical resistance measurements.

pH Measurements—pH Measurements were performed by using two methods, semi­

micro pH electrode and SNARF-1 fluorescence. Direct measurement used an Apera 

Instruments (Columbus, Ohio) semi-micro PH850-MS pH Meter with a 6 mm LabSen 

243–6 pH/Temp. electrode. The pH meter was calibrated at pH 4.00, 7.00 and 10.00 directly 

before use. Directly after taking the culture plate out of the incubator, the pH electrode 

was safely placed in the media above the cells. When the instrument indicated stability, 

values were recorded by a second investigator. To measure the pH below the cells, inserts 

were temporarily removed. A cell-impermeant pH indicator fluorescent dye 4(5)-carboxy­

seminaphtharhodafluorescein (SNARF-1) was used as a secondary pH assessment [6]. 

Fluorescence was read with a Beckman-Coulter plate fluorometer using excitation at 485 

nm and emission read at 595 and 625 nm. Standard curve was produced with buffered 

samples at pH 7.00 to 8.00 in 0.20 pH increments. The concentration of bicarbonate (i.e., 

conjugate base) for pH transport was estimated from the Henderson-Hasselbalch equation 

[7]: pH = pKa + log10 ([HCO3−]/[H2CO3]) where media, in calibrated 5.1% CO2 incubators. 

Calibration used volume change with NaOH absorption (Fyrite instrument, Bacharach 

Inc., Pittsburgh PA). Media were considered to be buffered by carbonate alone, with total 

carbonate and bicarbonate 44.0 mM in DMEM prior to equilibration with CO2, and using 

pKa2 for bicarbonate <–> carbonate, 10.32, as the constant. Other medium components 

including phosphate (700 μM in DMEM) were not considered in this estimate.
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Electron microscopy.—Transwell inserts were washed with PBS twice for 5 min. Then 

Transwell inserts were fixed in 2.5% glutaraldehyde-0.01M PBS for 1 hour and washed 

with PBS three times for 5 minutes. Scanning electron microscopy (SEM) samples were 

post-fixed (1% osmium tetroxide) dehydrated in a graded ethanol series and coated with 

gold and imaged using a JEOL JSM-6335F. For transmission electron microscopy (TEM), 

samples were post-fixed (1% osmium tetroxide with 1% potassium ferricyanide), dehydrated 

in a graded ethanol series and embedded. Ultrathin sections (65 nm) were stained with 

uranyl acetate, and Reynold’s lead citrate. Samples were imaged using JEOL 1400 Plus with 

a side mount AMT 2 k digital camera (Advanced Microscopy Techniques, Danvers, MA).

Statistical analysis.

Statistical analysis was performed using GraphPad Prism 8 (GraphPad, California). 

Statistical significance was determined using one-way ANOVA with Dunnett Multiple 

comparison or Student’s unpaired T-test. Results were considered significant if *p<0.05. 

All figures include at least three independent experiments and are plotted as mean ± SD.

Results

Characterization of MSCs.

Osteoblast growth and differentiation were studied in cultures of MSCs in vitro. Flow 

cytometry for the characterization of MSCs derived from mouse bone marrow is shown in 

Fig 1 for selected MSC antigens, CD44 and Sca-1. Results confirm substantial elimination 

of contaminating cells, with over 90% and 75% of selected cells labeling with anti-CD44 

and anti Sca-1, respectively (Fig 1A and 1B).

MSCs on perforated PET membranes grow in an epithelial-like pattern that develop a high 
resistance while mineralizing.

MSCs were grown on the PET membranes at a density of (2 ± 0.4) × 106 pores per cm2. In 

Fig 1C, a SEM image of the membrane is shown to demonstrate the membrane morphology. 

The uniformity of the size and shape of the perforations were measured as 2.3% of 

membrane area. MSCs grown in proliferation medium (Fig 2A) did not form an epithelial­

like layer whereas in differentiation medium (Fig 2B) cells appeared to be denser with more 

cellular connection. Alkaline phosphatase activity of MSCs differentiated in osteoblasts is 

shown in Figure 2C at the same magnification; calcified matrix appears dark on the left of 

the frame with alkaline phosphatase labels encircling the cells. At the edges of these cells, 

the membranes are orthogonal to the field, demonstrating the membrane-associated enzyme, 

a characteristic of osteoblasts. The deposition of minerals as an extracellular matrix was 

confirmed with Von Kossa (AgNO3) staining (Fig 2D). Transepithelial electrical resistance 

for cells in proliferation and differentiation were measured at 7, 14 and 21 days (Fig 2E). An 

increase of 3.4, 20.8 and 258 times the average resistance (at 7, 14, and 21 days respectively) 

was observed in comparison to cells in proliferation medium. The resistance increased as 

MSCs differentiated into osteoblasts, resulting in a significant increase at 21 days (p<0.02). 

Due to the high-inter-individual variability between MSCs isolated from different C57Bl/6J 

mice, differentiation medium at 7 and 14 days are not compared to proliferation medium.
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MSC differentiation on PET membranes with transport of acid across membranes.

The pH was measured in medium above and below MSCs that were cultured on PET in 

proliferation or differentiation conditions (Fig 3). The pH value was significantly decreased 

(p=0.0029) above the cells in proliferation compared to differentiation media (Fig 3A). More 

precisely, medium above the cells acidified from 7.76 ± 0.06 in proliferation to 7.65 ± 

0.03 in differentiation (0.11 pH difference), suggesting that osteoblasts on PET membranes 

acidify the medium above while mineralizing. The difference in pH values from the media 

below the cells in proliferation and in differentiation was significant (p=0.0022). The 

difference between the medium above the cells compared to below the cells in proliferation 

was significant (p=0.02) as well as in differentiation (p<0.0001), indicating the presence of 

a pH gradient. However, this pH gradient was 3.6 times higher in differentiation. Based on 

our data and calculations from the major buffer component, it is likely that the observed 

change in pH may be due, at least mainly, the movement of HCO3− which resulted in the 

media below the cells to become more alkaline. According to the Henderson-Hasselbalch 

equation, the estimated HCO3− difference from above to below the inserts was 31 μM using 

the carbonate PKa2 and the total carbonate (44 mM).

As a confirmatory method, fluor SNARF-1 pH indicator dye was used. Because of technical 

limitations to read fluorescence inside Transwells, inserts were removed, and the pH was 

only assessed for the media below the cells. Consistent with pH electrode measurements, 

the pH below the cells decreased from 7.99 ± 0.01 in proliferation to 7.96 ± 0.01 in 

differentiation (0.03 difference) confirming the gradient (Fig 3B).

Morphology of osteoblasts.

Cross-section of osteoblasts mineralizing on inserts were processed for TEM (Fig 4A). 

Multiple layers of cells are visible. Osteoblasts attached to the PET membrane (amorphous 

material, bottom of the frame) are highly enriched in mitochondria (white arrow) and rough 

endoplasmic reticulum (RER) suggesting increased metabolic activity during osteoblast 

differentiation and extracellular matrix production. SEM images of early osteocytes are 

shown in figures 4B–D. Fig 4B shows, at low magnification, layers of flattened early 

osteocytes above the cells adhered to the PET membrane. Attachments between cells are 

mostly broad, although narrow attachments are developing. At higher magnification, the 

collagen fibers can be distinguished from the extracellular matrix produced by the osteocytes 

(Fig 4C and 4D). In Figure 4C, the collagen is deposited in multiple layers at roughly 

90-degree orientation to each other, characteristic of bone collagen [1]. The dotted square is 

magnified in figure 4D, revealing dense 40–80 nm hydroxyapatite (HAP) attached to fibrils. 

To show the abundant collagen more clearly, Fig 4E depicts a low power light micrograph 

with collagen birefringence using crossed polarizers. The image is 600 μm wide. Collagen is 

the only significantly birefringent biological material, displayed as abundant white material 

(for appearance of collagen within the cell culture, compare with Fig 2C and 2D above). The 

background is blue birefringence of the PET membrane.
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Discussion

Osteoblasts form an epithelial-like layer that separates the extracellular fluid from bone.

Using preparations of mouse MSCs isolated from bone marrow (validated by flow 

cytometry) allowed us to study osteoblast growth and mineralization in vitro by alkaline 

phosphatase activity and Von Kossa staining of mineral. Differentiating these cells on porous 

PET membranes (Fig 1C, 2A and 2B) produced an epithelial-like layer which was confirmed 

by a transepithelial electrical resistance greater than ~ 1,400 ohms•cm2 and a transmembrane 

pH gradient (Fig 2E and Fig 3). Osteoblasts express gap junctions and form tight junctions 

which play an important role in the regulation of ion transport across the epithelial-like layer 

[2]. Osteoblasts synthesize a predominately type I collagen matrix, which is mineralized by 

calcium and phosphate precipitation (Fig 4).

The epithelial-like nature of the surface osteoblasts has been discussed [1,2]. However, there 

is limited information on osteoblasts differentiating as an epithelial-like organ in vitro. To 

our knowledge, only one group, Wongdee et al., in 2008 showed osteoblasts as a surface 

membrane (on Snapwell inserts) in Boyden chambers [8]. In that case, isolated primary rat 

osteoblasts formed a layer with a transepithelial electrical resistance of ~100 Ω•cm2. Other 

results with differentiation from mesenchymal stem cells were, however, consistent with our 

work, although in a different context than bone differentiation [9], discussed below.

It is established that pH above 7 is necessary for hydroxyapatite precipitation [10]. Later, 

Chakkalakal et al. [11] demonstrate that during the earlier stages of fracture healing, tissue 

pH is acidic (in keeping with removal of acid produced) but later becomes more alkaline, 

which is positively correlated to an increase in calcium content. Galow et al. investigated 

the effect of alkaline pH medium on MC3T3-E1 murine osteoblasts in vitro and the 

maximum pH for osteoblast-like cells to proliferate was within the pH range of 8.0 to 

8.4. They observed that elevated pH improved differentiation, however, mineralization was 

only assessed by alizarin red and extracellular mineralized matrix was not documented. 

Congruent with the literature, our results indicate that active osteoblasts in Transwells 

acidify the media due to the production of hydroxyapatite crystals (medium above the cells). 

Interestingly, medium below the osteoblasts on PET membranes was alkalinized, consistent 

with vectorial bicarbonate transport (Fig 3 and 4). This is novel and will be a subject for 

further study.

The mechanism of protons transported through the Transwell is not completely understood. 

Possible reasons for this finding include that the media used, DMEM with 1 g/l of 

glucose at pCO2 of 5.1%, has a high pH (between 7.8 and 8.0); the media in which 

mineralization occurs remains at pH ~7.6. In other words, further removal of acid would not 

be needed. While osteoclast acid production is well known [12], the mechanisms supporting 

pH gradients in osteoblasts in vitro is not established. Others noted in MC3T3-E1 cells 

that alkaline media promote proliferation and differentiation of osteoblast-like cells [13], 

consistent with our results. In addition to the report of epithelial layers of rat osteoblasts 

with transepithelial electrical resistance by Wongdee et al. [8], in the context of blood 

brain-barrier characterization, not related to osteoblast formation, epithelial differentiation 
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from pluripotent stem cells on Transwell membranes with high transepithelial electrical 

resistance has been reported recently by Lu et al. [9].

Osteoblasts on the membrane retained high numbers of large mitochondria (Fig 4A), in 

tandem with active transport, and with synthesis of bone components including collagen. 

The pH gradient of the media across the membrane suggest that osteoblasts may release 

carbonate under the conditions studied. In the media used, osteoblast differentiation, 

including alkaline phosphatase activity, collagen and hydroxyapatite production, were 

uniformly excellent, although the pH was above physiological; in future work effect of 

medium pH will be studied.

In summary, our new in vitro model of osteoblasts differentiating on perforated PET 

membranes allows robust differentiation of osteoblasts in vitro to form bone and will be 

useful in understanding transport during bone matrix production. Furthermore, this model 

shows unequivocally the epithelial-like nature of osteoblasts and pH gradient consistent with 

transport of HCO3− by epithelial-like layers of the cells.
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• Mesenchymal stem cells isolated from murine long bones in special 

media differentiate to form osteoblasts on porous polyethylene terphthalate 

membranes.

• Differentiation is promoted by Dubelco’s Modified Essential Medium 

(DMEM) with 44 mM sodium carbonate, and pH ~7.8 over cells.

• Osteoblasts form an epithelial-like layer with trans-epithelial electrical 

resistance of ~ 1400 Ω•cm2.

• During differentiation, medium pH is alkalinized below the epithelial-like 

layer consistent with vectorial bicarbonate transport.
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Figure 1. MSCs characterization by flow cytometry and image of the PET membrane without 
cells by SEM.
Empty histograms are isotype controls and selected MSCs antigens CD44 (A) and Sca-1(B) 

are shown.

C. Image of the PET membrane by SEM, shows inserts with 0.4 μm pores. Perforation area 

was measured as 2.3% of the total area, Bar= 10 μm.
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Figure 2. MSCs on PET membranes in differentiation medium grow in an epithelial-like pattern 
and develop high transepithelial resistance.
Cytoskeleton stained with phalloidin in proliferation and differentiation conditions.

A. Cells in proliferation; space between cells is noticeable. Bar=100 μm.

B. Cells in osteogenic medium; there are no visible breaks in cells and the PET membrane 

cannot be seen. Bar=100 μm.

C. Mineralizing osteoblasts labeled for alkaline phosphatase activity. Alkaline phosphatase 

labels the edges of cells, where cellular membranes are orthogonal to the field. Bar=100 μm.

D. Von Kossa staining of mineralizing osteoblasts. Bar=100 μm.

E. Transepithelial electrical resistance for cells in proliferation (blue), 7, 14 and 21 days in 

differentiation medium (red). Transepithelial electrical resistance increased over time. n=7, p 

< 0.02 between proliferation and 21 days differentiation.
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Figure 3. The pH difference between the media above and below cells cultured in proliferation 
and differentiation media.
A. Direct pH measurements using semi-micro pH electrode. The medium above the 

differentiated osteoblasts is significantly more acidic compared to medium above cells in 

proliferation. N=4, p=0.0029. The pH measurements of medium below cells, after removing 

the inserts, in proliferation and differentiation is also more acidic in differentiation medium. 

N=4, p=0.0022. A significant increase of the pH value is observed in proliferation and 

differentiation media (p=0.02 and p<0.0001, respectively) suggesting a pH gradient.

B. pH measurements using cell-impermeant fluor SNARF-1 in proliferation and 

differentiation media below the cells. Significant decrease (N=4, p=0.0137) of the pH value 

in differentiation confirmed the acidification as observed in A. The pH was calculated based 

on the standard curve from the ratio of E625/595.
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Figure 4. Cultured osteoblasts form a cellular network and produce mineralized extracellular 
matrix.
A. TEM showing osteoblasts attached to the PET membrane which are highly enriched in 

mitochondria and RER. Selected mitochondria are indicated (white arrows). Bar= 1 μm.

B. Layers of flattened cells above the attachment layer by SEM at low power. Cells are 

overlapping in irregular shapes, consistent with early osteocytes. One cell-cell attachment is 

indicated (white arrow); cell attachments at this stage are narrowing. The fibrillar material is 

extracellular collagen and hydroxyapatite. (Bar= 10 μm).

C. An intermediate power SEM of a matrix region with mineralization. Collagen is 

deposited in layers at rough 90-degree orientation. (Bar= 1 μm).

D. Extracellular matrix produced by the osteoblasts at high power in SEM. The fibrillar 

material is collagen, with dense 40–80 nm mineral attached to the fibrils. Dotted square 

magnified from C. (Bar= 0.1 μm).

E. Low power (20x) light micrograph showing collagen birefringence with crossed 

polarizers. The only biological material that is birefringent is collagen, which appears as 

abundant white material. The PET membranes have blue birefringence (background), and 

the field is 0.6 mm wide.
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