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a b s t r a c t 

The reliability of conventional cell culture studies to evaluate biomaterials is often questioned, as in vitro 

outcomes may contradict results obtained through in vivo assays. Microfluidics technology has the po- 

tential to reproduce complex physiological conditions by allowing for fine control of microscale features 

such as cell confinement and flow rate. Having a continuous flow during cell culture is especially advanta- 

geous for bioactive biomaterials such as calcium-deficient hydroxyapatite (HA), which may otherwise al- 

ter medium composition and jeopardize cell viability, potentially producing false negative results in vitro . 

In this work, HA was integrated into a microfluidics-based platform (HA-on-chip) and the effect of varied 

flow rates (2, 8 and 14 μl/min, corresponding to 0.0 02, 0.0 08 and 0.014 dyn/cm 

2 , respectively) was evalu- 

ated. A HA sample placed in a well plate (HA-static) was included as a control. While substantial calcium 

depletion and phosphate release occurred in static conditions, the concentration of ions in HA-on-chip 

samples remained similar to those of fresh medium, particularly at higher flow rates. Pre-osteoblast-like 

cells (MC3T3-E1) exhibited a significantly higher degree of proliferation on HA-on-chip (8 μl/min flow 

rate) as compared to HA-static. However, cell differentiation, analysed by alkaline phosphatase (ALP) ac- 

tivity, showed low values in both conditions. This study indicates that cells respond differently when 

cultured on HA under flow compared to static conditions, which indicates the need for more physiologi- 

cally relevant methods to increase the predictive value of in vitro studies used to evaluate biomaterials. 

Statement of significance 

There is a lack of correlation between the results obtained when testing some biomaterials under cell 

culture as opposed to animal models. To address this issue, a cell culture method with slightly enhanced 

physiological relevance was developed by incorporating a biomaterial, known to regenerate bone, inside 

of a microfluidic platform that enabled a continuous supply of cell culture medium. Since the utilized bio- 

material interacts with surrounding ions, the perfusion of medium allowed for shielding of these changes 

similarly as would happen in the body. The experimental outcomes observed in the dynamic platform 

were different than those obtained with standard static cell culture systems, proving the key role of the 

platform in the assessment of biomaterials. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The biomaterials field is steadily growing, with new and mod- 

fied biomaterial formulations designed to meet the demands of 
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 rapidly aging population. While biomaterials are usually classi- 

ed in terms of their origin (natural or synthetic) and their chemi- 

al nature ( i.e. ceramic, metal or polymer), there are several physi- 

al properties ( e.g. roughness and porosity) that also play a crucial 

ole in the biological response of biomaterials [ 1 , 2 ]. For this rea-

on, before any newly developed or modified biomaterial is autho- 

ized for use in patients, a thorough evaluation of its biocompati- 

ility is required. First, cell culture assays ( in vitro studies) are per- 
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ormed by growing cells on/in the biomaterial. If promising results 

re obtained, the materials may be implanted in animal models ( in 

ivo studies). However, an alarmingly low degree of correlation be- 

ween conventional in vitro and in vivo studies has been reported 

3] . This means that a biomaterial may enable adequate cell adhe- 

ion and proliferation in vitro , while failing to do the same in vivo, 

nd vice versa . This poor correlation can be ascribed to the com- 

lexity of in vivo tissues, which entail continuous flow, mechanical 

oad and elaborated cross-talk between cells, with none of these 

onditions being mimicked in standard cell cultures [4] . Suffice to 

ay, this disconnect between in vitro and in vivo outcomes leads 

o time delays, inflated expenditure and excessive usage of animal 

esting to characterise biomaterials. Improved cell culture models 

re needed to produce results that are predictive of the real out- 

omes of implanting a biomaterial in the body [ 3 , 4 ]. 

A biomaterial showing a low correlation between in vitro and in 

ivo studies is calcium-deficient hydroxyapatite (HA). Although HA 

isplays excellent biocompatibility in vivo [5] , its bioactive prop- 

rties may compromise cell viability if the culture is done un- 

er static conditions [6–8] . In particular, it has been reported that 

A can uptake calcium ions from and release phosphate ions into 

he environment [ 6 , 7 , 9 ], thereby influencing osteoblast prolifera- 

ion and differentiation in vitro [ 7 , 10 ]. For this reason, alternative

ulture methods that provide flow, as inspired by the dynamic in- 

erstitial fluid flow [ 11 , 12 ] , are appealing to evaluate the biological

roperties of HA. 

The bone microenvironment is highly ordered and regulated 

y mechanosensitive mechanisms, where application of mechani- 

al load increases bone anabolism in the affected area [13] . Specif- 

cally within the bone, osteocytes transduce the shear stress of 

he interstitial fluid within the lacuno-canalicular network (LCN) 

nto molecular signals that stimulate osteoblasts to synthesize new 

one tissue [14] . Briefly, the load applied on the bone during 

ovement causes the compression of the interstitial fluid within 

he LCN, forcing its extravasation towards the Haversian canal lo- 

ated in the centre of the osteon [14] . Due to the narrowness of

he canaliculi, this transient flow imparts considerable shear stim- 

lation on the osteocytes located within the LCN, thus stimulating 

iological responses [15] . By applying flow during in vitro testing, 

hich in turn causes shear stress, this aspect of bone physiology 

ay be partially recreated, leading to differing cell responses as 

ompared to static cultures [16–19] . 

Nowadays, there exists a large gap between the physiology of 

one and the common in vitro tests used to evaluate biomateri- 

ls. Typical in vitro tests consist of culturing cells on the surface 

f a biomaterial maintained in a well plate, replacing the culture 

edium manually several times a week [20] . Albeit less frequent, 

ell culture on/in a biomaterial can be done in bioreactors, which 

llow for a continuous movement of culture medium either on the 

iomaterial surface or through a macroporous biomaterial with in- 

erconnected pores. Although bioreactors better replicate physio- 

ogical features such as shear stress [21] , they require experienced 

perators and a large amount of cells and culture medium. These 

rawbacks can potentially be overcome by microfluidic technology. 

Microfluidics technology involves precise control of microliter- 

ized fluid volumes, enabling the manipulation of fluid composi- 

ion and shear stress. It therefore provides new possibilities to pre- 

isely stimulate cells within a confined channel, enabling potential 

o imitate the microenvironment of a tissue [4] . For example, flow 

ontrol can be used to reasonably mimic the nutrient-provision 

nd waste-removal effects of the blood vasculature. Only recently, 

icrofluidics has been explored as a tool to evaluate the biological 

roperties of biomaterials [ 4 , 22–27 ]. Of special interest is the work 

erformed by Tang et al., who used a photo-patterned and sintered 

A to fabricate microfluidic chips, and created concentration gra- 

ients with a model drug [28] . 
2 
The aim of this work was to integrate HA in a microfluidic plat- 

orm and to assess the behaviour of pre-osteoblast-like MC3T3-E1 

ells cultured in this microenvironment. The continuous medium 

upply provided by the microfluidic HA-platform was expected to 

lleviate changes in calcium and phosphate concentrations in the 

ulture medium and provide nutrients to cultured cells. A spe- 

ific flow rate, adequate in terms of ionic concentration shield- 

ng and concomitant cell growth was selected, and then bio- 

hemical assays were performed to evaluate cell proliferation and 

ifferentiation. 

. Materials and methods 

.1. Fabrication of biomimetic hydroxyapatite (HA) and HA-on-chip 

.1.1. Biomimetic hydroxyapatite (HA) 

Biomimetic calcium-deficient hydroxyapatite (HA) was prepared 

hrough a cementitious reaction. Alpha-tricalcium phosphate ( α- 

CP, Ca 3 (PO 4 ) 2 ) was used as the solid phase of the cement. HA was

ynthesized by mixing dicalcium phosphate anhydrous (CaHPO 4 , 

40232.30, Alfa Aesar) and calcium carbonate (CaCO 3 , #10687192, 

cros Organics) in a 2:1 molar ratio. The mixture was heated on 

 zirconia setter plate at 1450 °C for 5 h (total thermal treatment 

f 18 h), in an Entech MF 4/16 furnace and quenched in air. After- 

ards, the powder was dry milled in a planetary ball mill (PM 400, 

etsch) in a 500 ml zirconia-milling jar, at 300 rpm for 15 min, 

ith 100 g per 100 zirconia-milling balls (10 mm diameter). The 

urity of α-TCP was verified by X-ray diffraction and its particle 

ize distribution evaluated by laser diffraction. As the liquid phase, 

.5 w/v% sodium phosphate dibasic (Na 2 HPO 4 , #S7907, Merck) in 

ltrapure water was prepared. Calcium phosphate cement (CPC) 

as prepared by mixing the solid phase and the liquid phase in 

 liquid-to-powder ratio of 0.65 ml/g. 

The CPC paste was shaped in Teflon moulds (ø = 6 mm, 

 = 2 mm or ø = 15 mm, h = 2 mm). The discs (after setting at

7 °C in 100% relative humidity for 4 h to ensure cohesion) were 

mmersed in a 0.9 w/v% sodium chloride (NaCl, #S7653, Merck) so- 

ution at 37 °C for 10 days for full transformation into biomimetic 

A. The setting time of the cement as well as the characterisa- 

ion of the HA, including morphology by scanning electron mi- 

roscopy, crystalline phases by X-ray diffraction and compressive 

trength by a universal testing machine are described in the Sup- 

lementary Material section (Table S.M. 1, Figs. S.M. 1, S.M. 2 and 

.M. 3). 

.1.2. HA-on-chip 

Microfluidic chips based on polydimethylsiloxane (PDMS) and 

lass were developed to integrate HA as a substrate of a mi- 

rochannel. PDMS (Sylgard 184, Dow Corning) base elastomer was 

ixed with the corresponding curing agent in a 10:1 ratio. PDMS 

oulds were replicated by soft lithography from additive manufac- 

ured moulds (RS-F2-GPBK-04 black resin, Formlabs) and cured at 

0 °C for 2 h. 

The CPC paste was introduced into a PDMS mould containing 

hree rectangular pockets (l = 18 mm, w = 3 mm, h = 0.8 mm),

et for 4 h at 37 °C and 100% humidity conditions and then im- 

ersed in a 0.9 w/v% NaCl solution at 37 °C for 10 days to allow

or transformation into HA. After this time had elapsed, the HA 

ods were carefully removed from the first mould and fit into an- 

ther PDMS mould with deeper cavities (l = 18 mm, w = 3 mm, 

 = 1.3 mm), leaving a channel height of 0.5 mm. In the latter 

oulds, the end sides of the rectangular cavity were extended into 

 triangular semi-circle (ø = 2 mm) to decrease the risk of bubble 

ormation by avoiding a drastic change in geometry ( Fig. 1 A). 

The HA-side surface of the PDMS piece and a glass slide with 

ix drilled holes (ø = 0.8 mm) were plasma treated (Atto plasma 
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Fig. 1. A) Steps involved in the fabrication process of HA-on-chip, B) schematic cross-section of the HA-on-chip and C) photograph of a HA-on-chip. 

o

a

c

t

t

t

c

t

F

2

t

T

M

b

fi

w

d  

f

i  

i

T

E

c

o

t

c

t

0

m

A

a

T

1

2

2

w

b

α
p

#

(

w

d

a

8

c

c

s

i

i

2

1

w

(

r

P

i

m

m

(

(

S

a  

t

ven, Diener electronic GmbH) for 1 min (40 kHz, 200 W) in air 

nd subsequently bonded together, aligning the holes to the PDMS 

hannels ( Fig. 1 A). Short tubing pieces (#228-0701, VWR Interna- 

ional) were glued (Elastosil A07 Adhesive, Wacker Chemie AG) 

o the drilled holes on the glass slides to serve as fittings for 

he inlet/outlet tubing (#427405, BD). This platform, HA-on-chip, 

omprised HA embedded in three separate channels to allow for 

riplicate analysis. The cross-section of HA-on-chip is displayed in 

ig. 1 B and the constructed chip is shown in Fig. 1 C. 

.1.3. Ionic exchange between HA and cell culture medium 

The ionic exchange experienced by cell culture medium in con- 

act with HA was monitored under dynamic and static conditions. 

he medium was prepared by supplementing Minimum Essential 

edium Alpha (MEM α, Hyclone, #SH3026501) with 10 mg/ml 

ovine serum albumin (BSA, #A9418, Merck) to produce a simpli- 

ed protein-containing medium. A total volume of 1 ml of medium 

as perfused through HA-on-chip for each different flow rate con- 

ition (2, 8 and 14 μl/min) using a syringe pump (PHD-20 0 0 in-

usion, Harvard Apparatus). The static condition was assessed by 

mmersing a HA disc (ø = 15 mm, h = 2 mm) in 1 ml of MEM

n a 24 well plate for 24 h. Fresh medium was used as control. 

he samples were analysed using ICP-OES (Avio 200 ICP Optical 

mission Spectrometer, Perkin-Elmer) to quantify the atomic con- 

entrations of calcium ([Ca 2 + ]) and phosphorus ([P 5 + ]), the latter 

f which enabled indirect quantification of inorganic phosphate in 

he medium. The experiment was performed twice, with dupli- 

ates taken for all samples, except HA-static, where triplicates were 

aken. 

Prior to the ICP-OES analysis, the samples were filtered using 

.2 μm polyethersulfone (PES) syringe filters (#6782-1302, What- 

an) and diluted in 2 v/v% nitric acid (HNO 3 , #100456, Merck). 

s calibration standards, 50 μg/ml Ca (#N9300108, Perkin-Elmer) 

nd 10 0 0 μg/ml P (#N930 0139, Perkin-Elmer) solutions were used. 

he samples were introduced to the system using a flow rate of 

 ml/min and a set delay time of 30 s between each sample. 
3 
.2. Cell culture studies 

.2.1. Cell culture conditions 

MC3T3-E1 mouse pre-osteoblast-like cells (subclone 14, ATCC) 

ere utilized as they are a well-established model of osteoblast 

iology [29] . The cells were maintained in ascorbic acid-free MEM 

(Gibco, #A1049001, Thermo Fischer Scientific), which was sup- 

lemented with 10 v/v% of Fetal Bovine Serum (FBS Hyclone, 

SV3016003, GE Healthcare) and 1 v/v% Penicillin/Streptomycin 

#DE17-602E, BioWhittaker). Ascorbic acid-free MEM α was used 

hen maintaining the cells to avoid any stimulation towards cell 

ifferentiation [30] . The medium was changed every third day 

nd the cells were trypsinized and split before a confluence of 

0% was reached. For cell cultures used in experimental runs, Hy- 

lone MEM α supplemented with 10 v/v% FBS and 1 v/v% peni- 

illin/streptomycin was used. This medium will be referred to as 

upplemented medium in the text. Cell cultures were maintained 

n a cell incubator (Heracell 150) with a controlled internal humid- 

fied environment of 37 °C and 5% of CO 2 . 

.2.2. Cell viability at different flow rates 

Cells were cultured in HA-on-chip under dynamic (2, 8 and 

4 μl/min) and static (termed HA-on-chip-static) conditions. Cells 

ere also grown on two materials in static conditions: HA discs 

ø = 6 mm) placed in 96 well plates (termed as HA-static) and di- 

ectly on the polystyrene substrate (PS) of 96 well plates (termed 

S-static). 

Prior to cell culture studies, HA-on-chip and HA discs were ster- 

lized with 70% ethanol for 2 h. Afterwards, the ethanol was re- 

oved by extensive rinsing in autoclaved distilled water and the 

aterials were pre-incubated overnight in supplemented medium 

with flow at 1 μl/min in the case of HA-on-chip). 

50,0 0 0 cells/cm 

2 were seeded on the surface of HA-on-chip 

both under flow and static samples), HA-static and PS-static. 

pecifically, in the case of the HA-on-chip, cells were seeded at 

 cell density of 90 0,0 0 0 cells/ml using a volume of 30.5 μl. In

he case of HA-static and PS-static samples, cells were seeded 



A.R. Atif, M. Pujari-Palmer, M. Tenje et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; April 15, 2021;18:34 ] 

Table 1 

Shear stresses and flow velocities of the three flow con- 

ditions. 

Flow rate (μl/min) 

2 8 14 

Shear stress (dyn/cm 

2 ) 0.002 0.008 0.014 

Flow velocity (μm/s) 22.2 88.9 155.6 

a

2

c

t

(

c

t  

p

a

s

s

p

m

l

m

w

c

W

F

w  

r  

A

p

w

i

H

t

fl

J

s

d

b

i

o  

i

o

2

c  

t

5

o

f

s

c

v

o

s

t

t

q

l

l

a

c

t

c

p

s

a

5  

s

d

b

l

%

s

f

B

a

t

s

m

f

w

c

t

o

L

w

s

d

S

n

n

2

o

w

s

w

f

s

3

3

m

d  

B

e  

n

1

s

t

o  

r

9  

o

w

9

t 70,70 0 and 120,0 0 0 cells/ml, respectively, using a volume of 

00 μl. Cells were allowed to attach, undisturbed, for 2 h in HA-on- 

hip samples as preliminary studies had indicated it to be enough 

ime to ensure sufficient cell adhesion on the material’s surface 

Fig. S.M. 4). Afterwards, a peristaltic pump (LabV1-II, Shenchen) 

onnected to dynamic HA-on-chip samples was started and main- 

ained continuously at a flow rate of 2, 8 or 14 μl/min. A peristaltic

ump was used as it allowed for larger medium reservoirs, en- 

bling long-term cell culture. Eqs. (1 ) and (2) indicate wall shear 

tress and flow velocity calculations, respectively, and the corre- 

ponding values are shown in Table 1 . The HA-on-chip-static sam- 

les were kept in closed Petri dishes and an excess of supple- 

ented medium was added in PDMS reservoirs bonded on the in- 

ets and outlets to reduce the effects of evaporation. The supple- 

ented medium in the HA-on-chip-static, HA-static and PS-static 

as replaced daily. The experiments were performed with tripli- 

ates for each sample. 

all shear stress : τ = 

6 ηQ 

h 

2 w 

(1) 

low velocity : u = Q/A (2) 

here τ is wall shear stress, η is viscosity (0.748 cP [31] ), Q is flow

ate, h is channel height, w is channel width, u is flow velocity and

 is cross-sectional area. 

Cell viability was evaluated by imaging at 6 and 72 h. The sam- 

les were rinsed twice in phosphate-buffered saline (PBS), stained 

ith calcein (1 μg/ml, #C3099, Thermo Fisher Scientific), propid- 

um iodide (0.67 μg/ml, #P3566, Thermo Fisher Scientific) and 

oechst 33342 (5 μg/ml, #62249, Thermo Fisher Scientific), and af- 

erwards incubated for 25 min at 37 °C. Cells were imaged using a 

uorescent microscope (IX73 Inverted Microscope, Olympus, Tokyo, 

apan). Cell count averages were obtained from multiple repre- 

entative images, which were methodically taken at three to five 

ifferent locations on each sample, using triplicate samples. The 

ackground of HA-on-chip and HA-static images was reduced us- 

ng rolling ball background subtraction, with a rolling ball radius 

f 10 0 0 pixels using Fiji (ImageJ 1.52 g) software [32] . Finally, the

maged calcein-stained cells were manually counted with the aid 

f Fiji software [32] . 

.2.3. Cell proliferation and differentiation 

Due to appreciable ionic exchange shielding ( Fig. 2 ) and good 

ell viability ( Fig. 3 ), a flow rate of 8 μl/min was selected

o evaluate cell proliferation and differentiation over 10 days. 

0,0 0 0 cells/cm 

2 were seeded in supplemented medium on HA- 

n-chip, HA-static and PS-static samples. Cell proliferation, dif- 

erentiation and imaging (calcein, propidium iodide and Hoechst 

tains) were evaluated at 1, 5 and 10 days of culture. In addition, 

alcium and phosphorous atomic concentrations were measured 

ia ICP-OES every 24 h from culture medium that perfused out 

f the HA-on-chip, as well as supernatant medium from the static 

amples (HA-static and PS-static). The experiment was performed 

wice, with triplicate samples per condition in each experiment. 

Cell proliferation was indirectly evaluated via the use of a Lac- 

ate Dehydrogenase (LDH) assay. Cytosolic LDH activity allowed 

uantification of viable cells adhered on the samples prior to cell 
4 
ysis. Cell differentiation was evaluated by quantification of alka- 

ine phosphatase (ALP) enzymatic activity, which is expressed as 

n early stage marker of osteoblast differentiation. Prior to the bio- 

hemical assays, the samples were rinsed with PBS to remove cells 

hat were not adhered to the material. The HA-on-chip was dis- 

onnected from the tubing before lysis buffer was added using a 

ipette. Afterwards, 40 μl and 200 μl of 10 v/v% cell lysis buffer 

olution (TOX-7 LDH kit, Merck) in PBS was added to HA-on-chip 

nd static samples, respectively. The samples were incubated for 

0 min at 37 °C and the lysates were collected. In the case of HA-

tatic, the HA discs were transferred to new wells prior to the ad- 

ition of lysis buffer to avoid the potential effect of cells that could 

e growing underneath the disc on the well plate surface. The so- 

ution extracted from HA-on-chip was diluted 5-fold in fresh 10 v/v 

 cell lysis buffer solution to equalise the volume to that of the 

tatic samples. In the case of the LDH analysis, all samples were 

urther diluted 5-fold in PBS to avoid signal saturation. 

LDH assay was done following the manufacturer’s instructions. 

riefly, 50 μl of diluted lysed sample was added to 100 μl of LDH 

ssay reagent in a 96-well plate. The plate was incubated at room 

emperature for 20 min, after which sample and background ab- 

orbance were measured at 490 and 690 nm, respectively, using a 

icroplate reader (Spark®, TECAN). A LDH standard curve was per- 

ormed to transform absorbance values into relative cell number, 

ith the values obtained being normalized against growth area in 

m 

2 . 

ALP assay was performed according to the manufacturer’s pro- 

ocol. Briefly, 50 μl of undiluted lysed sample was added to 100 μl 

f p-nitrophenyl phosphate solution (Alkaline Phosphatase Yellow 

iquid Substrate, #P7998, Merck) in a 96-well plate. The plate 

as incubated at room temperature for 20 min, after which ab- 

orbance was measured at 405 nm using a plate reader. A stan- 

ard curve with known concentrations of p-nitrophenol (#N7660, 

igma-Aldrich) was prepared to transform absorbance values to p- 

itrophenol concentration. ALP activity was normalized against cell 

umber obtained from the LDH assay and the reaction time. 

.3. Statistical analysis 

All data points were plotted as a mean ± standard deviation 

f the sample replicates in each experiment. Significance testing 

as performed via a one-way, two-sided ANOVA analysis with a 

ignificance level of α = 0.05. Post-hoc Tukey or Dunett’s tests 

ere done to investigate significant pair-wise differences and dif- 

erences against control samples, respectively. All statistical analy- 

is was performed in Minitab17. 

. Results 

.1. Ionic interaction of HA-on-chip at different flow rates 

As presented in Fig. 2 A, a HA disc immersed in cell culture 

edium in static conditions for 24 h led to a 47.0 ± 5.1% re- 

uction in [Ca 2 + ] in comparison to fresh medium ( p < 0.0 0 05).

y flowing culture medium through HA-on-chip at three differ- 

nt flow rates (2, 8 and 14 μl/min), the reduction of [Ca 2 + ] was

ot as pronounced, with a decrease of 35.8 ± 8.2% ( p = 0.001), 

7.5 ± 2.5% ( p = 0.04) and 7.5 ± 4.5%, respectively, in compari- 

on to fresh medium. As such, [Ca 2 + ] in HA-on-chip were closer 

o those in fresh medium as flow rate was increased. As shown 

n Fig. 2 B, the same principle applied for [P 5 + ], but with an ionic

elease instead of a depletion profile. In HA-static, an increase of 

6.2 ± 5.5% ( p < 0.0 0 05) in [P 5 + ] compared to fresh medium was

bserved. By flowing medium at 2, 8 and 14 μl/min, this difference 

as less prominent, with [P 5 + ] being 35.4 ± 8.1 % ( p = 0.001), 

.2 ± 1.9% and 9.0 ± 2.2% higher than fresh medium, respectively. 
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Fig. 2. A) [Ca 2 + ] and B) [P 5 + ] in outgoing cell culture medium flown through HA-on-chip at three different flow rates: 2, 8 and 14 μl/min. Two controls are indicated in 

dashed lines: HA-static (medium in contact with a HA disc in a well plate for 24 h) and fresh medium. ∗ indicates statistical difference between samples ( p < 0.05, Post-hoc 

Tukey test); ¤ indicates statistical difference against fresh medium and # against HA-static ( p < 0.05, Dunett’s test). 
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.2. Cell culture studies 

.2.1. Evaluation of cell growth on HA-on-chip at different flow rates 

MC3T3-E1 cells were seeded on HA-on-chip samples and main- 

ained under 2, 8 or 14 μl/min flow rates, with cultures imaged af- 

er 6 and 72 h. As observed in Fig. 3 A, cells adhered on HA-on-chip

under flow), HA-static and PS-static samples after 6 h of culture, 

ut failed to adhere to HA-on-chip-static. After 72 h, cells on HA- 

n-chip samples showed a substantial increase in cell number at 

he three flow rates evaluated. According to image quantification 

 Fig. 3 B), the cell count from 6 h to 72 h increased by approxi-

ately 2.9-fold in the 2 μl/min sample ( p < 0.0 0 05), 1.6-fold in

he 8 μl/min sample ( p = 0.04), 2.2-fold in the 14 μl/min sample

 p = 0.003) and 3.1-fold in PS-static ( p < 0.0 0 05) in comparison to

he respective 6 h samples. In comparison, cell counts in HA-static 

ecreased 0.9-fold between 6 h and 72 h. 

.2.2. Ionic exchange, cell proliferation and differentiation of 

A-on-chip 

[Ca 2 + ] and [P 5 + ] were evaluated in the culture medium where 

C3T3-E1 cells were maintained, both at 8 μl/min and in static 

onditions, for a 10 day period. The flow of 8 μl/min was picked 

s it appeared ideal in terms of shielded ionic exchange and 

avourable cell viability. As shown in Fig. 4 A, the HA-on-chip 

edium displayed a level of [Ca 2 + ] similar to that of fresh medium 

1.57 ± 0.03 mM), with [Ca 2 + ] being slightly lower than fresh 

edium for the first 4 days and slightly higher for days 7 −9. On 

he other hand, there was a rapid decrease in [Ca 2 + ] in HA-static 

ulture medium, which showed values between 0.39 and 0.46 mM 

rom the second day onwards, all of which were statistically lower 

han that of fresh medium ( p < 0.0 0 05 for all, Table S.M. 2). As for

P 5 + ] ( Fig. 4 B), the [P 5 + ] of HA-on-chip medium (values between

.99 and 1.24 mM) appeared to be statistically lower than that of 

resh medium (1.28 ± 0.04 mM) for days 3, 4, 6 and 8 ( p values

n Table S.M. 3). As for HA-static samples, the medium showed a 

P 5 + ] peak on day 2 (2.83 ± 0.08 mM) that was double that of 
5 
resh medium ( p < 0.0 0 05, Table S.M. 3), followed by a gradual

ecline towards levels in fresh medium along the 10-day experi- 

ent. 

Proliferation and differentiation were evaluated for MC3T3-E1 

ells maintained on HA-on-chip at 8 μl/min, with HA-static and 

S-static included as controls. As depicted in Fig. 5 A, cells cul- 

ured on HA-static failed to proliferate and instead exhibited an 

nitial decline in signal, which remained low over the experimen- 

al period. In contrast, cells cultured on HA-on-chip showed a sus- 

ained degree of proliferation over the 10-day period. Specifically, 

he number of cells recorded on the HA-on-chip samples was 1.63- 

old, 17.6-fold ( p < 0.0 0 05) and 24.3-fold ( p < 0.0 0 05) higher as

ompared to HA-static on day 1, 5 and 10, respectively. In order 

o ensure that the cells proliferated as expected, PS-static samples 

ere used as a positive control and showed a consistent degree of 

roliferation over the experimental period. The live and dead cells 

f all samples were visualised on day 10. As shown in Fig. 5 B, the

ell cultures in both HA-on-chip and PS-static samples appeared 

onfluent. This was opposed to cell cultures on HA-static samples, 

hich were far less numerous in comparison. 

As illustrated in Fig. 6 , cells cultured on HA-on-chip and HA- 

tatic displayed no significant increase in ALP expression over the 

xperimental period. Specifically, the ALP activity of cells on HA- 

n-chip samples was 4.29-fold higher compared to HA-static on 

ay 1, while they were the same on day 5 and 10. At 5 and 10

ays of culture, ALP expression was significantly more pronounced 

y cells cultured on PS-static than by cells cultured on HA-on-chip 

r HA-static samples, which showed similar levels of ALP expres- 

ion. 

. Discussion 

Calcium-deficient hydroxyapatite (HA) is a bioactive material 

ith a large capacity to uptake ions from culture medium [ 6 , 9 ],

hich can lead to ionic imbalances that reduce cell viability in 

itro under static conditions [ 33 , 34 ]. In contrast, HA exhibits ex- 
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Fig. 3. A ) MC3T3-E1 cells cultured on HA-on-chip (static, 2, 8 and 14 μl/min), HA-static and PS-static stained with calcein and propidium iodide, at 6 h and 72 h of culture. 

B ) Semi-quantification of calcein stained cells. ∗ indicates statistical difference between cell count at 6 h and 72 h for a given sample ( p < 0.05, Post-hoc Tukey test). 
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ellent biocompatibility in vivo [5] , indicating that the circulation 

f physiological fluids around the biomaterial provides a neces- 

ary buffering effect, where depleted ions are rapidly replenished, 

hus maintaining adequate ionic concentrations in the environment 

 7 , 33 , 35 ]. An approach to reduce the effects of the ionic exchange

f HA in a static cell culture was recently proposed by Sadowska 

t al. , who reduced the size of HA samples and increased the vol- 

me of culture medium, resulting in improved cell viability over 

ime [34] . Taking this approach a step further, implementing a con- 

inuous flow in vitro can be especially advantageous to assessing 

he biological properties of HA. 

Only recently has microfluidics been envisioned as a tool to 

ntegrate biomaterials and enable a cell culture environment that 

ore moderately resembles the physiological condition. In such 

ystems, cells can be cultured on the biomaterial in constrained 
6 
paces and with a continuous flow in order to modestly replicate 

he natural packed tissues and the refreshment of the interstitial 

uid [ 4 , 26 , 36 ]. In this work, by developing a microfluidic platform

or biomaterial evaluation, we aimed to capitalize on aforemen- 

ioned advantages of dynamic medium change and shear stress 

timulation, which are characteristic of the body tissue and un- 

vailable in standard culturing systems, while also enabling other 

eatures such as in situ cell imaging [4] . 

In the current work, when HA was maintained in static culture 

edium over 10 days, [Ca 2 + ] was continuously depleted and [P 5 + ] 
as constantly released ( Figs. 2 and 4 ), despite daily changes of 

he culture medium. This correlated well with a previous study 

n terms of both magnitude and timing, even capturing the grad- 

al recovery of both ion concentrations towards fresh medium 

evels ( Fig. 4 ) [6] . This phenomena can be explained by the ca-
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Fig. 4. Quantification of A) [Ca 2 + ] and B) [P 5 + ] in the culture medium of HA-on-chip (8 μl/min) and HA-static over the 10-day period of the cell culture study. The data 

represents separate values at each collection point, and is not cumulative. ∗ indicates statistical difference between a sample time-point and fresh medium ( p < 0.05, Dunett’s 

test). 

Fig. 5. A) Cell proliferation quantified by LDH assay, with values expressed as cell number per cm 

2 . Identical letters with the same format indicate no statistical difference 

between samples of the same type at different time points. ∗ indicates statistical difference between sample types at the same time-point ( p < 0.05, Post-hoc Tukey test). B) 

Imaging of MC3T3-E1 cultured on the samples and stained with calcein and propidium iodide on day 10: a) & d) HA-on-chip (perfused at 8 μl/min flow), b) & e) HA-static 

and c) & f) PS-static. Two different magnifications are displayed. 
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ability of the non-stoichiometric HA lattice to sustain a variety 

f cationic and anionic substitutions [ 9 , 37 ]. Specifically, both the 

ptake of calcium from and release of phosphates into cell cul- 

ure medium leads to the maturation of the non-stoichiometric 

A (Ca 9 (HPO 4 )(PO 4 ) 5 (OH)) towards a more stoichiometric compo- 

ition (Ca 10 (PO 4 ) 6 (OH) 2 ). The decrease in HA reactivity observed 

ver time by a slightly lower calcium uptake and a decreased re- 

ease of phosphate seemed to confirm this maturation. The release 

f phosphates could be explained by the replacement of these 

roups by carbonates (B substitution) [38] . However, a complete 

nderstanding of the underlying mechanisms behind this ionic ex- 

hange would require monitoring of all ionic species in the im- 

ersion medium, which was beyond the scope of this work. The 

haracterization of the HA crystal structures before and after con- 

act with cell culture medium for 10 days, either by immersion (HA 

tatic) or by flow (HA-on-chip), indicated that while the morphol- 
7 
gy of the plate-like crystals was not affected (Fig. S.M. 5), the Ca/P 

atio experienced a slight increase when compared to 10-day pris- 

ine samples (Fig. S.M. 6). These results correlated well with the 

aturation of HA in biological fluids and were similarly described 

efore [34] . Finally, the cells per se did not modify the [Ca 2 + ] and

P 5 + ] levels, as PS-static samples exhibited similar ion concentra- 

ions compared to fresh medium levels over a 10-day period (Fig. 

.M. 7, and Tables S.M. 2 and S.M. 3). 

Since it is known that ionic changes in culture medium can 

nfluence the cellular response to the material [ 8 , 39 ], HA-on- 

hip samples were perfused at three different flow rates to cre- 

te a range of [Ca 2 + ] and [P 5 + ] that would enable investigation 

f the biological implications. In the HA-on-chip samples, [Ca 2 + ] 
nd [P 5 + ] in the medium consistently approached levels closer to 

hose found in fresh medium when higher flow rates were ap- 

lied ( Fig. 2 ). The continuous perfusion influenced the ionic con- 
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Fig. 6. Cell differentiation expressed as p-nitrophenol concentration (nM) normal- 

ized against cell number and reaction time (min). Identical letters between samples 

of the same type at different time points indicate no statistical significance. ∗ indi- 

cates statistical difference between sample types at the same time-point ( p < 0.05, 

Post-hoc Tukey). 
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entration in the medium in two different manners: i) shortening 

he available time for HA and the medium to establish a chemi- 

al equilibrium and ii) shielding the changes in ionic concentration 

ue to a higher volume of medium being in contact with a partic- 

lar surface area of HA. Specifically, every 24 h, a total volume of 

.8, 11.5 and 20.2 ml was perfused through the HA-on-chip main- 

ained at a flow of 2, 8 and 14 μl/min, respectively, in comparison 

o 0.2 ml present in the well plate in HA-static samples. 

The lower number of adhered MC3T3-E1 cells at 6 h and 72 h 

n HA-static may be directly related to the decreased [Ca 2 + ] in 

he medium in comparison to HA-on-chip ( Fig. 3 ). Specifically, the 

Ca 2 + ] in the HA-static was 0.8 ± 0.1 mM, this being half the 

oncentration of fresh medium and lower than the [Ca 2 + ] range 

f 1.0–1.4 mM in HA-on-chip samples ( Fig. 2 ). Although the low 

nternal volume of the HA-on-chip-static samples did not allow 

easurement of their ionic concentrations, the calcium concen- 

ration was possibly even lower than that of HA-static due to a 

-fold higher surface area-to-volume ratio ( i.e. SA/V; SA/V of HA- 

n-chip = 17.7 cm 

2 /ml and SA/V of HA-static = 4.7 cm 

2 /ml). Such

 low concentration of calcium could have led to the death and 

ashout of all seeded cells ( Fig. 3 A). Therefore, the use of HA-on-

hip-static in further analysis of proliferation and differentiation 

as discontinued. 

Calcium is a vital signalling molecule with roles in transcription 

nd motility [40] . The [Ca 2 + ] can be recognized by extracellular 

alcium receptors of osteoblasts [41] and thus affect cell behaviour. 

or example, cell adhesion, which is facilitated by transmembrane 

eceptors such as integrins, is jeopardized at low [Ca 2 + ], since this 

on is needed to promote the active conformation of the integrin 

42] . Dvorak et al. reported a decrease in proliferation of fetal rat 

alvarial cells at calcium concentrations of 0.5 mM, as compared 

o fresh medium (calcium concentration of 1.2 mM) [43] . These 

esults could specifically be related to a decreased activation of 

xtracellular signal-regulated kinases (ERK) [44] . In addition, cal- 

ium has been observed to be important in cyclo-oxygenase (COX- 

) upregulation and prostaglandin-2 (PGE-2) production [45] , as 

ell as being involved in Transforming growth factor- β1 (TGF- β1) 

ediated signalling cascades [46] . Interestingly however, Gustavs- 

on et al. reported that proliferation remained intact in Saos-2 (os- 

eosarcoma osteoblast-like cell line) cells grown in indirect culture 

ith HA despite a calcium level reduction to 0.2 mM during cul- 
8 
ure, though delays in other osteoblast functions such as differen- 

iation and mineralization were reported [8] . In our work however, 

C3T3-E1 cells were cultured directly on the material, with the 

wo factors of direct material contact and a different cell type po- 

entially amplifying the negative response in terms of proliferation 

bserved in HA-static samples. In fact, a previous study culturing 

C3T3-E1 on different biomaterials concluded that the low cell vi- 

bility observed for two calcium phosphate materials (brushite and 

onetite) in comparison to titanium along a 12-day study was due 

o the ability of brushite and monetite to absorb calcium ions from 

he medium [47] . This indicates that MC3T3-E1 cells are particu- 

arly sensitive to calcium concentrations in the medium, with low 

alues affecting their proliferation and function. 

Similarly to calcium, phosphate has also been reported to be in- 

olved in a multitude of cell functions such as cell adhesion, gene 

xpression and protein regulation [ 4 8 , 4 9 ]. In HA-on-chip samples,

hosphate levels were maintained between 1.1 and 1.4 mM, while 

evels in HA-static samples peaked at approximately 2.0 ± 0.1 mM, 

ith the concentration in fresh medium being 1.0 ± 0.01 mM 

 Fig. 2 ). Adams et al. indicated that high levels of extracellular 

hosphate (specifically greater than 3 mM) can potentially result 

n rapid osteoblast apoptosis, with potentially 80% of the cellu- 

ar population being affected after 6 h of exposure [50] . This be- 

aviour was ascribed to a loss of mitochondrial membrane poten- 

ial [51] and could lead to the observed lower number of cells 

ttached to the HA surface. Therefore, it is important to keep 

oth calcium and phosphate concentrations within the physiologi- 

al range in order to ensure an appropriate cell response. 

Regarding the influence of different flow rates on MC3T3-E1 

roliferation, the results indicated a maximal proliferation at 2 and 

 μl/min, with a slight reduction at 14 μl/min ( Fig. 3 ). Consider-

ng the inverse relationship between flow rate magnitude and the 

odification of ionic concentrations of the medium, the results 

ere surprising since the lowest HA-on-chip degree of prolifera- 

ion was found at a flow of 14 μl/min, where calcium and phos- 

hate levels were closest to that of fresh medium. This may in- 

icate that it is not possible to ascribe the cell behaviour only to 

onic concentrations as other parameters within the microfluidic 

latform might also impose an effect, such as shear stress and po- 

ential washout of signalling molecules. 

A flow rate of 8 μl/min was selected when culturing the cells 

or a longer time period as it provided a high degree of prolifer- 

tion after 3 days ( Fig. 3 ), while also maintaining concentrations 

f calcium and phosphate close to that of fresh medium ( Fig. 2 ).

n addition, the highest flow rate (14 μl/min) was not considered 

or further analysis due to practical reasons, as it implies an even 

igher consumption rate of culture medium. The steady cell pro- 

iferation observed in HA-on-chip samples, up to 10 days, indi- 

ated that flow continued to exert a positive effect on cell growth, 

s opposed to HA-static cultures, which showed lower cell counts 

 Fig. 5 ). The combination of continuous nutrient supply and waste 

emoval via flow [52] , as well as the shielded ionic exchange ap- 

eared important for MC3T3-E1 pre-osteoblasts, which are report- 

dly sensitive to changes in ionic concentration [47] . 

The shear stress induced within the HA-on-chip maintained 

t 8 μl/min was 8 × 10 −3 dyn/cm 

2 ( Table 1 ). While this value

as calculated using the flow rate set to the pump, in reality 

t fluctuates in an oscillatory manner due to the mechanical na- 

ure of a peristaltic pump (Fig. S.M. 8). The interstitial flow within 

he bone is due to a combination of vasculature-induced flow, as 

ell as mechanical load on the bone matrix [ 13 , 53 ]. Mathemati-

al models have estimated peak shear stresses on the interior os- 

eon canal surface (where osteoblasts are located) to be between 

.3 and 25 dyn/cm 

2 [53] . Another work has estimated the fluid ve- 

ocity in the LCN to be 24–84 μm/s for mechanically loaded bone 

54] . It is important to note that the quoted values reflect con- 
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itions in the cytoplasmic processes within the lacuna-canalicular 

etwork (LCN). While gap junctions between osteoblastic and os- 

eocyte processes are found in this region [55] , the main bulk of 

he osteoblast cell body is located outside of the LCN, such as 

n the Haversian canal surface. Due to the Haversian canal being 

0 0 0 times larger than the LCN [56] , shear stress and fluid ve-

ocity on the Haversian canal surface are expected to be notably 

ower than those in the LCN region [14] . Since a biomaterial can be

mplanted in different areas of bone, the selection of shear stress 

nd fluid velocity to characterise a biomaterial is challenging. The 

hear stress and fluid velocity utilised in our microfluidic cell cul- 

ure (8 × 10 −3 dyn/cm 

2 and 89 μm/s, respectively) were probably 

ot an exact representation of the physiological conditions, as the 

ow rate (8 μl/min) was primarily selected to shield against the 

onic exchange between HA and medium. In the future, modifica- 

ions of the microfluidic channel height and width could allow a 

ore thorough reproduction of the physiological conditions in a 

articular implantation site. 

Although the main purpose of the flow profile was not to 

timulate the cells directly, the intrinsic shear stress could have 

nfluenced osteoblast proliferation. For instance, shear stresses 

ithin the range of 1.5–7.7 × 10 −5 dyn/cm 

2 applied continu- 

usly for 24 h in a MC3T3-E1 culture [18] promoted proliferation, 

hile shear stresses above 4.1 × 10 −3 dyn/cm 

2 inhibited it [18] . 

ithin the same range of stimulation, intermittent shear-stress 

f 26.6 × 10 −5 dyn/cm 

2 over 1 h in a human osteoblast culture 

57] also caused proliferation. Even stimulating human primary os- 

eoblasts with a higher shear stress of 20 dyn/cm 

2 for 30 min ap- 

eared to promote proliferation [16] . Similarly, applying a shear 

timulus of 17–20 dyn/cm 

2 on SaoS-2 osteoblasts for 3 h led to 

n increase in TGF- β1 expression [19] . Overall, the literature in- 

icates that shear stresses within a wide range can influence cell 

roliferation but it is difficult to compare to our results due to a 

umber of factors, including usage of different cell types, different 

hear stress magnitudes and exposure times, as well as the pres- 

nce of a bioactive material as a cell culture substrate instead of 

n inert surface. 

When examining ALP activity, both HA-on-chip and HA-static 

howed a low degree of ALP activity compared to the positive 

ontrol ( Fig. 6 ). Considering HA-static samples, this was poten- 

ially due to depleted [Ca 2 + ] ( Fig. 4 ) in accordance with previous

ork that indicated that [Ca 2 + ] below 1.2 mM lead to a signifi- 

ant decrease in ALP activity [43] . As for HA-on-chip, low ALP sig- 

al could potentially be ascribed to the continuous flow applied 

8 μl/min), which may prevent the accumulation of extracellular 

ignalling molecules such as prostaglandin [ 45 , 58 ] and nitric oxide 

17] . In a previous study, MC3T3-E1 cultured within an ex vivo hu- 

an trabecular bone scaffold for 7 days under a continuous per- 

usion (10 μl/min) also displayed a low degree of ALP expression 

59] . There are different strategies to enable extracellular molecule 

uild-up in microfluidic systems, including medium re-circulation, 

he use of an extremely low flow rate or the application of flow for 

nly short periods. When working with bioactive biomaterials such 

s HA, medium re-circulation and periodic flow should be carefully 

esigned to ensure that ion exchange remains shielded throughout 

he culture period. 

In this work, HA was incorporated in a microfluidic chip, with 

he aim to recreate the dynamic nature of interstitial fluid, which 

nvolves ionic exchange shielding and application of shear-stress. 

he platform significantly increased osteoblast cell proliferation on 

A in comparison to static cell culture, indicating the crucial im- 

ortance of careful design of cell culture systems. In the future, we 

im to further expand the evaluation of the HA-on-chip platform 

sing a more representative cell type such as human mesenchy- 

al stem cells, and investigate other relevant parameters such as 

ene expression and immunofluorescence of key markers ( e.g. OCN, 
9 
PN, ALP and RUNX-2), as well as collagen secretion and formation 

f calcium deposits. 

. Conclusion 

It has recently been reported that there is a lack of correlation 

etween in vitro and in vivo assays of biomaterials for bone appli- 

ations. In the case of bioactive biomaterials as calcium-deficient 

ydroxyapatite (HA), an explanation may be the prompt calcium 

ptake and phosphate release that is observed when a material 

s immersed in cell culture medium. In order to improve the in 

itro cell culture environment, HA was integrated in a microfluidic 

hip (designated as HA-on-chip). The higher flow rates (within a 

 −14 μl/min range) applied in the HA-on-chip resulted in calcium 

nd phosphate concentrations closer to those of fresh medium. 

oreover, cells cultured on HA-on-chip showed a higher degree of 

roliferation than cells cultured on HA in static conditions, which 

as ascribed to shielded ion exchange, as well as to improved nu- 

rient supply and waste removal. However, ALP activity was low in 

oth HA-on-chip and HA-static samples, with a depletion of sig- 

alling molecules and low calcium levels being proposed as po- 

ential explanations for each, respectively. This study indicates the 

mportance of the in vitro methodology chosen to evaluate the bi- 

logical properties of biomaterials, raising awareness of the impor- 

ance of using methods that better approach the physiological con- 

itions. 
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