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Abstract 

The osseointegration of metallic implants is reliant on a cascade of molecular interactions and the 

delivery of macromolecules to the implant environment that occurs before substantial bone 

formation. Early blood vessel formation is a requisite first step in the healing timeline for osteoid 

formation, where vascular development can be accelerated as a result of controlled hypoxic 

conditioning. In this study, alginate-derived xerogel films containing varied concentrations of 

disodium succinate salt which has been shown to induce pseudohypoxia (short-term hypoxic 

effects while maintaining an oxygenated environment) were developed. Xerogels were 

characterized for their morphology, succinate release over time and cellular response with 

osteoblast-mimicking Saos-2 and human umbilical vein endothelial cells (HUVEC). Scanning 

electron microscopy revealed a multiscale topography that may favour osseointegration and 

alamarBlue assays indicated no cytotoxic effects during in vitro proliferation of Saos-2 cells. pH 

measurements of eluted succinate reach 95% of peak value after 7 hr of immersion for all gels 

containing 10 mM of succinate or less, and 60% within the first 40 min. In vitro exposure of 

HUVECs to succinate-conditioned media increased the net concentration of total proteins 

measured by bicinchoninic acid (BCA) assay and maintains stable vascular endothelial growth 

factor (VEGF) and extracellular platelet-derived growth factor (PDGF) for vessel formation 

through comparison of enzyme-linked immunosorbent assays (ELISAs) of the culture media and 

cell lysate. Tube formation assays also showed a sustained increase in tube diameter  across the 

first 48 hr of HUVEC culture when succinate concentrations of 1 and 10 μM in the xerogel. 

Overall, the succinate-alginate films serve as a prospective organic coating for bone-interfacing 

implant materials which may induce temporary pseudohypoxic conditions favourable for early 

angiogenesis and bone regeneration in vivo at succinate concentrations of 1 or 10 μM. 
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1 Introduction 

At the core of total joint replacement and dental procedures, success is contingent on the 

integration of implant materials with existing bone and connective tissue in a process termed 

‘osseointegration’ 1. Failure of classical implants has sparked the development of biomaterials and 

bioactive agents that mimic and support the growth of bone tissue while addressing root causes of 

implant failure, especially where improvement in short-term bone ingrowth and direct bone-

implant contact has been correlated to long-term implant success 2. Coating deposition offers a 

means to improve the bioactivity of the native implant surface and techniques including 

electrodeposition 3,4, dip coating 5,6, plasma spraying 7,8, or vapor deposition 9,10 are available to 

apply organic, ceramic, or composite films to a metallic prosthesis. In particular, immersion-based 

strategies can be better than line-of-sight techniques for coating the entirety of materials with 

complex or porous geometries. Matrix materials such as chitosan 11,12, alginate 13,14, and hyaluronic 

acid 15,16 exhibit the capacity to deliver biomolecules directly to the bone-implant interface while 

simultaneously mimicking the structure of the natural extracellular matrix in hydrogel form 17. 

Integration of nanoceramics, therapeutic drugs and growth factors, and/or antimicrobial agents into 

these gel-based coatings may improve long-term outcomes of the implant. However, the early 

osteoinductive pathway begins long before any form of bone mineral apposition with the formation 

of a blood vessel network.  

Neovascularization within the surgically resected volume is one step within the osteoinduction 

process, where the development of new blood vessels is pivotal for driving local cell recruitment 

and potentiating macromolecular transport 18. Aside from facilitating waste transport and oxygen 

delivery, the formation of new blood vessels allows for direct migration of osteogenic progenitor 

cells and relevant growth factors 19, where angiogenic growth factors such as vascular endothelial 

growth factor (VEGF) or platelet-derived growth factor (PDGF) can serve as osteoblastic and 

osteoclastic chemoattractants on the surface of implant materials 20,21. The exogenous addition of 

these compounds has resulted in favourable vascular development in general tissue engineering 22 

and cardiac-specific 23 applications. Tumour angiogenesis can also be attributed to these factors 24. 

Elution of angiogenic growth factors in the peri-implant environment has been shown to increase 

proliferation and differentiation of cells during the development and remodeling of blood vessels 

in a generalized manner 25–27. Specifically, the presence of VEGF influences cell fates in a 

complex, time-dependent manner. Early in the angiogenic cascade, VEGF can encourage survival 

of cells with an endothelial origin 28 but prolonged exposure can cause leakage in more mature 

vascular networks 29. Angiogenic agents have been incorporated into materials in various studies 

to facilitate formation of new blood vessels both in vivo and in vitro 30–34, but the recombinant 

form of growth factors can be sensitive to handling/storage 35 and their efficacy depends highly on 

structural preservation of subunits 36 making them difficult agents to incorporate into biomaterial 

coatings.  

The family of hypoxia-related genes, which are stimulated in oxygen-starved environments, is 

regulated by transcription factor hypoxia-inducible factor 1-alpha (HIF-1α) 37. Upstream 

stabilization of HIF-1α has been shown to have direct consequences on activating hypoxia 

responsive elements (HREs) in the nucleus and can result in further endogenous upregulation of 

angiogenic growth factors (PDGF and VEGF) and angiogenesis as a whole 38. Within normoxic 

environments (Figure 1i), existing HIF-1α within the cellular domain is tagged with a hydroxyl 

group by prolyl hydroxylase 2 39 and HIF-1α is subsequently subjected to proteasomal degradation 

after its ubiquitination with von Hippel Lindau 40. In hypoxic environments (Figure 1ii), the 
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absence of oxygen allows the HIF-1α complex to bypass the hydroxylation step of the typical 

degradation process and translate to activate nuclear HREs, resulting in increased levels of 

angiogenic proteins 41. Extending to an in vivo setting, prolonged hypoxia and ischemia can have 

more far-reaching negative consequences. In bone especially, ischemic mechanisms are commonly 

the final stage in avascular necrosis of the tissue 42. However, it is possible to alter the HIF-1α 

pathway without disrupting oxygen levels in the tissue. The stabilization of HIF-1α with precise 

administration of cobalt chloride is something that has been recently investigated for angiogenic 

applications and has resulted in upregulation of VEGF and activation of vascular cell progenitors 
43–45, although its long-term health effects are still being observed. Due to its potentially hazardous 

nature 46, it is important to establish viable alternatives for controlled coupling of angiogenesis and 

osteogenesis at the implant surface. Succinate, a naturally-derived metabolite, offers the capability 

to produce a similar pseudohypoxic response (Figure 1iii) within the cell where it serves as both a 

competitive inhibitor and product of prolyl hydroxylases 47. In theory, tuning the local release 

profile of succinate within the implant environment can temporarily control how much HIF-1α 

bypasses the hydroxylation stage and translocates to activate HREs. 

 

Figure 1: Pathways for HIF-1α under: (i) Normoxic conditions, where prolyl hydroxylase tags 

HIF-1α with a hydroxyl group for subsequent ubiquitination, and there is no corresponding 

activation of hypoxia responsive elements. (ii) Hypoxic conditions, where the absence of oxygen 

allows high amounts of stable HIF-1α to be translated to the nucleus and upregulate the 

production of angiogenic factors. (iii) Pseudohypoxic conditions, where the addition of succinate 

serves as a competitive inhibitor for prolyl hydroxylase and partial translation of HIF-1α to the 

nucleus occurs as a result. 

 

In this work, we assess the viability and in vitro response of alginate-encapsulated succinate as a 

coating material for implants. By isolating cell studies to assess osteocompatibility and endothelial 

activity, we aim to characterize the in vitro influence of succinate-stabilized HIF-1α as a tool for 

fabricating tunable implant surfaces and implicate corresponding responses for bone mineral 

apposition rates. 
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2 Methods 

2.1 Xerogel synthesis 

Stock solution of 3 wt% alginic acid sodium salt (1.56 mannuronate-to-guluronate ratio, 

MilliporeSigma) in deionized water was prepared by mixing at 800 RPM for 20 min until a notable 

viscosity change was observed and the solution appeared homogenous in nature. For each 

following experimental protocol, the corresponding mass of succinic acid disodium salt (162.05 

g/mol, MilliporeSigma) was added to aliquots of the alginate stock solution to produce solutions 

with succinate concentrations of 100 mM, 10 mM, 1 mM, 100 μM, 10 μM, and 1 μM,  pipetting 

up and down at least fifteen times to mix thoroughly. Xerogels were formed by solvent casting the 

mixture onto the substrate and drying in air at room temperature for 48-72 hr. 

2.2 Scanning electron microscopy 

Alginate-succinate coatings were cast directly onto aluminum stubs wrapped in aluminum tape to 

form a bowl shape for containment (300 μL of casting solution for each 12.7 mm diameter stub). 

Substrates were left to dry in air for 48 hr prior to imaging. Xerogels were imaged without sputter 

coating at an accelerating voltage of 5 kV with a JSM-6610LV microscope (JEOL). Gels were 

rehydrated with 100 μL of 4 vol% choline lactate (2-hydroxyethyl-trimethylammonium L-(+)-

lactate, SigmaMillipore) in deionized water to add conductivity to the gels in addition to 

maintaining hydration under microscope vacuum. Imaging of the hydrated gels was performed at 

an accelerating voltage of 20 kV. 

Characterization of xerogel thickness was conducted by depositing alginate films onto stainless 

steel substrates using volumes of 2, 3, 4, and 5 μL of alginate per square millimeter. Cross-sections 

were taken for each substrate and mounted for scanning electron microscopy (JEOL 6610LV, 5 

kV), with grayscale-based segmentation of the alginate cross-section performed in Dragonfly 

2022.1 and coating thickness measured using a volume thickness map across a span of at least 100 

μm. 

2.3 Succinate release profiles and surface behaviour 

2 mL of each alginate-succinate solution (100, 10, 1, 0.1, 0.01, and 0.001 mM succinic acid 

disodium salt) was cast into 20 mL borosilicate scintillation vials and allowed to dry completely 

in air (typically 7 days). 18 mL of deionized water was added to the vials and pH measurements 

were recorded at 5 min intervals over a span of 36 hours using a pH of 7.00 as a starting point. As 

succinic acid is classified as a weak acid, the complementary sodium salt produces a minor pH 

increase upon solubilization. Two replicates were run for release studies in each succinate 

concentration and the average profile was reported.  

The swelling ratio of xerogels at each succinate concentration were also measured. Xerogels were 

formed by solvent casting 19.1 mL of each alginate-succinate ratio into a 90 mm petri dish and 

drying for at least 72 hr before cutting into four specimens. The mass of xerogel (roughly 100 mg) 

was recorded before pipetting excess deionized water (4 mL) on top of the gel to rehydrate over a 

span of 60 min. After 60 min, rehydrated gels were gently blotted with a laboratory wipe and 

weighed again to measure their mass gain. Swelling ratios are reported as a percentage mass gain 

between the rehydrated gels and dry xerogels, using four replicates for each case. 
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To further validate the presence of disodium succinate within the xerogels, Fourier-transform 

infrared spectroscopy (FTIR) was conducted on xerogels with succinate concentrations between 1 

μM and 100 mM. Specimens were examined by measuring transmittance at a resolution of 4 cm-1 

using Hyperion 3000 instrumentation (Bruker). 

2.4 In vitro osteoblast culture 

1 mL of each alginate-succinate gel (100, 10, 1, 0.1, 0.01, 0.001, and 0 mM  succinate) was pipetted 

into individual wells of a 24-well tissue culture polystyrene plate, with six replicates for each test 

condition, and left to dry for 48 hr. Saos-2 (HTB-85, ATCC) osteoblast-mimicking cells were 

seeded onto each gel and uncoated wells at a density of 10,000 cells/cm2 in McCoy’s modified 5A 

media supplemented with fetal bovine serum (13%) and penicillin-streptomycin (1%) as described 

elsewhere 48. Plates were incubated at 37°C and 5% CO2 for metabolic measurement at 1 and 4 

days. At these time points, metabolic activity was assessed by incubating in a 5% mixture of 

alamarBlue™ dye (Life Technologies Inc.) in culture media for 60 min and corresponding 

fluorescence readings at an excitation-emission wavelength of 540-580 nm. Following the 1-day 

measurements, culture media was restored to the wells and the same culture was assessed at the 4-

day endpoint. 

Separate Saos-2 cultures were conducted on succinate-alginate xerogels to measure the production 

of alkaline phosphatase (ALP) as a marker of matrix mineralization after 1 and 4 days of culture. 

Cells were grown according to the aforementioned procedure (using 6 replicates per succinate 

concentration) and lysed using a solution of 0.1% Triton X-100 in phosphate buffered saline. 50 

μL of lysate solution was combined with 100 μL of ALP assay buffer (Abcam) and incubated for 

20 min before measuring absorbance at 405 nm. Two replicates were extracted from each well. 

2.5 In vitro endothelial culture 

Green Fluorescent Protein-tagged Human Umbilical Vein Endothelial Cells (GFP-HUVECs, 

Angio-Proteomie) were cultured in a 0.2% w/v gelatin (Sigma Aldrich) coated flask with 

Endothelial Cell Growth Media (ECGM2, PromoCell), enriching the media with the relevant 

concentrations (10-4 M to 10-6 M) of disodium succinate. To observe vascularization at the implant 

interface, a 96-well plate was filled with 30 μL of growth-factor reduced Matrigel (Corning) into 

each well. Immediately after adding Matrigel, the plate was incubated at 37°C and 5% CO2 for 30 

minutes to allow gelation. After gelation, 200 μL of the cell suspension (30,000 cells/cm2 for 

ELISAs and 10,000 cells/cm2 for other analyses) was added on top of the Matrigel in each well. 

Vascularization was imaged using an image cytometer (BioTek Instruments Inc.) based on a single 

field of view from each of the four replicates. 

Bright-field images were processed in Dragonfly 2020.1 (Object Research Systems) by application 

of a Sobel filter for edge detection of the tube network and a high-pass grayscale filter for 

segmentation of the vascular network. Thickness maps were generated from the segmentation for 

each biological replicate and timepoint in Dragonfly. Maps were overlaid onto the Sobel-filtered 

images for visualization and raw data exported for quantitative measurements of the tube network. 

Branching behaviour was operationalized by creating a skeletonization of the tube network in 

Dragonfly, examining the total number of branching locations, and normalizing with respect to 

other culture conditions. 

After 48 hr of culture and succinate exposure, endothelial cells were lysed with 250 μL of 0.1% 

Triton X-100 in phosphate-buffered saline for 10 min to permeabilize the cell membrane and 
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release intracellular proteins. 25 μL of lysis solution from each of the four wells were mixed with 

200 μL of bicinchoninic acid reagent and incubated for 30 min, using three replicates for each. 

Absorbance readings were measured at an incident wavelength of 562 nm and converted to total 

protein content via a standard calibration curve generated from known concentrations of bovine 

serum albumin.  

HUVEC cells were cultured at a density of 3 x 105 cells/cm2 in endothelial growth medium-2 with 

100 μM, 10 μM, and 1 μM of added disodium succinic acid salt for VEGF-A and PDGF-BB 

enzyme-linked immunosorbent assays. Cultures were conducted with four replicates and two 

samples were extracted from each for ELISAs. ELISAs were conducted according to manufacturer 

instructions using 20 μL of culture media for intracellular PDGF-BB determination, 20 μL of lysate 

solution for extracellular PDGF-BB determination, 50 μL of culture media for intracellular VEGF-

A determination, and 50 μL of lysate solution for extracellular VEGF-A measurement. Absorbance 

measurements were converted to concentrations using standard calibration curves. 

2.6 Statistics 

Two-way analyses of variance (ANOVAs) with Tukey’s honest significance difference test were 

used to compare groups of varying succinate concentration in measurements of Saos-2 metabolic 

rate (n = 6), alkaline phosphatase production (n = 6), HUVEC PDGF-BB content (n = 4), and 

HUVEC VEGF-A content. One-way analyses of variance were used to observe the effect of time 

on HUVEC tube thickness within each group and HUVEC total protein content in the BCA assay. 

All data was processed in R 3.6.1 with significance defined as p < 0.05. Error bars in all figures 

correspond to ± standard deviations. 

3 Results and discussion 

3.1 Scanning electron microscopy 

Solvent cast alginate films deposited in the range of 2-5 μL/mm2 were able to achieve stable films 

on the small stainless steel substrates. Above 5 μL/mm2, partial delamination of the alginate began 

to occur. Below 2 μL/mm2, it becomes difficult to completely cover substrates using solvent 

casting due to the effects of surface tension in the solution. In general, the thickness of alginate 

xerogels appears to have some dependency on the volume of alginate initially deposited on the 

substrate (Figure 2), where thicker films are generally observed with a larger starting volume of 3 

wt% alginic acid sodium salt solution. 

 



8 

 

 

Figure 2: Alginate xerogel thickness measurements on stainless steel substrates using scanning 

electron microscopy of the cross-section. Solvent casting with larger volumes of alginate stock 

solution generally produces thicker xerogels. 

Dehydrated alginate films with and without exogenous succinate addition were then solvent cast 

to assess their morphology using secondary electron imaging in the scanning electron microscope 

(SEM). In Figure 3A, the dehydrated film of alginate alone shows a layered, fibre-like structure 

on the surface of the organic coating, with a series of nanoscale wrinkles that propagate across the 

entirety of the surface. The optimal surface for osseointegration is described to contain dual-scale 

topography with both microscale and nanoscale features aiding in the recruitment of osteoblasts 

and osteoblast progenitors 49, consistent with the topography shown in the dehydrated alginate 

gels. The wrinkled nature of the alginate xerogel is similar to what has been seen before from 

dehydrated forms of alginate 50 or other xerogels 51, which appear to contain a continuous network 

of fibres at their exterior and fulfil the intermediate length scale between nano- and microscale 

topographies. In the xerogel form, the alginate coatings appear to have a cobblestone-like 

appearance with consistent long-order patterning (Figure 3A) and a fragmented morphology with 

intermittent cavities at slightly higher magnification (Figure 3B). Additions of succinate across the 

millimolar and micromolar range (Figure 3C-H) to the gel casting solution retain this level of 

multiscale topography, with similar spacing between filaments in the fibrous backbone and similar 

size of ‘fragments’ in the xerogel. In all of the alginate-based xerogels, there appears to be circular-

appearing regions or striations that are consistent with shrinkage cavities. In both cases, the 

xerogels consist of concentric fragments and this topography could be attributed to regions of 

stepwise solidification within the alginate gel. In the case of the 1 mM succinate xerogels, the 

appearance of striations in place of circular motifs is possibly associated with solvent evaporation 

behaviour during the drying phase. Concentrations above and below 1 mM both show 

concentrically-oriented topographies, indicating that either can occur based on drying conditions. 

Additions of succinate do not appear to significantly alter the homogeneity of the xerogel, and the 

lack of visible succinate aggregates indicates relatively uniform dispersion throughout the coating 

material. 

Inducing vascular development at an implant site has also been shown to be sensitive to the surface 

topography of the implant. Metallic surface modification techniques such as acid etching or grit-

blasting with roughness values on the order of a few microns have been shown to increase the 

amount of in vitro VEGF and PDGF being expressed at a wound site via increased platelet 

adhesion 52. Similarly, the introduction of nanoscale features on an implant surface has shown stark 
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increases in vascular regeneration after only seven days of in vivo growth 53. Independent of any 

pseudohypoxic response, the topography of the alginate gels has a similar magnitude to that of a 

grit-blasted or acid-etched metallic surface. The cobblestone-like morphology of the films provide 

elements favourable for prospective aid in both osteogenesis and angiogenesis. Ultimately, 

however, the xerogel films are designed to interface with biological entities within hydrated 

environments. 

 

Figure 3: SEM of dehydrated succinate xerogels on metallic substrates with the following 

concentrations of succinate: (A-B) Alginate (ALG) only; (C) 100 mM; (D) 10 mM; (E) 1 mM; (F) 

100 μM; (G) 10 μM; (H) 1 μM. Xerogels display a complex, fragmented surface topography 

favourable for cellular adhesion with a common concentric pattern centred at the regions denoted 

with asterisks.  

SEM of hydrated materials is often challenging due to the high-vacuum environment within the 

microscope. Treatment with room-temperature ionic liquids has previously been shown to enable 

imaging of hydrated biological materials in a manner that preserves delicate microscale structures 
54,55 where choline lactate pre-treatments cause minimal surface damage to hydrated polymeric 

structures 56,57. While the surface topography of the succinate-alginate gels is favourable in 

dehydrated xerogel form, in vitro testing environments and in vivo applications of succinate-based 

gels are necessarily hydrated. To assess the effect of gel swelling on surface topography, the 

xerogels were rehydrated with a solution of room temperature choline lactate solution for 

additional SEM. A markedly different surface structure was seen in the hydrated gels compared to 

their xerogel state. A micrograph of the rehydrated alginate-only gel is seen in Figure 4A, where 
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surface patterning on the microscale is equally abundant to the dehydrated state but there is a loss 

in mesoscale roughness. Here, the micro-wrinkled architecture of the dehydrated xerogel is evident 

in isolated regions, where wrinkles are also evident in gels regardless of succinate content. In some 

regions at higher magnification (Figure 4H), the faint cobblestone pattern observed in the 

dehydrated xerogels can also be seen underneath this wrinkled exterior of the rehydrated gel – 

albeit not ubiquitously. Prolonged exposure to the microscope vacuum may play a role in partially 

contracting the gel to form these cobblestone and wrinkled shapes, but the coexistence of sub-

surface cobblestone patterns and wrinkled surfaces indicate that the microscale surface topography 

of the alginate may be sensitive to environmental factors. In both the rehydrated alginate-only and 

rehydrated succinate-alginate gels, the multiscale features should be both angiogenic and 

osteogenic in nature. It is clear that the surface morphology of the alginate can differ depending 

on whether imaging is conducted in rehydrated or xerogel form and this highlights the necessity 

of hydrated imaging techniques to properly assess hydrogel, xerogel, and aerogel surface 

topography. The transition from fragmented to micro-wrinkled during xerogel rehydration is 

something that warrants further study during in vivo swelling of the gels and could posit interesting 

conclusions on the kinetics and adaptive response of early cell adhesion. 

 

Figure 4: SEM of hydrated succinate gels using choline lactate ionic liquid, showing films with 

concentrations of succinate:(A) Alginate (ALG) only; (B) 100 mM; (C) 10 mM; (D) 1 mM; (E) 100 

μM; (F) 10 μM; (G) 1 μM. Imaging in the hydrated state reduces the presence of the fragmented 

topography and instead introduces a micro-wrinkled surface texture. The persisting features in 
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the rehydrated state show promise for improving cellular activity on an alginate-coated metallic 

surface. (H) In some instances, underlying topography is visible underneath the outer surface. 

3.2 Succinate release profiles and surface behaviour 

Since the aim of the films is for driving neovascularization to an implant interface, it is important 

to establish release profiles of succinate during rehydration and measure the cellular response in a 

succinate-enriched environment. Neovascularization at the implant interface occurs very early in 

the osteogenic cascade, where partial vascular ingrowth into a murine defect is visible after only 

three days 18 and a vascular network can span the entirety of a defect after one week 58. It is 

important that the pseudohypoxic gels are eluting succinate in a rapid-release format to help build 

this early provisional vascular network after implantation. As a conjugate base for succinic acid, 

disodium succinate release from the gel results in a pH increase in the absence of buffer solution. 

pH measurements were recorded during alginate-succinate gel release studies at succinate 

concentrations between 100 mM and 1 μM. Short-term succinate release profiles across the first 

100 min of rehydration can be seen in Figure 5A and longer-term release profiles over 36 hr can 

be found in Figure S1. All gels showed an increase in average pH over alginate films as a result of 

succinate addition.  

Trends in pH release can be found in succinate concentrations of 10 mM or below. At 10 mM, the 

maximum pH of disodium succinate in the deionized water was measured at 9.8. At lower 

succinate concentrations (1 mM, 100 μM, 10 μM, and 1 μM), the peak pH was measured at 9.0 ± 

0.1, 8.1 ± 0.1, 7.8 ± 1.2, and 7.3 ± 0.9 respectively. For every tenfold reduction in succinate 

concentration within the xerogel, the resulting peak hydroxyl concentration in the solution 

diminished by less than tenfold. Where the pH shift in these experiments is appreciable, natural 

buffering effects in an in vivo setting should help maintain a physiological pH. Gels loaded with 

100 mM of succinate showed lower peak pH than that of the 10 mM concentrations and a similar 

magnitude to the 1 mM gels (Figure S1), where a decline was also observed after the early spike 

in solution pH. This could suggest that high succinate content within the xerogel induces some 

structural change that is not visible in SEM.  

 

Figure 5: Short-term release profiles for alginate gels containing succinate concentrations of 10 

mM, 1 mM, 100 μM, 10 μM, and 1 μM. Independent of concentration, succinate has a rapid release 
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profile due to its small molecular size and weak binding within the gel. Gels with higher succinate 

content elevate solution pH by a greater amount. 

 

For the 10 mM, 1 mM, and 0.1 mM gels, peak solution pH was typically observed after roughly 

10 hr of immersion in deionized water, although the bulk of the disodium succinate escapes the 

gel within the first several minutes as all gels reached 60% of peak solution pH after only 40 min 

of immersion. For gels containing 10 mM of succinate or less, 95% of peak solution pH was also 

achieved within the first 7 hr. The rapid release profile of the succinate-laden xerogel films could 

facilitate early changes in the implant’s local environment to affect the fracture healing cascade 

and signal recruitment for progenitors of both osteogenesis and angiogenesis. Where prolific 

vascular growth on a metallic implant material is present after only seven days of implantation and 

evidence of vascular branching is evident as early as three days after implantation 53, fast-releasing 

materials may be favourable to promote early assembly of the provisional vascular network and 

angiogenesis. Platelets, as an example, are known to release inflammatory mediators (including 

PDGF and VEGF) and are active within seconds during the wound healing process, while 

neutrophils can aid in increasing vascular permeability with peak activity occurring at 24 hr 59.  

The cellular response is also known to be sensitive to the mechanical properties of gels in general 
60. Where the mechanical properties of calcium cross-linked alginate gels have been defined 

previously 61, there is a known correlation between mannuronate-to-guluronate ratio and alginate 

content. The lack of cross-linking in the as-deposited alginate-succinate xerogels produces a fragile 

gel upon rehydration (Fig. S2), with rheological properties that cannot be easily measured. The 

swelling ratio of gels has been correlated to mechanical properties by Subramani et al., who note 

that softer gels tend to have a higher equilibrium swelling ratio 62. Swelling ratios for the alginate-

succinate gels after 60 min exposure to deionized water are shown in Fig. S2, with all gels behaving 

consistently. 

To govern the mechanical stability of these alginate films, metal-carboxylate complexes in alginate 

specifically can form via ionic affinity, unidentate coordination, bidentate chelation, or bidentate 

bridging depending on the characteristics of the metal itself (including its pre-treatments) 63 and 

the mannuronate-to-guluronate ratio of the alginate – in part due to steric factors 64. Structural 

modification of polymers shows the importance of hydrogen bonding in the corresponding 

adhesion properties to titania 65 – a material that passively forms at the exterior of titanium 

implants. The nature of polymer-metal adhesion, and especially hydroxyl and carboxyl groups, 

contributes to the mechanical properties of the interface – helping govern the mechanical stability 

of a hydrogel- or xerogel-based coating.  

FTIR of the alginate-succinate xerogels shows similar spectra in the succinate concentration range 

of 1 μM to 100 mM (Figure 6A-B). The presence of hydroxyl groups (Figure 6C and 6E) and 

carboxyl salts (Figure 6D) 66 are both promising as prospective sites to promote metal-polymer 

adhesion. Within the O-H stretching band (~3300 cm-1) there is a slight shift where higher 

concentrations of succinate show less absorbance. As the disodium sodium succinate consists of 

an aliphatic chain with fewer hydroxyl groups than the alginate backbone, the decrease in infrared 

absorbance is likely attributed to higher fractions of succinate within the xerogel. Absorbance 

corresponding to carboxylate salts (~1600 cm-1) is less clear due to the possible retention of water 

during synthesis. The 100 mM succinate xerogel appears to show less absorbance in this region, 
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but all other gels show similar structure. Similarly, a region associated with C-H and O-H bending 

(1410 cm-1) appears similar for all xerogels.  

 

 

Figure 6: Fourier-transform infrared spectroscopy of alginate-succinate xerogels. (A-B) 

Transmittance spectra within the range of 4000-500 cm-1 and inset of the fingerprint region. (C) 

Overlaid spectra highlighting O-H stretching. (D) Overlaid spectra near the region of residual 

water and carboxylate salts. (E) Overlaid spectra of C-H and O-H bending absorption. 

It may be beneficial in the future to attempt cross-linking within the alginate gel to alter the 

mechanical properties of the xerogels or tune succinate release profiles with other organic binders 

to create slow-releasing forms of temporally-relevant pseudohypoxic environments at the implant 

exterior. Additionally, co-functionalization using antibacterial agents or other biomolecules may 

result in favourable in vivo behaviour. 

3.3 In vitro Saos-2 culture 

The development of early capillaries within the bone defect is directly related to osteogenic 

differentiation near the implant, where clustering of RUNX2-positive mesenchymal cells or 

pericytes can occur around the capillary wall 67. As succinate is released into the peri-implant 

space, these is potential for interaction with both pre-existing bone tissue and newly differentiating 

osteoblastic progenitors. For the latter, it is important to understand how a near-bolus release of 

succinate can interact with osteoblasts near an implant surface. We used the Saos-2 cell line here 

to quantify the in vitro metabolic activity of cells with osteoblastic behaviour as they interact with 

the succinate-loaded xerogels after one and four days of culture. 
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Figure 7: Cytocompatibility of alginate-succinate gels using Saos-2 osteosarcoma cells. (A) 

Metabolic activity of Saos-2 cells. Alginate-succinate gels are able to sustain in vitro growth of 

osteoblast-mimicking cells and statistically outperform uncoated polystyrene control substrates 

after one day. (B) Despite increased metabolic rates, the addition of alginate appears to reduce 

the production of alkaline phosphatase. Significance defined as p < 0.05. Groups sharing a letter 

are not statistically different from one another. 

 

Measurements of metabolic activity for osteoblast-mimicking cells grown on alginate-succinate 

xerogel films and polystyrene control surfaces are shown in Figure 7A. All coatings showed 

statistically significant increases in metabolic activity compared to the uncoated polystyrene after 

only one day of culture, which is consistent with the fast-acting release mechanism of the gels. 

The 100 mM succinate, 10 mM succinate, 10 μM succinate, and succinate-deficient rehydrated 

gels all showed increases in cellular metabolism from day one to day four of in vitro culture, 

suggesting that succinate inclusion within the gels does not compromise the cytocompatibility of 

the material with respect to newly derived osteoblasts or pre-existing bone tissue, and can instead 

promote cellular proliferation of osteoblasts. This is important as it suggests minimal damage to 

surrounding tissue should succinate induce a pseudohypoxic environment and further promotes  

osteogenesis on an implant surface. Despite the common influence of pH on fluorescence intensity 
68 and the recommended assay pH of 7.4, the optical characteristics of resazurin-based assays have 

been observed to change more drastically in acidic conditions rather than basic conditions 69. The 

addition of sodium bicarbonate (2.2 g/L) as a buffering agent in the culture media should help 

prevent against pH-dependent fluorescence shifts, especially in the cultures conducted on gels with 

a succinate concentration in the micromolar range, but could lead to inflated fluorescence signal 

in high-millimolar concentrations of succinate. The osteoblast lineage appears to be highly resilient 

in the presence of exogenous succinate at or below 100 mM and should readily support osteoblastic 

proliferation within pseudohypoxic environments.  

Alkaline phosphatase production was reduced in all cells cultured on alginate and alginate-

succinate xerogel surfaces compared to tissue-culture polystyrene (Figure 7B). Rehydration of the 
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alginate xerogels produces a substrate with lower stiffness than the native polystyrene surfaces. 

As ALP production is often controlled by matrix stiffness 70, the reduction in alkaline phosphatase 

production can therefore be attributed to the presence of the alginate xerogels in each well. The 

addition of disodium succinate does not appear to alter ALP production compared to the base 

alginate xerogel. One of the main roles of ALP is to regulate phosphates and deactivate 

pyrophosphate as a mineralization inhibitor 71. Considering that neovascularization is an early-

stage biological process, and the formation of mineralized matrix is, comparatively, a later-stage 

phenomenon 72, the early downregulation of ALP may be tolerable until the rapid release of 

succinate is complete. By tuning the properties of alginate or other matrix materials to degrade 

after the initial fast release of succinate, a bare metallic implant substrate can be left behind to 

restore the typical levels of ALP production associated with stiff materials. 

3.4 In vitro endothelial culture 

In light of their potentially suitable surface structure and osteocompatibility, it is necessary to 

quantify the vascular development and endogenous protein production occurring as a result of 

endothelial exposure to the succinate. Human umbilical vein endothelial cells (HUVECs) were 

cultured in the presence of succinate-conditioned media to assess the effects of locally elevated 

succinate on neovascularization potential. Since the rapid release profile of the alginate-succinate 

gels enables elevated succinate levels within the first 7 hr, early characterization of endothelial cell 

behaviour offers insight as to how vascular development can occur at the implant interface. 

Total protein content after 48 hours was assessed using a bicinchoninic acid (BCA) protein assay, 

as shown in Figure 8. Disodium succinate concentrations of 0, 1, 10, and 100 µM in endothelial 

growth culture medium were used to evaluate the potency of succinate in eliciting hypoxia-

mediated HUVEC activity. Supplementing the media with disodium succinate and culturing on 

Matrigel-coated plates instead of culturing HUVECs onto the xerogels directly allows for the 

succinate to take effect while mitigating any confounding effects relating to substrate stiffness and 

topography during tube formation.  Culture environments containing 1 µM or 10 µM of succinate 

exhibited significantly increased levels of total protein expression. An insignificant difference in 

protein levels between treatment and control environments is observed when the concentration is 

increased  to 100 µM of succinate. Stabilized HIF-1α from pseudohypoxia can result in different 

cell fates depending on hypoxic severity and protein concentrations, ranging from enhanced cell 

survival to the initiation of apoptosis 73. Hypoxia-induced cellular fates could change following 

succinate exposure, with differences in protein expression arising from the added succinate. Where 

the 10 μM succinate concentration resulted in an increase of Saos-2 cell proliferation, it is also 

possible that the increase in total protein content at this concentration in the HUVEC culture can 

be attributed in part to proliferative effects.  
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Figure 8: Total protein content from BCA assay of HUVECs treated with succinate-added media 

after 48 hr. Succinate concentrations of 10 μM and 1 μM in the culture media promote early 

endogenous protein production in the cells. Significance defined as p < 0.05. Groups sharing a 

letter are not statistically different from one another. 

 

Tube thickness maps overlaid onto bright-field optical micrographs of HUVEC cells (Figure 9A) 

further demonstrate trends observed in Figure 8. The tube-forming behaviour of HUVEC cells is 

evidently modified by the presence of succinic acid salt in solution. Although cells treated with 1 

and 10 µM show decreased vascular branching compared to succinate-free controls (Figure S3) 

along with lower vascularized areas (Figure 9B), there is circumstantial evidence to support earlier 

tube formation in both cases. The reduced vascularized area in the 1 μM and 10 μM succinate 

concentrations after 48 hr is inversely correlated to the total protein content measured at this time 

point, suggesting that factors other than cell count are driving the difference in lysate protein 

content and that succinate-enhanced media in the low-micromolar range is able to alter molecular 

pathways. At 100 µM, the branching behaviour at 6 hr is comparable to succinate-free HUVECs 

but also declines at later time points. At 1 and 10 µM, it is possible that the reduced branching 

behaviour can be explained by an early onset of cell anastomosis and stabilization of the 

endothelial-to-endothelial junctions at 6 hr, 24 hr, and 48 hr timepoints investigated here. The 

quiescent layer of endothelial cells is known to maintain a more dormant phenotype unless acted 

on by pro-angiogenic macromolecules, which activates only select cells in the local 

microenvironment and encourage outward branching from parental vessels 74. Where total protein 

content is highest at 1 and 10 µM, it is assumed that any corresponding degree of HIF-1α 

stabilization should lead to earlier shifts in phenotypic behaviour, cell anastomosis, and a more 

mature form of vascularization at these time points in an in vitro setting.  Where relevant 

concentrations of cobalt chloride as a known pseudohypoxic agent are often within the micromolar 

range to induce angiogenic behaviour 75, we show that similar concentrations of succinate can 

induce protein production. 

Moreover, improving vascular permeability in the healing cascade holds promise for increasing 

macromolecular transport of growth factors, stem cells, and oxygen-rich blood to the implant site. 

Upregulation of pro-angiogenic factors in the VEGF family have been associated with both 

increased vascular permeability and vascular diameter 76. In the work presented here, the HUVEC 
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tube network is observed as a spindly vascular plexus at the 6 hr time point and expands as the 

process of tubulogenesis continues (Table 1 and Figure S4). Sustained growth in vessel diameter 

is only observed at the 48 hr time point in the test groups of 1 and 10 µM succinate, where the 

control and 100 µM test groups both fail to coarsen at the later endpoint. The succinate-free media 

increased the vessel diameter after only 24 hr but regressed to a non-significant value at the 48 hr 

mark. As cord-hollowing mechanisms during lumen formation in tubulogenesis can result in 

thickening of the primitive single-celled vascular network to two or more cells in diameter 77, it is 

possible that the sustained expansion at 48 hr is evidence of post-angiogenic perfusability in the 

pseudohypoxic environment. 

 

Figure 9: (A) Thickness maps of HUVEC tube formation following 6, 24, and 48 hr of culture in 

succinate-supplemented culture media. Tubes are narrow and tortuous at early timepoints but 

coarsen over time as a result of lumen formation and anastomosis. Evolution from the provisional 

network at 6 hr into a coarser network at 24 hr is more evident in the 100 μM and 10 μM succinate 

concentrations, while many nodes appear similar in the control and 1 μM groups. (B) A net 
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decrease in vascularized area is seen in all cases, with lower initial vascularized areas at succinate 

concentrations of 1 μM and 10 μM. 

 

Table 1: Average HUVEC tube width and evolution across 6, 24, 48 hr study periods. 

Pseudohypoxic treatments corresponding to higher total protein content (1 and 10 μM) are 

consistent with sustained tube widening between 6 hr and 48 hr (n = 4). * Statistical significance 

defined as p < 0.05. 

Culture Condition Time (hr) Tube Width (μm) Change from 6 hr 

Control  6 29.2 ± 1.9 – 

 24 37.5 ± 2.1 + 28.4%* 

 48 32.5 ± 2.1 + 11.3% 

1 μM SUC 6 23.1 ± 1.4 – 

 24 27.5 ± 1.4 + 19.0% 

 48 29.5 ± 1.7 + 27.7%* 

10 μM SUC 6 26.7 ± 1.5 – 

 24 34.3 ± 1.9 + 28.4% 

 48 38.0 ± 2.4 + 42.3%* 

100 μM SUC 6 31.2 ± 1.8 – 

 24 38.4 ± 2.1 + 23.1% 

 48 34.7 ± 2.5 +11.2% 

 

Despite the longer-term benefit of adding the 1 and 10 µM of succinate to the culture media, it is 

possible that undesirable vessel morphogenesis occurs at higher concentration. Cells treated with 

100 µM succinic acid form early networks with large tube diameters (Table 1) but tubes do not 

grow at later time points. It is possible that, in these highly pseudohypoxic environments, vessels 

are becoming hyperpermeable or ‘leaky’ in nature 78 in part by disassembling endothelial adherens 

junctions 79. It is also possible that the induction of apoptotic signalling takes place in environments 

where more severe hypoxia is present 73. In either case, exposure to 100 µM of succinate appears 

less beneficial than 1 or 10 µM, leading to reduced intracellular protein content and less permeable 

vessels in the first 48 hours. 

The lack of longer-term vascular stability in the 100 µM and control groups may also be attributed 

to the complexity of vascular morphogenesis and limitations of in vitro modelling. Specifically, 

the importance of mural cells and pericyte recruitment in the tubulogenesis cannot be observed in 

endothelial-only systems. Endothelial-pericyte co-cultures have previously shown that the 

recruitment of pericytes to the site of endothelial tube formation results in enhanced secretion and 

deposition of basement membrane matrix, which is integral to vessel maturation. Further, the 

absence of pericytes following early tube formation reportedly leads to tube instability and 

regression 80. An added benefit of introducing pericytes is a potential osteogenic progenitor source, 

where an abundance of PDGF-BB is one mechanism for improved osseointegration 81 via potential 

pericyte recruitment, maturation, and detachment 82. Examining the levels of PDGF-BB in both 
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the culture media and cell lysate solution during HUVEC culture (Figure 10A) shows high levels 

of PDGF-BB within the extracellular domain in both control media and succinate-conditioned 

media. In its role as an osteoblast mitogen and chemoattractant, PDGF-BB can aid in the 

recruitment of early osteoblasts at a defect site. However, cytokines such as PDGF have known 

complications with respect to osteopontin (OPN) production 83, where OPN can be more abundant 

in certain osteoblastic phenotypes and the resulting OPN influences extracellular matrix 

mineralization patterns in the bone tissue 84. Levels of VEGF-A content in the intracellular and 

extracellular domains appear to be consistent with HUVEC cells cultured in the control media 

(Figure 10B). After 48 hr, it is possible that some intracellular VEGF has been degraded as a part 

of the early response necessary for cell survival. Since the culture media formulation contains both 

VEGF and PDGF, it is possible that HUVECs exposed to the succinate in vitro are sustained by 

the media as an exogenous source rather than endogenously producing the proliferative growth 

factors. Follow-up studies using Medium-199 or other media formulations without growth factor 

addition could help decouple the endogenous and exogenous sources. Potential exogenous sources 

in vivo include mesenchymal stem cells 85, platelets 86, and neutrophils 87 which all secrete 

angiogenic factors and are present early in the fracture healing cascade. 

Despite the lack of in vitro VEGF and PDGF upregulation here, the phenomenon of HIF-1α 

stabilization is well-documented elsewhere 88–91. However, upregulation of angiogenic factors by 

succinate is possible in mechanisms other than the HIF-1α pathway. Instead of using the SLC13 

family of transporters to facilitate succinate transport across cell membranes in a sodium-

dependent manner 92, work from Sapieha et al. has shown that succinate-driven activation of the 

G-protein coupled receptor GPR91 can also initiate the angiogenic cascade in the retina 93. Where 

both of these mechanisms rely on a supply of extracellular succinate, delivery strategies like the 

alginate-succinate coating presented here afford a prospective means for early angiogenesis at the 

bone-implant interface. 

 

Figure 10: Growth factor content in the succinate conditioned media (extracellular) and the cell 

lysate solution (intracellular) components following HUVEC culture for (A) PDGF-BB and (B) 

VEGF-A. Groups sharing a letter are not statistically different from one another. 

 

An important confounding factor to these results is the aspect of time. Figure S4 shows that 

different treatment groups showed differing vessel diameter distributions over the first 48 hours 

following succinate addition, however, tube formation can begin to occur in vitro as early as 2-6 



20 

 

hr with peak tube formation reported in the range of 3-12 hr depending on the presence of 

angiogenic stimuli 94. The rapid changes in the cellular environment shown in Figure 9 suggests 

that neovascularization demands timely availability of vessel-forming resources to develop from 

a thin, lumen-free network into a more mature network. Further to this claim is the possibility that 

succinate-induced hypoxia influences the time at which these resources are needed to form viable 

vasculature before regression ensues.  

4 Conclusions 

Alginate-based xerogels produced a surface film capable of rapid release of disodium succinate 

which may create a local pseudohypoxic environment for faster neovascularization in the vicinity 

of implants. By adding succinate to the gel on the order of 1 or 10 μM, an increase in the amount 

of stabilized protein and branching behaviour in HUVEC cells occurred. Succinate concentrations 

in the low-μM range encouraged the expansion of the provisional vascular network formed in vitro 

by HUVECs without risk of hyperpermeability or cytotoxic effects. Moreover, the rapid dosing of 

succinate below 100 mM did not inhibit the proliferation of osteoblast-like Saos-2 cells. Therefore, 

based on the response of HUVEC and Saos-2 cells, the succinate release showed promise for 

providing short-term angiogenic benefits during early timepoints for vessel formation at an implant 

surface. Future work could assess the co-functionalization of other macromolecules to improve 

early implant stability, while in vitro experiments should explore co-culture environments to better 

replicate vessel formation, and ultimately investigation of in vivo vessel development and 

downstream implications on early osteogenesis is needed. 
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