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a b s t r a c t 

Non-healing fractures, a global health concern arising from trauma, osteoporosis, and tumours, can lead to severe 

disabilities. Adenosine, integral to cellular energy metabolism, gains prominence in bone regeneration via adeno- 

sine A2 B receptor activation. This study introduces a controlled-release system for localized adenosine delivery, 

fostering human mesenchymal stromal cell (hMSC) differentiation into functional bone cells. The study investi- 

gates how the ratio of lactic acid to glycolic acid in microparticles can influence adenosine release and explores the 

downstream effects on gene expression and metabolic profiles of osteogenic differentiation in hMSCs cultured in 

growth and osteoinductive media. Insights into adenosine-modulated signalling pathways during MSC differenti- 

ation, with osteogenic factors, provide a comprehensive understanding of the pathways involved. Analysing gene 

expression and metabolic profiles unravels adenosine’s regulatory mechanisms in MSC differentiation. Sustained 

adenosine release from microparticles induces mineralization, synergizing with osteogenic media supplements, 

showcasing the potential of adenosine for treating critical bone defects and metabolic disorders. This study high- 

lights the efficacy of a polymeric microparticle-based delivery system, offering novel strategies for bone repair. 

Unveiling adenosine’s roles and associated signalling pathways advances our comprehension of molecular mech- 

anisms steering bone regeneration, propelling innovative biomaterial, combined with metabolites, approaches 

for clinical use. 
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. Introduction 

Non-healing fractures arising from trauma, diseases such as osteo-

orosis, and tumours not only lead to bone loss but also impact millions

f individuals, representing a major global cause of disability [1] . An ex-

mple that illustrates the significant economic implications of such bone

efects and disorders is the escalating expenses, reaching €37 billion

er year for 3.5 million osteoporotic fractures in the European Union

lone, with the costs anticipated to increase by 25 % in 2025 [2] . Clin-

cally used biomaterials, such as metals, ceramics, polymers, and their

omposites, have limitations including low biocompatibility, inadequate

one formation, and a mismatch in mechanical properties with native

one. Delivery of factors, such as growth factors and small molecules,

an support and augment new bone formation [3] . It is essential to con-

rol the spatio-temporal release kinetics of such factors to enhance their

fficiency and reduce the side effects of their high dose, as seen with the

se of BMP2 [3–6] . Therefore, many research projects have focussed on
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he development of controlled release delivery systems that accelerate

nd promote bone regrowth in defect sites [3] . 

Adenosine (Ad) is a molecule consisting of adenine and ribose and is

ne of four main constituents of nucleic acids (DNA and RNA). Its deriva-

ives can serve as energy carriers including adenosine -monophosphate

AMP), -diphosphate (ADP), and -triphosphate (ATP). G protein-coupled

eceptors (GPCRs) are a large family of protein receptors that can bind

o external stimuli which stimulates signalling cascades within the cell

7–9] . These receptors are able to sense different extracellular stimuli

uch as growth factors, metabolites, hormones, cytokines, neurotrans-

itters, and phospholipids to impact various cellular processes, includ-

ng cell metabolism, proliferation, and differentiation [ 9 , 10 ]. Among the

PCRs, the adenosine A2B receptors (A2B ARs) have been shown to acti-

ate mesenchymal stromal cell (MSC) differentiation and enhance osteo-

enesis both in vitro and in vivo , suggesting that this receptor could be an

nnovative target for bone regeneration [11–15] . A2B ARs are function-

lly activated by endogenous adenosine only in damaged and inflamed
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issues in which adenosine is released in large doses following ATP

egradation or they can be activated by an exogenous source through

upplementing media with adenosine in an in vitro context. Gharibi et al.

howed that activation and overexpression of the adenosine A2b recep-

or (A2b R) by supplementation of adenosine in osteoinductive media can

nduce the expression of osteoblast-related genes and activate the three

tages of initiation, maturation, and mineralization in osteoblastogen-

sis of MSC [15] . Furthermore, some studies have been published and

ave illustrated that biomaterials consisting of calcium phosphate min-

rals can enhance the osteogenesis of human mesenchymal stromal cells

hMSCs) through phosphate–ATP–Adenosine-A2b R signalling [ 16 , 17 ].

n addition, Kang et al. reported that human induced pluripotent stem

ells (hiPSCs) can be differentiated into functional osteoblasts by the

upplementation of Adenosine in the culture media. The hiPSCs treated

ith adenosine expressed the markers of mature osteoblasts and pro-

uced a calcified bone matrix [18] . 

Furthermore, controlling the delivery of factors is essential for ef-

ective tissue regeneration. Incorporating factors into biomaterial car-

ier systems offers a means of achieving such control [ 5 , 6 , 19 ]. Vari-

us strategies, including non-covalent mechanisms ( e.g. , physical en-

rapment, surface adsorption, and complexation) or covalent immobi-

ization, can be employed to incorporate factors into delivery vehi-

les [ 19 , 20 ]. Polymeric microparticles have shown spatio-temporal con-

rol of factor release, allowing for precise regulation of duration and

vailability while minimizing side effects [ 6 , 19 ]. Furthermore, these

icroparticle-based scaffolds facilitate tissue formation and maintain

esired local factor concentrations. Lactide and glycolide homo- and

opolymers are particularly suitable as controlled delivery vehicles due

o their FDA approval, in vivo biodegradability into natural products,

nd adjustable physicochemical properties [ 19 , 21 ]. 

In this study, we designed a controlled release delivery system for

he localised release of adenosine within the defect site to induce hMSCs

nd osteoprogenitor differentiation and maturation into functional bone

ells for bone regeneration. This study aimed to investigate the effect of

he ratio of lactic acid to glycolic acid on the adjustment of adenosine

elease from microparticles designed for the local release of adenosine,

nd, at the same time, to analyse the impact of the released adenosine

n the gene expression and the metabolic profiles of osteogenic differ-

ntiation of primary hMSCs cultured in vitro in growth and osteoinduc-

ive media for the first time. The incorporation of adenosine into PLGA

icroparticles marks a significant step forward in bone grafting and

egenerative medicine. By embedding adenosine in biodegradable and

iocompatible microparticles, this approach aims to create an advanced

elivery system compatible with clinical practices for effectively treat-

ng bone defects and disorders. 

Moreover, the precise effects of adenosine on the signalling pathways

f MSCs in the presence of osteogenic factors remain poorly understood.

n this study, we aimed to elucidate the role of adenosine in the pres-

nce or absence of osteogenic factors through comprehensive analysis

f gene expression and metabolic profiles. By investigating the genes,

etabolites, and molecular pathways involved in MSC differentiation,

ur findings provide novel insights into the impact of adenosine on MSC

ifferentiation at the molecular level, thereby contributing to a better

nderstanding of its regulatory mechanisms. 

. Methods and materials 

.1. Polymer microparticle fabrication 

Polymer microparticles (MPs) were synthesized using a solid-in-

il-in-water (S/O/W) emulsion technique. In this method, adenosine

200 mg; Sigma-Aldrich, #A4036) was directly incorporated into the

olid phase of poly(lactic-co-glycolic acid) (PLGA) (1000 mg) dissolved

n dichloromethane (DCM). PLGA with various ratios of lactic acid to

lycolic acid (75:25, 80:20, and 85:15) was used, namely PLGA 75:25

Inherent Viscosity (IV): 0.56 dL/g; molecular weight (Mw): ∼ 80 kDa),
256
LGA 80:20 (IV: 0.35 dL/g; Mw: ∼ 39 kDa), and PLGA 85:15 (IV:

.48 dL/g; Mw: 62 kDa), purchased from Ashland. The preparation of

icroparticles followed a previously published protocol [19] . Briefly,

olid adenosine powder was added to PLGA solutions in DCM. These so-

utions were then added to a 200 mL 1 % (w/v) polyvinyl alcohol (PVA)

olution and homogenized at 2000 rpm for two minutes ( Fig. 1A ). The

esulting S/O/W emulsion was stirred at 600 rpm on a magnetic stirrer

Variomag 15-way) for a minimum of 4 h to allow for DCM evapora-

ion. Microparticles underwent a thorough washing process involving

hree cycles in 50 mL tubes using deionized water. Each washing cycle

onsisted of centrifugation at 2000 xg for 5 min at room temperature.

ubsequently, the formed particles were filtered using cell strainers with

ore sizes of 40 μm and 100 μm, and only particles within the size range

f 40 to 100 μm were collected for further investigation. Finally, the

ollected particles were subjected to lyophilization using an Edwards

odulyo freeze dryer (IMA Edwards, UK) until completely dried. 

.2. Preparation of 3D scaffolds based on microparticles 

The produced microparticles were packed into a PTFE mould

100 mg for 24 well-plates, and 20 mg for 96 well-plate) and heated

n an oven to 70 °C (higher than the glass transition temperature of

LGA) for 30 min. This induced microparticles to bond with neighbour-

ng particles, forming a ‘2.5D’ 300 μm-thick disc (6 or 14 mm diameter

hat could be placed in 96 and 24 well-plates, respectively, for further

tudies) ( Fig. 1B ). Discs, termed subsequently as ‘scaffolds’, were steril-

zed by UV irradiation for 30 min on both sides (15 min each side) and

ashed in PBS. 

.3. MP based-scaffold characterization 

After scaffold preparation, the morphology and the efficiency of en-

apsulation of adenosine in the microparticles were evaluated. To exam-

ne the structure of the microparticles, the scaffolds were affixed to an

dhesive stub and underwent gold sputter coating for a duration of four

inutes at 30 mA (Balzers SCD 030 gold sputter coater, Balzers, Liecht-

nstein). Subsequently, the microparticles were visualized using a JSM

060LV Scanning Electron Microscope (SEM) (JEOL, Welwyn Garden

ity, UK), operating at an accelerating voltage of 10 kV. The diameter

f the microparticles was determined by processing the SEM images by

mageJ ( n = 100). 

Measurement of the encapsulation efficiency of adenosine within the

icroparticles was undertaken based on the photochemistry of adeno-

ine. It has previously been demonstrated that adenosine absorbs light in

he UV range [22] . Known concentrations (0–250 μg/ml) of adenosine

ere dissolved in PBS at room temperature and scanned UV absorbance

ith a wavelength from 230 nm to 310 nm (step size: 2 nm) using a

late reader (Tecan UK Ltd., Reading, UK) to find the wavelength of

aximum absorption of adenosine which was 260 nm (Fig. S1). Adeno-

ine was then dissolved in DMSO (as this would be the solvent for the

LGA microparticles) and diluted further to give a series of concentra-

ions to prepare a standard curve (UV at 260 nm) (Fig. S2). Finally,

0 mg of PLGA/Ad scaffolds were dissolved to 2 ml DMSO, and the

bsorbance was measured at 260 nm. The standard curve was used to

easure the actual amount of adenosine in each group of samples. The

ncapsulation efficiency was calculated through the measured amount

f adenosine divided by the total adenosine added and expressed as a

ercentage. 

.4. Release study 

MP-based scaffolds (14 mm diameter- 0.3 mm thickness fabricated

ith 100 mg of MP; triplicate samples from each batch) were submerged

n 1 ml phosphate buffered saline (PBS, pH 7.4) and incubated at 37 °C

or 50 days to closely mimic the conditions of our biological in vitro stud-

es. At predefined time intervals (day 1, 2, 4, 7, 9, 11, 14, 16, 18, 21, 23,
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Fig. 1. Fabrication and characterization of PLGA microparticles with and without adenosine encapsulated in terms of morphology, loading efficiency, and release 

profile. (A) Schematic representation of microparticle fabrication using solid/oil/water emulsion (PLGA: poly(lactic-co-glycolic acid); PVA: polyvinyl alcohol; DCM: 

Dichloromethane). (B) Schematic showing the method used to fabricate scaffolds from microparticles for use in the experiments. (C) Representative SEM images 

of I,III,V: PLGA 80:20 microparticles; II,IV,VI: PLGA 80:20 with adensosine encapsulated microparticles with three magnifications of X100 (scale bar: 100 μm), 

X500 (scale bar: 50 μm), and X1000 (scale bar: 10 μm); red arrows indicate the fusion points between the microparticles. (D) the loading efficiency of adenosine in 

microparticles prepared using three ratios of PLGA (PLGA 75:25, PLGA 80:20, and PLGA 85:15); data is presented as means + /- SD; n = 3 (E): Cumulative release of 

adenosine from microparticles made by different polymers; data is presented as means + /- SD; n = 3. 
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5, 28, 30, 32, 35, 37, 39, 42, 44, and 46), PBS surrounding the scaf-

olds was aspirated and replaced with 1 ml of fresh PBS; all liquid above

he particles was collected without removing scaffolds. This process was

epeated every 2 to 3 days (coinciding with the media change in the

ligned cell culture experiments). The collected supernatants were used

o measure the amount of released adenosine by transferring 100 μL

amples to a 96 well plate and reading the absorbance at 260 nm (Tecan

K Ltd., Reading, UK). Absorbance values were correlated to a standard

urve of adenosine dissolved in PBS (0–250 μg/ml) (Fig. S3) to deter-

ine the release profile of adenosine. 

.5. hMSCs culture and osteogenic differentiation 

Primary human bone marrow-derived mesenchymal stromal cells

hMSCs; #PT-2501, Batch No: 18TL262066 from Lonza) were obtained

rom Lonza (Germany) and cultured in the recommended maintenance
 [  

257
edia from Lonza including MSCBM Basal Media (#PT-3238; Lonza,

ermany) and MSCGM Supplement Kit (#PT-4105; Lonza, Germany)

ithin a humidified incubator with a controlled atmosphere of 5 %

O2 in air at 37 °C. Based on certificate of analysis, these cells were

ested for expression of surface markers correlated with hMSCs (pos-

tive for CD29, CD105, CD166, CD44, CD90, and CD 73, and nega-

ive for CD14, CD34, CD45, CD19, HLA-DR) [23] and for their abil-

ty to differentiate into osteogenic, adipogenic and chondrogenic lin-

ages as confirmed in the certificate of analysis. The cells were used

t passages 2 to 5 for all experiments. When used for experiments,

ells were cultured on the scaffolds in the maintenance media to al-

ow cell adhesion, and after 24 h of culture, the maintenance medium

as replaced with a growth medium [GM: Dulbecco’s modified Eagle’s

edium (DMEM), 10 % (v/v) foetal bovine serum, 4 mM L -glutamine,

nd penicillin/streptomycin (50 U/ml)] or osteogenic-inducing medium

OM: growth medium containing 10 mM b-glycerophosphate (BGP; Cal-
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iochem, #35675), 50 mM ascorbic acid-2-phosphate (AAP; Sigma-

ldrich, #A8960), and 100 nM dexamethasone (DEX; Sigma-Aldrich,

D2915)]. The cells were seeded at a density of 5000 cells per square

entimetre, resulting in a total of 10,000 cells per well in 24-well plates

TCP). For scaffolds with the size of 14 mm diameter, a seeding density

f 20,000 cells per scaffold was used, which corresponds to a range of

pproximately 5000–10,000 cells/cm2 based on the scaffold’s surface

rea. The culture medium was refreshed every 2 to 3 days. In some

xperiments, GM or OM was supplemented with adenosine (30 μg/ml)

Sigma-Aldrich, #A4036) in every media exchange. 

.6. Immunostaining 

The hMSCs were cultured on coverslips for 2 weeks as described

bove. The cells were seeded at a density of 10,000 cells per cover-

lip using the media described above. Samples were fixed in 4 wt%

araformaldehyde (PFA) in PBS for 20 min. Samples were then washed

n PBS (3 × 5 min) and permeabilised with 0.1 % (v/v) Triton in PBS

PBST). Non-specific binding sites were blocked by incubation in 10 %

v/v) normal donkey serum (D9663; Sigma-Aldrich) and 1 % (v/v)

ovine serum albumin (BSA) in PBS for 1 h. Cells were then incubated

ith anti-Osteocalcin antibody (AB10911; 1:250 in PBST; Merck Mil-

ipore), and Anti-CD105 antibody (ab69772; 1:250 in PBST; Abcam)

vernight at 4 °C. Donkey anti-rabbit IgG-FITC, and Donkey anti-Mouse

gG- Alexa Fluor 546 Secondary antibodies, (1:500 in PBST; Invitrogen)

ere added for 2 h. The samples were washed again in PBST (3 × 5 min)

nd finally mounted with a pro-long gold mounting medium (Invitro-

en) containing DAPI nuclear dye. Images were obtained using fluores-

ent microscopy (Leica Microsystems). 

.7. Alizarin red staining 

.7.1. Microscopy 

Following a three-week culture period under various experimental

onditions described above, Alizarin Red staining was performed to

ssess matrix mineralization. The spent media was aspirated, and the

ells were rinsed thrice with calcium- and magnesium-free PBS (Sigma-

ldrich, D8537). Subsequently, the cells were fixed using 3.7 % (w/v)

ormaldehyde (Sigma-Aldrich, F8775) for 15 min at room temperature,

ollowed by an additional three washes with distilled H2O. Next, 1 ml

f Alizarin Red staining solution (40 mM, pH 4.1, sterile-filtered; Merck

illipore, TMS-008-C) was added to the cells, and they were incubated

n darkness for 30 min at room temperature with gentle agitation. The

taining solution was then removed, and cells were washed three times

ith dH2 O. Cells were immediately imaged at 0X (with a camera) and

0X magnifications (using a microscope). 

.7.2. Quantitation by absorbance 

Following microscopy, to extract the Alizarin Red stain, water was

emoved, and 400 μL of 10 % (v/v) acetic acid in deionized water was

dded to the wells. Cells were incubated for 30 min in the dark with

entle agitation at room temperature. Cells were scraped from the cul-

ure surface, transferred to microcentrifuge tubes, and vortexed for 30

. Samples were then heated to 85 °C for 10 min in an oven, and sub-

equently cooled on ice, before centrifugation at 20,000 xg for 15 min.

upernatants were then neutralized with 150 μL of 10% w/v ammo-

ium hydroxide in deionized water before loading in triplicate in an

paque-walled 96-well plate, which included an Alizarin Red standard

urve (0–4 mM). Absorbance was measured at 405 nm (Fig. S4), and the

btained data were further processed by normalizing them to the con-

rol conditions (without adenosine), and the results were represented as

ercentages relative to the control. 

.8. Gene expression studies 

After seeding 20,000 hMSCs per optimized MP and MP/Ad scaffolds

ade of PLGA 80:20 in 24-well plates, the cells were cultured for a pe-
258
iod of two weeks. The culture conditions included two distinct groups:

rowth media (GM) and osteogenic media (OM), as described earlier.

otal RNA was isolated from hMSCs cultured under various experi-

ental conditions for a duration of 2 weeks using the RNAqueousTM -

icro Kit. Subsequently, the RNA from each sample was subjected to

everse transcription using the SuperScriptTM IV First-Strand Synthesis

ystem. The quality and quantity of RNA were assessed utilizing Agi-

ent Technologies TapeStation. Quantitative real-time PCR was carried

ut using 96-well TaqMan® Gene Expression Array Cards according

o the manufacturer’s instructions. The PCR reactions were performed

n a 7900HT Fast Real-Time PCR System with 384-Well Block Mod-

le (ThermoFisher Scientific). For normalization, endogenous control

as employed, with GAPDH selected as the internal housekeeping gene.

enes exhibiting consistent replicates and a Ct value not exceeding 37

ere considered for analysis. Three independent experiments were run

 n = 3), and data were analysed using the Reactome software (source:

ttps://reactome.org/ ). p-values were adjusted using the False Discov-

ry Rate (FDR). Pathways found differentially expressed at an adjusted

-value < = 0.05 were considered to be significantly altered in their ex-

ression. 

.9. Untargeted metabolomics using LC-MS 

All chemicals and reagents used for LC-MS analysis and metabolite

dentification are detailed in the Supporting Information. 

.9.1. Sample preparation 

After 2 weeks of culturing hMSCs on different scaffold types, the

pent media was collected and centrifuged at 10,000 x g for 5 min.

liquots (250 μl) were transferred into a new tube for protein precip-

tation and metabolite extraction by addition of 750 μl cold methanol

stored at – 20 °C), mixing and incubating at – 20 °C for 20 min. Sam-

les were then centrifuged at 17,000 × g at 4 °C for 10 min, transferred

o pre-cooled tubes, and stored at − 80 °C. Fresh culture medium sam-

les and a methanol blank were processed in parallel as no-cell blanks.

amples were prepared with six replicates, where each group of the ex-

eriment consisted of cells cultured in six scaffolds prepared from MPs.

amples (methanolic extracts) were transferred to HPLC vials. Based on

ur previous study [24] , 20 μl from each sample were collected and

ooled together, vortexed for 30 s, transferred ( > 100 μl) into an HPLC

ial with 200 μl glass insert, and used as a pooled QC to assess the in-

trument performance. 

.9.2. LC-MS analysis 

Chromatography was conducted utilizing a Dionex U3000 UHPLC

ystem (Thermo Fisher Scientific, Hemel Hempstead, UK) equipped with

 ZIC-pHILIC column (4.6 × 150 mm, 5 μm particle size, Merck Sequant,

atford, UK). The column temperature was maintained at 45 °C, and a

ow rate of 300 μL/min was employed. The mobile phases consisted

f (A) 20 mM ammonium carbonate and (B) acetonitrile. The gradient

ommenced with 20 % (A) and was elevated to 95 % (A) over 8 min,

ollowed by a return to initial conditions in 2 min. The column was

hen allowed to re-equilibrate at 400 μL/min for 4 min before reverting

o 300 μl/min in 1 min, totalling 15 min. A sample injection volume

f 5 μl was utilized, and samples were maintained at 4 °C during analy-

is. High-resolution Quadrupole-Orbitrap mass spectrometry (QExactive

lus, Thermo Fisher Scientific, Hemel Hempstead, UK) was employed in

imultaneous ESI + and ESI- modes for comprehensive LC-MS profiling

nd data-dependent MS/MS (ddMS/MS). The operational settings com-

rised a spray voltage set at 4.5 kV for ESI + mode and 3.5 kV for ESI-

ode. Additionally, the capillary voltage was adjusted to 20 V (ESI + )

nd − 15 V (ESI-), while the flow rates of sheath, auxiliary, and sweep

ases were set at 40, 5, and 1 (arbitrary unit), respectively, for both

odes. The capillary and heater temperatures were maintained at 275

nd 150 °C, respectively. Data were collected in full scan mode with a

esolution of 70,000 within the m/z range of 70–1050. Moreover, the top

https://reactome.org/
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t  
 ddMS/MS scans were conducted at a resolution of 17,500, employing

 stepped normalized collision energy (NEC) of 10, 20, and 40. 

.9.3. Untargeted metabolic profiling and metabolite identification using 

C-MS 

The extracted samples underwent randomization and analysis in a

olitary analytical run following the inclusion of blanks ( n = 3) using LC-

S in simultaneous positive and negative ion modes. Before analysing

he samples, the column was equilibrated by conducting six injections of

ooled QC samples at the onset of the sample run. To monitor the perfor-

ance of the analytical system, pooled QC injections were interspersed

hroughout the run. For metabolite identification, 268 authentic stan-

ards were co-analysed with the samples under the same instrument

onditions. In addition, QC sample ( n = 3) was analysed using Top5

dMS/MS to generate MS/MS accurate mass spectra for identification

see Supporting Information for full details of metabolite identification).

.9.4. Data and pathway analysis 

The acquired LC-MS datasets were analysed using principal compo-

ent analysis (PCA) and orthogonal partial least-squares discriminant

nalysis (OPLS-DA) (Simca P + 13, Sartorius, Sweden) (full details of

ultivariate analysis are available in Supporting Information). 

The peak areas of the altered metabolites in the samples were pro-

essed for metabolite enrichment, pathway, and network analysis using

etaboAnalyst 5.0 [25] . 

.10. Statistical analysis 

All data is presented as means + /- Standard Deviation (SD). Through-

ut the conducted experiments, the notation "n" is used to represent

he number of technical replicates derived from a single batch of mi-

roparticles or a specific cell donor. In cases where a different number of

eplicates is employed, the exact value is explicitly stated and clarified

n the respective experimental descriptions. Statistical significance at

5 % confidence level was determined using one-way/two-way ANOVA

ith post-hoc Tukey tests, and statistically significant differences were

arked with ∗ for p < 0.05, ∗ ∗ for p < 0.01, ∗ ∗ ∗ for p < 0.001, and ∗ ∗ ∗ ∗ 

or p < 0.0001 in the figures. Sample replicates using multiple scaffolds

ere used in all experiments, as detailed in the figure legends. 

. Results 

.1. Characterization of adenosine-loaded microparticles for controlled 

elease (morphology and loading efficiency) 

Microparticles (MP) encapsulating adenosine were fabricated using

he S/O/W double emulsion technique. To modulate the release pro-

le, three different formulations were prepared by varying the lac-

ide:glycolide (LA:GA) ratio. The formulations consisted of PLGA 75:25

Inherent Viscosity [IV]: 0.56 dl/g; molecular weight [Mw]: ∼80 kDa),

LGA 80:20 (IV: 0.35 dl/g; Mw: ∼39 kDa), and PLGA 85:15 (IV:

.48 dl/g; Mw: 62 kDa). The morphology, loading efficiency, and in

itro release profile of adenosine were characterized for each formu-

ation. The SEM images of MP morphology are shown in Fig. 1C (I,

I, III, IV, V, and VI; MP fabricated from each of the three formula-

ions were spherical, and their surfaces were smooth and non-porous.

igher magnification SEM images provide detailed visual evidence of

he scaffold structure, specifically highlighting the successful fusion be-

ween MPs elucidating the interconnected network formed by the mi-

roparticles. Incorporation of adenosine did not affect the morphology

f the microparticles significantly, as shown in the representative exam-

le of blank PLGA 80:20 and encapsulated adenosine in the PLGA 80:20

 Fig. 1C -I, 1C-III). The mean diameter of the microparticles was deter-

ined by analysing SEM images using ImageJ software. In the absence

f adenosine ( Fig. 1C -I), the mean diameter was found to be 90.8 μm

SD ± 24.7), while in the presence of adenosine ( Fig. 1C -II), the mean
259
iameter was measured to be 94.0 μm (SD ± 27.6). However, statis-

ical analysis indicated that the observed difference in mean diameter

etween the two groups was not statistically significant. 

The adenosine encapsulation efficiency ranged from 10 % to 30 %

as obtained across all formulations ( Fig. 1D ). The experimental results

evealed that the encapsulation efficiency of adenosine was determined

o be 9.9 % ± 0.7 in the PLGA 80:20 microparticles (MP), 18.5 % ± 0.7

n the PLGA 75:25 MP, and 28.2 % ± 0.4 in the PLGA 85:15 MP. This

nding indicates that the encapsulation of approximately 0.91 mg of

denosine within 100 mg of the PLGA 80:20 scaffold, 1.68 mg of adeno-

ine within 100 mg of the PLGA 75:25 scaffold, and 2.56 mg of adeno-

ine within 100 mg of the PLGA 85:15 scaffold was achieved. Employ-

ng the solid in oil in water (S/O/W) emulsion technique markedly en-

anced adenosine encapsulation efficiency within the MPs as compared

ith a water in oil in water (W/O/W) system. Preliminary studies uti-

izing the water in oil in water (W/O/W) system, wherein adenosine

as solubilized in water before integration into the system, yielded MPs

ith substantially low encapsulation efficiencies (Fig. S5). This data il-

ustrates the shortcomings of the W/O/W double emulsion method for

olymer encapsulation for controlled release. Following MP preparation

sing the W/O/W system, we recorded a negligible encapsulation effi-

iency, indicating a rapid burst release of adenosine during the wash-

ng phase, which resulted in an almost complete depletion of adenosine

rom the microparticles. In contrast, the S/O/W emulsion methodology

fficiently entrapped adenosine molecules within the polymer matrix of

he MPs. 

.2. Release profiles of adenosine from PLGA-Based MP scaffolds support 

election of PLGA 80:20 composition 

The cumulative release of adenosine from the MP/Ad scaffolds over

ne month is presented in Fig. 1E . The release profiles of adenosine differ

mong the three microparticle formulations: PLGA 80:20, PLGA 75:25,

nd PLGA 85:15. The PLGA 80:20 microparticles exhibit a relatively

aster release rate, with adenosine release completing within 4 weeks.

he cumulative amount of adenosine released steadily increases until

eaching a plateau after 30 days. In contrast, the PLGA 75:25 and PLGA

5:15 microparticles demonstrate a slower release profile, sustaining

denosine release over a longer period. The PLGA 75:25 microparticles

xhibit the highest amount of adenosine released after 6 weeks. 

Focusing on the initial 2-week release period, the PLGA 80:20 mi-

roparticles display sustained release, indicating controlled release ki-

etics. This sustained release results in a consistent amount of adeno-

ine being released over time. Analysis of the average daily release of

denosine from the various microparticle formulations reveals a sus-

ained release ranging between 7.5 μg/ml and 30 μg/ml every 2 days

uring the first 2 weeks for the PLGA 80:20 microparticles with a to-

al of 900 μg/ml release over 30 days. These findings support the se-

ection of the PLGA 80:20 microparticle scaffold for further biological

tudies. To ensure consistency, we conducted experiments comparing

he release profiles of freshly prepared batches with a stored batch in

he fridge. No significant differences were observed (Fig. S6). These re-

ults further validate the reproducibility of the release profiles. There-

ore, the cumulative release data demonstrates the distinct release pro-

les of adenosine from the different microparticle formulations, high-

ighting the potential for tailored release kinetics based on the choice

f PLGA composition. The PLGA 80:20 microparticles, with their faster

elease rate and sustained release profile, show promise for controlled

denosine delivery applications and were investigated further in this

tudy. 

.3. hMSCs osteodifferentiation in media supplemented with adenosine 

Primary hMSCs were cultured in growth medium (GM), osteoinduc-

ive medium (OM), or OM supplemented with adenosine, and their
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Fig. 2. Adenosine (Ad) synergizes with osteoinductive media (OM) enhancing the osteogenic differentiation and mineralization of hMSCs. (A) Immunostaining and 

fluorescence microscopy imaging of primary hMSCs cultured in different media including growth media (GM), OM, and 30 μg/ml adenosine supplemented OM for 

14 days. Cell nuclei (DAPI) are shown in blue, CD105 in red, and osteocalcin (OCN) in green. (B,C,D) Mineralization of hMSCs following treatment with adenosine 

(30 μg/ml) in GM: growth media, and OM: osteoinductive media after 21 days. (B) Representative microscopy imaging of I: GM; II: GM + 30 μg/ml Ad; III: OM; 

IV: OM + 30 μg/ml Ad. (C) Representative light photograph I: GM; II: GM + 30 μg/ml Ad; III: OM; IV: OM + 30 μg/ml Ad. (D) Quantified mineralization results 

following elution of Alizarin Red and subsequent spectrophotometric measurement at 405 nm; data were normalized to the control conditions (without adenosine), 

and the results were represented as percentages relative to the control. (data is presented as means + /- SD, n = 3, ∗ p < 0.05). (E, F) Mineralization of hMSCs cultured 

on PLGA microparticles (PLGA MP) alone and PLGA 80:20 MP/Ad in OM after 21 days. (E) Representative light photography and microscopy imaging of PLGA MP 

and PLGA MP/Ad. (F) Quantified mineralization results following elution of Alizarin Red S and subsequent spectrophotometric measurement at 405 nm; data were 

normalized to the control conditions (without adenosine), and the results were represented as percentages relative to the control. (data is presented as means + /- 

SD, n = 3, ∗ ∗ ∗ ∗ p < 0.0001). 
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steogenic differentiation was determined after 14 days. The differ-

ntiation of hMSCs into osteoblasts was evaluated by immunofluores-

ence staining for osteocalcin (an osteoblast-specific marker) in the

M supplemented with adenosine compared to OM without adenosine

 Fig. 2A ). The intensity of CD105, a marker attributed by The Interna-

ional Society for Cellular Therapy as a marker of hMSC [23] , was less

ntense when cells were cultured in OM and OM/Adenosine (30 μg/ml

upplemented in the media) suggesting that these cells were undergo-

ng differentiation. To further confirm osteogenic differentiation of the
260
MSCs, we evaluated the calcification of cell cultures by staining for

lizarin Red S. The hMSCs were cultured in both OM and adenosine-

upplemented OM (30 μg/ml) and stained for Alizarin Red after 21 days

f culture ( Figs. 2B -III, 2B -IV, 2C -III, 2C -IV, and 2D ). This extended cul-

ure duration of 21 days was chosen over the conventional 14-day period

o allow for the development of calcification within the cells, as calcifi-

ation processes typically require a longer incubation period to manifest

ully. Similar to osteocalcin, the intensity for Alizarin Red staining was

ignificantly enhanced by 64.5 % for the OM supplemented with Adeno-
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Fig. 3. Genetic profiles of hMSCs when cultured on microparticles (MP) and microparticles/adenosine (MP/Ad) in growth media (GM) compared with osteoinductive 

media (OM) for 14 days. (A) Gene profiling showed up-and down-regulated genes in hMSCs cultured on MP/Ad in GM and OM relative to control (MP). Relative 

gene expression is plotted as log2 (fold change) relative to control after normalization against the housekeeping gene (GAPDH) Yellow indicates upregulated and 

blue indicates downregulated genes ( n = 3). (B) List of the main genes up regulated and down regulated genes in hMSCs cultured on MP/Ad in GM and OM relative 

to control (MP). (C) Significantly up- and down- regulated signalling pathways affected by culturing hMSCs on MP/Ad in GM and OM generated using the Reactome 

software. 
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ine compared to OM. On the contrary, no calcification was observed

hen the hMSCs were cultured in the growth medium ( Figs. 2B -I, 2B -II,

C -I and 2C -II). 

.4. hMSCs cultured on the PLGA MP-based scaffolds with sustained 

elease of adenosine 

.4.1. Mineralization 

Primary human mesenchymal stromal cells were seeded onto PLGA

0:20 MP and MP/Ad scaffolds and cultured in osteogenic induction

edia for 21 days. During this period, adenosine was released from
261
he PLGA 80:20 MP/Ad scaffolds. Alizarin Red S staining was con-

ucted to evaluate the mineralization and hence differentiation of hM-

Cs to the osteoblast lineage. Alizarin Red staining and quantification

llustrated a significant increase in mineralization when hMSCs were

ultured on PLGA 80:20 MP scaffolds releasing adenosine (total load-

ng amount: 0.91 mg of adenosine within 100 mg MPs in scaffolds)

fter 3 weeks of induction ( Fig. 2E and 2F ) when compared to MP

iscs not containing adenosine. Microscopy imaging also demonstrated

nhanced calcification in the PLGA 80:20 MP/Ad samples ( Fig. 2E ).

uantification of Alizarin Red S staining indicated higher levels of

ineralisation when cells were cultured on MP disks releasing adeno-
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Fig. 4. An overview of the significantly up- and down- regulated transduction signalling pathways were affected by culturing primary hMSCs on MP/Ad in (A) GM 

and (B) OM generated using the Reactome software. 
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ine as compared with cultures on MP discs composed of PLGA alone

 Fig. 2F ). 

.4.2. Gene expression 

The genetic profile of hMSCs cultured on PLGA 80:20 MP/Ad scaf-

olds and MP with no adenosine in both osteoinductive (OM) and growth

edia (GM) were compared following 14 days in culture. Analysis of

ata from cells cultured on PLGA 80:20 MP/Ad samples resulted in sig-

ificantly different genetic responses compared to those cells cultured

n MP with no adenosine samples ( Fig. 3 ). When cells were cultured

n GM (on the MP scaffolds), genes for MMP8 (4.4 fold), MMP10 (20.6

old), BMP5 (4.14 fold), EGFR1 (11.8 fold), and CSF2 (2.3 fold) were dif-

erentially upregulated in cells cultured on PLGA 80:20 MP/Ad relative

o those cultured on blank MP (no adenosine). 

The pathway analysis from cells cultured on PLGA 80:20 MP/Ad scaf-

olds in GM using the Reactome software showed that the gene pathways

pregulated including those encoding for proteins involved in the degra-

ation of the extracellular matrix (matrix-metalloproteinases; MMP), ex-

racellular matrix organization, G alpha (i) signalling, and signalling
262
y WNT. In contrast, genes involved in the hedgehog ligand biogene-

is pathway were significantly downregulated in cells cultured on PLGA

0:20 MP/Ad in GM. 

In addition, the data obtained from cells cultured on PLGA 80:20

P/Ad scaffolds in OM displayed an upregulation of BGLAP (2.5 fold),

MP2 (7.2 fold), MMP8 (4.4 fold), BMP5 (2.2 fold), and PHEX (2.0 fold)

nd downregulation of CD36, COMP, and BMP6 genes. Furthermore, the

athway analysis from OM cultured samples using the Reactome soft-

are demonstrated that the pathways including signalling by GPCR, G

lpha (i) signalling, Beta-catenin independent WNT signalling, and ex-

racellular matrix organization were significantly upregulated, and the

lucagon type ligand-receptor pathway was downregulated when cells

ere cultured on PLGA 80:20 MP/Ad ( Fig. 4 ). 

.4.3. Untargeted metabolomics and pathway analysis 

Alterations in the genomic profile are often accompanied by changes

n metabolic pathways [26] , making metabolomics an appropriate

ethod to assess cellular molecular signalling. Extracellular metabolite

evels can be linked to intracellular metabolism [24] . The metabolic



H. Hajiali, J. McLaren, C. Gonzalez-García et al. Engineered Regeneration 5 (2024) 255–268

Fig. 5. Significant changes in the metabolic profiles of hMSCs cultured on microparticles (MP) compared to microparticles containing adenosine (MP/Ad) in (A) 

growth media (GM) and (B) osteoinductive media (OM). (A-I) and (B-V): OPLS-DA score plots of the metabolic profiling of the spent media of MP/Ad versus MP 

in GM (R2 X = 0.358, R2 Y = 0.984 and Q2 = 0.709) and OM (R2 X = 0.494, R2 Y = 0.985 and Q2 = 0.886), respectively. (A-II) and (B-VI): Metabolite pathway 

analysis of the altered metabolites in MP/Ad compared to MP in GM and OM, respectively. The colour and size of each circle represent p values and pathway 

impact values, respectively (Darker colours signify more influential changes in the pathway, and size represents the centrality of involved metabolites; ’centrality’ 

refers to the relative importance or prominence of these metabolites within the pathway). (A-III, IV) and (B-VII, VIII): Enrichment analyses of the top significantly 

altered metabolites in MP/Ad compared to MP in GM and OM, respectively. R2 X/R2 Y: fitness of the model and Q2 : predictive ability of the OPLS-DA based on 

Cross-Validation. 
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rofiles of hMSCs cultured on PLGA 80:20 MP/Ad scaffolds were com-

ared to those of hMSCs cultured on PLGA 80:20 MP scaffolds without

denosine. This comparison was conducted in both osteoinductive (OM)

nd growth media (GM) following a 14-day culture period. Samples of

ulture media were analysed using LC-MS on day 14 post-culture to in-

estigate adaptive metabolic changes occurring in hMSCs cultured on

icroparticles. PCA was used to check for the performance of the LC-

S (data not shown) and OPLS-DA to identify significant differences
263
n the metabolic profiles between the different classes of the samples.

PLS-DA scores plot showed adequate clustering of biological repli-

ates in each class of samples and highlighted distinct differences in

he metabolic profiles of hMSCs cultured on different microparticles and

edia ( Fig. 5A - I , and 5B - V ); different classes of samples showed distinct

lustering from each other (Fig. S7). This result indicates that the release

f adenosine from microparticles either in growth media or osteoinduc-

ive media resulted in cells transitioning to a metabolic state different
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rom that of cells cultured on blank microparticles (no adenosine; Fig. 5A

nd 5B ). Certain metabolites were found significantly altered in the

pent media from cells cultured (in GM and OM) on PLGA 80:20 MP/Ad

amples relative to blank MP (no adenosine); the full list of the identified

etabolites is available in Table S1. Enrichment and pathway analysis

f the altered metabolites in cells cultured on MP/Ad compared to MP in

M (Table S2) showed significant changes in purine metabolism, pen-

ose phosphate pathway, (glycine, serine and threonine) metabolism,

arginine and proline) metabolism, glutathione metabolism, (alanine,

spartate and glutamate) metabolism, (D-glutamine and D -glutamate)

etabolism, arginine biosynthesis, and the citrate cycle (TCA cycle). 

In addition, significantly altered metabolic pathways of hMSCs cul-

ured on PLGA 80:20 MP/Ad in osteoinductive media (OM) were found

ompared to hMSCs cultured on blank MP (no adenosine) including

urine metabolism, pyruvate metabolism, (glycine, serine, and thre-

nine) metabolism, (glyoxylate and dicarboxylate) metabolism, (ala-

ine, aspartate, and glutamate) metabolism, aminoacyl-tRNA biosynthe-

is, histidine metabolism, (arginine and proline) metabolism, arginine

iosynthesis, (D-glutamine and D -glutamate) metabolism, glutathione

etabolism, the citrate cycle (TCA cycle), and the pentose phosphate

athway. 

. Discussion 

In this study, we have developed a controlled release delivery sys-

em aimed at facilitating the localized release of adenosine. This release

s intended to trigger the differentiation and maturation of hMSCs into

unctional bone cells, ultimately promoting bone regeneration. Finally,

e aimed to elucidate the role of adenosine in the presence or absence

f osteogenic factors through a comprehensive analysis of gene expres-

ion and metabolomics. We hypothesized that the ratio of lactic acid to

lycolic acid in the microparticles will significantly influence the modu-

ation of adenosine release kinetics. In addition, we postulated that the

eleased adenosine will have a discernible impact on the gene expres-

ion and the metabolic profiles of primary hMSCs undergoing osteogenic

ifferentiation. 

Microparticles (MP) with encapsulated adenosine (MP/Ad) were fab-

icated using S/O/W emulsion methodologies using three different for-

ulations by varying the lactide: glycolide ratio (75:25, 80:20, and

5:15) with an average microparticle diameter of approx. 100 μm. The

denosine encapsulation efficiency ranged from 10 % to 30 % with the

owest encapsulation efficiency observed in microparticles composed of

LGA 80:20 and highest in PLGA 85:15 with molecular weight most

ikely to be the influencing factor on encapsulation efficiency [27] . The

maller molecular chains of PLGA 80:20 (39 kDa) reduced the chance of

denosine entrapment within the microparticles and resulted in a lower

oading efficiency. This could be attributed to the lower viscosity of the

olymeric solution, as a result of the low molecular weight of the poly-

er, preventing the transfer of adenosine from the solid/oil phase to the

queous phase. Alternatively, the impact of molecular weight on encap-

ulation efficiency could be attributed to the attraction forces between

denosine and the polymer chains which could also cause the entrap-

ent of lower amounts of adenosine. Ravi et al [27] also showed that the

ncapsulation efficiency was highly influenced by the molecular weight

nd hydrophilicity of PLGA polymers. They showed that the protein en-

apsulation efficiency was higher when using higher molecular weight

olymers In our study, a higher encapsulation efficiency was observed

or the PLGA 85:15 polymer (62 kDa) compared to PLGA75:25 (80 kDa).

his might be due to the higher crystallinity and lower hydrophilicity

f PLGA 85:15 rather than PLGA 75:25. The properties of PLGA can

e modulated by changing the ratio of the two monomers where each

onomer shows different properties; for example, LA degrades more

lowly and is hydrophobic, while GA is relatively less hydrophobicity

nd degrades more quickly [28] . In fact, increasing the content of the LA

onomer in PLGA polymer increases the hydrophobicity of the polymer

nd reduces the amorphous nature of the polymer [ 28 , 29 ]. The higher
264
rystallinity of PLGA 85:15 compared to PLGA 75:25 might improve the

denosine entrapment in the microparticles and result in higher loading

fficiencies. Elevated crystallinity may restrict the mobility of adenosine

ithin the microparticles, potentially leading to altered release rates.

ssentially, while a higher crystalline structure might improve initial

oading, it could simultaneously decelerate adenosine release by reduc-

ng the amorphous regions within the polymer matrix. 

The release data showed a faster and more sustained release of

denosine from MP fabricated from PLGA 80:20 (39 kDa), and a slower

elease from MP made from PLGA 75:25 (80 kDa) and PLGA 85:15

62 kDa). It has been demonstrated that Mw plays an essential role in

he degradation rate of PLGA. In our study, the PLGA 80:20 has the

owest Mw (39 kDa) and this is most likely why this formulation re-

eased adenosine more quickly. Generally, a higher Mw is associated

ith a slower degradation, while PLGA with a low Mw requires less time

or matrix degradation [ 27 , 29 , 30 ]. The low Mw of PLGA degraded into

mall fragments which are soluble in an aqueous release medium, thus

eading to faster erosion of the microparticles. During erosion, the mi-

roparticle matrix becomes increasingly hydrophilic, allowing more wa-

er to defuse, thereby improving polymer degradation and thus, adeno-

ine release in a faster and more sustained profile. The slower release

f PLGA 85:15 (62 kDa) compared to PLGA 75:25 (80 kDa) can be at-

ributed to a higher ratio of LA in PLGA 85:15 which increases the hy-

rophobicity and crystallinity of polymer [30] and as a result, reduces

he degradability of the polymer in the aqueous release medium. 

Furthermore, the data related to the daily release of adenosine illus-

rated that the PLGA 80:20 provides a sustained total adenosine release

f 7.5 μg/ml to 30 μg/ml every two days in the first two weeks (Fig.

6B). Ghribi et al. [15] supplemented osteoinductive media with adeno-

ine with two concentrations of 10− 4 M (equivalent to ∼ 26.7 μg/ml) and

0− 5 M (equivalent to ∼ 2.67 μg/ml) to stimulate osteoblast differentia-

ion of rat bone marrow MSCs, and they showed that the concentration

f 10− 4 M (26.7 μg/ml) can significantly enhance osteoblast differenti-

tion and mineralization in vitro . In addition, Kang et al. [18] were able

o differentiate human pluripotent stem cells (hPSCs) into osteoblasts

y the supplementation of 30 μg/ml of adenosine in growth media. We

emonstrate here that supplementation of osteoinductive media with

0 μg/ml of adenosine enhances osteoinduction of hMSCs through the

ncrease of expression of osteocalcin and increased levels of mineraliza-

ion. In our study, the amount of adenosine delivered from MP made

rom PLGA 80:20 would be in the range required to achieve osteogenic

ifferentiation in vitro based on our data and that from previous studies

 15 , 18 ]; therefore, this MP formulation (PLGA 80:20) was selected for

urther biological assessment. 

The culture of hMSCs on the selected PLGA/Ad MP in OM media il-

ustrated a statistically significant increase in mineralization compared

o cells culture on blank PLGA MP containing no adenosine after 3 weeks

f culture. Our data demonstrated that the sustained release of adeno-

ine in 2.5D MP-based scaffolds can induce mineralization by more than

00 %, while supplementation of media in 2D culture with adenosine

30 μg/ml supplemented in the media) can only increase mineraliza-

ion levels by 64 % approximately. This might be due to the increase in

ioavailability of adenosine to the cells when they release from MP (due

o the close proximity of the adenosine to the cells upon release) in com-

arison to when adenosine is supplemented in the media throughout the

tudy. We hypothesized that cells adhered to the surface of PLGA/Ad MP

hen they were cultured on the scaffolds, localization of released adeno-

ine adjacent to the cell membrane can be more efficient in triggering

ell signalling pathways. 

The genetic and metabolic responses of hMSCs cultured on MP/Ad

nd MP in GM and OM were compared to discover the impact of adeno-

ine on cell signalling pathways and the mechanisms by which adeno-

ine can impact osteogenesis. The release of adenosine in OM altered the

ene expression of hMSCs in which the osteogenic gene markers such

s BGLAP(osteocalcin) [31] and PHEX [31] were significantly upregu-

ated, and the adipogenic gene marker such as CD36 [ 32 , 33 ] and chon-
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a  
rogenic gene markers such as COMP [34] were significantly downreg-

lated. The Reactome pathway analysis from MP/Ad and MP samples

emonstrated that the pathways including signalling by GPCR, Beta-

atenin independent WNT signalling, and Ca2 + pathway signalling were

ignificantly upregulated in MP/Ad samples. It has been demonstrated

hat adenosine can bind and activate the adenosine A2B receptors (as a

ember of GPCR) to initiate downstream signalling events that lead to

steogenesis in MSCs [11–15] . Our data corroborates these findings and

emonstrates the activation of GPCR and downstream pathways in hu-

an MSC populations. The data also showed that ß-catenin independent

NT signalling was upregulated resulting from upregulation of the Ca2 + 

athway in cells cultured on PLGA/Ad. Adenosine binding to A2B ARs ac-

ivates the receptors leading to acute G protein-mediated responses in-

luding stimulation of the Gq/11 pathway [ 9 , 35 , 36 ]. Several studies have

emonstrated that Ca2+ levels and homeostasis in cells can be controlled

y activating Gq/11 pathways [36–38] . It has been illustrated that Gq ac-

ivates the phospholipase C (PLC) pathway that can trigger an increase

n intracellular calcium levels through calcium release from the endo-

lasmic reticulum and activation of store-operated calcium channels in

he cell membrane [ 37 , 39 ]. The impacts of calcium on cellular func-

ions are mainly mediated by the Ca2 + -binding protein that activates

he phosphatase calcineurin [ 9 , 40 ], which is able to dephosphorylate

arget genes to be activated [41] . Upregulation of calcium pathways

an stimulate the activation of NFAT, Oct/OAP, NF- 𝜅B, ERK1/2, and

P-1 [ 9 , 36 , 37 ]. In unstimulated cells, the nuclear factor of activated

 cells (NFAT) proteins are localized to the cytoplasm by hyperphos-

horylation of the N-terminal regulatory domain. Signalling pathways

hat promote a sustained influx of calcium activate the phosphatase, cal-

ineurin, which dephosphorylates the regulatory domain and exposes a

uclear localization sequence [ 40 , 42 ]. In the nucleus, NFAT proteins

ooperate with other transcription factors, such as AP-1 and osterix, to

egulate the transcription of various genes [ 43 , 44 ]. including ALP, Os-

eocalcin, and collagens [ 42 , 44–46 ]. therefore, delivery of adenosine to

MSCs can enhance osteogenesis and mineralization in OM/GM by up-

egulation of Ca2 + pathways through the A2B AR-G-PLC pathway. There

re some differences in the impact of released adenosine on cell sig-

alling pathways between samples in OM and GM. First, the presence

f osteoinductive factors (DEX, AAP, BGP) demonstrates a strong syn-

rgistic effect with adenosine, resulting in a significant upregulation of

he A2B AR-G-PLC-Ca2 + -NFAT signalling pathway. In contrast, the up-

egulation of this pathway in cells cultured in GM is not statistically

ignificant; in fact, the presence of DEX, AAP, and BGP facilitate induc-

ion of cells through the A2B AR-G-PLC-Ca2 + -NFAT signalling pathway.

urthermore, the hedgehog ligand biogenesis and Wnt ligand biogene-

is pathways were upregulated in OM and downregulated in GM; con-

ersely, the glucagon type ligand-receptor pathway was downregulated

n OM and upregulated in GM. Hedgehog signalling [ 47 , 48 ] and Wnt

ignalling [ 49 , 50 ] can influence bone metabolism and bone repair and

an interact with the Ca2 + -NFAT signalling pathway. It has been demon-

trated that the glucagon-type receptor pathway plays an important role

n adipogenesis and lipid metabolism [ 51 , 52 ]. When the glucagon re-

eptor is activated, G 𝛼s can induce the adenylate cyclase (AC) path-

ay to activate the cyclic adenosine monophosphate (cAMP) [9] . cAMP

an activate the cyclic AMP response element binding protein (CREB)

hich has been shown to be necessary and sufficient for adipogenesis

 53 , 54 ]. Also, activation of G 𝛼i results in the inhibition of the cAMP

athway [9] . Our data analysis suggested that the factors in OM (DEX,

AP, and BGP) enrich the A2B AR-G-PLC–Ca2 + -NFAT signalling pathway

nd enhance osteogenesis through the upregulation of hedgehog/Wnt

igand biogenesis pathways and inhibition of adipogenesis through the

ownregulation of glucagon type ligand-receptor-cAMP-CREB pathway.

urthermore, the gene expression data analysis also demonstrated that

here is a significant upregulation in the extracellular matrix organiza-

ion pathway when the adenosine is delivered to hMSCs in GM, and this

mpact was accentuated in OM. Together, the data propose transduction

ignalling pathways which are depicted in Fig. 6 . 
265
Untargeted metabolomics and pathway analysis showed that specific

athways were significantly altered in response to adenosine release,

articularly purine metabolism and the pentose phosphate pathway.

hese findings align with emerging research emphasizing the pivotal

ole of purines in bone remodelling [ 55 , 56 ]. Adenosine, a key player in

urinergic signalling, substantially bolstered purine metabolism path-

ays due to its inherent involvement in this process [56] . Numerous

tudies have substantiated adenosine’s ability to enhance osteoblast dif-

erentiation, primarily mediated through interactions with the A2B AR

eceptor [ 15 , 57–59 ]. In addition, nucleotides, which are vital local fac-

ors in hMSC osteogenic differentiation, are predominantly released via

xocytosis from osteoblast cells [ 60 , 61 ]. The release and total amount

f ATP, a nucleotide, are notably influenced by the cell’s differentia-

ion stage, with mature bone-forming cells capable of up to seven-fold

igher ATP release compared to immature cells [60] . This regulation of

xtracellular nucleotide concentrations involves various factors, includ-

ng nucleotide-releasing pathways, ectonucleotidases, and the activity

f receptor subtypes [62] . 

Active differentiation of hMSCs is characterized by a marked upreg-

lation of vital pathways such as energy-based pathways, amino acid

etabolisms, and aminoacyl tRNA biosynthesis [63–65] . Crucially, our

ndings indicate that adenosine delivery significantly enriched these

athways, underscoring its importance in facilitating osteogenesis. Glu-

ose, acts as the primary cellular energy source, can participate in the

entose phosphate pathway to synthesize nucleotides or enter the gly-

olysis pathway, ultimately yielding pyruvate. The produced pyruvate

an then enter the TCA cycle within mitochondria, a pivotal step in

nergy production [66] . Our findings suggest that delivered adenosine

ugments energy-based pathways and amino acid metabolisms, both of

hich are essential for osteogenesis. Moreover, recent research has em-

hasized the critical role of glutamine metabolism in bone physiology

67–71] . Previous research has indicated the active absorption and pro-

essing of glutamine in calvaria and long bone explants [67] . Recent

tudies have underscored the significance of glutamine in the mineral-

zation of matrices within calvarial osteoblast cells [68] . Notably, de-

lines in glutamine utilization by precursor osteoblast cells with aging

ay play a role in hindering osteoblast differentiation. [69] . Further-

ore, glutamine can be oxidatively converted to citrate within the TCA

ycle, thus participating in energy production in osteoblast precursors

70] . Additionally, glutamine’s role in glutathione production assumes

mportance, particularly for the survival of implanted osteoblast precur-

or cells in an in vivo murine bone repair model [71] . Collectively, these

ndings emphasize the substantial contribution of glutamine to osteoin-

uction and the mineralization of bone cells, as supported by our data

howing significant enrichment of the D -Glutamine and D -glutamate

etabolism pathway through the release of adenosine from scaffolds

n the media. 

The comparison between PLGA MP/Ad samples in GM and OM me-

ia proved the synergistic effect of adenosine and OM factors, particu-

arly in augmenting aerobic glycolysis and the pentose phosphate path-

ay, collectively contributing to enhanced osteogenesis. This synergy

ay be explained by the ability of extracellular PO4 
3− (provided by

GP and AAP) to enter cells and mitochondria, serving as a substrate

or ATP synthesis [16] . ATP, in turn, is secreted and metabolized into

denosine, promoting osteogenic differentiation of hMSCs through the

2B AR via autocrine and/or paracrine signalling [16] . Additionally, DEX

nhances gluconeogenesis and indirectly interacts with energy-based

athways [ 72 , 73 ]. By increasing ATP production, the AMP/ATP ratio is

educed, downregulating AMP-cAMP-CREB signalling and subsequently

nhibiting adipogenesis [52–54] . Our comprehensive metabolic analy-

is reveals that adenosine delivery profoundly impacts metabolic path-

ays critical for osteogenic differentiation. The enrichment of purine

etabolism, energy-based pathways, and glutamine metabolism under-

cores adenosine’s pivotal role in promoting osteogenesis. Moreover, the

ynergy between adenosine and OM factors, particularly in augmenting

erobic glycolysis and the pentose phosphate pathway, further enhances



H. Hajiali, J. McLaren, C. Gonzalez-García et al. Engineered Regeneration 5 (2024) 255–268

Fig. 6. Schematic model of transduction signalling pathways of hMSCs in the presence of adenosine (Ad) released from microparticles (MP) in (A) growth media 

(GM) and (B) osteoinductive media (OM). 

Fig. 7. Schematic model of metabolic pathways of hMSCs in the presence of adenosine (Ad) released from microparticles (MP) in (A) growth media (GM) and (B) 

osteoinductive media (OM). 
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disorders. 
steogenesis. These findings provide valuable insights into the molecu-

ar mechanisms that drive osteogenesis, as depicted in Fig. 7 . 

. Conclusion 

In conclusion, we were able to successfully produce a polymeric

icroparticle-based delivery system to release adenosine in a sustained

anner and demonstrate the synergistic effect, with osteogenic supple-
266
ents in the media (DEX, BGP, AAP), of the released adenosine on

he mineralization and osteogenesis of primary hMSCs. Furthermore,

his study demonstrates the role of adenosine on osteogenic differ-

ntiation of stromal cells, and mineralization in addition to the role

f A2B AR-G-PLC- Ca2 + -NFAT signalling and Glycogen-Pyruvate-Citrate

athways in this process. These findings pave the way for new bio-

aterial strategies in treating critical bone defects and bone metabolic
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