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Abstract

Inadequate vascularization leading to insufficient oxygen and nutrient supply in deeper layers of

bioartificial tissues remains a limitation in current tissue engineering approaches to which pre-

vascularization offers a promising solution. Hypoxia triggering pre-vascularization by enhanced

vascular endothelial growth factor (VEGF) expression can be induced chemically by dimethyloxa-

lylglycine (DMOG). Nanoporous silica nanoparticles (NPSNPs, or mesoporous silica nanoparticles,

MSNs) enable sustained delivery of molecules and potentially release DMOG allowing a durable

capillarization of a construct. Here we evaluated the effects of soluble DMOG and DMOG-loaded

NPSNPs on VEGF secretion of adipose tissue-derived stem cells (ASC) and on tube formation by

human umbilical vein endothelial cells (HUVEC)-ASC co-cultures. Repeated doses of 100mM and

500mM soluble DMOG on ASC resulted in 3- to 7-fold increased VEGF levels on day 9 (P< 0.0001).

Same doses of DMOG-NPSNPs enhanced VEGF secretion 7.7-fold (P<0.0001) which could be

maintained until day 12 with 500mM DMOG-NPSNPs. In fibrin-based tube formation assays,

100mM DMOG-NPSNPs had inhibitory effects whereas 50mM significantly increased tube length,

area and number of junctions transiently for 4 days. Thus, DMOG-NPSNPs supported endothelial

tube formation by upregulated VEGF secretion from ASC and thus display a promising tool for pre-

vascularization of tissue-engineered constructs. Further studies will evaluate their effect in

hydrogels under perfusion.
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Introduction

While the field of tissue engineering has emerged as one of the most

promising alternatives to organ or tissue transplantation, there are

still obstacles that have yet to be overcome, with the major issue be-

ing proper vascularization of larger three-dimensional (3D) tissue

constructs in order to guarantee implant survival. Passive diffusion

of nutrients and oxygen in tissue constructs is limited to a range of

150–200 mm, which raises the need for an extensive vascular net-

work within bioartificial tissue constructs to supply incorporated

cells appropriately [1].

Vascularization of a tissue construct involves two mechanisms,

(i) vasculogenesis, which is the formation of new blood vessels from

progenitor cells and (ii) angiogenesis, which is the sprouting of

blood vessels from already existing vessels. These mechanisms can

be influenced by several factors, one of those being hypoxia, which

is known to play a pathophysiological role in many diseases, such as

atherosclerosis or cancer [2]. Tissue hypoxia is induced by an imbal-

ance between oxygen demand and supply and is considered to be the

key player in the upregulation of angiogenesis by enhancing the ex-

pression of vascular endothelial growth factor (VEGF). VEGF is the

most important pro-angiogenic growth factor needed in the first

stages of blood vessel sprouting [3]. Hypoxia-inducible factors

(HIF-1, HIF-2, HIF-3) and their oxygen-regulated subunits HIF-1a

and HIF-1b are considered to be the mean mediators of hypoxia,

since they upregulate VEGF expression as transcription factors and

can thereby regulate the process of angiogenesis [4]. Under nor-

moxic conditions, prolyl hydroxylases (PHDs) use oxygen and a-

ketoglutarate (a-KG) to promote the degradation of HIFs. However,

with oxygen levels decreasing, HIFs are no longer hydrolysed, lead-

ing to HIF-1a and HIF-1b dimerization and target gene upregulation

[3, 5]. Apart from endothelial cells (EC), adipose tissue-derived stem

cells (ASC) are key players in blood vessel formation. ASC have

been shown to stabilize and regulate EC in the process of capillariza-

tion and wound healing [6, 7] by direct cell to cell interactions as

well as secretion of numerous angiogenic growth factors, such as

platelet-derived growth factor (PDGF) and VEGF.

Although an ubiquitous hypoxic state within and around tissue

constructs can be achieved rather easily in vitro by utilizing a hyp-

oxic incubation chamber, it is fairly difficult to tune and more im-

portantly direct hypoxic conditions within different areas of the

tissue construct. Thus, incubator-controlled hypoxia is not always

suitable for tissue engineering applications. Consequently, a more

precise technique to use the beneficial effects of hypoxia is needed.

For this purpose, dimethyloxalylglycine (DMOG) is a promising

candidate. DMOG is a di-esterified prodrug of N-oxalylglycine

(NOG), which is an active hypoxia-inducing agent. DMOG is cell-

permeable and a competitive inhibitor of HIF-hydroxylases, thereby

enabling stabilization and heterodimerization of HIF-1a [8]. In or-

der to apply hypoxia to desired areas within the construct, DMOG

has to be delivered by a suitable vehicle. Recently, nanoporous silica

nanoparticles (NPSNPs, or mesoporous silica nanoparticles, MSNs)

have become a prominent tool for drug delivery, as they offer several

advantages for medical applications. Their properties, such as de-

gradability and particle size are easy to tune and their physicochemi-

cal properties, such as small pore size, large surface area and large

pore volume allow the delivery of a variety of different drugs and

molecules [9–11].

In the past years, fibrin, which is a polymer of the fibrinogen

monomer, has become one of the most prominent biomaterial sour-

ces for the fabrication of hydrogels. It is known to be naturally

angiogenic, offers a high number of cell adhesion sites and its sour-

ces can either be autologous, allogeneic, xenogeneic or recombinant

[12, 13]. Moreover, fibrin gels have found several applications in tis-

sue engineering approaches of cardiovascular tissue, bone, adipose

and skin tissue [14–17].

Here, we investigated whether DMOG-loaded NPSNPs are suit-

able to induce hypoxic conditions in fibrin hydrogels with the aim to

support endothelial tube formation by sustained VEGF secretion

from ASC. For this purpose, DMOG loading capacity and release

from NPSNPs were characterized. VEGF secretion profiles from

ASC after treatment with solubilized and NPSNPs-delivered DMOG

were compared and the latter was incorporated in tube formation

assays with EC and ASC to test their effect on characteristic tube

parameters.

Materials and methods

Cell culture
ASC were isolated from abdominal subcutaneous adipose tissue of

one 31-year-old female donor (donor 5 in Ref. [18]) and one 37-

year-old female donor, both scheduled for visceral surgery after ethi-

cal approval of the institutional review board (Ethikkommission der

Medizinischen Hochschule Hannover) and informed consent.

Treatment of ASC with solubilised DMOG
ASC were seeded into wells of a 96-well plate at a density of 10 000

cells/well and cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 10% Fetal Bovine Serum (FBS) (Pan Biotech,

Aidenbach, Germany), 1% penicillin/streptomycin (Sigma, Munich,

Germany), 1% amphotericin B (Merck, Darmstadt, Germany), 1%

gentamycin (Merck, Darmstadt, Germany), 1% glutaMaxTM-I (Life

Technologies, Darmstadt, Germany) and 10 ng/mL Fibroblast

Growth Factor (FGF) (Peprotech, Hamburg, Germany) (ASC com-

plete media) overnight at 37�C and 5% CO2. On the following day,

cell culture medium was aspirated from wells, and cells were treated

with ASC complete media containing 100 and 500mM DMOG

(Merck, Darmstadt, Germany). Groups tested were (i) single dosage

of 100 and 500mM DMOG on day 0 for three days with media

change to ASC complete media on days 3 and 6, and (ii) repeated

dosages of 100 and 500mM DMOG on day 0, 3 and 6 (n¼3 in bio-

logical replicates). Cells receiving only ASC complete medium on

day 0, 3 and 6 were used as a negative control. Medium superna-

tants were aspirated on day 3, day 6 and day 9 and stored at �20�C

for later VEGF analysis by ELISA. At each time point, wells were

filled with 110mL DMEM without serum containing 10ml WST-8

(Promokine, Heidelberg, Germany) and cells were tested for their vi-

ability by measuring absorption at 450 nm after 2 h.

Incubation of ASC under hypoxic conditions
ASC were cultured as mentioned above (n¼9 in biological repli-

cates). After normoxic incubation, the cells were transferred to a

hypoxic chamber at 0.2% O2 and 37�C and incubated for 24, 48

and 72 h. Supernatants were taken off after each time point and

stored at �20�C for later VEGF analysis by ELISA. As also per-

formed with DMOG-treated cells, wells were filled with 110mL

DMEM without serum containing 10ml WST-8 and cells were tested

for their viability by measuring absorption at 450 nm after 2 h.
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Fabrication of NPSNPs, DMOG loading, and

determination of loading and release efficiency
NPSNPs were fabricated according to a modified protocol by Qiao

et al. [19], as previously published by Schmidt et al. [20]. Briefly,

3.16 g cetyltrimethylammonium bromide (Sigma, Munich,

Germany) and 0.23 g diethanolamine (Sigma, Munich, Germany)

were added to a solution of 75 ml ultrapure water and 13.4 ml abso-

lute ethanol (Merck, Darmstadt, Germany). The solution was

heated to 40�C while stirring and 8.56 ml tetraethyl orthosilicate

were added after 30 min, the mixture was allowed to stir for addi-

tional 2 h. The resulting nanoparticles were then centrifuged at

18 000 g for 30 min, washed twice with water and once with etha-

nol, and dried overnight at 60�C. Afterwards, the organic material

was removed by calcination at 550�C for 5 h with a heating rate of

1 K/min. The resulting nanoporous silica nanoparticles were mono-

disperse with a diameter of about 45 nm and a pore size of 3 nm.

The Brunauer-Emmett-Teller (BET) surface area was determined

with a value of about 950 m2/g by nitrogen sorption investigation as

shown in Supplementary Fig. 1 and the publication cited in this re-

spect (see Ref. [20]).

Additionally, an amino modification of the silica surface was

performed by post-grafting. For this purpose, 200 mg of NPSNPs

were dispersed in 8 ml toluene, and 40mL 3-aminopropyl triethoxy-

silane (Sigma, Munich, Germany) were added. The solution was

stirred for 2 h at 80�C and subsequently for 22 h at room tempera-

ture (RT). The modified NPSNPs were then collected via centrifuga-

tion, washed thrice with ethanol and then dried at 60�C. The

success of the amino modification was proven by pH-dependent zeta

potential measurement as presented elsewhere [20]. The amino-

modified silica nanoparticles have a strong positive zeta potential

(>20 mV) at pH values below approximately 6.5 and an isoelectric

point of 7.4. This positive charge results from the protonation of

amino groups on the surface. A further hint for a successful amino

modification of the NPSNPs can be found in the results of the nitro-

gen sorption investigations. The BET surface area calculated from

the isotherms decreases from a value of about 950 m2/g for the

unmodified NPSNPs to about 330 m2/g for the amino-modified

NPSNPs (concerning pore volume from 1.0 cm3/g to 0.4 cm3/g),

which shows that a high nanoporosity is still present. This reduction

of surface area and pore volume while the average pore size of 3 nm

for both materials remains unaffected is caused by partial pore

blocking, which might result either from a slight dissolution/repreci-

pitation of the nanoparticles during the modification treatment or

from the deposition of organosilane residues on the particle surface,

which can be formed by self-condensation of the silanization reagent

in solution.

The loading efficiency of DMOG on amino-modified NPSNPs

was determined via thermogravimetry using the following formula:

loading efficiency% ¼
loaded DMOG amount mg½ �

offered amount mg½ �
� 100

Here, 5 mg NPSNPs were loaded with DMOG at a concentration

of 5 mg/mL DMOG (offered amount) in a volume of 1 ml. NPSNPs

were incubated with reconstituted DMOG in ddH2O at 4�C, shaken

at 1000 rpm for 4 h and subsequently centrifuged at 4�C at

10 000 rpm for 10 min, and washed once more with ddH2O.

Afterwards, thermogravimetric analysis (TGA) was measured with a

Netzsch STA 429 CD analyser, where samples were heated up to

1000�C under air atmosphere at a heating rate of 5 K/min. The

Proteus Thermal Analysis 4.3.1 program from the instrument manu-

facturer was used for subsequent evaluation of data.

To test the release efficiency of NPSNPs, they were loaded with

DMOG as described above. After loading, NPSNPs were incubated

in 1 ml ddH2O and incubated at 37�C. Every day for 6 days,

NPSNPs were centrifuged and the supernatant was taken off. After

1 ml fresh ddH2O was added, NPSNPs were shortly vortexed and

again incubated at 37�C. Supernatants were taken off and stored at

�20�C and later analysed by measuring the UV/Vis absorption at

430 nm.

Treatment of ASC with DMOG-loaded NPSNPs
Sterile NPSNPs were loaded with DMOG as described before and

resuspended in ASC complete medium after centrifugation at 4�C at

10 000 rpm for 10 min. 10 000 ASC/well were cultured as before

and treated with 0.276 mg/mL and 1.38 mg/mL freshly DMOG-

loaded NPSNPs (n¼9 in biological replicates) to yield a DMOG re-

lease of 100mM and 500mM per well. Treatment strategy was the

same as with solubilized DMOG: (i) single dosage of 0.276 mg/mL

and 1.38 mg/mL DMOG-loaded NPSNPs, respectively, on day 0 for

three days, with media being changed to ASC complete media on

day 3 and 6, and (ii) repeated dosages of 0.276 mg/mL and 1.38 mg/

mL DMOG-loaded NPSNPs on day 0, 3 and 6. Cells receiving no

NPSNPs at the respective time point(s) served as negative control.

As before, medium supernatants were aspirated on day 3, day 6 and

day 9. For long-term treatment with DMOG-loaded NPSNPs, cells

were further treated for 15 additional days with supernatants being

aspirated every third day. All supernatants were stored at �20�C for

later VEGF analysis by ELISA and cell viability was assessed by

WST-8 assay on the respective time points.

VEGF ELISA
Produced and released amount of VEGF from ASC were determined

by using an 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid

(ABTS) ELISA Kit (Peprotech, Hamburg, Germany), following the

protocol supplied by the company. Briefly, plates were coated with

capture antibody overnight, the standard and samples (diluted 1:10)

were added the next day after blocking and incubated for 2 h. After

washing, plates were incubated with detection antibody for 2 h. The

avidin-HRP conjugate was added to wells afterwards and after

30 min of incubation, the ABTS liquid substrate was added. Plates

were incubated for 40–50 min in the dark at RT and absorbance

was subsequently measured at a wavelength of 406 nm with a refer-

ence of 650 nm.

Tube formation assay with DMOG-loaded NPSNPs
To test tube formation ability of EC under the influence of DMOG

and NPSNPs, a tube formation assay was performed. Groups tested

were: (i) EC-ASC co-culture without DMOG and NPSNPs

(Control), (ii) EC-ASC co-culture supplied with 100mM or 50mM

DMOG on NPSNPs and (iii) EC-ASC co-culture with unloaded

NPSNPs (n¼12 in biological replicates). For each well, 50mL of fi-

brinogen were mixed with 1mL of a 2.75 U/mL thrombin solution

(CSL Behring, Marburg, Germany) to give a final fibrin concentra-

tion of 5 mg/mL, pipetted into wells of a 96-well plate and allowed

to polymerize for 30 min. Following polymerization, gels were

seeded with red-fluorescent protein-expressing human umbilical

vein endothelial cells (RFP-HUVEC) (Pelo Biotech, Planegg/

Martinsried, Germany) and ASC, with a cell number of 4000 EC/

well and 2000 ASC/well. Wells were supplied with 200mL M199

Hypoxia by dimethyloxalylglycine-loaded nanoparticles 3
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feeding media containing FGF (40 ng/mL), VEGF (40 ng/mL) and

aprotinin (100 U/mL; all from Sigma) and incubated at 37�C with

5% CO2 for 7 h to allow cell attachment. In the meantime, NPSNPs

were loaded with DMOG as mentioned above. After loading,

NPSNPs were centrifuged at 10 000 rpm at 4�C and resuspended in

Phosphate Buffered Saline (PBS). Feeding medium was aspirated and

the second gel layer was added to the wells, either holding no, or

13.9mg (for 100mM DMOG) or 6.95mg (for 50mM DMOG)

unloaded or DMOG-loaded NPSNPs/well. Gels were allowed to po-

lymerize for 20 min and subsequently overlaid again with feeding

medium. Medium was exchanged every 2 days for an assay duration

of 7 days. Tube formation was characterized by AngioTool Software

0.6a [21] after 4 and 7 days analysing tube length, tube area and

number of junctions in each group.

Live/dead staining
ASC were cultured and treated as described in the section

‘Treatment of ASC with solubilized DMOG’. At each time point,

supernatants were taken off, cells were washed twice with PBS and

subsequently stained with 1mM Ethidium Homodimer-1 and

0.5mM Calcein AM from a live/dead staining kit (Invitrogen,

Darmstadt, Germany) (n¼9 in biological replicates). After an incu-

bation of 45 min, staining solution was aspirated, wells were filled

with PBS and images of stained cells were obtained by fluorescence

microscopy.

Statistics
Statistical analyses were performed using Graphpad Prism 6.04

(Graphpad Software, San Diego, California). Normal distribution of

the data was tested using the d’Agostino & Pearson omnibus nor-

mality test. Results are presented as mean 6 SEM unless otherwise

specified in figure legends. Multiple comparisons between groups

were performed by two-way ANOVA followed by Bonferroni’s

post-test. Differences were considered significant at P<0.05.

Significance levels were given as follows: §: marginally significant,

P�0.05; *: P<0.05; **: P<0.01, ***: P<0.001 and
#: P<0.0001.

Results

Treatment of ASC with solubilized DMOG
To increase VEGF production of ASC, cells were treated with solu-

bilized DMOG of different concentrations either in single or re-

peated dosages. All cells treated with DMOG showed increased

levels of VEGF production (Fig. 1A). For cells treated with a single

dose of 100mM DMOG, VEGF production slightly increased until

day 3, significantly decreased however on day 6 and day 9

(P<0.0001). VEGF production of cells treated with a single dose of

500mM DMOG significantly increased until day 3 (P<0.0001),

with VEGF amounts being 2.1-fold higher than in cells treated with

100mM. However, VEGF secretion also with this concentration sig-

nificantly decreased on days 6 and 9. The viability of cells treated

with single doses of 100mM and 500mM DMOG did not decrease

noticeably over the assay duration, however, cells treated with

500mM showed the lowest viability (0.76-fold lower on day 9 com-

pared to the control) (Fig. 1B).

Due to the finding that a single treatment of cells with DMOG is

not enough to sustain the release of VEGF in ASC, cells were treated

repeatedly with DMOG at different concentrations. In this case, a

slightly sustained VEGF production could be achieved, with levels

being 3-fold higher (P<0.0001) in cells treated with repeated doses

of 100mM DMOG and 7.6-fold higher (P<0.0001) in cells treated

with repeated doses of 500mM DMOG on day 9. VEGF production

in cells treated repeatedly with 500mM DMOG was significantly

higher compared to cells treated with repeated doses of 100mM

DMOG (P<0.0001), with VEGF amounts being 2- to 2.5-fold

higher over the duration of 9 days of the assay (Fig. 1C). Although

VEGF secretion was significantly decreased in all groups treated

with repeated doses of DMOG from day 3–6, it could still be main-

tained at higher levels, especially in the group treated with 500mM

DMOG, as compared to groups treated with only a single dose of

DMOG. Moreover, VEGF amounts did not significantly decrease

between day 6 and day 9.

While repeated treatment of 500mM DMOG yielded the highest

secretion amounts of VEGF, it could also be observed that cell via-

bility in this group steadily decreased over the assay duration of

9 days (Fig. 1D). Compared to this, for cells treated with a repeated

dosage of 100mM cell viability could be better sustained until day 9.

Thus, although, this dosage yielded a slightly lower increase in

VEGF production, we considered a 100mM dosage to be more suit-

able considering the goal of long-term VEGF release.

To test, whether physically induced hypoxia would result in sim-

ilarly elevated VEGF levels in ASC, cells were incubated for 24, 48

and 72 h at 0.2% O2 (Supplementary Fig. 2A). Results after ELISA

analysis of supernatants showed that VEGF production of cells incu-

bated at 0.2% O2 increases gradually over time, with values after

24 h of hypoxic incubation already being 2.2-fold higher than values

of the control (P<0.01). VEGF levels after 72 h of hypoxic incuba-

tion were 2.4-fold (P<0.01) and 1.3-fold (P<0.0001) higher than

values after 24 and 48 h hypoxic incubation, respectively.

Moreover, VEGF levels of cells treated with hypoxia for 72 h are in-

deed comparable to VEGF levels obtained in cells treated with

100mM DMOG for 3 days. Cell viability of cells under hypoxia for

24 h was higher than viability of cells of the control and even slightly

increased between 24 h and day 48 h. However, viability of control

cells kept on increasing over time until 72 h, while viability of hyp-

oxic ASC slightly decreased between 48 h and 72 h (Supplementary

Fig. 2B).

A live/dead staining of DMOG-treated ASC was also performed.

The staining verified WST-8 measurements, showing that the num-

ber of dead ASC was the highest on day 3 in groups treated with

DMOG. The number of dead cells was only lowered when cells did

not receive another DMOG dose after day 3 and day 9

(Supplementary Fig. 3). For cells treated repeatedly with 100mM

DMOG, live/dead staining showed a relatively constant number of

dead cells, which was significantly higher on day 6 (P<0.01) and

on day 9 (P<0.001) (Supplementary Fig. 3B), which is also in corre-

lation to WST-8 data from this group. However, staining results

from cells treated repeatedly with 500mM DMOG appear rather

fluctuating, with numbers of dead cells being significantly higher

(P<0.05) on day 9 than on day 6, while WST-8 values on day 9 are

lower than on day 6.

Loading and release efficiency of DMOG on NPSNPs
The loading efficiency was determined by thermogravimetric meas-

urements (Fig. 2). For this purpose, DMOG-loaded and non-loaded

NPSNPs were heated up to 1000�C and the mass loss was detected.

After losing weight due to adsorbed water, the non-loaded NPSNPs

show a mass loss of 7.1% due to combustion of the organic amino-

propyl residues on the surface introduced by modification and fur-

ther condensation of the silica network. Within this condensation
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reaction, silanol (–Si–OH) groups are forming siloxane (–Si–O–Si–)

bridges. The DMOG-loaded NPSNPs exhibit a mass loss of 13.4%

in this temperature range. Here, the mass loss is evoked by simulta-

neous effects, which are the combustion of organic residues further

silica condensation reaction, and the combustion of the DMOG on

the outer and inner surface of the NPSNPs. Assuming that the mass

loss due to combustion of organic residues and further condensation

of the silica network is equal in DMOG-loaded and non-loaded

NPSNPs, 6.3% of the mass loss can be ascribed to the DMOG

combustion, which leads to a value of 63mg DMOG loaded on one

milligram of NPSNPs and loading efficiency of 1.3%.

The amounts of DMOG released from the NPSNPs were investi-

gated in a release experiment in water at 37�C over 6 days. The

DMOG-loaded NPSNPs are showing a continuous release profile as

illustrated in Fig. 3. It can be stated that the largest fraction of 43%

of the loaded DMOG amount, corresponding to 27 6 4mg DMOG

per mg NPSNPs, are released within the first day. In the following,

remarkable portions of 10 6 0.4 mg DMOG per mg NPSNPs and

5 6 0.5mg DMOG per mg NPSNPs are released in time interval two

Figure 1. VEGF production of ASC after treatment with solubilized DMOG up to 9 days. Cells were either treated with a single dose (A) or with repeated doses (C)

of DMOG in the indicated concentrations. After treatment cell viability was assessed by WST-8 assay (B and D). Shown are mean 6 SD with biological replicates

of n¼3 for each group ***: P< 0.001 and #: P< 0.0001 by two-Way ANOVA and Tukey’s post-test

Figure 2. Thermogravimetric measurement assessing loading efficiency of

NPSNPs. 5 mg unloaded and 5 mg DMOG-loaded (5 mg/mL) NPSNPs were

heated up to 1000�C, leading to combustion of organic residues and conden-

sation of the silica network for unloaded NPSNPs. DMOG-loaded NPSNPs ex-

hibit an additional mass loss due to combustion of DMOG. Comparing the

curves, a loading efficiency of 1.3% can be calculated

Figure 3. Release profile of DMOG-loaded NPSNPs. 5 mg particles were

loaded with 5 mg/mL DMOG and incubated in H2O for 6 days, showing that

43% of the loaded DMOG amount was released within the first day. In total,

73% of the loaded DMOG amount are released from the particles after 6 days

Hypoxia by dimethyloxalylglycine-loaded nanoparticles 5
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(24 h) and three, respectively. Overall, about 73%, 46 6 6mg

DMOG per mg NPSNPs, of the loaded DMOG amount are released

after 6 days. As the detected amounts of DMOG after 6 days were

under the quantification limit, the release experiment could not be

performed for a longer time period.

Treatment of ASC with DMOG-loaded NPSNPs
After testing the effect of solubilized DMOG on cells, also DMOG-

loaded NPSNPs were tested on ASC to evaluate, whether the con-

trolled release of DMOG from the particles could sustain VEGF pro-

duction at higher levels over the whole assay duration. Again, cells

were treated either with single or repeated dosages of DMOG-

loaded NPSNPs to a final concentration of 100mM or 500mM

DMOG.

On day 3, a significant increase in VEGF production could be

seen in cells treated with a single dosage of 100mM DMOG

(P<0.001) with VEGF levels being 12.7-fold higher than in cells of

the control and 1.3-fold higher than in cells treated with of 500mM

(Fig. 4A). However, VEGF levels in this group decreased until day 6

with a slight recovery until day 9, while interestingly the cell viabil-

ity kept increasing at the same time. VEGF production in cells

treated with a single dosage of 500mM DMOG was still signifi-

cantly higher than in cells of the control (9.8-fold higher, P<0.01).

What is striking in this group is, however, that VEGF levels did not

decrease as drastically on day 6 as they did in cells treated with

100mM of DMOG but instead could also be rather sustained until

day 9, while at the same time cell viability was the lowest of all

groups and did not increase remarkably until day 9 of the assay (Fig.

4B).

When cells were treated with repeated dosages of DMOG-

loaded NPSNPs again a significant increase in VEGF production

could be observed in both treated groups on day 3 (P<0.001), with

VEGF levels being approximately 8.7-fold higher when treated with

100mM DMOG and 9.7-fold higher when treated with 500mM

DMOG compared to levels of the control group on day 3. In cells

treated with repeated dosages of 100mM DMOG, it was observed

that VEGF production could be sustained at significantly higher lev-

els compared to the control until day 9 (marginally significant with

P¼0.063) with cell viability staying constant throughout the whole

assay duration (Fig. 4C). Interestingly, VEGF production in cells

treated repeatedly with 500mM even delivered increasing amounts

of VEGF until day 9, with levels on day 9 being 7.7-fold higher

(P<0.0001) compared to control and 1.6-fold higher (P<0.01)

than on day 3 and significantly higher than levels on day 9 of cells

treated with 100mM (P<0.0001). However, it could be recognized

again that cell viability in this group was the lowest and decreased

even more until day 9 (Fig. 4D).

Considering these results, another experiment was performed,

testing the effect of long-term treatment of cells with repeated dos-

ages of 500mM DMOG-loaded NPSNPs (Supplementary Fig. 4) and

whether VEGF production could be sustained even for a longer

time. Here, although VEGF levels shortly decreased until day 6, a

clear trend of increasing VEGF levels until day 12 could be ob-

served. Whereas VEGF production in cells of the control kept in-

creasing until day 18 of the assay, VEGF levels of cells treated with

Figure 4. VEGF production of ASC after treatment up to 9 days with DMOG-loaded NPSNPs. Cells were either treated with a single dose (A) or with repeated

doses (C) of dimethyloxalylglycine (DMOG)-loaded NPSNPs in the indicated concentrations. After treatment, cell viability was assessed by WST-8 assay (B and

D). Shown are mean 6 SEM with biological replicates of n¼9 for each group. §: P<0.063, *: P<0.05; **: P<0.01; ***: P<0.001 and #: P< 0.0001 by two-way

ANOVA and Tukey’s post-test
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DMOG were significantly decreased on day 15 and even lower on

day 18 (P<0.001). Cell viability of cells of the control increased

throughout the whole assay duration, but could only be depicted as

a plateau after day 9, since absorbance values were out of detection

range. Viability for treated cells was again low and further decreased

between day 15 and day 18.

Tube formation assay with DMOG-loaded NPSNPs
To test whether the application of unloaded or DMOG-loaded

NPSNPs would interfere with the tube formation capabilities of EC,

a tube formation assay in fibrin hydrogel was performed. As shown

in Fig. 5, tube analysis by AngioTool revealed a decrease in all tube

parameters, which are tube length, tube area, and number of junc-

tions, in the control group between day 4 and day 7. This effect was

even more distinct in wells receiving 13.9mg of unloaded NPSNPs,

which can also be seen in Supplementary Fig. 5. Same results were

obtained in wells receiving 100mM DMOG on NPSNPs

(Supplementary Fig. 5), where a decline in all parameters evaluated

was seen. The most distinct effect was the decrease in number of

junctions between day 4 and day 7 (1.9-fold) (Fig. 5).

Considering these results, the DMOG concentration was de-

creased to 50mM (Fig. 6).

Under this condition, AngioTool analysis of tubes on day 4

showed a significant increase in all parameters tested in groups

treated with either DMOG-loaded or unloaded NPSNPs compared

to wells of the control (Fig. 7). In wells treated with 50mM DMOG,

a 1.5-fold higher average tube area, 1.5-fold higher number of junc-

tions, and 1.4-fold higher total vessel length was achieved compared

to the untreated control, which could also be visualized in Fig. 6. In

wells treated with unloaded NPSNPs, average tube area was 1.1-

fold, number of junctions 1.2-fold, and total vessel length 1.2-fold

higher than in wells of the control (Fig. 7). However, again a signifi-

cant decrease in all parameters and all groups was observed from

day 4 to day 7 of the assay, with values of groups treated with

DMOG-loaded and unloaded NPSNPs being on approximately the

same levels as values of the control group. We here want to point

out that although absolute values of tube parameters of cells treated

with 50mM DMOG are comparable to absolute values of cells

treated with 100mM DMOG, we thought the results of treatment

with 50mM DMOG to be more reliable and sound, since significant

differences were achieved in all parameters tested. This could not be

shown in the treatment with 100mM DMOG.

Consequently, DMOG released from NPSNPs significantly im-

proved EC tube formation in short timeframe, resulting in quicker

formation of more complex early tube networks. This effect was

transient and did not delay tube degradation compared to the

controls.

Discussion

One of the major goals of tissue engineering is the generation of a

fully cellularized tissue construct that can integrate and become met-

abolically and functionally active in vivo. One of the biggest

obstacles being faced here is the inadequate supply of oxygen and

nutrients to the cells within the tissue construct, which leads to fail-

ing tissue integration [22]. Therefore, tissue-engineered constructs

need a pre-formed vascular network integrated, in order to enable

perfusion and nutrient delivery also to deep layers of the construct.

Capillary tube formation is dependent on several factors, including

VEGF. Since a repeated delivery of fresh VEGF to the tissue con-

struct in long-term in vitro or even in vivo applications is rather im-

practical, there is a need for sustained VEGF supply and delivery.

Therefore, the aim of this study was to determine whether VEGF

production of ASCs can be increased when treated with DMOG and

moreover, whether it can be prolonged and sustained when DMOG

is controllably delivered via NPSNPs over a time period of 9 days.

Furthermore, our results show first steps towards the generation of a

pre-capillarized tissue construct holding a co-culture of RFP-

HUVEC and ASC in the presence of DMOG-loaded NPSNPs.

The major findings of this study are (i) ASC show sustained re-

lease of VEGF for up to 12 days without comprising cell viability

when treated repeatedly with DMOG-loaded NPSNPs, and (ii)

DMOG-loaded NPSNPs supported tube formation of EC when co-

cultured with ASC.

Effect of solubilized DMOG on ASC
Blood vessels in the adult body form a highly branched network fol-

lowing a structural hierarchy. Overall, every blood vessel is formed

by EC, which are supported by mural cells, which can either be peri-

cytes for small vessels like capillaries, or smooth muscle cells for big-

ger vessels like arteries [23]. Mural cells promote stability, control

Figure 5. AngioTool analysis of tube parameters of the endothelial vascular

network in tube formation assay supplied with 100 mM DMOG on NPSNPs.

Parameters analysed were relative tube area (A), number of junctions (B) and

total vessel length (C). Values were compared between day 4 and day 7 of the

culture. Shown are means 6 SEM of four biological replicates run in tripli-

cates. *: P<0.05, **: P< 0.01, ***: P<0.001 and #: P<0.0001 by two-way

ANOVA and Tukey’s post-test
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permeability and secrete VEGF as a survival cue for the inner-lying

endothelium [23, 24]. Verseijden et al. [25] have shown that mesen-

chymal stem cells, bone marrow, as well as adipose tissue-derived,

can develop into mural cells when co-cultured with EC. ASC are of

particular interest in these applications, as large cell numbers can be

obtained rather easily, but more importantly, they produce pro-

angiogenic factors (i.e. VEGF) and can develop pericyte characteris-

tics [24–26]. ASC are known to reside in hypoxic niches with O2 lev-

els under 4% and it is therefore assumed that culturing ASC under

low oxygen conditions might support their proliferation, growth

factor secretion and viability [27, 28]. In this study, chemically in-

duced hypoxia was chosen over physically induced as a later goal of

the project is to direct hypoxic environments within specific areas of

the hydrogel construct. Since this is hard to achieve using hypoxic

chambers, as hypoxia would be ubiquitous, we used the opportunity

of loading DMOG onto NPSNPs and thereby being able to intro-

duce hypoxia in selected zones. DMOG treatment stabilizes HIF-1a,

triggering the transcription of various hypoxia-sensitive genes

among which VEGF is the most prominent. As shown in Fig. 1,

VEGF production of ASC could indeed be significantly increased in

a short-term manner, when exposing the cells to 100mM and

500mM of solubilized DMOG in single-dose treatment. However,

one dose of DMOG in either concentration did not stabilize the

VEGF secretion of cells over a longer time period, presumably be-

cause DMOG was hydrolysed too quickly in the medium to achieve

long-term effects. Hydrolysis of DMOG is known to result in NOG,

which is not able to penetrate the cell membrane due to its high hy-

drophilicity and could therefore not act on HIF-1a stabilization if

present in the medium. After DMOG entered the cell, however, it is

de-esterified to NOG, which can not only act on PHDs to stabilize

HIFs, but also on a-KG-dependent processes, which is known to

play an important role in cell metabolism [8]. Although the manipu-

lation of these processes might lead to decreased cell viability, the

specific effects of DMOG on a-KG-dependent processes still need to

be further investigated [8]. Interestingly, it has also been shown that

a rapid and spontaneous mono-de-esterification of DMOG occurs

Figure 6. Endothelial tube formation of RFP-HUVEC in fibrin hydrogels of 5 mg/mL fibrinogen concentration treated with DMOG-loaded NPSNPs. Wells with EC-

ASC co-culture were supplied with 50 mM DMOG loaded on NPSNPs and unloaded NPSNPs after day 4 and day 7 of the assay, shown in the upper rows of each

time point respectively. Parameters of the vascular network, that are relative tube area, number of junction, and tube length, were analysed by AngioTool, images

after analysis are shown in lower rows for each time point, respectively. Vascular networks were masked and outlined and points of junction marked in blue dots

by the software. Scalebar: 500mm
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in media, which leads to the production of methyloxalylglycine

(MOG) [29]. MOG can easily be transported into cells by using

monocarboxylate transporter 2 (MCT2), where it is also further de-

esterified and leads to the accumulation of NOG in the millimolar

range, which is far higher than what is needed for the inhibition of

PHDs [29]. However, this study was performed in cancer cells and it

needs to be investigated, whether similar effects could be observed

in mesenchymal stem cells.

Another point of interest was to investigate, whether physically

induced hypoxia would result in similarly elevated VEGF levels as in

DMOG-treated cells. After incubating ASC in a hypoxic chamber at

0.2% O2 for up to 72 h, we could show that VEGF levels of cells in-

cubated at hypoxic conditions for 72 h indeed showed comparable

VEGF levels as cells treated with 100mM DMOG. A longer incuba-

tion time at these hypoxic conditions could not be performed, as

cells would not have survived this. Nevertheless, we want to con-

clude that physically induced hypoxia leads to VEGF levels that can

be compared to results of DMOG treatment. However, a point that

still needs to be evaluated is whether elevation in VEGF secretion

upon DMOG treatment was indeed induced by HIF stabilization, or

possibly by other, HIF-independent pathways.

In our experiments, we observed a decrease in cell viability,

which could only be recovered when no DMOG was added after

day 3 of the assay. Both effects, VEGF release and decreased viabil-

ity, were more pronounced when exposing cells to repeated doses of

100mM and 500mM solubilized DMOG (Fig. 1). Although cell via-

bility was low, VEGF production could still be slightly maintained.

We want to point out that a concentration of 100mM DMOG was

sufficient to induce increased and maintained VEGF secretion, while

at the same time protecting cells from a significant loss of viability.

We here want to mention that it has to be taken into consideration,

how cell viability is to be evaluated when treating cells with

DMOG. As also reviewed by Nelson et al. [8], DMOG is known to

interfere with glutamate dehydrogenase and isocitrate dehydroge-

nase, thereby possibly leading to disturbances in the cell cycle and

NAD/NADH levels. As our chosen WST-8 cell viability kit tests for

dehydrogenase activity, we performed additional live/dead staining,

in order to confirm validity of the before measured values

(Supplementary Fig. 3). The staining indeed verified WST-8 meas-

urements for cells treated with a single dose of DMOG and for cells

treated with repeated doses of 100mM, while the number of dead

cells of cells treated repeatedly with 500mM DMOG obtained after

live/dead staining did not fully support WST-8 values. While we still

believe our results to be properly represented by choosing WST-8

measurement, this staining result should underline the importance

of choosing the right test to investigate cell viability.

Interestingly, our results differ in some aspects from findings of

other studies investigating DMOG treatment on ASC. While Chen

et al. [30] have also found 100mM DMOG to be the optimal con-

centration for short-term ASC pre-treatment, they have also

reported higher survival and reduced cell death rates. Ding et al.

[31] have found an increase in VEGF release from ASC for at least

28 days, as well as a slight decrease in proliferation in a dose-

dependent manner. However, they did not observe differences in cell

viability after treatment with 200mM, 500mM and 1000mM

DMOG. DMOG and its effects have also been investigated in other

studies utilizing a variety of cell types, many of them presenting

rather controversial results [32–34]. This leads to the conclusion

that the effect of DMOG possibly depends strongly on the cell type

and culture conditions chosen. It should be noted, however, that to

the best of our knowledge, only very few studies have utilized ASC

when determining the effects of DMOG.

Effect of DMOG-loaded NPSNPs on ASC
Considering our first findings, we assumed that the experimental

setup with solubilized DMOG displays a strong challenge for cells

and that the hypoxic environment needed to be established in a

more controlled manner. The use of NPSNPs offers a great opportu-

nity for the delivery of soluble factors and molecules. It was shown

that the loading capacity was 63mg DMOG/mg NPSNPs and that

up to 73% of DMOG were delivered in the time course of 6 days.

Thus, DMOG-loaded NPSNPs appeared to be an ideal candidate to

expose ASC to sustained chemical hypoxia in a controlled manner.

NPSNPs concentrations chosen exposed the cells to 100–500mM

DMOG, delivered to ASC either as single or repeated doses in a

short-term experiment of 9 days (Fig. 4), as well as in a long-term

experiment over 18 days (Supplementary Fig. 4). As with soluble

DMOG, also with DMOG-loaded NPSNPs the VEGF production

was markedly increased, indicating that a sufficient amount of the

delivered DMOG was biologically active and not hydrolysed to

NOG during the release and delivery process from NPSNPs.

Differently to solubilized DMOG on ASC, VEGF amounts increased

Figure 7. AngioTool analysis of tube parameters of endothelial vascular net-

work in tube formation assay supplied with 50mM DMOG on NPSNPs.

Parameters analysed were relative tube area (A), number of junctions (B) and

total vessel length (C). Values were compared between day 4 and day 7 of the

culture. Shown are means 6 SEM of four biological replicates run in tripli-

cates. *: P<0.05, **: P< 0.01, ***: P<0.001 and #: P<0.0001 by two-way

ANOVA and Tukey’s post-test
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until day 3 when only a single dosage of DMOG on NPSNPs was

delivered to the cells while cell viability did not decrease. In contrast,

it rather increased over the remaining assay duration between day 3

and day 9, which could indicate DMOG’s capability to enhance cell

survival, which has also been seen in other studies [30–32].

However, it should be noted that these effects depend strongly on

the cell type and culture conditions chosen. With repeated doses of

DMOG from NPSNPs, moreover, it was seen that VEGF production

of ASC was either maintained or even continually increased in the

case of 500mM DMOG, while only a slight decrease in cell viability

was observed over the assay duration (Fig. 4). This was maintained

until day 12 of the culture that seemed to display the utmost time

line for DMOG-driven VEGF production (Supplementary Fig. 4)

since beyond this time point cells displayed a marked loss in viabil-

ity. The long-term exposure to DMOG-loaded NPSNPs on the one

hand could have induced above-mentioned cytotoxic DMOG effects

on cells. Too high concentrations of DMOG resulting in too high in-

tracellular NOG concentrations and are also known to downregu-

late cellular respiration, which then leads to cell death [35]. On the

other hand, NPSNPs themselves could have posed additional stress

to the cells by toxic effects related to the surface charge of the par-

ticles or of released silica species. Although NPSNPs are generally

considered as safe in vitro as well as in vivo, literature research on

the cytotoxicity of NPSNPs delivers variable findings. Some studies

showed that cytotoxicity of NPSNPs increased with increasing parti-

cle concentration and independently from size, treated cell type and

surfactant used in the synthesis [36], while others stated that cyto-

toxicity increased with decreasing size of particles [37–39].

Considering these findings, NPSNPs used in this study with an aver-

age diameter of 40–50 nm should show low cytotoxicity, which is

also supported by former studies using these particles [40, 41]. All

these controversial findings lead to the suggestion that cytotoxicity

of NPSNPs has indeed to be assessed individually for each experi-

mental setup, considering formulations and modifications of

NPSNPs, the cell types used in the study and their metabolic activity;

even sterilization techniques of NPSNPs could be determining fac-

tors [42, 43].

For future studies aimed at delivering controlled hypoxic condi-

tions to ASC, further tuning of the properties of NPSNPs should be

considered, in order to prolong the controlled release and delivery of

DMOG even further, so that repeated doses can be avoided. This

would also be beneficial when DMOG-loaded NPSNPs are to be in-

troduced into a cellularized hydrogel to help in the pre-vasculariza-

tion of the construct, where no fresh doses of NPSNPs can be

introduced after polymerization of the gel. Moreover, it has to be

considered that the use of DMOG-loaded nanoparticles in cellular-

ized hydrogels could potentially create a spatially varying hypoxia

stimulus, being higher in their close proximity, as it might take lon-

ger for DMOG to evenly diffuse through the whole gel construct. If

so, it has to be investigated whether these locally higher hypoxic

conditions are potentially toxic to the cells, and whether the DMOG

concentrations delivered to the hydrogel on NPSNPs should be con-

sidered to be lowered, due to the retention of DMOG in the gel. On

the other hand, DMOG is a very small molecule as compared to

many other drug molecules and should diffuse quite rapidly.

Effect of DMOG-loaded NPSNPs on tube formation of

EC
Possible retention of DMOG in a fibrin hydrogel can also be sug-

gested from our findings when we investigated the tube formation

capabilities of EC co-cultured with ASC, when DMOG-loaded

NPSNPs were supplied to the system in the upper gel layer of a sand-

wich tube formation assay. DMOG concentrations applied in this

assay were 100mM and 50mM. The concentration of 100mM was

chosen first, as it was seen in previous experiments that cell viability

was better maintained in ASC with this concentration while upregu-

lating VEGF secretion at the same time. To investigate the effect of

DMOG on tube formation capabilities of EC, several parameters,

which are generally used to describe properties of capillary network

formation, were analysed. These parameters were relative tube area,

describing the percentage of the well-being covered by the vascular

network, number of junctions to assess the level of interconnectivity

of the newly formed vasculature, and total vessel length, showing

whether individual EC are simply elongated, or joining to form vas-

cular structures. When cells were supplied with 100mM DMOG, no

significant differences in either of these categories could be observed

compared to the control group (Fig. 5). More importantly, however,

is to point out that significant decreases over the assay duration in

all tube parameters evaluated were observed also in wells treated

with 100mM DMOG, as well as in all other groups tested, which

gives room for the interpretation that DMOG at this concentration

could not upregulate VEGF expression in ASC to that extent as to

support endothelial tube formation for a longer time period.

Another hypothesis might be that the higher VEGF levels in the tube

formation assay resulting from DMOG treatment are not necessarily

enough as a single factor for the sustained tube formation of EC. It

is widely known that although VEGF is a potent factor in the pro-

cess of vessel sprouting, it cannot induce vessel maturation alone, as

was also shown by Hellström et al. [44–46]. Finally, there is also the

possibility that 100mM of DMOG in a tube assay might have cyto-

toxic effects on capillary-forming EC themselves. Live/dead staining

of the tube assays after different time points could be helpful to fur-

ther characterize the viability of single cells influenced by damaging

effects as such. In future studies, it should also be investigated how

DMOG treatment affects ASC functions, such as matrix synthesis,

as this might also have effects on endothelial tube formation

support.

As we assumed that NPSNPs loaded with DMOG might offer a

stronger hypoxic environment in their close proximity, which might

be harmful to the cells, only 50mM DMOG was delivered to the

hydrogels. Here, we did observe significantly higher values for rela-

tive tube area, number of junctions as well as total vessel length for

wells treated with DMOG compared to wells of the control on day

4 of the culture. This could indicate a supportive effect of DMOG

on NPSNPs for endothelial tube formation most likely by an en-

hanced VEGF production of ASC acting directly on tube forming

EC (Figs 6 and 7). This effect, however, should be considered as

transient, as no significant differences could be observed between

the groups for either tube parameter on day 7 of the assay.

Although we have shown in a previous study [47] that endothe-

lial cells from different origins behave very similar in terms of tube

formation capabilities and tube parameters, future studies should be

performed in order to determine the possible effect of DMOG on en-

dothelial cells from specialized vascular beds, especially when gener-

ating tissue-specific constructs in the future.

It could be assumed that already NPSNPs without DMOG load-

ing may affect endothelial tube formation, i.e. by changing the gel

stiffness or by the influence of released silica species on the cells.

Thus, the same tube parameters as mentioned above were analysed

also for cells supplied with unloaded NPSNPs. In the presence of

unloaded NPSNPs, values for all examined parameters were signifi-

cantly lower compared to cells treated with 50mM DMOG and the
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control. This again underlines the beneficial effects of DMOG-

loaded NPSNPs on tube formation, which should be useful for tissue

engineering approaches generating pre-vascularized tissue con-

structs. In this context, it is noteworthy that even a relatively short

time frame of 4 days, in which increased tube formation was ob-

served, could be highly beneficial for in vivo applications. Several

studies applying different types of tissue constructs have shown inos-

culation of their implants to happen within the first 2–8 days after

implantation [48–52]. Laschke et al. have stated that the state of

maturation of the pre-formed capillary network in the tissue con-

struct plays an important role for the success of inosculation and a

rather rapid perfusion of the construct is favourable, which is also

supported by Shepherd et al. [53, 54]. In their study, Laschke et al.

[54, 55] have found that inosculation needs the pre-formed capillary

network within the tissue construct to form new sprouts when al-

ready implanted in the host, which can then connect to the host vas-

culature. This is most likely not given in tissue constructs that were

pre-vascularized for longer time periods.

Summary and outlook

In this study, we showed that DMOG release from NPSNPs is a very

promising strategy in order to support endothelial tube formation.

We have clearly demonstrated supporting effects of NPSNPs loaded

with DMOG in a co-culture of RFP-HUVEC and ASC in vascular

tube formation assays. Moreover, we demonstrated upregulation of

VEGF expression in ASC upon DMOG treatment. Nonetheless, fur-

ther experiments are needed in the future to determine how the hyp-

oxic gradient in a hydrogel can be designed, as we have seen that a

DMOG concentration as low as 100mM could have inhibiting

effects on endothelial tube formation.

For future experiments, it is also of great interest to evaluate the

effect of in vitro perfusion in combination with chemically induced

hypoxia on endothelial tube formation in fibrin hydrogels. NPSNPs

with their high adaptability to various delivery demands can be fur-

ther developed to fit different release strategies.

Supplementary data

Supplementary data are available at REGBIO online.
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