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In brief

We developed artificial cells (ACs) with
homeostatic pH control mechanisms by
bringing together pH-modulating
enzymes with pH-responsive membranes
that cross-couple via chemo-structural
feedback. These ACs form prototissues
capable of communicating with one
another through pH signals and enabling
them to collectively adapt to changes in
their surroundings to protect functional
states and cargos, using homeostatic
self-regulation principles.
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THE BIGGER PICTURE Living cells form tissues with specialized functions that maintain homeostasis
through feedback-regulated operations. In tissues, cellular communication and collective behavior are
crucial for coordinating tasks and ensuring overall functionality. Developing artificial cells (ACs) that can
be organized into prototissues to mimic these behaviors is a significant advancement toward creating func-
tional AC systems. These systems are essential for understanding how to design communication networks
and collective behaviors, deciphering life’s fundamental principles, and advancing biomedical applications.
Here, we create AC-based prototissue spheroids that stabilize their microenvironment against external pH
threats using a homeostasis mechanism encoded within individual ACs. Like living tissues, these prototis-
sues communicate chemically to collectively resist environmental challenges, paving the way for more
advanced artificial tissues in the future.

SUMMARY

Prototissues made from artificial cells (ACs) aim to replicate the behaviors of living tissues, such as commu-
nication, collective behavior, and homeostasis. Despite progress in developing diverse AC types, building
prototissues and achieving effective communication as well as collective behavior in such prototissues
remain challenging. We introduce ACs with an intrinsic homeostatic pH control mechanism that can be orga-
nized into prototissues to collectively maintain a stable microenvironment and protect cargo from environ-
mental pH fluctuations. These ACs contain pH-modulating enzymes within a pH-sensitive membrane, allow-
ing for self-regulation through chemo-structural feedback. They adjust pH by importing substrates within a
specific pH range and self-regulate to control substrate influx. This enables them to modulate local pH,
manage cargo release, and facilitate interactive communication in organized spheroids. Our findings demon-
strate the potential of homeostatic ACs to create advanced synthetic tissue mimics, replicating protective
and communicative functions of living tissues for biomedical and tissue engineering applications.

INTRODUCTION into higher-order structures, and devising communication sce-

narios for emergent prototissue functions.

Living tissues are heterogeneous structures composed of
specialized cells that communicate and exhibit collective
behavior within a 3D architecture.”® In nature, intercellular
communication and collective behavior are crucial, enabling
cells to coordinate actions, respond to environmental changes,
and to process chemical information.®>* Tissue structures can
be mimicked in biomedical organoid research, where multiple
cell types are co-organized to better mimic native tissues. The
replication of these natural systems from biomimetic artificial
cells (ACs) to create synthetic models, known as prototissues,
remains a considerable challenge, which encompasses
designing ACs with specific functionalities, organizing them

Gheck for
Updates

Recent advances in AC research have focused on diversifying
AC structures® 2 and chemistries. Building upon these develop-
ments, individual AC properties and functions, such as growth
and replication,®~'® communication,'’*° and response to their
environment,”'?* have been realized. Despite progress in
creating individual ACs, organizing them on higher length scales
remains underexplored. For instance, progress has been made
in organizing ACs into prototissues using lipid->>?° and DNA-
based®’2° ACs. This has enabled functions such as generating
programmable signal processing, biochemical sensing,”® and
DNA-based catalytic functions for chemical communication
and adaptation.?” Achieving such sophisticated organization is
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crucial for developing artificial tissues in which ACs work
together to replicate the complex functions of living tissues.
This capability holds the potential to greatly advance synthetic
biology and tissue engineering.

One essential feature of living cells and their tissues is homeo-
stasis, i.e., maintaining a stable microenvironment or functional
state despite outside fluctuations.>® For instance, stable pH
levels are crucial for physiological processes and metabolism
because many proteins require a constant pH to function opti-
mally.®" In cells, this is achieved by membrane transporters, res-
piratory mechanisms, and enzymes. In the synthetic world, enzy-
matic pH feedback mechanisms offer feedback-regulated and
autonomous control over pH.*> One example is the urease-
mediated hydrolysis of urea, which produces ammonia and in-
creases the pH.**® Hard-coded negative feedback based on
the bell-shaped activity curve of urease slows down the reaction
when pH exceeds 8. Another example is the glucose oxidase
(GOx)-glucose system, where GOx converts glucose to gluconic
acid (GA), lowering the pH to about 3.6. Both pH feedback reac-
tions offer pathways toward a homeostatic resetting of a pH
value when under acidic or basic stress, respectively, and as
long as enough substrate or fuel (i.e., urea or glucose) is avail-
able. However, the key challenge is to find pathways to regulate
excessive fuel conversion, ideally by systems that self-regulate
access of the fuel to the catalyst, allowing the enzyme-based
pH regulation systems to stop base or acid production at spe-
cific values. This requires compartmentalization®”~* and combi-
nation with responsive materials that can shut down fuel uptake.
While first systems have been proposed using nanoscale block
copolymer aggregates,’®° the integration into higher-level tis-
sues and addressing homeostatic functions on such meso-
scopic levels remain elusive.

Herein, we introduce self-protection within prototissue AC
spheroids by intrinsically homeostatic ACs—with a chemo-
structural pH self-regulation mechanism—that collectively main-
tain a stable microenvironment within the AC spheroid. The ACs
are based on enzyme-loaded polymeric microcapsules that pre-
cisely sense and adjust both internal and external pH levels to
maintain homeostasis. They open or close their shells in
response to environmental pH changes, release or uptake small
molecules while retaining larger ones inside, and consume
external fuel to modulate pH and self-adjust their permeability.
We develop two different AC systems: (1) urease-loaded ACs,
capable of producing base and equipped with a membrane
permeable only at acidic conditions, and (2) GOx-loaded ACs
showing inverse behavior by acid production and having a mem-
brane only permeable at high pH. First, we demonstrate how in-
dividual ACs precisely modulate the pH, how self-regulation de-
velops via chemo-structural feedback using appropriate
membrane design, and how the system speed can be fine-
tuned. Next, we show how urease-ACs organized in spheroid-
type prototissues can protect cargo in the spheroid interior
from environmental pH changes by collectively maintaining a
stable pH microenvironment. Finally, we demonstrate how mix-
tures of urease-ACs and GOx-ACs communicate through pH
signals within a synthetic multi-AC prototissue composed of
two different ACs. We envision that our system could pave the
way for the development of advanced synthetic tissues that
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mimic the protective and communicative functionalities of living
tissues.

RESULTS AND DISCUSSION

System design for homeostatic ACs

We fabricated our homeostatic ACs from enzyme-loaded poly-
meric microcapsules through microfluidics using water-oil-water
(w/o/w) double emulsion formed through a double cross-junction
microfluidic chip®” and subsequent photopolymerization (Fig-
ures 1A and S1). The w/o/w double emulsions consist of an inner
aqueous enzyme solution enclosed in an oil shell containing
monomers, crosslinker, and photoinitiator. Our design includes
two distinct AC types: (1) urease-loaded ACs with a weak, pH-
responsive polycation shell and (2) GOx-loaded ACs with a
weak, pH-responsive polyanion shell. Both feature pH respon-
siveness and reversible permeability.

We designed two polycationic ACs based on polymethacry-
late shells with tertiary amine groups, in which the alkyl chains
attached to the amine influence the pH responsiveness via the
pKa value. Specifically, we use the monomer 2-(diethylamino)
ethyl methacrylate yielding poly(2-(diethylamino)ethyl methac-
rylate) (PDEAEMA) shells or 2-(diisopropylamino)ethyl methac-
rylate yielding poly(2-(diisopropylamino)ethyl methacrylate)
(PDIPAEMA) shells (Figure 1A, middle frame). Additionally, we
adapted a system by Weitz and co-workers for polyanionic
ACs with pH-responsive carboxyl groups based on hydrolysis
of poly(methacrylic anhydride) (PMAAn) shells.*® We optimized
the hydrolysis step and increased the hydrophobicity of the re-
sulting shell by using n-butylamine during the hydrolysis,
allowing completion of the reaction within 1 h and resulting in
poly(methacrylic acid-co-N-butylmethacrylamide) (simplified
as PMAA) ACs (Figure 1A, right frame). The shell thickness of
all ACs is 1-2 um in the collapsed state, increasing by 1.5-
fold for PDEAEMA and PDIPAEMA ACs and by 3.5-fold for
PMAA ACs in the swollen state (Figure S2C).

The polycationic ACs exhibit reversible swelling in acidic con-
ditions, controlled by the pK, of the amine groups (Figure 1B).
Below a pH of 6.9 for PDEAEMA or 5.6 for PDIPAEMA, proton-
ation of the amine groups to quaternary ammonium renders
the shell hydrophilic, swollen, and permeable to small molecules
while retaining the larger enzyme urease inside. Deprotonation
returns the shell to its hydrophobic and impermeable state.
When urea diffuses through the swollen membrane, urease cat-
alyzes the conversion of urea to ammonia and CO,. Ammonia
raises the local pH inside and around the ACs. This system
thereby self-regulates by a negative chemo-structural feedback
loop in which the shell closes above the specific pH for shell
collapse (6.9 or 5.6), preventing further uptake of urea and thus
completely arresting the reaction inside the AC. This prevents
uncontrolled pH elevation as for unencapsulated urease (pH pro-
file in Figure 1B). The pKa value controls the closure pH. In
contrast, polyanionic ACs with pH-responsive carboxyl groups
exhibit inverse swelling-shrinking behavior (Figure 1C). Above
pH 4.6, deprotonated carboxylates render the shell permeable
to glucose, whereas below pH 4.6, protonated carboxyl groups
make the shell impermeable to glucose. When glucose diffuses
inside the AC, GOx converts it to GA, decreasing the local pH.
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Figure 1. Fabrication and operational principles of pH modulation of homeostatic ACs

(A) Microfluidic formation of enzyme-loaded polymeric microcapsule ACs from w/o/w double emulsions followed by photopolymerization.

(B) Self-regulating behavior of polycationic urease-ACs, showing reversible permeability and base production at pH < 6.9 (PDEAEMA) or < 5.6 (PDIPAEMA).
(C) Self-regulating behavior of polyanionic GOx-ACs, illustrating reversible permeability and acid production above pH 4.6.

The concomitant protonation of carboxyl groups closes the shell
below pH 4.6, manifesting the chemo-structural feedback.

In summary, this fabrication platform allows for the scalable
synthesis of homogeneous pH-homeostatic ACs that can sense
the pH, process a chemical fuel, and actuate the surrounding pH
to modulate their microenvironment and the membrane to self-
regulate permeability. They maintain homeostasis by adjusting
the internal and external pH back to a specific value. Further-
more, these ACs selectively regulate the entry and exit of sub-
stances through the membrane based on molecular weight.
Small molecules such as chemical fuels can transition only in
the swollen state, whereas larger molecules such as fuel proces-
sors (urease, GOx) are permanently confined within the internal
environment, distinct from the external milieu.

Swelling-shrinking behavior of pH-responsive ACs

We first discuss the pH-dependent swelling and permeability
behavior of our different ACs. The ACs exhibit size changes as
a function of pH depending on their polymer composition (Fig-
ure 2). PDEAEMA and PDIPAEMA ACs swell in acidic pH, while
PMAA ACs swell inversely in basic pH. Specifically, PDEAEMA
ACs increase in diameter by 27 %, expanding from 44 to 56 um,
when the pH drops below 6.9 (Figure 2A). Similarly, PDIPAEMA
ACs swell by 63% below pH 5.6, expanding from 41 to 67 pm.
This larger swelling of PDIPAEMA ACs stems from their more hy-
drophobic isopropyl groups that retain less water in the collapsed
high pH state, compared with PDEAEMA. Notably, the change in
diameter for both PDEAEMA and PDIPAEMA ACs occurs

abruptly, indicating that the shell changes polarity within a very
narrow pH range. The swelling-shrinking behavior of the ACs is
reversible, as exemplified for PDEAEMA ACs over five pH cycles
in Figure 2B and for PDIPAEMA ACs as well as PMAA ACs in Fig-
ure S2. This is a relevant feature for consistent and robust pH
modulation. In contrast, PMAA ACs show inverted swelling
behavior with a slightly broader switching window centered
around pH 6.2. The total size increase is 39% with a diameter
change from 56 to 78 um when the pH is increased (Figures 2C
and S2D).

To correlate the permeability of these ACs with their swelling
behavior, we encapsulated rhodamine 6G (R6G) inside the poly-
cationic ACs and monitored the release at different pH through
wide-field fluorescence microscopy (Figures 2D and 2E). Both
PDEAEMA and PDIPAEMA ACs release the dye completely,
only after the pH drops to their respective swelling pH of 6.9
and 5.6. At high pH, both ACs retain the dye and thus theirimper-
meable state for at least 2 months. In contrast, PMAA ACs swell
and release R6G upon hydrolysis at neutral pH (Figure S2D).

In addition, we conducted a molecular weight cutoff analysis
for the ACs at various pH, using fluorescently labeled dextrans
and PEGs ranging from 5 to 70 kDa, as well as small dye mole-
cules (Figure S3). In the swollen state, PDEAEMA and
PDIPAEMA ACs are impermeable to 10 kDa dextrans, while
5 kDa PEG and dyes can pass through the membrane. In the
collapsed state, even dyes cannot permeate through the mem-
brane. PMAA ACs behave similarly but with a higher molecular
weight cutoff. They are impermeable to 70 kDa dextrans across

Chem 11, 102409, June 12, 2025 3




¢? CellPress

Chem

OPEN ACCESS Article
A g . B : c : : .
-~ PDEAEMA ACs 65 «pH4.0 ==-pH8 - PMAA ACs s
70l .~ PDIPAEMAACs| 80¢ 1
a —! € 607 € impermeable
= ' = 551 = 70t
g g 3
[4) o [
50} 50t
§ i i § 45} § oo i
1 1
40¢ gtemrac i
3ok S P ] p = PDEAEMAACs sof 1 o .
4 5 6 7 8 0 1 2 3 4 4 5 6 7
pH Number of cycles pH
_ 5.6
E PDIPAEMA [pH i

Figure 2. Swelling-shrinking behavior and permeability of homeostatic ACs

(A) Diameter of PDEAEMA and PDIPAEMA ACs at varying pH levels. Each pH was adjusted with a suitable buffer of 100 mM buffer capacity. Data points represent
the average diameter of 50 ACs, with error bars representing the standard deviation and a sigmoidal fit and 95% confidence band as shaded contours.

(B) Reversible swelling and shrinking of PDEAEMA ACs across five pH cycles (pH 8.0 to 4.0). Error bars indicate the standard deviation (n = 50 ACs).

(C) Diameter changes in PMAA ACs (n = 40 ACs) across different pH levels, presented with error bars representing the standard deviation and a sigmoidal fit and
95% confidence band in shaded contours. The gray dashed line indicates the pH below which PMAA ACs are impermeable to glucose (see also Figure 3D). Each

pH was adjusted with a suitable buffer of 100 mM buffer capacity.

(D and E) Fluorescence wide-field images showing permeability of (D) PDEAEMA and (E) PDIPAEMA ACs with encapsulated R6G at different pH levels. Both ACs
release R6G completely below their respective transition pH (6.9 for PDEAEMA and 5.6 for PDIPAEMA) and retain R6G above it. Scale bars: 100 um.

all pH, whereas 20 kDa dextran and dyes can only not permeate
through the collapsed membrane. This demonstrates that the
shell has desired permeability features, i.e., enzymes such as
urease (M = 544 kDa) and GOx (M = 160 kDa) remain encapsu-
lated within the ACs even in the swollen state, while small mole-
cules can only transition into the ACs in the swollen state.

pH modulation capabilities and homeostatic AC
behavior

We next turn to understanding the self-regulating, homeostatic
nature of our pH-sensitive ACs encapsulating pH-modulating
enzymes on account of the developing chemo-structural feed-
back. Figure 3 illustrates the pH modulation capabilities of our
homeostatic ACs. When urea or glucose is added as a fuel, these
substrates permeate through the swollen membrane, triggering
the production of either base or acid until the pH feedback closes
the shell upon reaching a specific pH value (Figures 3A and 3B).
This mechanism contrasts with the unregulated pH changes of
the free enzymes. Free urease shows a pH increase from 4.5
to 8.5 (Figure 3C). Conversely, PDEAEMA urease-ACs raise the
pH from 4.5 to only 7.1 (Figures 3B and 3C), slightly exceeding
the permeability pH of 6.9 for R6G. The higher pH likely results
from the smaller, non-charged urea diffusing more easily through
the shell than R6G. Similarly, PDIiPAEMA urease-ACs elevate the
pH to a final value of 5.6, precisely matching the permeability pH
of R6G. The GOx-glucose system exhibits an inverse pH profile
(Figure 3D). Starting at pH 7.4, free GOx decreases the pH to 3.4,
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whereas GOx-ACs lower the pH to only 4.6, whereafter addi-
tional glucose can no longer enter the AC to find its enzyme pro-
cessor. Notably, this pH is significantly lower than the swelling
threshold of pH 6.2. This is due to the gradual protonation of
carboxyl groups that inhibit glucose diffusion only below pH
4.6. Acid production speeds up below pH 6.0 because the buff-
ering capacity of carboxyl groups has been overcome, and
because the enzyme itself has a positive chemical feedback
with an optimum activity around a pH of 5.5.%>*° For all AC types,
the pH values reach a well-developed plateau pH, confirming
that the pH modulation system not only slows down but
completely halts acid or base production at the target pH.
Both ACs can enter fully dormant states in their closed states,
which is an important prerequisite for homeostatic resetting
and communication scenarios. Notably, all experiments began
with a substrate concentration of 100 mM, and one full pH mod-
ulation cycle by PDEAEMA urease-ACs consumes 39 + 2 mM
urea (leaving 61 + 2 mM urea), while PDIPAEMA consumes
32 + 2 mM urea (leaving 68 + 2 mM). PMAA consumes 59 +
3 mM glucose, leaving 41 + 3 mM at the end of a cycle. From
now on, we will focus solely on PDEAEMA and PMAA, as
PDIPAEMA shows qualitatively similar behavior to PDEAEMA.
The pH modulation speed can be tuned by varying the AC con-
centration, the concentration of encapsulated enzyme, and the
fuel concentration (Figures 3E-3G and 3I-3K). For PDEAEMA
urease-ACs (1 g/L urease), increasing the number of ACs accel-
erates pH elevation. The time required to raise the pH from 5.0 to
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Figure 3. pH modulation capabilities and homeostatic behavior

The pH profiles represent an average contribution of n independent measurements, and the shaded contours depict the standard deviation.

(A-E) (A) Schematic of self-regulation in ACs and (B) pH modulation of enzyme-loaded ACs. (C) pH profile comparison between free urease and (D) GOx in
comparison with the respective ACs. n = 3. Effects on pH modulation for PDEAEMA urease-ACs: (E) AC amount x, with 1x = 114 ACs/uL. 0.25x, 0.5x: n = 2; 1x:
n=3.

(F) Variation of urease concentration within the ACs. n = 3.

(G) Effect of urea concentration added to the medium. 100 mM: n = 3; 25 mM: n = 2.

(H and I) Repeated acid addition (0.25 M HCI) of cycles C demonstrating repeated pH modulation for PDEAEMA urease-ACs. 1x (114 ACs/uL) AC amount, 1 g/L
urease encapsulated; n = 2. Effects on pH modulation for PMAA GOx-ACs: (I) AC amount x, with 1x = 16 ACs/uL. n = 3.

(J) Variation of GOx concentration within the ACs. n = 3.

(K) Effect of glucose concentration added to the medium. n = 3.

(L) Repeated acid addition (0.25 M NaOH) demonstrating repeated pH modulation for PMAA GOx-ACs. 1x (16 ACs/pL) AC amount, 10 g/L GOx encapsulated;
n=2.

(legend continued on next page)
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7.1 changes from 1 via 3 to 4 h in a dilution series from 1x (114
ACs/uL) to 0.5x (57 ACs/uL), and 0.25x (29 ACs/uL) (Figure 3E).
Interestingly, GOx-ACs (10 g/L GOx) show a somewhat different
effect. They exhibit a buffering effect, where higher AC concen-
trations slow the acidification process due to the gradual proton-
ation of the carboxyl groups before reaching the final pH of 4.6
(Figure 3l). The 1x concentration (16 ACs/ulL) reaches pH 4.6 in
6 h, while 5x (80 ACs/uL) requires 10 h, and 10x (160 ACs/uL)
achieves only pH 5.1 after 14 h. This effect originates from the
balance between how much enzyme can be encapsulated in
comparison with the membrane thickness, where the latter fol-
lows some fabrication constraints to reach a stable microfluidic
production.

Increasing the urease concentration from 1 to 3 g/L inside ure-
ase-ACs does not affect the speed of basification at constant
urea concentration (100 mM urea, Figure 3F). This indicates
that diffusion limitations of urea and basic products through
the membrane dominate the system. However, increasing the
GOx concentration from 1 to 10 g/L inside GOx-ACs accelerates
acid production, reducing the time to reach pH 4.6 from over 14
to 6 h (100 mM glucose, Figure 3J). Changes in the fuel concen-
tration in a reasonable window to expect sufficient pH changes
do not affect the base- or acid-production rate at concentrations
above 25 mM for both systems. Urease-ACs exhibit similar pH
increases for 100 and 25 mM urea within the first half-hour, con-
firming the diffusion-limited behavior of the system (Figure 3G).
However, 25 mM urea only allows for an increase of the pH to
6.5 because the fuel amount is insufficient to deprotonate all
ammonium groups in the membrane. For GOx-ACs, glucose
concentrations of 100 and 50 mM yield comparable pH changes,
while the pH drop is slightly slower for the lowest concentration
of 256 mM glucose, which approaches the Michaelis-Menten
constant Kmgox = 22 mM (Figure 3K; for comparison
Kin,urease = 2.5 mM).

To demonstrate the ability of our homeostatic ACs to un-
dergo multiple pH resetting cycles, we charged a urease-AC
system (114 ACs/uL, 1 g/L urease) with a high amount of
200 mM urea, and we injected HCI at multiple time points to
reset the pH to low pH after the urease-ACs had leveled the
pH to near the fully closed state. Indeed, multiple cycles can
be achieved, confirming the efficient chemo-structural feed-
back that closes the urease-AC against urea permeation at
high pH (Figure 3H). The last cycle (C4) only increases to a
moderate pH, because the system has run out of the back-
ground fuel urea. For GOx-ACs (16 ACs/uL, 10 g/L GOx), we
inverted the system and performed multiple injections of
NaOH to increase the pH from near the fully closed state. A
similar cycling behavior can be observed, again with a notice-
ably slower behavior in the last cycle (Figure 3L). This confirms
that both AC types can exploit their dormant to active switch
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repeatedly to act as homoeostatic resetting units in a back-
ground fuel situation.

Next, we turn to the intriguing question of to what extent the pH
change inside the AC may outpace the pH change in the environ-
ment (Figures 3M-3P). We selected the polycationic PDEAEMA
ACs because suitable pH-sensing dyes are available to monitor
this behavior with a confocal laser scanning microscope
(CLSM). To this end, we encapsulated the pH-sensing dye
SNARF-1-Dex (70 kDa) inside PDEAEMA urease-ACs (1 g/L ure-
ase; 29 ACs/uL) and added the same concentration to the
external solution to simultaneously monitor pH inside (pH;) and
pH outside (pH,) (Figures 3M, 3N, and S4). SNARF-1 emits fluo-
rescence at two distinct wavelengths, with their intensities de-
pending on the pH (Figure 30). The ratio of these emission inten-
sities can track pH between 6.0 and 8.5. Starting with ACs at pH
6.0, we added 100 mM urea and monitored both the fluorescence
change and the AC diameter to simultaneously follow pH devel-
opment and AC swelling (t = 0 h; Figure 3P). Right after the addi-
tion of urea, the pH, is 6.0 whereas the pH; is slightly higher at 6.4
(Figure 3P), indicating fast NH,OH generation from urea by ure-
ase within the ACs. The AC diameter stays stable for the first
2.5 h, during which pH, increases to 6.6 and pH; to 6.7, suggest-
ing an ongoing equilibration between pH; and pH,. After 5 h, the
ACs shrink to 48 um, marking the stop of urease operation. The
pH, and pH; converge to approximately the same pH of 7.3 and
7.2, respectively. Color-mapped pH visualizations in Figure S5
support these findings. This behavior correlates relatively well
with the switching pH of the PDEAEMA AC. Taken together, at
early stages close to t = 0 h, the produced NH,OH first needs
to establish a steady-state equilibrium at the membrane where
substantial amounts of base are consumed at the protonated
membrane material, balancing the outer acid concentration. As
pH increases, the balance shifts and the pH imbalance goes to
zero. This also confirms that NH,OH can fully permeate and equil-
ibrate through the membrane because there is norise of pH; t0 8.5
as would be the case for free urease in solution. The chemo-
structural feedback and self-regulated closure thus stem primar-
ily from preventing further influx of urea and not outflux of NH,OH.

Self-protection of individual homeostatic ACs

Before turning to communicating systems in prototissues, we
first demonstrate simple self-protection features on an individual
AC level. To this end, we raise the question of whether our ho-
meostatic ACs can protect their interior against occurring acidi-
fication or basification in their surroundings by generating an in-
ternal counteraction. For PDEAEMA urease-ACs, we realized
such a system by introducing glucono delta-lactone (GDL),
which slowly hydrolyzes into GA to lower the pH®’, to the
dormant state of such ACs at high pH and in the presence of
100 mM urea (Figure 4A). Note that GA is a relatively strong

(M) Schematic of the pH-sensitive fluorescent dye SNARF-1-Dex (70 kDa) inside and outside of PDEAEMA urease-ACs for monitoring the pH inside (pH;) and

outside (pH,) simultaneously.

(N) Schematic for pH, changes over time with the range in which SNARF-1 can operate (pH 6.0-8.5).

(O) Fluorescence emission spectra of SNARF-1 at pH 6.0 and 7.6.

(P) Correlation of AC diameter with pH changes inside and outside PDEAEMA urease-ACs over time. The pH was calculated from the fluorescence intensity of
SNARF-1 (ex = 561 nm; em; = 565-595 nm, em, = 625-655 nm), as measured from CLSM images in n = 3 different areas inside and outside the ACs. The error
bars indicate the standard deviation. n = 15 for the diameter of individual ACs. AC concentration of 0.25x (29 ACs/uL, 100 mM urea, 1 g/L urease encapsulated).
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Figure 4. pH stabilization by homeostatic ACs in response to external acid or base generation

(A) GDL hydrolysis to GA creates an acidic environment. PDEAEMA urease-ACs swell below pH 7, producing hydroxide ions to stabilize pH around 7.

(B) pH profile with 10 mM GDL with pH feedback (100 mM urea) and without pH feedback (0 mM urea), compared with GDL only. 1x urease-ACs (114 ACs/ulL) with
1 g/L urease encapsulated were added. Shaded contours represent the standard deviation of two individual experiments.

(C) Schematic for GOx-ACs with external urease-urea system: the ACs stabilize the pH at 4.6.

(D) pH changes with 0.1 g/L urease and 20 mM urea with feedback (100 mM glucose) and without pH feedback (0 mM glucose), compared with the urease-urea
system only. 1x GOx-ACs (16 ACs/uL) with 10 g/L GOx encapsulated were added. Shaded contours represent the standard deviation of three individual ex-

periments.

acid with a pK, of 3.86. Initially, at a pH of 8, the ACs remain
impermeable, preventing urea from diffusing through the mem-
brane (Figure 4A, left). As the pH decreases below 7.0 due to
GDL hydrolysis, the ACs swell and provide pH feedback. Urea
diffuses through the membrane and is converted to NH,OH by
urease. This pH feedback counters the acidification by GDL
and stabilizes the pH around 7 (Figure 4A, middle). Once all
GDL is hydrolyzed and no more H* is produced, the ACs close
at approximately pH 7. Figure 4B confirms this behavior:
10 mM GDL without urease-ACs lowers the pH to 4.0 after 4 h,
whereas 10 mM GDL with AC pH feedback (100 mM urea) main-
tains the pH just below 7 for the same duration. A control of
10 mM GDL with urease-ACs but without urea reduces the pH
to 4.5, which is slightly higher compared with pure GDL because
of the protonation of amine groups in the AC shell by GA (buffer
capacity). Similarly, we tested GOx-ACs using an environmental
basification system based on urease-urea to generate NH,OH
outside the ACs (Figure 4C). Starting at a pH of 4.5, urea was
added to initiate NH,OH production (Figure 4C). Once sufficient
pH pressure develops on the outside, the ACs open above
pH 4.6 to permit glucose diffusion, which then produces GA to
counter the pH increase, eventually stabilizing the environment
at pH 4.6. Figure 4D shows that the urease-urea system first rai-
ses the pH to 5.5 within 2 h, but then GOx-ACs lower the pH back
to 4.6 after 6 h, where it remains stable. In contrast, without pH
feedback (no ACs or ACs without glucose), the pH rapidly in-
creases to 8.2 within 2 h, where it plateaus. These examples
demonstrate efficient self-protection features to potentially pre-
vent cargo leakage and maintain pH stasis.

Self-protection within spheroidal prototissues by
homeostatic urease-ACs

Next, we assemble spheroid-type prototissues from urease-ACs
and introduce a spatially orchestrated self-protection mecha-
nism. These AC spheroids can protect their internal ACs as a col-
lective from environmental pH “threats” by collectively maintain-
ing a stable microenvironment within the spheroid core
(Figure 5). We formed the AC spheroids by mixing PDEAEMA

urease-ACs (1 g/L urease) with sulfonic acid-functionalized poly-
styrene beads (PS-SO3H beads; diameter = 5 um) in a ca 1:20
ratio. The negatively charged PS-SO3H beads bind to the posi-
tively charged polycationic ACs via electrostatic interactions, re-
sulting in spheroids approximately 2 mm in diameter (Figure 5B).
To illustrate the formation of a distinct microenvironment within
the AC spheroids and demonstrate the self-protection feature,
we encapsulated the dyes R6G and fluorescein-labeled dextran
(FITC-Dex, 500 kDa) inside the urease-ACs (Figure 5A). R6G
serves as a model cargo that requires protection from environ-
mental pH changes, leaking out when the ACs swell below
pH 6.9, while the larger FITC-Dex remains inside and simplifies
imaging as well as allows for tracing of pH development, as
FITC turns less fluorescent at low pH. Building on our under-
standing of individual ACs (Figure 4), we simulated an environ-
mental threat by adding GDL to lower the pH over time. We
discuss two scenarios: (1) without pH feedback for urease-ACs
without urea in the environment and (2) with pH feedback for ure-
ase-ACs having urea in the environment. Without pH feedback,
GA produced by GDL migrates into the spheroid, lowers the
pH, and causes all ACs to swell and release their R6G cargo.
The system fails to protect against loss of cargo (Figure 5B, mid-
dle). However, in the presence of 100 mM urea, only the outer-
most ACs swell (2-3 layers) and lose their cargo, whereas their
efficient NH4OH production prevents a further influx of the GA
from the environment (Figure 5B, right). Consequently, the ACs
work together to create a controlled microenvironment where
the pH is maintained above 7 so that the ACs within the spheroid
core are protected from swelling and cargo loss.

Fluorescent wide-field microscopy illustrates these findings
(Figures 5C-5F). In the non-protected scenario, R6G leaks out
fully after 18 h (Figure 5D), and the fluorescence intensity of
FITC-Dex decreases, confirming a pH drop inside the ACs.
CLSM allows for characterizing the diameter of individual ACs
(Figures 5H and 5I). All ACs are swollen across the entire
spheroid (yellow line in Figure 5l), and the diameter increases
from 45 to 68 um, resulting in an overall increase of the spheroid
area by around 76% (yellow bar in Figure 5J). Conversely, in the
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(A) Schematic of PDEAEMA urease-ACs encapsulating R6G and FITC-Dex (500 kDa), with pH-dependent permeability.

(B) Formation and behavior of PDEAEMA AC spheroids: initial state at pH > 7, no protection without pH feedback (w/o), and protection with pH feedback (w/).
10 mM GDL was added as an external pH threat.

(C—F) (C and D) Fluorescence wide-field images of spheroids without pH feedback that fully leak their dye R6G, whereas (E and F) spheroids with pH feedback
protect the dye against release in the AC spheroid core. The AC spheroids in (C) and (D) represent the same spheroid as in (E) and (F). Scale bars: 200 pm.
(G) Normalized fluorescence intensity of R6G at t = 18 h with and without pH feedback. The fluorescence was measured from the rectangular boxes in (D) and (F).
(H) CLSM images of FITC-Dex at t = 0 and 18 h without and with pH feedback. Scale bars: 200 um. Fluorescence of FITC weakens drastically for the non-
protected case, whereas only a few outer urease-ACs turn non-fluorescent for the protected case.

(I) Urease-AC diameter analysis across spheroids. Swelling takes place only in the outer regions in the protected case (dark blue), whereas swelling occurs across
the entire spheroid in the non-protected case (yellow line). Diameters were calculated from CLSM images in (H) along the dashed line.

(J) Comparison of spheroid area increase from t = 0 to 18 h without and with pH feedback. The total spheroid area was measured from wide-field images in (C)—(F).

self-protected AC spheroids, most of the cargo R6G remains in-
side the AC spheroid, as seen in the fluorescent wide-field im-
ages (Figures 5E and 5F). Additionally, the cross-section analysis
of the fluorescence intensity of protected and non-protected
spheroids shows a significantly higher intensity for the protected
spheroid (wide-field imaging; Figure 5G). Notably, the close-up
image shows that only a few ACs are swollen in the outermost
layers of the self-protected spheroid. Those outermost urease-
ACs have lost their R6G cargo but efficiently protect the other
ACs (yellow arrows, t = 18 h; Figures 5F and 5H). CLSM quan-
tifies the size increase of the ACs at the periphery as seen in
the dark blue line in Figure 5I. Consequently, the spheroid area
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increases only by around 4% (dark blue bar; Figure 5J). Overall,
this demonstrates a highly efficient self-protection function that
only operates in the collective ensemble of the spheroid assem-
bly. A duplicate of this experiment can be found in Figure S6. The
self-protection within the AC spheroids fails at a higher GDL con-
centration of 20 MM because the acidification occurs about two
times faster, compared with 10 mM (Figure S7).

Communication between urease-ACs and GOx-ACs
through pH signals in multi-AC spheroids

In biomaterials research, organoids are distinguished from
spheroids by having multiple cell types arranged within the
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assembled structure and typically resembling the first steps to-
ward a functional organ. Taking inspiration from this concept,
i.e., the involvement of more than one cell type, we designed
multi-AC prototissues that combine urease-ACs and GOx-ACs
(Figure 6). Our approach is to establish feedback-regulated
communication between both ACs through pH signals, which
trigger a self-protection mechanism. To demonstrate this, we
incorporated GOx-ACs (10 g/L GOx) into urease-AC (1 g/L ure-
ase) spheroids in a ratio of 1:10. This enables the GOx-ACs to
act as aninternal acid source (threat) within the AC spheroid (Fig-
ure 6A). Starting at pH > 7, and after supplying the system with
the relevant environmental fuels (glucose, urea), glucose
(25 mM) diffuses into the multi-AC spheroids and subsequently
into the swollen GOx-ACs (Figure 6B). Therein it is converted
into GA by GOx, thus lowering the pH around the GOx-ACs.
Without urea (100 mM), no pH feedback is provided, causing
all the urease-ACs in the AC spheroid to swell and release their
cargo R6G (Figure 6B, middle). However, in the presence of
urea, the nearby urease-ACs sense the locally generated pH
signal, open their gates to allow for an influx or urea, and thereby
give counter-pH feedback (Figure 6B, right). This leads to an effi-
cient self-protection function that can even balance out in-
spheroid-produced pH threats. Consequently, only the urease-
ACs close to the GOx-ACs react to the pH change by swelling,
while the others remain closed, protecting their cargo.

Figures 6C—6F display fluorescent wide-field images, and
Figures 6G and 6H offer close-up CLSM images for better
visualization. The GOx-ACs are labeled with an Alexa;gg-Dex.
We first discuss the control: without urea in the environment,
all urease-ACs in the spheroid swell after 18 h upon glucose
addition (Figures 6C and 6D). This is shown by an increase in
the size of all ACs (yellow line; Figure 6K) calculated from
CLSM images along the dashed line (Figure 6J). This swelling
leads to a ca 50% increase in the spheroid area (yellow bar;
Figure 6L). Close-up CLSM images reveal the complete
leakage of R6G from urease-ACs, while FITC-Dex remains in-
side but with lower intensity due to the lowered pH (Figure 6G).
Figure S8 presents the enlarged close-up images, providing a
more detailed view of the fluorescence intensity changes.
Notably, R6G accumulates within the negatively charged
PMAA shell, maintaining significant fluorescence intensity
detectable through wide-field microscopy (Figures 6D, 6G,
and S8). Additionally, R6G tends to localize with the small
SO;3-PS beads used to assemble the multi-AC spheroids. In
contrast, if 100 mM urea is present in the environment, the ure-
ase-ACs respond to the pH signal from the GOx-ACs and
rapidly shut down acidification. Some urease-ACs near GOXx-
ACs respond to the pH decrease by swelling, as indicated by
the yellow arrows in the close-up CLSM images (Figure 6l).
Those selectively responding urease-ACs also show up as
peaks in the cross-sectional size analysis in Figure 6K (blue
line). All other urease-ACs are sufficiently protected, do not
swell, and do not leak their cargo R6G (Figures 6E and 6H).
The spheroid area increases only slightly by around 12%
(dark blue bar, Figure 6L). Again, it becomes evident that the
trace amounts of R6G that are leaked from the urease-ACs
that opened to protect the others are localized to the SOj3-
PS-beads. A duplicate of this experiment can be found in Fig-
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ure S9. Notably, the self-protection within the AC spheroids
fails at a urease-AC:GOx-AC ratio of 1:1 (Figure S10).

Conclusions

In summary, we presented the first self-protection mechanisms
in prototissue spheroids organized by homeostatic ACs that
maintain a stable microenvironment through collective behavior.
These ACs can accurately sense and adjust both internal and
external pH levels to sustain homeostatic regulation. They func-
tion by opening or closing their shells in response to environ-
mental pH changes, allowing the release or uptake of small mol-
ecules, while retaining larger ones inside. The ACs are made up
of pH-responsive polymeric shells that are reversibly permeable.
We developed two distinct AC systems: urease-loaded ACs that
produce base and GOx-loaded ACs that generate acid. Initially,
we showed how free ACs precisely modulate pH and how the
speed of pH modulation can be tuned using various parameters.
The integrated pH feedback loop ensures that the shells become
impermeable once a desired pH is achieved, thus self-regulating
the system to a specific pH value by chemo-structural feedback
principles. Next, we demonstrated that urease-ACs can organize
into spheroidal prototissue and protect cargo within the spheroid
from environmental pH changes by collectively maintaining a
stable pH microenvironment, giving rise to a self-protection
function and preventing leakage of small cargoes. Finally, we
illustrated that urease-ACs and GOx-ACs can communicate
within a co-spheroid through pH signals, which allows for even
internal pH threats to be counterbalanced locally. While we
showcased protection against leakage, the systems may very
well be expanded to more complex functions. In essence, the
systems effectively transduce homeostatic behavior from an in-
dividual AC level to a collective homeostatic protection function
in synthetic tissue mimics.

Our AC spheroids represent a significant advancement in
developing biomimetic artificial tissues. To further advance
this research, future studies will explore additional aspects
such as pH monitoring within the microenvironment or the
investigation of different communication mechanisms between
various types of ACs. Additionally, our homeostatic AC platform
holds promise for applications as metabolic support systemsin
biomaterials application, including the field of tumor immu-
nology, where maintaining an immune-supportive environment
requires counteracting the acidification induced by tumors.®"
By addressing acid-driven macrophage polarization and sup-
porting cytotoxic T cell function, this approach could aid in
overcoming tumor immunoevasion, which remains a major
challenge in immunotherapy.

METHODS

Details regarding the methods can be found in the supplemental
methods.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be
fulfilled by the lead contact, Andreas Walther (andreas.walther@uni-mainz.de).
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Figure 6. Urease-ACs within urease-AC/GOx-AC multi-AC spheroids at a 10:1 ratio enable a self-protection function through inter-AC
communication

(A) Schematic of PMAA GOx-ACs (loaded with Alexazgo-Dex) as an internal acid source and PDEAEMA urease-ACs, which encapsulate R6G and FITC-Dex
(500 kDa).

(B) Protection mechanism in multi-AC spheroids: initial state at pH > 7, no protection of R6G without pH feedback (w/0), and protection with pH feedback (w/,
100 mM urea).

(C-F) Fluorescence wide-field images of AC spheroids at t = 0 h and t = 18 h with and without pH feedback. Without pH feedback (25 mM glucose, 0 mM urea),
urease-ACs swell and release R6G (C and D). With pH feedback (25 mM glucose, 100 mM urea), most urease-ACs remain closed and retain R6G (E and F). The AC
spheroids in (C) and (D) represent the same spheroid, as do those in (E) and (F). Brightness and contrast of the Alexa;oo-Dex channel in (F) was increased 2-fold.
Scale bars: 200 pm.

(G and H) Close-up CLSM images of AC spheroids at t = 0 and 18 h without and with pH feedback, showing FITC-Dex and R6G distribution. The yellow arrow
indicates a swollen urease-AC. Scale bars: 200 um.

(I) Normalized fluorescence intensity of R6G at t = 18 h with and without pH feedback; measured in (D) and (F), as highlighted in rectangular boxes.

(J) CLSM images of FITC-Dex at t = 0 h and t = 18 h without and with pH feedback. Scale bars: 200 pm.

(K) Urease-AC diameter analysis over distance, showing swelling only in the outer regions with pH feedback. Diameters were calculated from CLSM images in
(J) along the dashed lines.

(L) Comparison of normalized spheroid area increase att = 0 h and t = 18 h without and with pH feedback. The area was measured from wide-field images in (C)—(F).
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Data and code availability

All data supporting the conclusions of this study are available in the main text
and supplemental information or from the lead contact upon reasonable
request.
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