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Significance

Cells in the body require precise 
tissue-specific oxygen levels 
varying from 1 to 14%. Specialized 
incubators are currently required 
to mimic these conditions and are 
not compatible with miniaturized 
multitissue cultures like body-on-
a-chip devices. This article 
describes microscale capsules 
that facilitate spatiotemporal 
control of oxygen tension in cell 
culture. Key to this advance is an 
encapsulation procedure that 
yields the highest reported 
enzyme stability and activity 
within a microscale volume. We 
demonstrate how controlling 
oxygen affects cancer cell growth, 
organoid development, and 
formation of new blood vessels. 
Controlling capsule placement 
provides spatiotemporal 
gradients of oxygen-mediated 
tissue morphogenesis within 
single experiments. The flexibility 
of microcapsules provides scope 
for fundamental research and 
therapeutics where control of 
oxygen tension may have clinical 
utility.
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Oxygen is a vital molecule involved in regulating development, homeostasis, and 
disease. The oxygen levels in tissue vary from 1 to 14% with deviations from homeo-
stasis impacting regulation of various physiological processes. In this work, we devel-
oped an approach to encapsulate enzymes at high loading capacity, which precisely 
controls the oxygen content in cell culture. Here, a single microcapsule is able to 
locally perturb the oxygen balance, and varying the concentration and distribution 
of matrix-embedded microcapsules provides spatiotemporal control. We demonstrate 
attenuation of hypoxia signaling in populations of stem cells, cancer cells, endothelial 
cells, cancer spheroids, and intestinal organoids. Varying capsule placement, media 
formulation, and timing of replenishment yields tunable oxygen gradients, with 
concurrent spatial growth and morphogenesis in a single well. Capsule containing 
hydrogel films applied to chick chorioallantoic membranes encourages neovascular-
ization, providing scope for topical treatments or hydrogel wound dressings. This 
platform can be used in a variety of formats, including deposition in hydrogels, 
as granular solids for 3D bioprinting, and as injectable biomaterials. Overall, this 
platform’s simplicity and flexibility will prove useful for fundamental studies of 
oxygen-mediated processes in virtually any in vitro or in vivo format, with scope for 
inclusion in biomedical materials for treating injury or disease.

hypoxia | microcapsules | biomaterials | stem cells | cancer

Oxygen is one of the most important molecules that drives life on earth. For humans and 
other mammals, oxygen tension plays a critical role in aiding tissue development and main-
taining normal tissue function, as well as pathological processes such as tumor development 
and progression (1). Low levels of oxygen in tissue is termed hypoxia, and hypoxic conditions 
mediate the transcriptional activity of hypoxia-inducible factors (HIFs) which regulate gene 
expression associated with multiple functional activities including angiogenesis, cell migra-
tion, differentiation, metabolism, and apoptosis (2, 3). These HIF proteins are sensitive to 
local oxygen tension which varies greatly within and between different tissues of the body 
(1, 4). While air has a saturation of around 20% oxygen, circulating blood levels sit around 
5% (3), with various tissues such as gut, bone marrow, and cartilage reaching as low as 
1% (5). These values contrast significantly from the 18.6% oxygen found in cell culture 
incubators (6), leading to cellular hyperoxia in vitro. For many years, developing a simple 
and efficient method to adjust oxygen tension in vitro has been a challenging task.

The most common practice for simulating low-oxygen conditions in vitro is the use of 
hypoxic incubators and hypoxic chambers. These devices control atmospheric oxygen levels 
and thus limit the amount of diffusible oxygen within the cell culture environment. 
However, their high cost makes them inaccessible to many researchers, and when cultures 
are inevitably removed from the incubator, cells are exposed to normoxic oxygen tension 
(7, 8). Furthermore, it is impossible to establish culture conditions that mimic the gradients 
of oxygen observed in tissue using hypoxic chambers. To overcome these issues, researchers 
have explored the use of chemical and enzymatic methods to create hypoxic environments. 
Baumann et al. first explored this concept in 2008 by using glucose oxidase paired with 
catalase to induce hypoxia in three different cancer cell lines (9). Further work also explored 
the use of laccase as an oxygen depletion enzyme to reduce the consumption of glucose 
from cell media (10). Critically, free enzymes are not stable long term in cell culture as they 
can readily be degraded by proteases. Therefore, to gain further oxygen control utilizing 
hydrogels, Gerecht and colleagues synthesized hydrogels with laccase covalently conjugated 
to the hydrogel polymer backbone to aid in enzyme stability (11). This technique has also 
been reported by Dawes et al. using glucose oxidase–immobilized hydrogels (12). While 
these systems enable greater control of local oxygen levels than hypoxic incubator/chambers, 
the methodology is specialized and limits the available selection of hydrogel networks. For 
the majority of cell and tissue cultures, there is little flexibility in the choice of matrix, D
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making this approach unsuitable for broad general use. Therefore, 
to broaden this concept’s versatility, we sought an approach that 
could apply to any cell culture platform while utilizing the benefits 
afforded through enzymatic control of oxygen.

Here, we demonstrate a microscale gas-modulating system for 
spatiotemporal control over oxygen tension in cell culture. The 
microencapsulation system uses a gelatin microgel template with a 
polydopamine (PDA) coating, where tuning the coating polymer-
ization alters the permeability and stability of capsules. Our 
approach led to unprecedented concentrations of enzyme, up to 
40 mg/mL within the microcapsules, with stable activity main-
tained for over a month in cell culture conditions. We observed a 
dose–response in oxygen levels with enzyme concentration and 
demonstrated functional outcomes through reproducible control 
over stem cell and cancer cell functional activities. The uniform 
distribution of capsules led to stable oxygen tension in culture, while 
localizing the capsules to a single point led to oxygen gradients that 
were varied up to a centimeter in distance. Intestinal organoids 
cultured within the gradient showed spatiotemporal control of 
morphogenesis, demonstrating the ability to emulate tissue gradi-
ents in a single well. Furthermore, local attenuation of oxygen levels 
was shown to increase neovascularization from endothelial cells in 
two dimensions (2D), three dimensions (3D), and in ovo models, 
providing scope for these materials to be used in promoting in vivo 
angiogenesis. Overall, this work demonstrates a versatile system 
where gas-modulating capsules can be integrated with virtually any 
soft material system to locally control oxygen levels.

1. Results and Discussion

1.1. Characterization of PDA-Coated Gelatin Microparticles. Our 
method of oxygen reduction relies on the dual reaction of glucose 
oxidase paired with catalase. The glucose oxidase enzyme first 
oxidizes a glucose molecule, forming a gluconic acid and hydrogen 
peroxide molecule. Catalase in turn breaks two hydrogen peroxide 

down into two water molecules and an oxygen molecule. Together, 
this reaction reduces one dissolved oxygen (DO) molecule for 
every two glucose molecules (Fig. 1B). Previous use of this enzyme 
pair in vitro has been shown effective in creating hypoxia in cell 
culture conditions, but the free enzymes had poor stability and 
lost function within only 24 h of use (13). We hypothesized that 
microencapsulation of these two enzymes in a stable hydrogel 
environment would provide a simple yet effective method to 
prolong enzyme life and stability while maintaining efficacy. These 
capsules could then be added to culture systems in a variety of 
manners, e.g., purely in a solution, embedded in a cell-free gel that 
is in proximity to cells, embedded in a cell-laden bulk hydrogel, 
and even used as a component of a microgel scaffold (Fig. 1C).

For the capsule design, gelatin was chosen as the capsule core 
due to its low thermal gelation temperature. This enables easy 
microgel formation while preserving payload bioactivity. PDA was 
chosen as the capsule wall since it coats most materials with ease 
and has a pore size that is smaller than the enzymes but larger than 
glucose (pore diameters: PDA ~1 nm; glucose oxidase radius: ~6 
nm) (14, 15). This enables diffusion of analytes in and out of the 
capsules while preventing enzymes from escaping or proteases 
from entering and degrading the enzymes. Once loaded, these 
capsules function as oxygen sinks that can easily be dispersed and 
spatial localized to regulate and manipulate oxygen tension 
(Fig. 1A). The kinetics of oxygen reduction can subsequently be 
tuned by varying either the number of embedded capsules or the 
concentration of enzyme within each capsule.

The microcapsule synthesis scheme using a water-in-oil emul-
sion method is shown in SI Appendix, Fig. S2. To maximize load-
ing potential, cargo is added to the gelatin solution at a high 
concentration prior to addition to the oil bath. Importantly, pre-
vious methods to generate microgels of gelatin or gelatin meth-
acryloyl (GelMa) with oil emulsions use acetone to dehydrate the 
particles prior to washing and collection (16, 17). Here, acetone 
will render loaded enzymes inactive. Therefore, the particles 

A B

C

Fig. 1. Schematic of hypoxic capsules in microgels. (A) Schematic representation of glucose oxidase enzyme within a capsule. The enzymes are entrapped 
within the capsule walls, but the wall pore sizes are small enough to enable the exchange of enzyme substrates (glucose and oxygen). (B) Reaction scheme of 
glucose oxidase and catalase. (C) Schematic representations of capsules distributed in various formats: (i) uniformly dispersed in standard cell culture, (ii) spatial 
deposition for gradients, (iii) uniformly dispersed within a hydrogel, and (iv) distributed within granular media.D
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require a nonwater-miscible solvent to wash away excess oil. 
Hexane was chosen as it readily dissolves food oils while remaining 
immiscible with water (18). Optical images verify the formation 
of stable gelatin microgel particles without acetone dehydration 
(Fig. 2 A, i); scanning electron micrographs show smooth mor-
phologies on the uncoated particle surfaces (Fig. 2 A, ii).

For the coating, dopamine hydrochloride (10 mg/mL) was 
added to a dilute suspension of gelatin microgels [10 w/v% par-
ticles in a Tris-HCl buffer (pH 8.5)] and shaken in a capless cen-
trifuge tube to enable gas exchange. After 24 h, the particles 
adopted a brown/black appearance (Fig. 2 A, iii) corresponding 

to the color of PDA (19, 20). Scanning electron microscopy 
(SEM) showed a slightly rougher surface on coated particles 
(Fig. 2 A, iv), and size characterization revealed an average particle 
size of 60 ± 24 µm (Fig. 2B). Filtering can further reduce these 
capsule sizes, and microfluidics would enable the generation of 
capsules on the order of 1 µm. To determine the barrier function-
ality of the PDA coating, a permeation study was performed with 
gelatin microparticles coated for 0, 2, 4, or 24 h. The capsules 
were placed in a phosphate buffer saline (PBS) solution with flu-
orescein isothiocyanate (FITC)–labeled dextrans (250 kDa) for 
24 h and subsequently imaged using confocal microscopy to 
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Fig.  2. Characterization of PDA gelatin microcapsules. (A, i) Bright-field microscopy images of uncoated gelatin microgels. Scanning electron microscope 
images of uncoated (ii) and PD-coated (iv) gelatin capsules. (iii) Bright-field microscopy image of polydopamine (PD)-coated gelatin microgels. (B) Size distribution 
histogram of uncoated gelatin microgels. (C) Normalized permeability of capsules based on fluorescence. (D) Confocal microscopy images of capsules (coated 
for 0, 4, or 24 h) sitting in FITC-dextrans for 24 h (37 °C). (E, Left) Confocal microscopy image of 24-h PD-coated microcapsules loaded with 250-kDa FITC-dextran 
(2 mg/mL). (Right) Plot of encapsulation efficiencies calculated for 10-, 40-, and 20-kDa dextrans. (F) Plot of normalized fluorescence intensity of FITC-BSA in 
microcapsules after 28 d. (G) Plot of the final concentration for 5 batches of BSA-loaded microcapsules. (H) Viscosity vs shear strain rate plot from shear strain 
sweeps (log ramp from 0.02 to 10 s−1). (I) A photograph of a printed continuous line filament of jammed microcapsules. (J) Bright-field microscopy images of 
jammed microcapsule printed lines with various nozzle sizes (23, 22, and 18G). (K) A plot of analyzed microcapsule line diameters with varied nozzle dimeters. 
Red lines indicate the inner diameter of the nozzles used. (Scale bars, 300 µm.) [Scale bars, 10 µm (A, ii and iv), 50 µm (A, i and iii), (E and J) 300 µm.] **P < 0.01, 
***P < 0.001, one-way ANOVA. Error bars represent SD.D
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measure capsule fluorescence at 20 and 37 °C. There was a notice-
able decrease in capsule fluorescence as coating time increases for 
the 20 °C condition; however this difference was minimal 
(SI Appendix, Fig. S3 A and B). When assessing the 37 °C condi-
tion, it became clear that stable coatings did not occur until after 
4 h of coating (Fig. 2 C and D). Even after 4 h, faint silhouettes 
of capsules can be seen with a significant difference in fluorescence 
when compared to the room temperature condition (P < 0.0001), 
suggesting a leaky coating. However, after coating for 24 h, there 
is a slight difference in permeability between the two temperature 
conditions. To verify that the porosity of the capsules was small 
enough to enable oxygen and glucose diffusion, capsules were 
suspended in a solution of fluorescein (332.31 Da) for 1 h and 
subsequently washed and imaged. Light intensity was found to 
increase within 5 s (SI Appendix, Fig. S3 C and D), suggesting 
large enough pores for analyte diffusion. Therefore, 24-h coatings 
were subsequently used for the rest of the work.

To evaluate encapsulation efficiency, capsules were synthesized 
with FITC-dextran (2 mg/mL of 10, 40, or 250 kDa) and without 
dopamine coating, followed by shaking for 4 h to simulate the 
coating procedure (Fig. 2D). Dextrans were chosen as they are a 
common model for molecular diffusion due to their similar isoe-
lectric points and physical characteristics at all sizes. Confocal 
microscopy images of capsules loaded with 250-kDa dextrans were 
first used to confirm loading (Fig. 2E). The uncoated capsules were 
then collected, washed, and melted. A fluorescence spectropho-
tometer was used to measure the amount of FITC-dextran with 
an emission maximum of 517 nm. To quantify the dextran con-
centration, standard curves of FITC-dextrans at varied concen-
trations were made for each size (10, 40, and 250 kDa) 
(SI Appendix, Fig. S4 A–D). Confocal microscopy images of cap-
sules loaded with 250-kDa dextrans were first used to confirm 
loading (Fig. 2E). The encapsulation efficiencies for 10-, 40-, and 
250-kDa dextrans were 32 ± 2%, 32 ± 4%, and 30 ± 0.5%, 
respectively (Fig. 2E). Material loss most likely occurs during the 
coating process before a sufficiently thick enough coating is 
formed.

To measure the long-term stability of the coatings, FITC-labeled 
bovine serum albumin (BSA) molecules were loaded into capsules 
and stored at 4 °C. These capsules were subsequently imaged under 
a confocal microscope over 28 d (SI Appendix, Fig. S4C). To combat 
the gradual photobleaching of FITC, the internal particle fluores-
cence was normalized to a solution of free FITC-BSA stored under 
the same conditions. A 94 ± 1% retention in fluorescence is seen 
over the 28 d (Fig. 2F). To test the maximal loading capacity of our 
capsules, 10 wt% BSA (with 0.1% being FITC-BSA) was added to 
the gelatin precursor solution. A similar procedure to the encapsu-
lation efficiency was performed on supernatants of dissolved 
uncoated capsules after 4 h (SI Appendix, Fig. S5A). A standard curve 
was made for the FITC-BSA (SI Appendix, Fig. S5B) which gave a 
final BSA concentration of 39 ± 2 mg/mL (39% BSA, wet weight) 
(Fig. 2G). To our knowledge, this is the highest loading of bioactive 
molecules in a microcapsule to date  (21–28). Microscale hydrogels 
have been widely used as delivery vehicles, scaffolds, and support 
matrices for biofabrication (29, 30). Considering the microcapsules 
are of a similar size, integrating capsules within a jammed suspension 
of microgels could provide localized control of oxygen during bio-
fabrication. To determine if the microcapsules would behave similarly 
to microgels, we performed parallel plate rheology on jammed sus-
pensions of the microcapsules, which demonstrated similar 
shear-thinning behavior (Fig. 2H) with a yield stress value of 40 Pa 
(SI Appendix, Fig. S6A). To demonstrate reversibility of their jammed 
state, 2-min intervals of high (200%) and low (0.2%) strain were 
applied cyclically. Here, the jammed capsules can be seen to recover 

full mechanical stiffness near instantaneously for multiple continuous 
cycles (SI Appendix, Fig. S6B). To assess injectability, jammed micro-
capsules were loaded into 1-mL syringes and extruded into lines 
(Fig. 2I and Movies S1–S3) (31). A fidelity assessment of 3D printed 
lines demonstrates high control of the line with widths varying from 
300 to 800 µm, with the average capsule line width diameter less 
than 5% from the nozzle’s inner diameter (Fig. 2 J–K). These studies 
demonstrate how microcapsules can be used in multiple formats 
from single particles to high-density suspensions for syringe injection 
and biofabrication.

1.2. Glucose Oxidase–Loaded Capsules Reduce DO Levels. 
We next evaluated the ability to load functional enzyme into 
the microcapsule system. First, glucose oxidase was loaded into 
microgel capsules (1 U/mL). A glucose oxidase activity kit with a 
fluorescent reporter was used to measure the hydrogen peroxide 
production activity of enzyme-loaded microcapsules. Capsules (20 
mg/mL) were added to wells in a plate reader, and the fluorescent 
output (517 nm) was measured every 3 min for 45 min. When 
measuring the activity around the capsules over time, the enzyme 
activity reached a plateau after 3 to 6 min (Fig. 3A). This is likely 
due to initial diffusion constraints as glucose substrates and 
peroxides need to freely diffuse into and out of capsules. After 
45 min, capsules loaded with 1 U/mL glucose oxidase had an 
activity of 46 mU/mL, providing a functional encapsulation 
efficiency of 5% (Fig.  3B). This discrepancy between these 
values and the 30% found for loaded BSA may be due to loss 
of functionality of some of the encapsulated enzymes during 
encapsulation and coating at elevated pH (~8.5). The substrates 
and products of the reaction, namely glucose and oxygen, also 
need to diffuse through the capsule wall for measurement which 
can limit the reaction rate and the perceived activity. In addition, 
immobilized enzyme activity can decrease by up to 80% when 
compared to free enzyme (32). This underscores the importance 
of an encapsulation system with high cargo loading capacity.

Glucose oxidase is known for having a high shelf life under 
proper storage conditions (33, 34). To measure the shelf life of 
the enzyme-loaded capsules at 4 °C in PBS, a batch of capsules 
had activity measured at 1, 3, 7, 14, and 21 d after synthesis. 
No noticeable difference in glucose oxidase activity was found 
after 21 d in storage demonstrating high stability (Fig. 3C). 
Next, glucose oxidase–loaded capsules were stored in cell culture 
media (Dulbecco's Modified Eagle Medium (DMEM)) at 37 °C 
for 5 wk along with a solution of free enzyme as a control. After 
1 wk, the capsules lost only 11 ± 0.3% of enzyme activity 
(P = 0.0094), whereas the free enzyme had a reduction in activ-
ity of 84.4 ± 0.1% (P < 0.0001). After 5 wk, the capsules lost 
only 34 ± 0.4% of enzyme activity (P < 0.0001), whereas the 
free enzyme had lost 99 ± 0.2% of enzyme activity (P < 0.0001). 
Together, these results demonstrate how our microencapsulation 
system yields excellent enzyme stability providing a tool that 
could maintain hypoxic cell cultures for weeks.

With confirmation that capsules loaded with glucose oxidase 
can generate hydrogen peroxide, we next aimed to verify that 
encapsulated glucose oxidase, along with catalase, can reduce oxy-
gen levels. For all tests, catalase was loaded at a functional activity 
of 60 times that of glucose oxidase. This ratio is to ensure that 
hydrogen peroxide produced by glucose oxidase is immediately 
extinguished by the catalase. This ratio is also consistent with 
previous work using enzymes to create hypoxic cell culture envi-
ronments (9, 13). To best simulate the oxygen level conditions for 
cell culture conditions, a DO probe was placed 7 mm deep (the 
depth of our hydrogels in a 24-well plate with 1 mL of liquid) 
into a 12-well plate loaded with 4 mL of cell culture media D
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(SI Appendix, Fig. S1). A 6-mm stir bar was added to the well and 
rotated at 250 rpm to ensure enough fluid flow at the probe inter-
face for accurate measurement while preventing disruption of the 
air–liquid interface. All measurements were performed at 21 °C. 
When testing at room temperature and pressure, the probe base-
line read 9.07 mg/L of oxygen which, when using Henry’s law, 
gives a partial pressure of 21.0% oxygen. The DO levels were 
measured for glucose oxidase concentrations of 0.03, 0.1, 0.3, 1, 
3, and 10 U/mL. As expected, the DO levels were found to 
decrease as the glucose oxidase concentration increased (Fig. 3D). 
At each concentration, the oxygen saturation versus time relation-
ship follows a sigmoidal curve shape. As the added enzymes first 
begin removing oxygen, there is a slight delay before the probe 
can register the reduction. And once the oxygen levels begin reach-
ing lower saturation levels (<1%), the enzymes begin to compete 
with the oxygen diffusion from the air–liquid interface. This is 
most apparent when comparing the 10 U/mL sample versus the 
0.03 U/mL. Since some solutions do not reach 0% saturation, a 
different metric is needed for comparison between concentrations. 
Here, we define the saturation halftime. This halftime is the time 

required for the DO levels in a solution to reach half (10.5% pO2) 
of atmospheric oxygen concentration (a pO2 of 21%). The half-
times for each solution were plotted against the concentration of 
glucose oxidase to create a standard curve. The halftime activity 
relationship followed a power law model with high accuracy 
(R square = 0.995) for activities of 1 U/mL and below (Fig. 3E 
and SI Appendix, Fig. S7C). Notably, the 3 and 10 U/mL solutions 
did not decay fast enough due to the limitation in speed of our 
oxygen probe. Therefore, they were not used for the best-fit 
equation.

To measure the effect of catalase on the solution, pure glucose 
oxidase (0.3 U/mL activity) without catalase was added to the 
microcapsules. Here, the sample without catalase shifted the activity 
curve to the left, suggesting faster oxygen depletion. Calculation 
of the saturation halftime gives 5.8 and 3.5 min, a 40% reduction, 
for the catalase and catalase-free conditions, respectively (SI Appendix, 
Fig. S7 A and B). This fits with our expectations as catalase should 
lead to a reduction in oxygen depletion by 50%. Glucose oxidase–
loaded and catalase-loaded microcapsules of varied activities 
(1,000 U/mL glucose oxidase and 60,000 U/mL catalase; 5, 12.5, 
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Fig. 3. Characterization of glucose oxidase activity in capsules. (A) Glucose oxidase (GOx) activity overtime for glucose oxidase–loaded microcapsules (1 U/mL) 
measured with a glucose oxidase activity kit on a plate reader with 517-nm emission. (B) Long-term activity of glucose oxidase capsules stored at 4 °C in between 
measurements. (C) Long-term activity of glucose oxidase capsules and free enzyme stored at 37 °C in between measurements. (D) Plot of the dissolved oxygen 
partial pressures for varied concentrations of glucose oxidase (with a 1:60 ratio with catalase) in cell media at room temperature. (E) Plot of the saturation 
halftime versus glucose oxidase concentration. The two x’s correspond to data points that were not used for the linear fit. (F) A plot of the dissolved oxygen 
partial pressures for capsules at varied concentrations (5, 12.5, or 25 mg/mL of glucose oxidase–loaded capsules (1,000 U/mL, 60,000 U/mL catalase)). (G and H) 
Modeling the kinetics of oxygen diffusion of varied capsule concentrations at 1 h (G) and 24 h (H). Data are presented as average of n > 3 repeats with SD. 
***P < 0.001, one-way ANOVA.
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and 25 mg/mL of capsules) were subsequently added to the same 
DO probe setup to measure the effect of encapsulation on activity. 
These capsules all reached hypoxic levels of oxygen tension (<5% 
pO2) by 15 min, with a saturation halftime of 1.9 ± 0.4, 3.0 ± 
0.3, and 5.9 ± 0.6 min for the 5, 12.5, and 25 mg/mL conditions, 
respectively (Fig. 3F).

To test the viability of capsules within granular media toward 
controlling oxygen during biofabrication, a capsule-loaded GelMA 
microgel suspension (2 vol% capsules in the gel, 0.4 mL of hydro-
gel volume; final of 2 mg/mL of capsules) was analyzed with the 
identical setup. These loaded microgel suspensions had a satura-
tion halftime of 23 min, reaching a plateau of 2% oxygen satura-
tion after 2 h (SI Appendix, Fig. S7D). These data suggest that 
hypoxic conditions can readily be reached with a low total volume 
fraction of capsules. One caveat with this methodology is that it 
can only read the oxygen levels in a solution. It is well appreciated 
that both in vitro hydrogels and in vivo tissues can lead to 
reduced oxygen levels when thick enough (35). Additionally, 
even slight differences in depth of cell culture medium in flasks 
and wells can affect the oxygen levels to adherent cells (6, 36). 
Therefore, the measurements of liquid at the surface likely 
underestimate the levels of hypoxia that cells experience within 
the microgel suspensions. Nonetheless, these measurements 
provide insight into the upper bound of glucose oxidase needed 
to establish these conditions.

To support our experimental results, we employed a mathemat-
ical model using COMSOL and Michaelis–Menten kinetics with 
O2 as the analyte as previously described (37). The oxygen levels 
in hydrogels loaded with 2% volume fraction of capsules, con-
taining 10, 100, or 1,000 U/mL of enzyme, were modeled over 
24 h. After 1 h, more than 80% of the 1,000 U/mL gel can already 
be seen at hypoxic levels (<5% O2), whereas the 100 U/mL con-
dition is closer to 6 to 10%, and the 10 U/mL condition is closer 
to 10 to 15% (Fig. 3G). By 2 h, the 100 U/mL condition stabilizes 
below 5%, plateauing at between 2 and 3% by the 6th hour 
(SI Appendix, Fig. S8A). By 24 h, the 10, 100, and 1,000 U/mL 
conditions have all stabilized, given midplane oxygen levels around 
5, 2, and 0.2%, respectively (Fig. 3H). These results suggest that 
tuning the loaded enzyme concentration can provide control over 
the final level of oxygen in cell culture conditions. To measure the 
effect of capsule concentration, additional models were performed 
of both 0.5% volume fraction and a single capsule. Even at 0.5% 
volume fraction, a hypoxic level can be maintained evenly under-
neath the top plane of capsules (SI Appendix, Fig. S8B). However, 
the range of hypoxia afforded by a single capsule at 1,000 U/mL 
is limited to only a distance of 200 µm. This indicates that there 
is a baseline concentration of capsules (a 0.5% volume fraction at 
most) needed to maintain homogeneous oxygen levels. In addi-
tion, this suggests that sequestering and spatially controlling cap-
sule locations could enable the formation of oxygen gradients.

1.3. Control of Oxygen Regulates Hypoxic Signaling in Stem Cells 
and Cancer Spheroids. Next, we investigated the effect of hypoxia 
mediated by functioning oxygen-modulating microcapsules on 
cell viability. Live dead assays were performed on days 1 and 5 for 
3 cell lines: A375-P (human melanoma), adipose-derived stromal 
cells (ADSCs), and human umbilical vascular endothelial cells 
(HUVECs). Capsules loaded with 1,000 U/mL glucose oxidase 
and 60,000 U/mL catalase were added to GelMa microgel 
suspensions used previously (38), (2 vol% of capsules) along with 
one of the cell lines (SI Appendix, Fig. S9). Here, 1,000 U/mL 
inside the capsules would give 2 U/mL in total solution in the 
well of a 24-well plate. With a 5% enzyme functionality, this 
provided a rough activity of 100 mU of glucose oxidase activity 

in one well (1 mL volume). Since all following in vitro studies 
were performed in 24-well plates with 1 mL of media, all future 
references of U/mL of enzyme will refer to the initial loading 
within the capsules for consistency.

After 1 d, there was a reduction in viability for the melanoma 
cell line from 97 ± 1% to 65 ± 20% when hypoxic capsules were 
added. Meanwhile, the ADSCs and HUVECs showed little differ-
ence (SI Appendix, Fig. S9 A and B). By 5 d, nearly all A375-P cells 
were dead (16 ± 12%, P = 0.000017), while HUVECs had a drop 
in viability to 36 ± 20% (P = 0.0016) (SI Appendix, Fig. S9C). 
Surprisingly, the ADSCs showed no decrease in viability even after 
5 d (93.7 ± 0.3 versus 92.5 ± 5.5%, P = 0.999). However, the 
ADSCs, along with the HUVECs, showed spreading in the control 
condition but no noticeable cell spreading in the glucose oxidase 
condition (SI Appendix, Fig. S9A). Data from the DO probe showed 
that these capsules exhibit an activity of around 0.3 U/mL which 
gives a <1% oxygen saturation after 20 min at the surface of the gel. 
Thus, while some cells may survive at this level of hypoxia, cell 
spreading and proliferation are significantly impaired.

To explore the effect of hypoxia on intracellular HIF1-alpha 
(HIF1-α), microgel suspensions were loaded with ADSCs (1 × 
106 cells per mL) with either no capsules or capsules with 100, 
250, or 1,000 U/mL glucose oxidase (2 vol%; 6,000, 24,000, or 
60,000 U/mL catalase, respectively). At both days 1 and 3, signif-
icant expression of HIF1-α can be seen in the capsule conditions 
but not in the control (Fig. 4A). Here, the control sample had 
7.5 ± 3.5% of cells with expression, while the 1000 U/mL glucose 
sample had 73 ± 11% (P = 0.0013) (Fig. 4B). Moreover, hypoxia 
has been shown to have an effect on the extracellular vesicle (EV) 
output of mesenchymal stem cells (39, 40), To measure if our 
capsule-induced hypoxia had any effect on ADSC EV output, 
ADSCs were embedded into 3D microgel suspensions with cap-
sules containing 0, 30, or 250 U/mL glucose oxidase (1 × 106 cells 
per mL, 2 vol% capsules in hydrogel). After 72 h in serum-free 
media, the supernatants were collected, and the EVs were isolated 
and analyzed. No differences were found in the concentration of 
exosomes across all three conditions (Fig. 4C). However, there was 
a significant increase in mean vesicle diameter for the hypoxic 
condition compared to the control (P = 0.010) (Fig. 4 D and E). 
This correlated well with previously reported work (41). The pres-
ence of CD9, a known surface marker for exosomes, in the EVs 
was also confirmed via western blots (SI Appendix, Fig. S10). 
Overall, these data suggest that the ADSCs may indeed be expe-
riencing and responding to the low-oxygen environment, leading 
to changes in the secretion of EVs.

When sufficiently large enough, all cancerous tumors exhibit 
hypoxic cores (42). Aberrant tumor paracrine signaling networks 
disrupt nearby vasculature, leading to leaky vessels and poor nutrient 
and oxygen delivery. This disruption can generate hypoxic cores 
with a tumor volume as they continue to grow. These hypoxic 
cores have been implicated in tumor progression, including higher 
cancer cell survival, aggressiveness, and a more frequent incidence 
of metastasis (42–44). Therefore, model systems that can replicate 
hypoxic microenvironments in the laboratory are important tools 
for fundamental research and drug development.

To measure the effect of hypoxia on melanoma cells, we embed-
ded A375-P human melanoma cells in GelMA microgel suspen-
sions (between particles) with a filler of 1 wt% GelMA in the 
microgel interstitial space. These suspensions were subsequently 
loaded with microcapsules that contained 0 or 100 U/mL glucose 
oxidase (and 6,000 U/mL catalase)—10% of the enzyme activity 
that led to total cell death of the A375-P cells in the live dead 
study. In the control condition, A375-P cells can be seen to grow 
in clusters that expand in size by 55% (P = 0.07) over the course D
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of 7 d (Fig. 4F). In contrast, the cell clusters in microgel suspen-
sions with hypoxia-inducing capsules increased in size by only 
23% (P = 0.77) and 61 ± 20% the size of the control condition 
(P = 0.049) (Fig. 4G). We next explored the influence of hypoxia 
on tumor spheroids to evaluate this commonly used tumor model. 
Here, MCF-7 breast cancer spheroids were embedded into Geltrex 
with 0, 10, 30, or 100 U/mL capsules loaded. For the conditions 
with 30 or 100 U/mL capsules, the spheroids did not proliferate 
during prolonged culture. For the 10 U/mL condition, there was 
slight growth through the first 2 d, after which the spheroids died 
(Fig. 4 H and I). These findings were replicated when using a more 
aggressive breast cancer cell line, MDA-MB-231, where there was 
little tumor growth for the hypoxic condition over 6 d (SI Appendix, 
Fig. S11). Together, our findings suggest that tumor cells within 
our in vitro models were sensitive to hypoxia, leading to HIF1-α 
signaling and apoptosis, thereby providing a model to emulate the 
effect of hypoxia in cancer cell culture.

1.4. Spatial Patterning of Microcapsules Provides Oxygen 
Gradient to Direct Intestinal Organoid Morphogenesis. A key 
advantage of using microcapsules is the spatial control of oxygen 
afforded by simply varying placement of the microcapsules. To 
demonstrate that the microcapsules can be used to establish 
spatial oxygen gradients, we utilized a bioprinter to control 
the distribution of glucose oxidase microcapsules. A concentric 
circular disc construct was bioprinted for this purpose (Fig. 5A). 
The concentric circular disc consisted of a center disc (radius 
of 0.5 cm) containing 30 U/mL glucose oxidase microcapsules 
suspended in a GelMA-based bioink, which served as the 
oxygen sink. This disc was surrounded by blank GelMA bioink, 
forming a large annulus with a radius of 2 cm (height = 3 mm). 

To assess the spatiotemporal patterning of oxygen concentration 
within the bioprinted disc, we measured the oxygen distribution 
along the bioprinted construct’s radius at a 5-mm interval with 
an oxygen probe. First, we aimed to determine the temporal 
dynamics to establish an equilibrium oxygen gradient along the 
radial axis of the bioprinted disc, which resulted from an influx 
of oxygen from the surrounding environment (inside a 37 °C 
and 5% CO2 incubator) and oxygen scavenging activities by 
glucose oxidase microcapsules printed in the center of the disc. 
Excess culture medium (30 mL) was added to ensure that glucose 
concentration was not limiting the oxygen scavenging activity 
of the microcapsules. We observed that the oxygen distribution 
within the disc achieved equilibrium after ~5 h, consistent with 
our model (Fig. 5B and SI Appendix, Fig. S8A). The equilibrium 
oxygen concentration gradient in the bioprinted disc ranged from 
1.4 ± 0.2% oxygen (oxygen partial pressure in equilibrium with 
water) at the center of the disc (r = 0 mm) to 19.4 ± 0.5% at the 
edge (r = 15 mm). The oxygen levels increased along the radius 
of the disc, where we noted an equilibrium oxygen level of 5.3 ± 
1.0% at r = 5 mm and 14.9 ± 1.3% oxygen at r = 10 mm. These 
experimental data corroborate with our computational simulation 
model that accounted for diffusion and glucose oxidase reaction 
kinetics to establish oxygen concentration gradient (Fig.  5 
C and D). Both the experimental data and the simulation model 
reached ~1% oxygen at the center of the disc after 1 h (Fig. 5 
C and D). There was also good agreement in the concentration 
gradient profiles of the 1-, 3-, and 5-h time points. However, 
there was a difference in the 24-h concentration profile, with the 
computational model overestimating the oxygen level at 5 mm 
and underestimating at 15 mm (Fig. 5D). This is likely due to 
the resolution of the DO probe used.
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Fig. 4. Effect of hypoxia on ADSCs and tumor cells. (A) Confocal z-stack projections of ADSCs (1 × 106 cells per mL) stained with Hoechst (nuclei, blue) and HIF1-
alpha (red) after 1 or 3 d in culture in microgel suspensions (10 wt%, 1% filler) with or without 2 vol% of glucose oxidase capsules (1,000 U/mL, 60,000 U/mL 
catalase). (B) Cell counts per replicate region of HIF1-alpha-positive cells for each of the glucose oxidase concentrations (capsules loaded with 0, 100, 250, and 
1,000 U/mL). Concentrations (C), size plots (D), and average diameters (E) of EVs isolated from ADSCs in microgel suspensions with capsules loaded with varied 
glucose oxidase concentrations. (F) Confocal z-stack projections of A375-P cells stained with Hoechst (nuclei, blue), phalloidin (actin, red), and HIF1-alpha (green) 
after 1 or 7 d in culture in microgel suspensions (medium, 10 wt%, 1% filler) with or without 2 vol% of glucose oxidase capsules (100 U/mL, 6,000 U/mL catalase). 
(G) Plots of average A375-P aggregate size per replicate overtime. (H) Optical images of MCF7 breast cancer spheroids embedded in Geltrex over 6 d with no 
capsules or with capsules loaded with an equivalent of 10 U/mL. (I) Growth curves of breast cancer spheroid diameters. [Scale bars, 50 µm (A and F), 200 µm 
(H).] n ≥ 3 *P < 0.05, **P < 0.01, one-way ANOVA. Error bars represent SD.
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Next, we evaluated how long the oxygen concentration gradient 
can be maintained. It was noted that the concentration gradient 
profile could not be maintained when we incubated the bioprinted 
disc for 4 d without any medium change. By day 3, the oxygen 
level at the center of the disc was observed to be at 8.9 ± 0.5%, 
which was sixfold higher than that in day 1 (1.4 ± 0.2% oxygen) 
(Fig. 5E). This was likely attributed to a decrease in glucose oxidase 
activity in the microcapsules over the 96 h period. Given that 
glucose is a key substrate of glucose oxidase, prolonged incubation 
without medium change likely caused glucose depletion and con-
sequently resulted in a loss of oxygen scavenging activity. With 
daily replenishment of culture medium, the oxygen concentration 
gradient could be consistently maintained (Fig. 5F). Therefore, we 
show that by patterning the microcapsules at discrete locations, an 
oxygen concentration gradient can be readily established under a 
normal atmospheric condition in a standard cell culture incubator. 
This is not achievable with commonly used hypoxic incubators, 
which regulate oxygen concentration at a single uniform level. 

Hence, combining bioprinting with the oxygen scavenging micro-
capsules can potentially provide a simple and scalable avenue to 
mimic physiologically relevant oxygen gradients within a single 
experiment (45).

Intestinal stem cells are naturally adapted to function in a 
low-oxygen microenvironment (1 to 3%), leading to better 
growth in low-oxygen conditions. To evaluate the effect of 
microcapsule-mediated oxygen gradient on the growth of intes-
tinal tissues, we passaged and seeded intestinal organoids in well 
plates which were maintained under normoxia (in a 5% CO2, 
21% O2 incubator) but subjected to an oxygen gradient that was 
created by depositing a microcapsule loaded hydrogel disc (10 
wt. % GelMA) to one side of the well. The microcapsule disc 
composition is 2 mg/mL corresponding to 25 U of loaded 
enzyme. This allowed for the creation of a distinct oxygen gradi-
ent within the same well. Next, two 10 µL Matrigel/organoid 
droplets were created within each well. One of the droplets 
(Dome 1) was positioned near the microcapsule (<5 mm), 

r = 15 mm
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Fig. 5. Spatial control of oxygen directs organoid morphogenesis. (A) Blank GelMA C hydrogel is printed as a disc with 0.5-cm internal and 2-cm external radius. 
Same hydrogel with suspended glucose oxidase microcapsules was dispensed into the center to generate a source–sink disc pattern. (Scale = 1 cm.) (B) Bioprinted 
disc with excess culture media in a cell culture incubator. Oxygen levels measured along the radial direction, r, from the disc center at 5-mm intervals for up to 
1 d. (C) Computational simulations (COMSOL) modeling of hydrogels in media with loaded capsules after 1 h (Top) or 24 h (Bottom). (D) Plot of computationally 
modeled oxygen partial pressures in solution that mimics geometry of the bioprinted disc. (E) Oxygen distributions of bioprinted disc incubated in 30 mL of 
cell culture media for 4 d. No media change was performed. (F) Oxygen distribution of bioprinted disc incubated in 30 mL cell culture media with daily culture 
media change. (G) Schematic of capsules loaded in a gel droplet near two Matrigel domes at varied distances. (H) Optical images intestinal organoids in Matrigel 
domes that are exposed to varied levels of hypoxia (Right), and fluorescent images of intestinal organoids stained with a hypoxia IT dye (Left). (I) Plot of organoid 
diameters as a function of which Matrigel dome and oxygen conditions they were in. [Scale bars, 1 cm (A), 500 µm (H).] Data are presented as average of n > 3 
repeats with SD. ***P < 0.001, ANOVA. Error bars represent SD.
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whereas the second droplet (Dome 2) was positioned at the 
extreme end of the well, furthest away from the microcapsules 
(~10 mm) (Fig. 5G). This allowed for the comparison of the effect 
of the oxygen gradient on the growth and morphology of the gut 
organoids as a function of spatial distance to the hypoxia source. 
Controls were established by culturing the intestinal organoids 
in the same setup with a sham disc (no microcapsules) in a 2% 
O2, hypoxic incubator, and a 21% normoxic incubator.

After 48 h, organoid size and proliferative ability (evidence as 
branching and budding) increased with proximity to the micro-
capsule disc. Organoids grown in the well with 25 U microcapsule 
disc had a 630% increase in size compared to untreated controls 
(P < 0.0001) (Fig. 5 H and I). The size of the organoids grown in 
close proximity to the 25 U capsule reservoir (<5 mm; <5% O2) 
was larger than those cultured far from the capsule reservoir (~10 
mm; <15% O2) which was comparable to the size of the positive 
control organoids grown in the hypoxic incubator (static 2% O2) 
(Fig. 5I). Under microcapsule conditions, organoids in Dome 1 
were 300% larger than those in Dome 2 (P < 0.001) and formed 
significant budding and branched structures. When staining the 
organoids in all conditions with a hypoxic dye (ImageIT), there 
was elevated signal in the organoids grown in the hypoxic chamber 
and when cultured with microcapsules (Fig. 5H). Additionally, all 
hypoxic conditions led to enhanced growth compared to normoxic 

culture conditions, and there was no difference in size between 
Dome 1 and Dome 2 in control organoids grown under hypoxia 
or under normoxia (blank disc; no microcapsules). Together, these 
results demonstrate how microcapsules can regulate hypoxia with 
spatial control, leading to enhanced proliferation with evidence 
for increased growth characteristics compared to hypoxic 
chambers.

A hypoxic intestinal stem cell microenvironment can have a 
significant impact on the growth of organoids (46). The intestinal 
stem cells are responsible for maintaining the intestinal epithelium 
and are key for the renewal and repair of the gut lining. These cells 
are located in a niche within the gut, where they are exposed to 
low oxygen levels (47). In hypoxic conditions, the activation of 
various signaling pathways, such as the HIF1-α pathway, can reg-
ulate cellular metabolism and increase the resistance of cells to 
oxidative stress, leading to enhanced survival and proliferation of 
the stem cells (48). This can result in an increased number of stem 
cells and an improved capacity for self-renewal, which can enhance 
the growth of the organoids. Furthermore, hypoxia can also influ-
ence the expression of various genes involved in cellular metabo-
lism, cellular signaling, and angiogenesis, leading to changes in 
the cellular behavior of the stem cells that can promote their sur-
vival and growth. This can result in an improvement in the quality 
and size of the organoids, as well as an increased branching pattern, 
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Fig. 6. Effect of hypoxic capsules on endothelial cells. Plots of relative expression of VEGFa. (A) and ANGPT-1 (B) for HUVECs in microgel suspensions with varied 
amounts of hypoxic capsules for 24 h. Plots normalized to GAPDH. (C) Confocal z-stack projections of HUVECs (5 × 106 cells per mL) stained with Hoechst (nuclei, 
blue) and phalloidin (actin, red) after 5 d in culture in microgel suspensions (10 wt%, 0.5% filler) with or without 2 vol% of glucose oxidase capsules (100 U/mL, 
6,000 U/mL catalase). (D) Plots of master segment length (Right) and number (Left) and lengths for control and glucose oxidase capsule conditions calculated 
using the angiogenesis analyzer plugin for ImageJ. (E) Bright-field images of HUVEC tubulogenesis over the course of 24 h. (F) Analysis of master segment length 
from the tubulogenesis assay. (G) Dissecting microscope images of representative CAM assay egg embryos after 4 d of incubation with or without microgel 
suspensions loaded with glucose oxidase capsules. (H) Quantification of the number of interacting branching points from the CAM assay. [Scale bars, 50 µm 
(C), 100 µm (E), and 500 μm (G).] *P < 0.05, **P < 0.01, and ***P < 0.001, ANOVA. Error bars represent SD.
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which is indicative of their growth and proliferation capacity (46). 
The hypoxic microenvironment of gut has a significant impact on 
the microbiome as many gut bacteria are anaerobic and require 
low oxygen levels to grow and thrive. By maintaining a hypoxic 
environment for the cultivation of gut organoids, the microor-
ganisms that are associated with the gut can be better replicated, 
which can lead to a more accurate representation of the gut micro-
biome (49). This highlights the importance of maintaining a 
hypoxic environment for the cultivation of organoids to achieve 
optimal growth and function and to mimic the native microen-
vironment of the gut. These results demonstrate how using 
oxygen-modulating microcapsules can mimic gut organoid mor-
phogenesis comparable to what is achieved using a hypoxic cham-
ber. By spatially controlling the number and activity of capsules, 
we were able to locally tune and establish hypoxic gradients, pro-
viding the ability to direct different activities spatially within a 
single experiment.

1.5. Hypoxic Microcapsules Induce Angiogenesis Signaling 
In  Vitro and In  Vivo. It is well understood that oxygen levels 
play a role in endothelial cell signaling pathways (50). Under 
low oxygen tension, endothelial cells are driven to undergo 
angiogenesis to create more vessel structures to supply more 
oxygen. This has been previously demonstrated using hydrogels 
with oxygen-reducing enzymes tethered to the hydrogel 
backbone (11). Here, we aimed to measure the effect of hypoxia 
on vascular endothelial cells using several systems to demonstrate 
the microcapsule platform’s versatility. First, HUVECs were 
seeded in GelMa microgel suspensions (0% filler, 5 × 106 
cells per mL), as a model biofabrication approach, with varied 
concentrations of glucose oxidase–loaded capsules and cultured 
for 24 h before snap-freezing the gels and collecting cellular 
mRNA. RT-qPCR analysis showed an upregulation in vascular 
endothelial growth factor a (VEGFa) levels with increasing 
levels of hypoxia, with a twofold difference for the 250 U/mL 
condition compared to the control condition (Fig.  6A) (P < 
0.0001). There was a simultaneous decrease in Angiopoietin 1 
(ANGPT-1) by 10-fold (Fig. 6B) and no statistical difference 
in MMP1 gene expression (SI Appendix, Fig. S12A). Previous 
work has demonstrated that hypoxia induces an upregulation 
in VEGFa and a downregulation in ANGPT-1 in human 
endometrial cells  (51). This is in contrast to other literature 
showing an upregulation of ANGPT-1 in vascular cells (11), 
and pericytes under hypoxic conditions  (52). Park et al. have 
shown that this upregulation can be acute and transient (53). 
The role of ANGPT-1 is primarily vascular protective, preventing 
endothelial cell death and preserving the structural integrity of 
vasculature (54). It is possible that in the first 24 h, the dispersed 
cells increase VEGFa expression due to hypoxia but without the 
paracrine mechanism that is vascular protective.

To test whether our endothelial cells would still undergo angi-
ogenesis in this system, the previous experiment was repeated but 
allowed to proceed for 5 d. After 5 d, HUVECs in enzyme 
capsule-loaded conditions (100 and 250 U/mL glucose oxidase) 
began to form interconnected tubes (Fig. 6C and SI Appendix, 
Fig. S13A). For quantification, the angiogenesis analyzer tool in 
ImageJ was used (SI Appendix, Fig. S13B). When comparing the 
two conditions, the 100 and 250 U/mL conditions had 430% 
and 470% increased master segment length (0 to 100: P = 0.019; 
0 to 250: P = 0.0070) and 320% and 460% more master seg-
ments, respectively (0 to 100: P = 0.227; 0 to 250: P = 0.022). 
However, when measuring the average branch length (SI Appendix, 
Fig. S12B), as well as the mesh area (SI Appendix, Fig. S11C), there 
was a trend suggesting that the 100 U/mL had thicker, and thus, 

healthier vessels, which matches the qualitative observations from 
the confocal images (SI Appendix, Fig. S13A).

To further confirm these results, a tubulogenesis on Matrigel 
assay was performed using the 0 U/mL and 100 U/mL capsule 
conditions (Fig. 6E). These results demonstrated a temporal 
response to hypoxia, where the hypoxic condition reached its 
maximum master segment length (Fig. 6F), number of master 
segments (SI Appendix, Fig. S12D), and number of master junc-
tions (SI Appendix, Fig. S12E) 4 h earlier than the control con-
ditions. These differences abated by 24 h as is expected with 
endothelial tubulogenesis experiments on Matrigel. As a final 
confirmation of the effect of hypoxia in vivo, we ran a chick 
chorioallantoic membrane (CAM) assay, a well-established 
in vivo angiogenesis assay. Here, microgel suspensions were made 
with varied concentrations of capsules, that contain 100 U/mL 
of glucose oxidase, and were  placed onto the CAM of developing 
chicken embryos. After 4 d of sample exposure, the number of 
branches intersecting the edge of the gels was analyzed (Fig. 6G). 
No statistical differences were found between the PBS control 
and the gels loaded with 0, 10, or 25 U/mL enzyme capsules 
(Fig. 6H). However, there was a significant difference between 
the PBS and the 50 and 100 U/mL conditions (PBS – 50: P = 
0.02; PBS – 100: P = 0.0002). Furthermore, the 100 U/mL 
condition enhanced angiogenesis with 43% and 22% more inter-
secting vessels relative to the 0 U/mL gels and the VEGF positive 
control, respectively. Overall, these data suggest that 
hypoxia-induced upregulation of VEGFa leads to angiogenesis 
signaling in 2D, 3D, and in ovo models. However, we cannot 
discount the possibility that microcapsules are exerting an influ-
ence on other processes like inflammation. Nevertheless, the 
ability to fine-tune the concentration of capsules and enzyme 
allows for a robust way to investigate subtle changes in the levels 
of oxygen tension and the influence on neovascularization and 
angiogenesis.

2. Conclusions

This work demonstrates an approach for spatiotemporal control of 
hypoxic conditions in virtually any cell culture system. The micro-
capsule system enables high loading of enzymes with prolonged 
shelf life and maintenance of activity, which allows for control of 
hypoxia in cell culture for several weeks. Tuning the capsule con-
centration or initial enzyme concentration allows for fine control 
over oxygen levels across a 3D cell culture, and across different 
samples in a well plate, toward integration in high-throughput 
assays. Hypoxic conditions were shown to attenuate MSC EV out-
put, as well as modulate the growth characteristics of cancer cells 
and spheroids. Spatial control of capsule distribution fostered gra-
dient behavior, which demonstrated spatiotemporal control of 
intestinal organoid morphogenesis. Hypoxic capsules also promoted 
an upregulation in endothelial VEGFa which led to enhanced angi-
ogenesis signaling in 2D, 3D, and in ovo models. This advance 
could transform body-on-a-chip devices, where variable oxygen 
levels can be precisely tuned to different tissues across a single device, 
something that is not currently possible. This approach can also be 
adapted to nanozymes, other enzyme systems, or gas-releasing 
hydrogels for use in a broad range of applications. The flexibility of 
the microcapsule format provides scope for use as an injectable 
biomaterial or reservoir for inclusion in topical treatments and gel-
based bandages, where gas attenuation may have clinical utility (e.g., 
wound healing). In addition to these practical applications, we 
anticipate this system will provide a basis for future work investi-
gating the role of oxygen deprivation on cell signaling pathways and 
functional cellular outputs.D
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3. Materials and Methods

3.1. Gelatin Microcapsule Synthesis. For empty capsules, type B gelatin 
(bloom strength 300, Sigma) was dissolved at 10 wt% in 1× PBS in a 40 °C 
water bath (75 mL oil). For loaded capsules, a 20 wt% solution of gelatin was 
dissolved, and it was mixed 1:1 with a solution containing the cargo. The gelatin 
solution (2 mL) was pushed through a 0.45-µm filter into an oil bath (olive oil) 
under constant stirring at 38 °C. After 10 min of equilibration, the oil bath was 
cooled to 10 °C, using a surrounding ice bath, and left to stabilize for 30 min. 
Hexane (25 mL) was subsequently added and left to stir for 10 min before the 
microgels were decanted off into centrifuge tubes. The particles were left to settle 
for 30 min prior to 4 washing steps with hexane. The particles were agitated in 
the hexane solution and quickly pipetted onto a 25-µm nylon filter over Kim 
wipes in a fume hood to let the hexane dry off. A spatula was used to spread 
out the particles on the filter to ensure all hexane was evaporated. Once hexane 
free, the particles were placed into a centrifuge tube again and resuspended in a 
Tris-HCl buffer (0.1M, pH 8.5, 10 mL). Dopamine hydrochloride was added (final 
concentration of 10 mg/mL), and the tube was covered with a Kim wipe to allow 
oxygen exchange. The tube was then placed on an orbital shaker at 300 rpm for 
the specified time. The particles were then washed with 1X PBS four times and 
stored until further use. For size characterization, uncoated particles were placed 
onto a glass slide and imaged under an optical microscope. One hundred particles 
were imaged across 7 images, and the diameters were measured using ImageJ.

3.2. Encapsulation Efficiency and Maximal Loading. To quantify encapsu-
lation efficiency, the capsule synthesis procedure was followed [loaded with 10-, 
40-, or 250-kDa FITC-dextran cargo (20 µg/mL)] until just before adding in the 
dopamine. The particles were then placed on the orbital shaker for 4 h to simu-
late the time prior to a stable coating forming on the surface of the microgels. 
Microgels were then weighted out and dissolved at 37 °C in 1× PBS to extract 
the contents. The contents were then measured using a fluorescence spectro-
photometer with a laser excitation at 488 nm (Cary Eclipse). The emission at 
517 nm was plugged into a line of best fit from a standard curve to calculate 
the concentration of dextrans in a solution. For maximal BSA loading, the same 
procedure was followed expect the gelatin particles were loading with 100 mg/
mL of BSA and 125 µg/mL of fluorescent FITC-labeled BSA. A separate standard 
curve for FITC-BSA was produced to create a line of best fit.

3.3. Cell and Organoid Culture. All cell cultures were performed using aseptic 
techniques inside a sterile class II biological safety cabinet. All cells were cultured 
inside an incubator at 37 °C with a 5% CO2 and 100% humidity atmosphere. 
All cells used in this study were between the passages 2 to 13. The media used 
for each cell line are described in SI Appendix, Table S1. Media changes were 
performed every 2 d. The adipose-derived stem cells (ADSCs), B16F10, MCF-7, 
MDA-MB-231, and A375-P cells were all passaged when a confluency of 80 to 
90% was reached. HUVECs were passaged at 70 to 80% confluency. For all cell 
lines, 0.25% trypsin-EDTA was used for detachment.

Adult stem cell–derived intestinal organoids were sourced from molecular 
and integrative Cystic Fibrosis Biobank (Sydney Children’s Hospital Ethics Review 
Board; HREC/16/SCHN/120). Organoids were established from intestinal crypts 
isolated from four to six rectal biopsies (as previously described)  (47). Briefly, 
isolated crypts were seeded in 70% Matrigel (growth factor reduced, phenol 
free; Corning 356231) at a density of ~10 to 30 crypts in 10 µL Matrigel drop-
lets. IntestiCult Organoid Media (STEMCELL 06010) were supplemented with 
a cocktail of antibiotics. Cryopreserved organoids were cultured for 7 d with 
IntestiCult Organoid Media (STEMCELL 06010). They were then dissociated and 
seeded in separate culture plates. One plate was cultured in a trigas incubator 
(37 °C, 5% CO2, 2% O2; hypoxic), while the other plate was cultured in a conven-
tional incubator (37 °C, 5% CO2, 21% O2; normoxia). For organoids cultured in 
normoxia, an oxygen gradient was created in each culture well by depositing a 
microcapsule disc to one side of the well. To prepare these discs, 1,000 U/mL 
microcapsules were loaded into 30 µL GelMa (10 wt%) droplets at 0, 2, 5, and 
20 mg/mL. These discs were then placed into the well plate on top of a small 
5 µL droplet of uncross-linked Matrigel such that the disc is anchored once the 
droplet cures in the incubator.

3.4. Immunofluorescence Staining and Tissue Clearing. Clearing solu-
tions were prepared as described previously with minor modifications (41). 

CUBIC 2 solution was prepared by mixing 50 wt% sucrose, 25 wt% urea, and 
10 wt% triethanolamine with Deionized (DI) water at 55 °C until also fully 
dissolved. Microgel suspensions were fixed using 4 wt% paraformaldehyde 
(PFA) for 1 to 4 d at room temperature to ensure full penetration of PFA into 
thick constructs. The gels were then rinsed with 1× PBS followed by 3 1× PBS 
washes at 2- to 4-h intervals. Afterward, the gels were incubated in 0.5 wt% 
triton overnight before repeating the same wash procedure. The staining for all 
gels was performed using the dyes and antibodies in SI Appendix, Table S2. The 
gels were washed with 1× PBS three times after both primary and secondary 
staining before the addition of the CUBIC 2 clearing solution for 1 to 4 d. 
All confocal imaging was performed with a Zeiss LSM 800. A 10× objective 
with a 2.5-mm working distance was used to see deeper into the samples. 
Samples were coated with clearing 2 solutions throughout the duration for 
the imaging to prevent drying.

3.5. Glucose Oxidase Activity Characterization. Glucose oxidase activity 
was characterized by using the glucose oxidase activity assay kit according to the 
manufacturer’s protocol. Briefly, glucose oxidase was first dissolved to 20 mg/
mL (2,000 U/mL) in a 50 mM sodium acetate buffer at a pH of 5.0. The enzyme 
was mixed 1:1 with a 20 wt% gelatin solution to make microcapsules that were 
coated for 24 h. Two other microcapsules were then synthesized: one with 20% as 
much glucose oxidase and one with no glucose oxidase. The capsules were then 
placed on 25-µm nylon filters, to remove excess water, and were weighed into 
an Eppendorf tube. The particles were then resuspended to 20 mg/mL in the GOx 
buffer solutions from the kit. Then, 50 µL of the capsule buffer solution was added 
to 4 different wells in a 96-well plate, along 4 wells for blanks, and 5 wells for the 
standard curve. The plate was then placed into a plate reader (CLARIOstar Plus) 
set to 37 °C to warm up. Finally, 50 µL of the kit working solution was added to 
each well, and measurements were taken every 3 min for 45 min in total. Unused 
microcapsules were then stored in 4 °C for 1 mo, with new measurements taken 
on days 2, 7, 14, and 21.

3.6. Seeding Cells with Glucose Oxidase and Catalase Microcapsules. For 
fixed cell experiments, glucose oxidase capsule-laden microgel suspensions were 
prepared by the same method used in 2.15. For cancer cell response, microgel 
suspensions were loaded with A375-P (1 × 106 cells per mL) and cultured for 
1 and 7 d. Cells were subsequently fixed and stained with Hoechst, phalloidin, 
and HIF1-α antibody. The images were subsequently taken on a Zeiss LSM 800 
confocal and imaging (100-µm z stack with 2-µm slices). Aggregate size analy-
ses were performed in ImageJ. Briefly, the actin cytoskeleton of aggregates was 
thresholded and masked, and the Analyze particles plugin was used to calculate 
the average aggregate size per replicate.

For the ADSC response, microgel suspensions (medium, 10 wt%, 1% filler) 
were loaded with 2 vol% microcapsules (0, 10, 25, or 100 U/mL glucose oxidase 
with a 1:60 ratio of catalase) and 1 × 106 ADSCs per mL. For images, 100-µm z 
stacks with 2-µm slices were taken. To calculate mean gray value intensities, the 
phalloidin channel was used to create ROIs of cell boundaries, and then, these 
ROIs were applied to the HIF1-α channel to achieve the mean gray of HIF1-α 
staining per replicate region. For cell counting, the nuclei were thresholded and 
counted via the analyze particle’s function, and HIF1-α expressing cells were 
counted manually.

3.7. Statistical Analysis. All whiskers in box plots are one SD. For the parti-
cle size study, 100 different particles were used. Four replicates were used for 
the permeability study, and 3 replicates used per condition for the encapsu-
lation efficiency study. Five replicates were used for the BSA capsule stability 
study, as well as the maximal BSA loading test. For 3D printed line fidelities, 
8 separate lines were used, with the diameter averaged across 6 different 
points along the line. Quadruplicates were used for the glucose oxidase 
activity studies and triplicates for the DO tests for the capsules. Triplicates 
were used for the live dead studies. Quadruplicates were used for all ADSC 
studies, triplicates were used for the A375 studies, and six replicates were 
used for the breast cancer studies. No replicates were performed for the 
western blots. Five replicates were used for all HUVEC studies, and 3 eggs 
were used for each replicate in the CAM assay. Triplicates were used in the 
MitoSOX study and the irradiation model test. Statistical significance was 
determined using a one-way ANOVA with Tukey’s post hoc HSD analysis. D
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Differences were considered significant when P < 0.05. Statistical signifi-
cance was highlighted in figures with the following convention: *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.001.

Data, Material, and Software Availability. All data are included within the 
main and SI Appendix.
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