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Designing negative feedback loops in enrymatic
coacervate dropletsf
Nisha Modi.O" Siwei Chen,@u tmetda N. A. Adiei,b Briana L. Franco,a
Kyte J. M. BishopO*a and Attie C. Obermeyer6*u

lntroduction
Living cells use phase separation ofbiopolyrner mixtures to form
membraneless organelles (Ml.cls) that regulate biochemical
reactions and eellular proeesses' ' Tte formation aDd funcion
of MLOs and other condensates can be understood-to a large
extent-using conceps of equilibrium thermodynamics. The
existence, stability, and composition of these condensed phases
depend on molecular interactions (ag, electrostatig hydro-
phobic) and thermodynamic r"ariabhs (e.g., temperature, pH,
ionic strength) as described by equilitrrium phase diagrams..-;
The molec:ular environments of each phase enable the selective
enrichment or exclusion of chemical species, offering enhanced
control over reaction rates-for example, by mncentrating
enzjrmes and tieir substrates.q'

Coupling between phase separation and chemical reactionfs)
prcvides a basis for feedback conrol where[ reaction products
pmmote or inhibit the formation of biomolecular condensates
which, in turn, accelerate or de.:elerate the rsaction rate.3, For
example, RNA condensation sewes to accrlemte RNA transcrip
tion by enriching critical factoE within transcriptional
condensates.'"'n At lo\r, concentmtions, transcription of RNA
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Membraneless organelles within the tiving ce0 use phase separation of biornolecutes coiJpted with enzyrnatt
re{tbns to rcgulate cellular processes. The diverse functbns of these biomolecLllar condensates motivate
ttE pursuit of simpter rn yitro rnodels that exhibit pnmiti\,/e foanE of se[-regutatbn based on interrEl
feedback mecianisms. Here. we investigate one such model based on complex coacewadon of tt€
enzyrrE catalase with an oppo6itety charge polyehctrotyte DEAE-dextran to form pH-resporBave cataMtc
droptets Upon addition ol hydrogen F€roxide "fuet', en4me activity locauzed within the droptets causes
a rapid increase in the pH- Under appropriate conditjons, this reaction,induced pH charqe trigEers
coaceMate dissolutDn owing to its pH-responsive phase behavior. Notabty, this destatitizing effect of th€
erEynEtt reaction on phase separation depends on droptet stze owing to ttE diffusive delivery ard
rernoval of reactirrr componefis. Reactbn-difiusion models info.rned by the erperirnental data sho/v that
targer drops sl.lpport targer ctEnges in the tocat pH tlEreby enharicirE their dissolutbn relative to smaller
droplets- Tog€th€t these results provide a basis for achie',/irE droptet size co.rtrot based on iegative
feedback betlveen pH-deperdent phase separatioi and pH,changing enzynEtjc reactiorE.

promotes condensation creating pcitive feedback betweeD the
two mutually enhancing prccesses. By contEst, reentrant phase
behavior at high LNA concentration leads to negative feedback
whereby transcription inhibits condensation.'. Ther feedback
mechanisms enable homeosatic regulation of transcription and
other intracrllular proess€s.'r Moreor€r, through coupling with
biochemical reactions, cells can gain dynamic control over
condensate propenies such as size,'-'3 number,ru and position,re
which are difficult to control at equilibrium.

Understanding the function of MLOS ,1 yruo benefits from
simpler ra yttro models that combine biomolecr.rlar condensa-
tion and enzymatic reaction(s) to create elements of feedback
control. Complex coacewates based on phase separation of
oppositely-charBed polyelectrolytes provide a useful model for
ML,oS as they readily incorporate enzymes and other reaction
components within a responsive djmamic environment.+,,
Coacervate droplets respond to changes in temperature,! ionic
srength, and pHu E among other factors that alter the molec,
ular interactioDs mediating phase separation. h addition to
these thermodynamic variables, active coaceNates r€spond also
to chemically-fueled reactions that modiry the chargd, or
concenEation of the Frticipating biomolecules,+e Active
coacerwte dmplets have been shorrn to grotf, due to positive
fe€dback whereby reactions promoted within the drop produce
matedal components that feed drop groi./th-- such positive
feedback between chemical production and coacervate forma-
tion can lead to transient non-spherical sh.pes among poP
ulations of growing droplets.4

tO 2023 The Author(s). Published by the Royal Society of Chernistry Chem. Sct.
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Active droptets exhibiting negative feedback betvrcen coac.er-

vate formation and reaction-induced dissolution provide a basis

for controlling droplet size (Fig. 1)."r' Theoretical models of
active size control have sho,lr'n hoa enzymes enriched in the

condensed phase can drive reactions therein that destabilize the

coacervate-for example, by mdrfyng phase separating

components- Impoftantly, this type of reaction-induced destabi-

lization depends on droplet size olving to the diffusive delivery

and remoral of participating components. Droplets evolve in
time to a stable size at which the rates of droplet growth and

dissolution are balanced. Rertnt erp€rimental models based on
pH-responsive coac€ryates of glucose oxidase and an oppositely

charged polyelecfiolyte have achieved some of the key require-

ments neressary for controlling droplet size." The enzyme cata-

lyzes the production of gluclnic acid which lopers the PH
causing dissolution of the coac€wate droplets. However, the slow

rate of reaction compared to diffusion within micron-scale

droplets prchibits the qpe of sizedependent inhibition needed

to close the feedback loop and regulate d.oplet size-

Here, we present an active, pH-responsive coacervate based

on catalase and the weak polycation DEAE{extran that enables

Edge Article

two-way coupling between phase separation and enzymatic

activity (Fig. r). The diftrsion{imited enzyme catalyzes the
rapid decomposition of hydrqgen peroxide "tueI" causing
a concomitant increase in the pH under mild basic conditions,
we quandryand explain the magnitude and rate ofthe reaction-
induced pH increase as a function of the initial pH, peroxide

conccnEation, and enzj/me loading. Wc fufther demonsfiate
that catalase and DEAE dextran form pH{epeodent coacervate

droplets that dissofue in responsc to reaction-induced pH
increases initiated by the addition of hydroge[ peroxide fuel. In
addition to thc inhibitory influence ofreaction on coaceryation,

we shorv that coaceoate size can alter the rate of fuel
consumption due to diffusion limitations in droplets larger

than a characteristic size. Using reaction-diffusion models

informed by experimental data, \f,e discuss how this and related

sj.stems could enable the formatio[ of monodisperse macervate

droplets of tunable size. Such coacervate systems could poten-

tially emutate active size cutrol in biological condensates as

seen in cenEosomes' and membrane recepmrs."

Results and discussion

our design of active coacervates capable of negative feedback
control relies on the coupling between reaction-induced pH
change and pH-responsive phase scparation. In this context,

a suitable reaction should induce a pH change that is (i) suffi-

ciently large (i.e., >1 pH unit) to alter coacervate phase behavior,
(ii) locally enhanced wittrin coacervate droplets to inhibit their
gror,vth, and (iii) suitably fast to compete \.vith diffusive

exchange with the surrounding solution. The enzymatic

decomposition of hydrogen petoxide by catalase satisfies all of
these criteria. while the elfect of pH on catalase activity is well
established,s the ability of catalase to modifythe solution pH is
less widely appreciated, we therefore begin by characterizing
dre magnitude and rate ofpH increase induced by this reaction.

we then consider the incorporation of the enzyme within
coacervate droplets aod characterize the twcway couPling

b€twee[ phase separation and enz]matic reaction.

Enzf,matic d€composition of HzO, causes .apid pH incrcase

The pH increase induced by the decomposition of H2o2 is
predicted by a kinetic model that accounts for the acid-base

equilibrium of Hroz and its enz),rnatic decomposition by cata-

lase (Fig. 2a), Hydrogen peroxide is a weak acid that dissociates

to form Ho2- anion under basic conditions

ro/x.
HrO: + OH :HO1 +HrO (1)

where K, = 2.399 x 10 t2 M is the dissociation constant of
peroxide based on the reported p& of 11.62, and ff* is the
dissociation constant ofwater, The enzymatic decomposition of
H2O2 disrupts this equilib.ium resulting in the production of
hydroxide ions in accordance with k Chatelieis principle. For

complete decomposition, the amount ofoH produced is equat

to the inirial amount of Ho, present in solution, The resulting
pH increase is well approximated as ApH = logro(1 + xocelK*)
where Co is the initial peroxide concentration (ESI S€ction 1t).

+ H'o, --------+ tt& + ,bO2 azymtc docompcilic{'

iPH ,()O + J nze .P xoP + nP

-
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Fiq. 1 Two-way couplinq between enzymatic reaction and phase

separation. (al Catalase catat}rzes the decomposition ol hydtoqen
peroxide fuel into water and oxygen. H2O2 is a weak acid that disso-
ciates in water to produce HO2 ions. Catalytic coaEumption of H2O2

disrupts the acid-base equi(brium driving the reaction to the left in
acco.dance with Le Chatelier's p.incipte, resulting in an increase in
OH ions- (b) Catatase phase separates with DEAE-dextran at pH 9 to
form coaceNates en.iched in catatase. (c) Negatave etfect of the
enzymatic reaction on phase separation wherein the reaction-induced
pH increase destabilizes the coacervate. (d) ln the p.esence ol fueL
such systems may enable size contro[ b6ed on local pH changes
within catalase-rich coace ate droplets. As smaller droplets 9ro /
beyond a critcal sizear (left), they began to dissolve due to the [o<al pH

increase induced by trle reaction and enhanced by the size -dependent
rate of diffusive exchange between the drop and its suffoundings
{right).

(c) 2023 The Author(s). Published by the Royal Society of Chemistry
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To ialidate these model predictions, we measute the

enzyme-catallzed pH change for a series of 1o0 mM peroxide

solutions atdifrerent initial PH values (Fig.2a). The initialvalue
pHo is m€asured before the addition of a small volume of
bufrered eatalase solutioD. The pH is then monitored over time
until it rcaches an as)'mPtotic value PH-. ThepH change for the

assay, ApHa,."y : pH- - pHo, is compared to that of a control

reaction Apfl.,,nr-t wherein a buffered solutionwithout catalase

is added to the Hzo2 solution- Near neutral PH, the control

experiments without catalase sholv non-zero pH chang€ due to

the presence of I IM Tris buffer. The rePorted pH change in
Fig. 2a represents the difference between that of the assay and

the contfol: ApH = ApH.*..y - APH-noor. Comparing erperi-

mental measurements to model predictions, we find that the

equilibrium model hsed on reaction (1) agrees w€ll with the

measured pH increase at basic conditions (Pt(, > 8) but fails at

lower pH values (c, dashed curve and solid markers in Fig. 2a).

These discrepancies are largely rcconciled by augmenting the

model to include the effects of bufrer present in the catalase

solution (Fig. 2a, bold curve and EsI Section 1.41).

Under basic conditions (PHo = 9), the measurcd pH chan83

increases monotonicalb with the initial peroxide concentration

in close agreement with model Predictions (Fig. 2b). For

consistenq., the reported pH change is given by ApH = ApHa*.y

- Apl|<oniot as abot',q horever, the control experiment without

catalase shors only a negligible PH change due to the small

amount of added buffer, These results indicate that targe pH

changes (>t unit) require retatively high Peroxide concenra-

tions (>50 mM). At such concenEations, the rapid catab/tic

decompositioo of HzO2 produces many bubbles due to the lo '
solubility oforygen in water. As disclssed below, the formation

of bubbles complicates the imaging of active coac,en'ates

enriched with catalase- Further o<periments make use of
1oo mM peroxide solutions at PH 9 to create significant pH

changes despite undesired bubble formation.
The characteristic time required for the reaction-induced pH

change is controlled by the enzgne kinetics (Fig. 2c). To facili
tate comparison between kinetic assays, we define a character'

istic time for pH chang€ ,t using the geometric cotrstruction

sho*,n in Fig. 2c. Assuming that acid-base equilibration is fast,

the time required for the pI{ change is controlled by the enzy-

matic consumption of p€roxide (ESl Section 1.51). For the

o,22 mg mL 1 catalase concantration used here, the ,t yalue of
5.5 s a$ees witi expectations based on kinetic parameters ob-

tained directly by measuring the rate of H2o2 consumption (EsI

section 4.2 and Table SIt)'

I,has€ seFratim of catat $e & DEA.Edextratr is PH dependent

Guided by the consfiaints of the enzymatic reaction, we now

seek to design a pH-responsive coactrvate that forms liquid
droplets at pH 9 but dissolves at higher PH. The isoelectric Point
of catalase is pI = 5.3, as estimated using the Henderson-

Hasselbalch equation aPplied to charged amino acid residues

and in agreement with prwiously reported Yalues." At the

conditions of interest (pH = 9 to 11 > pt), catalase is negatively

charged and forms the anionic component of a complex
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Fig. 2 Reaction-indlced pH increase ApH due to the enzymatic

decomposition of HrO2. (a) Measured pH increase lmarkers) as

a function of the initialpH for an initialH2O2 concentration of 100 mM

The shaded region denotes +1 standard deviation above/below the
mean ot three replicates. The cu&es show the predictjons ot the
equitibrium modet with (solid) and without (dashed) 8 |tM Tris buffer
present in the experiments (see ESI Section 1+). {b} Measured pH

irrcrease (markers)asa function ofthe initial H2O2 concentration foran
initiat pH of 9. The sotict curve shows the prediction ot the equilibrium
modet. (c) Measured pH as a tunction of time upon additon of 100 mM

H2O2 toan aqueous solutionof0.235 mg mL l catalase at pH 9 (green

markers). The time scale tt is defined graphicatty as the t,rne required

to increase from the initiat pHo (dotted tirc) to finat pH- (dashed tine)

at the initial rate. A control experiment shows no pH increase in the

absence of catalase (gray markers) (see Esl Section 1.51).

For Cp = 1oo mM, this epression predicts a PH increase APH =
1,4 for initial pH values in the range 6.3 < PH < 11'6. While the

magnitude of the pH increase is determined by the acid-base

equilibrium, the rate of changE is conttolled by the enzlmatic

decomposition of hydr en Peroxide into water and orygen

H:o:1g H'o { ]o' (2)

where t b. is an apparcnt first order mte constant that dePends

on the local enzyme concentEldon (E:sI Section 1.51)." For

standard Michaelis-Menten kinetics, tl s aPProximation is

appropriate when the Hro2 concrntration is much smallerthan

the Michaelis constant tr(m = 1.1 M's

o 2023 The Author(s). Published bv the Roval Societv of Chemistry Chem. Sci.
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coacen'ate. To nake the coacewate pH-responsive, we require
a weak polycation with a p& = 9 such rhat reaction-induced pH
chang€s cause a significant reduction in polycation charge and
theEeby the electrostatic interactions driving phase separation.
Based on preliminary experiments with different weak poly_
cations-including poM2-{dimerhylamino)ethyl methacrylate),
poMallytamine hydrochloride), and poty-r-lysine-we identiry
diethylaminoethyl (DEAE)dextrao as the most promising
candidate- The presence of strong tertiary amines with an
apparent pI(a of 8,8 suggEsts that DEAE-dextmn will exhibit
significant charge reduction upon increasing the pH from 9 to
10.r'z Moreoer, DEAE{extra[ is sotuble over the desired pH
range (e to 11) and sho\rs a higher tendencf m form liquid
droplets with catala.se as compared to other polycations tested,
which formed solid-like precipitat€s,

-furbidity measuements indicate tlBt catalase phase sepaiates
with DEAEdextran to form complex coacervates at miing ratios
clo6e to charge neutrality [Fig. 3a). Turbidity is used as an indicator
of phase separation, which is s-ubs€quently confirmed by optical
micmscopy. To detect phase separation at pH 9, v.e meas.ure the
tudidity of €aralase and DEAEde)ffan mixtures as a function of
mixing ratio with Ate total macromolecrrle concentration kept
coDstanL the mixing ratio is expressed both as the mass fraction
of catalase r and as t}te positirc charB€ fraction.;f defined as

^. ll - .ttM'I - u - -1"- 'Y 
(3)

here, ,t1 and w represent the charge per mass of DEAE-de(tran
and catalase at pH 9, respectively, as estimated by the HeD-
derson-Hasselbach equation assuming independent ionizable
groups.r'zA positive charge fraction ofO.5 represents the pointof
charge neutrality, at which eoacervate formation is expected to
be most favorable.rl,? Consistent with these expectations, the
turbidity at pH 9 reached a maximum at O.9z mass fraction of
catalase corresponding to a charge fraction,;f* = 0.5, close to
charge neutrality.

Phase separation of catalase with D[:AEdextran is pH-
dependent (Fig. 3b). To veriry thiq we measure the turbidity as
a furrctioo of pH for a mnstant mixing ratio corresponding to
0.94 mass &action of catalas€. The turbidity shows a broad peak
centered at pH 8-9 and decreases rapidly as the pH increases to
11 (Fig. 3b). ln rhese experiments, the mixing ratio is selected to
maximize the difference in turbidity between pH 9 arld 10.s and
thereby facilitate reaction-induced inhjbition of phase separa-
tion. The obs€rved pH dependence is con$istent with exp€cta-
tions bas€d or! macromol€cular charge imbatance. The positir€
charge fraction at 0.94 mass fraction €talase is prcdicted to
decrease from 0.4 at ptl g to o.1 at pH 10 with further reduction at
higfier pH- The pH-responsive phase behavior is further
confirmed by oFical microscopy, which sho..s that microo-scale
coaceryate dropl€rs form at pH 9 tut not at pH 11 (Fig. 3b),

Catalase is significandy enriched within the coacervate
phase at midng ratios approaching charge neutrality (Fig. 3c).
We quantiry enzyme partitioning between the two phases using
absorption spectroscopJ. to measure the concentration of fluG
rescently labeled catalase in the dilute phase. For a total
macromolecule conoentration of 0.s mg mL r at pH 9, the

0.6 0.7 oE 09 LO
mass lraction of catalase

Fig.3 Equitibrium phase behavior ot catalase with Df*E-dextran. {a)
Turbidity of catalase and DEAE-dextran mixtu.es as a function of
mixing ratio at pH 9 in 10 mM Tris buffer. The total macromolecule
concentratbn is held constant at 0.5 m9 mL r. (b)Turbidity of catalase
and OEAE-dext.an mixturesas a tunction of pH in 10 mM Tris or 5 mM
phosphate buffer. The total macromolecute concentration is hetd
constant at 0.25 mg mL l with a catalase mass fractaon of 0.94.
Microscopy images show micron-scale coace&ate droptets that form
at pH 9 and 10 but not pH ll 5cale bars are 2 tlrn (c) Fraction of
catalase present in the dilute phase (an terms of concentration) as
a filnction of mixing ratio (total macromo{ecuLe concentration: 0.5 mg
mL I in 10 mM T.is at pH 9). Shaded regions in {b) and lc} represent + i
standard deviation above/below the mean of replicates.

fraction of catalase remaining in the dilute phase reaches
a minimum value of 0.41 at mixing ratios close to charge
neuEality. The fraction of catalase in the condensed phase is
therefore maximal at this mixing ratio, which co esponds
closely to that of the rurbidity maximum (d Fig. 3a and c).
Together, the agreemeDt between the turbidity measuremenB
and these colcentration measurements supports the hypoth-
esis that catalas€ is incorporated within the coacervate phase as
reported previously for other protein-polymer coaceNates.tr? re
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Fiq. 6 Computed profites for H2O2 concentration (top) and pH

(bottom) in ard around smatt (lett) and large kight) coacervate droplets

at trme t = 0.4 s aftetaddition ot H?O2.The pararneters and conditions
of the reaction-diffusion model are chosen to match those of the

experiments in Fig 5 isee ESI Sectiicn 21and Flg. S3i fol details). For

droplets smatler than the reaction-ditfusion tenglh ar = 7 rrm. H2O2

diftuses throughout the drop interior before being consumed by the

reaction (top,leru;the tocat pH increase within the droptet is limited by

diftusive exchange with the surrounding solution (bottom, left). For

large drops, peroxide decompositiofl is tocaLized near the drop inter-

face (top, nght). and the local pH ris€s significantLy within the drop
interior (bottom. ri!rht).

ceneral r€qufu€metrtE for actMtfirduced sizc control

To summarize, the Prcsent aPPrerch for conEolling the size of
actii,e clacerl€te drops rElies on the catalytic Ptoduction of

a destabilizing species withitr the droP interior. The *ability ofthe

dense phase must be rcsponsive to this species (here, OH ) such

that phas€ separation occu6 only belo^/ a threshold clncentra-

tion, The cata\tic production of the destabilizing species should

exceed this threshold wiftin largE droF, for which the diffirsive

remo\.al of the sPecies from ttre drop is slo,ritr than its reacti!€

production inside the drop. Based on the tEaction-diffi.tsion model

(ESI, section 2+), the ma;imum stable drop size is Foportional to

the chamcteri$ic length ar oltr which reaction and difirsion

compete a' : 312"4,Jr/'?where Di,' and &n are the diffusivity of

O 2023 The Author(s) Published by the Roval Society of Chemistry
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the chemical fuel and the (first order) rate constant for its
consumption iDside the coacen€te drcP.

Different chemistries with faster or slou'er reaction kinetics

are capable of stabilizing smaller or larger drops. For an

enzFne-polymer coacewate based on glucose oxidase," the

catalytic oxidation of glucose produces gluconolactone, which

hydrolyzes to form gluconic acid, thereby lowering the pH and

destabilizing the cecer te' Under the rePorted conditions (PH

7.5), the rate limiting step for the rcaction-induced PH change is

likely the hydrolysis reaction, which has a rePorted Iate

constant of ^,o.05 min I ." Assuming a tyPical diffirsivity of 10 s

cm2 s ', the corresponding reaction{iffi.rsion leogth is esti-

mated to be a* - 3 mm-considerably larger than the -10 Pm

estimated fol the catalase system- Additionally' the reaction-

diffusion length depends on the solute diffirsMty inside t}te

drop whieh may be influenced by coaceryate density and

viscosity as well as the molecular interactions with the solute.

In designing actl\€ coacen/ates, it is b€n€trcial-but Dot

snictly necessary--+hat the reactioo rate inside the drop be much

faster that its rate outside of the dtoP. If the conc€ntration of
chemical fuel and dettabilizing Product are maintained clnstant

outside of the droPlet by an effective chemostat, t}le consump

tion of fuel outside of the drop should not affect its b€havior

inside the drop. h practice, ho\.€ver, it is desirable to limit the

wasteful consumption of fuel outside of the droP as to reduce the

burden on the chemostat. For transient experiments without

a chemostat, pseudosteady conditions witiin the droP interior

can be achieved only when the reaction rate inside the dIoP is

much faster than that ouGide (ESI, section 31). when the

destabilizing product diftrses more slon'ly than the chemical

fuel, these experiments may enable transient "sculptiog" of large

coacervate drops, in which localy destabilizing conditions are

achieved for some time before retuming to stable conditions at

long time (EsI, section 3t)- such b€havior is not observed in the

present system where the destabilizing product (OH ) diftrses

faster that the fuel (Hror.

Conctusions

we have sho\vn how twcway c(nrpling ht een complex coacer-

vation and enzymatic activity can enable negative feedback

control in active coacewate droplets. ln this approach, an en4tne

incorporated witlrin the coacewate catabzes th€ Production of
chemical species tbat destabilize the condensed Phase causing

the droplet to dissolve and thercby decelerating the local teaction

rate. In particular, we demonstrated that catalase forms PH-

responsive coalrentate droplets with DEAEdexuan and that

catalase activiq/ causes pH chanS€s that destabilize those drop
lets. Owing to fast enzlme kinetics within the condensed Phas€,

we hypothesize that catalase activity leads to ,oral PH changes in

droplas larger than a criticat size comParable to the reaction-

diftrsion length. This hypothesis is supported indirectly by

reactiondifrusion models informed by eryerimental data on the

sizedependent activity of enzymatic droPlets. hportantly, such

neg"ative feedback b€t\+een enryme activity and coacerYate

formation could allow for self-regulation ofdroPlet size; however'

this capability has yet to be deinonstrated' To realize size conbol
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above which the local PH increase trig€Is droPlet dissolution
(ESI Section 2.2 and Fig. S4t).

Unfortunatev, experiments designed to demonstrate

reaction-induced size control \x,ele inconclusive due to vigorous

bubble formation. Using o{temal feedback conEol, we fix the

solution pH to a constant value by addition ofacid to counteract

the efrects of the enzymatic reaction. Hqa'ever, oli'ing to tlle
steady addition of peroxide fuel, tie production of o4rgen

bubbles creates a raPidly I-rowing f@m that sequesters mrrch of

the cmcenrate material, which adsorbs at the gas-liquid inter-

fac€. As a result, we are unable to maintain the reaction condi-

tions Fedicted to driv€ coaceryate dissolution and/or gnoirth

tci ,ard a stable size. Nevertheless, the Present e(periments on the

catalase rystem prot/ide useful insiShts in the desiSD of future

coacervate materials with activity-induced size control.
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in active coacenate dropleB, future studies would benefit from
open chemostat systems that maintain constant solution condi_
tions and from fast enzymatic reactions that alter coaceruate
stability without bubble formation, tn the curreot system, orygen
bubHes present significant challenges in quantifying droplet
sizes rt stu for oonequilibrium steady-states sustained by
delivery of HrO2 and base. Ner,/ertheless, the present ep€riments
and models demonsEate that active coaceryates can be rationallv
designed to enable negative feedback connol using quantitative
knowledgB of their rcaction kineti€s and phase tlehavior. tnoking
forward, the realization of bioinspired materials with internal
cantrol mechanisms based on destabilizing activity could be
useful in regulating material size, fuel consumption, and the rate
of material turnoler.

Experimental
Materials

Materials r Ere bought aod used as received from commercial
suppliers. Catalase from bovine tiver and diettylaminoethy!
dextran lydrcchloride (DEAE{extran, Mw : 500 kDa) were
purchased ftom Sigma Aldrich. Alexa FluorrM 488 NHS Ester
(suc:cinimidyt ester) was purchased from TtermoFisher Scientific.
Cytiva NAP-25 cotumns were purc.hased from Fisher Scientific.

ApH as a tltrctbn of pH and H2O, coucentration (Fig. 2)

Aqueous solutions of 1OO mM H2O, viere adjusted to different pH
values (pHo) by addition of (lnceIlhated solurions of HCI or NaOH
(0.1-1 M} A stock solution of 1 mg mL I ratalase was prepared by
dissotving catalas€ in I mM .ftis at pH 7.5 fo[o*ed by filtration
with a 0.2 pm surfactant{ree cellulos€ acetate (SFCA) membrane
syringe 6lter. A 6xed volume (rol pl,) ofthe catalase solutior was
added t, 20 mL of the stirred H2O2 solution to achier,/e a final
catalase concenu.ation of 8.1 trg mL I for the assay. The final
conc:entration ofTris in the 20 mL reaction solution is 8 AM due to
the addition of 164 lrl- of catalas€ solution, preparcd with 1 mM
Tris. The solution pH \4Es measuBd every 1-3 s using a pH elec_
Oode (hlab Pure prGIsM) connected to a pH meter (srev-
encompact 5210) unril the pH stabilized (pH*). Additional
control oeeriments measured the pH change caused by the
addition of a 1 mM Ttis solution without the enzFne. For each
initial pH, the assay and Tris contlol v/ere performed in t.iplicate.
For Fig. 2b, an aqueous solution of 200 mM HrO, lrtas initially
prepared and adjusted to pH 9 using cucentrated solutions of
HCI or NaOH. H2O2 solutions at lovrer clnc.entrations at
a common initial pH 9 were prcpaEd by diluting rhe 2OO mM
HzO2 solution with water adjusted to pH 9, The addition of
en4/me to these H2O2 solutions aod subsequent pH measure.
ments were done in a similar fashion as described above.

Edge Article

way as the protein. Varying amounts of these solutions were
added to 384 well glass bottom plates to a 6nal volume of50 pL
per well, The path length in these turbidity measurcmeDts is
estimated to be 0.4S cm based on the ratio between the solution
volume (50 gL) and the bottom area of each well (1o.9 mmr).
The total macromolecule concentration was held constant at
o.5 mg mL I for each mixing ratio. The catalas€ mass fraction
in the wells ranged ftom 0 to 1 in increments of 0.04 with eaeh
mass fractioD prepared in triplicate. Miiog was done by
manual pipetting. Absorbancr at 600 nm (l{6m) was meaEured
using a Tecan Infinite M20O pro plate reader set to 25 oC.

Turbidity was calculated using the formula: I - I = 1-10 tu
where ?is the ttansmittance at 600 nm.

Itnbidity analysis as a tuncti,on of pH (Fig. 3b)

Solutions of 1 mg ml,-r catalase and DFjAEdextran were
prepared in 10 mMTrisatpH 8 as described above- The solutioDs
were then diluted to O-25 mg mL t pmtein or polymer using
10 mM Tris or 5 mM phosphate buffer with final pH adjustment
by addition of concentrated HCI or NaOH solurions. The 0.25 mg
mL I catalase solution at a specified pH was mixed with the
0.25 mg mL t DFAE{extmn solution at the same pH at a mass
fuaction of0.94 (94o t I catalase solution and 60 pL DEAEiextrdn
solutioo) in a cuvette (1 cm parh length). Samples ar each pH
were prepored in triplicate and absorbance at 600 nm was
measurcd 15 min and t h after miing. Micloscopy irnages of the
mixtures were taken 1s min after m ixing by removing3.5 pL from
the cuvette into uocov,ered imaging chambers created using
press-tcseal silicone tsolators on glass slides,

Eluor€sc€nt labeling of catalase (Fig. 3c)

A I mg mL 1 catalase solution was prepared in 50 mM phos-
phat€ buffer at pH 7.S fotlowed by filriatioo with a 0.2 pm pol_
yethersulfone (pES)6lter. Alexa Fluor488 NHS esrer [1 mg mL r

in DMSO) was added to 40 mL of catalase solution to achieve
a final dye concentration of 79 IM corresponding to a molar
ratio of 20: 1 dye to catalase. The pH was readjusted to 7.s by
dropvise addition of concentrated NaoH- The mixture was
incubated for 4 h at 4 oC. The fluorescently lab€led protein was
separated from the unreacted fluorophore and buffer
exchanged into 10 mM Tris at pH 9 using NAp-25 columns. The
eluted fractions containing fluoresceotly labelled catalase were
filtered again using0.2 pm pES filters. The concentration ofthe
enzyme was calculated using absorbance measurements at
280 nm aDd 495 nm using tie given formular 426n(only enzyme): i{r1,6(labeled enzyme solution) - 0.11 taes(labeled en4/me
solution). This formula calculates the cootribution of the
unlab€led enzyme to the net absorbance ofthe labeled enzvme
solution at 28O nm. Usingthe reported relationship between the
extinction coemcient ofthe dye at 280 nm and 495 nm (.rso 

"m =0.11s.res ,-), the absorbance due to the dye at 280 nm is suti
tracted from the net absorbance of the labeled enzyme solution
at 280 nm. The obtained absorbance at 28O nm due to onlv the
enzjme io the labeled enzyme solutioo ,ras co*par"d to the
calibratiofl cuwe relating the measured absorbance of the
unlabeled enzyme at 280 nm to the concentration ofcatalase. By

&o

furbidity arulysis as a function of mixing ratio (Fig. 3a)

A 0.5 mg mL I catalase solution was prepared by dissolving
catalase in 10 mM Tris ar pH g. After dissolution, the pU wai
readjusted to 9 by addition of coocenftated HCI or NaOH
solutions followed by filtration with a 0.2 pm SFCA syringe filter.
A 0.5 mg mL I DEAEdextran solution was prepared in the same

O 2023 The Author(s). published by the Royat Society of Chemistrv
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lmportantly, the local enzyme con(Entration within the

coacervate droplets at 0,94 mass foaction of catalase is estimated

to be -10r times higher than in the surounding solution. This

order-of-magnifude estimate assumes a macromolecule c$ncen-

tEtion of -120 mg rnl I in t}|e condensed Phase fora two-phase

system with a total macromolectle conctntrEtion of o.25 mg

mL '.'r! TNs concentration estimate is based on the measuEd

fraction ofcatalase that remains in the s:upematant (0.47, Fig. 3c)

and the assumption that the volume fraction of the condensed

phase is --o.oo1,H1 The rate of enzymecatallzed p€roxide

decompooition should t e similarly enhancred assuming that ttle

rate is prcportional to the local enzyme concrentration and that

th€ enryme activity is not significantly altercd by the coacer'/ate

environment.s'

HrO, firel destabilizes catalese/DEAE&at coaEftirtes

CoaceNate droples formed at pH 9 dissolve rapidv upon

addition of H2o, fuel due to the rcaction-induced pH increase

catatzed by the enzyme [Fig. 4a). To demonstrate this inhibi-
tory influence of rcactlon on r.oacervation, we mi( catalase and

DuAE-d€xtran at pH 9 with a catalase mass fraction of 0.94 to

form stable coaceri"ate droPlets as evidenced by turbidity anal-

ysis (Fig. ab, - buffer). Upon addition of 100 mM Hro2, we

obscwe a rapid increase in pH aod a simultaneous decrease in

turbidity, which i$ evident by eye as a transition from cloudy to

transpar€nt, bubbv solutions (Fig. 4c). When the same experi-

ment is conducted in the presence of 1o0 mM Tris bufrer, the

!''* AnkL Onlln.
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pH of the coacervate soiution remains unchanged as does the

measured turbidity (Fig.4b and d, + buffer). These results

sugaest that coacerrate dissolution is caused by the pH increase

induced by the enzymatic reaction, A similar effect n as rePorted

previously for a pH-responsive, protein'polymer coacervate

based on glucose oxidase." Hovrever, this type of reactio[-

induced destabitization alone does not establish a closed

feedback loop between the enzlrnatic reactioB and coacewate

formatioa To close this loop, it remains to be demonstrated

that the enrichment of the enzyme within coacewate droplets

can create and potentially sustain local conditions that inhibit
coacervate stability, In the Present context, the reaction should

create significant pH differenc€s between the droplet interior
and the surrounding solution desPite the diffusion of species

between the two phases. we aftemPted to monitor pH difrer-

ences between the suPernatant and coacelvate Phase with pH

indicator dyes, but the pres€nce of the enzyme and/or Poly-
cation interfered with the absorptioD spectrum of the dyes and

prevented this quantitative comparison (ESl section 8t).

Cmcrration sloss pH ircrcase due to difrosion limitations

Tte time scale ,' for the chemically fueled PH increase dePends

on the size of the condensed phase (Fig. 5). To sholv this, we

compare the transient PH increase in catalase/DEAEdodran

mixtures for two limiting cases-that of many micron-scale

coacervate droplets and a single macro-scale coacervate Pellet
prepared by centrifugation (Est Section 6l)' Importantly, the

composition ofeach mixture is identical; they differ only in the

spatial distribution of the condensed Phase. Upon addition of
1Oo mM HrO2, the pH of the coacerEte dispersion increases

quickly with a characteristic time scale t* = 9.9 + 2.3 s (Fig. 5a

and b; coacervate in solution). By contrast, the PH of the coac-

ervate after centrifugation increases more slowly with ,* : 19.1

+ 2.4 s (Fig.5a and b; pellet + supematant)' For comParison, the

tnnsient pH increase for catalase in solution without DEAE-

dextran is statistically indistinguishable from that of the coac-

ervate dispersion (Fig. 5a and b; catalase in solution, ,' : 6.9 +

1.o s, efrect sizes ESI Fig. s13t). Catalase shows similar activity

for H?o, decompcition when it's incorporated in micron-scale

coacervate droplets as when it's dispersed in solution (EsI Table

sll and section 6.41).

These experimental observations are reproduced and

explained by a reaction-diffusion model that clnsidels the

difiusion of H2o2 into spherical coacervate droPlets of Bdius

a and its enzynatic decomposition with a rate constant

proportional to the local enzyme concentration (ESI Section

2.11). The corresponding rates of diflusion and reaction are

balanced for a characteristic droplet radius ol a* = 3(Dn.o,l

ffi*)'i', where Ds,s, is the diffusivity of H2o2 inside the coac-

ewate, and *i$" is the mte constaEt for Hzo2 decomPosition

tierein. Assuming a total macromolecule conc€ntration of
120 mg mL I in the cudeosed Phase, the rate custant inside

the coacervate is estimated to be 41. - 3oo s-r based on the

observed value tou":0.51 s I for catalase itr solutioo and the

measured fra(tion of catalase in the dilute phase. ApProxi

mating the H2O2 diffusivity by the solution-Phase value DH,o. :

a

7..T h.. f -_.' c - buffer

stp}|9

I

b60

S50
d.o
:a)
820

s,o

\ xo. - n,o, ,/
*."*"x"JBj" /.*

110

106

10.2

9.4

90

d + butret

bercre atler b€loe afi6r

Fig. 4 Enzyme-cataty2ed coacervate dissolution. (al Schernatic illus-

tration showing coacervate formation at pH 9 chemicalty-fueted pH

increase, and coacervate dissotution at pH >10. (b) Measured turbadity
(left. btue) and pH (right, green) befote and after addition of 100 mM

H2O2 fuel to the catalase/DEAE-dextran coacervate in u.ater (-buffer)

or 100 mMTris buffer (+buffer). Error bars denote dandard deviations

basa'd on three repticates. Total macromolecute concentration is

0.25 m9 mL; catatase mass fraction 0.94; initiat pH 9. (c) Photographs

of coacervate dissolution and bubble forrnation in water upon addition

ot 100 mM H2O2 conesponding to'- buffer' experiments in (b). {d}

Photoqraphs of bubble fotmation but not coacervate dissolution in

Tris bufler corresponding to '+ butfer' experaments in (b)

-
+b!ffer buffer

!E
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for o << 1 (ESI Table SII and Section 6.41), Fig. 5 shows thar the
time scales r* for'catalase in solution, and .coacervates in
solution' are approximately equal for the small droplets used
here (a < 1 tlm; Fig. sb, ESI Fig. S12l).

By contrasq for a single large droplet (a >> cr), eqn (a) for
the apparent rate constant is well approximated as ftf*ceNate -
;fl66. when a >> (1 lllf- lD this limit, only catalase present in
the dilute phase contributes appreciably to peroxide decompo-
sitionj the vast majority of catalase present in the condensed
phase is kinaically inaccessible to the Hroz fuel. ConsisteDt
with this prediction, the measured time scales t. for .pellet +
supernatant' and for 'supematant' alone are equal within the
experimental uncertainty (Fig. sb and ESI Section 6.41). Mor€-.
over, the ratio betwe€n ,. for.coacervates in solution'and for
'pellet + supematant' is 0.31 + 0.082, which is similar to the
fraction of catalase in the dilute phase J.: 0.47 measured
independently (cl Fig. 3c and 5b). In addition to experimental
uncertainty, the discrepancy between these quantities may be
caused by errors in the measured catalase concentration due to
incomplete separation of the labelled enz]rme from the
unreacted fluorophore (ESl Secrion 6.41).

Together, the results of Fig. S suggest that rhe reaction-
diffusion tength a* is bounded between tlte sizes of rhe
micron-scale coaceryate drcplets and the macro-scale crracer,
vate pellet: 1 pm << o* << 1 mm. To nafiou, thes€ bouqds, we
measure additional ,* values for coacewate solutions aged for
different times to promote the coarsening of larger drops (fsl
Section 7t). Coacer%te solutions stirred for 4 h to promote
coarsening lead to a slower pH increase upon addition of H2O2
as compared to otherwise identical solution$ aged without
stirring for the same time: ,. : 8.1 a 2.0 s rs 4.7 + 1.6 s for
stirred and unstined solutions, respectively. This difference is
attributed to the presence of larger droplet sizes in the stirred
solutions as e,t,idenced by optical microscopy; however, signifi-
cant polydispersity in the size distribution prevented quantita-
tive analysis. Subsequent c€nffifugation of t}le sti.red
coacervate leads to a further increase in ,. to 14.2 + 2.0 s. These
results remain consistent with the above order of magnitude
estimate for the reactioodiffusion length, a* , 10 Em; however,
the precise value .emains uncertain-

According to the reactiondiffilsion model, large claceNate
droplets (a >> a*) support reaction-induced pH differences
benveen t}le droplet interior and the suEounding solution
(Fig. 6, ESI Fig. S3t). perox,de decomposition in the boundary
layer near the droplet surface results in the Iocalized production
of OH therein and a transient pH increase throughout the drop
interior. Such local pH changes are expected to destabilize
coaceryate droplets larger than a critical size. By contrast, pH
yariations within smaller droplets (a << ai) remain spatially
uniform due to the peroxide decomposition becoming
increasingly reaction limited with decreasing droplet size. For
a closed system (as in our experiments), the distinction between
large arrd small droplets does not alter the final outcome: the
reaction-inducEd pH increase causes coacervate dissolution.
However, for an open q/stem maintaiaed at constart H2O2
concentration and solution pH, the model suggests that coac-
ervate droplets will grow to a characteristic size of order cr,
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Fig.5 Comparison ofthe transient pH increas€ for coacervates oftwo
different sizes (a) Representative pH measurements as a function of
time for H2O2 decomposition by micron-scate coacervate droptets
(coacewate in solution) and by a macro-scale coacervate pe[et ob-
tained by centrifugation (pellet + supernatan0. For comparison, the
transient pH increase for tatalase in solution' without DEAE-dextran
and for the 'supernatant' of the centrifuged dispersion are also shown.
Ihe initial pH is 9; the initial peroxide concentration is 100 mM: the
catalase concentratbn is 0.224 m9 mL r: the mass fraction of catalase
is 0.94 for the mixed samples. A control (only H2O2) shows no pH
increase in tl|e absence of catalase_ (b) Comparison of t. values ob-
tained from pH yersus time data of tt|e type shown in {a} Error bars
represent t 1 standard deviation above/betow the mean of replicates.

1,4 x 10 e m2 s-r, the reactioniiffusion length is estimated to
be a* - 7 pm. Ttris estimate is highly uncertain as the reaction
rate constant and the HrO2 diffusivity inside the coacervate are
not measured direcdy. Regardless of its precise value, droplets
larger than this length scale (a >> a* - 10 pm) experieoce
diftrsion limitations whercry HrOz fuel does not reach the drop
interior but is rather consumed within a boundary layer of
thickness a1. Catalase pres€nt within the interio.oflarge drops
is kinetically inaccessible thereby reduci[g the apparent rate of
peroxide decomposition and the acempanying pH increase
(ESI Fi& s3t).

Analysis ofthe model r€veals that the apparent mte constaDt
for peroxide decomposition catalyzed by a dislxrsion of coac-
ervate droplets is well approimated as

, l" .. ^/ | t\l
'c;h 

- -"-=tohy i- (l -/)\"rrrh(3") - 
"lJl 

(4)

with &ob" ( 1/r'* (ESI Secrion 2,11). Here,/ = o.47 is the fra&ion
ofcatalase in the dilute phase, and a: 4/ar is the ratio between
the droplet radius a and rhe reaction{iffirsion length a*.
Consistent with our experimental observations, the catalytic
activity of small coac:enrate droplets (a << a*) is indistinguish-
able from that ofcatalase in solution-that is, 6ffi""*E = t"b"

b

-
o.o
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t
rE
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assumingthat all the catalase present in the eluted and purified
labeled enryme solution is associated with the dye, the above
prccedure was used to estimate the concentration of catalase
present in the labeled enryme sofution.

Catrlase concentration in the dilute phase (fig. 3c)

The fluorescentty labeled catalase solution described above was
diluted to a 6nal concentration of 0.5 mg mL 1 catalase using
10 mM Tris at pH 9. A 0.5 mg mL I solution of DEAEdextran in
10 mM Tris at pH 9 was prcpared as described above. The pH of
both solutions was adjusted to 9 using concentrated solutions of
HCI or NaOH. Iabeled catalase and DEAEiextran were mixed at
different ratios in 1.5 mL microcentrifuge tubes up to a total
volume of 400 lll. The samples were then centrifuged at
13,000 rpm for 30 min to separate the dilute phase ftom rhe
dense coacervate phase. 100 }tL of the supematant was remol/d
into 384 well glass bottom plates in triplicate, and ,4re4
measurements were taken (Tecan M2OO ko). The concrntration
of the fluolophoE present iD the supematant was quantified
using a calibration curve for pur€ Ale)q Fluor dye at 494 nm. This
wavelength was chosen based on the reported optimum excita-
tion wavelength of Alelra Flour 488 NHS ester. This value was
divided by the total concentration of Alexa Fluor present at that
mixing ratio to give th€ fraction of catalase present in the
supematant at that mixing aatio. The total Alexa Fluor present at
a particular mixing .atio was calculated by multiptying the
meazured absorbance of 1oo pL of labeled catalase (in the
absence of additional buffer or polycation) at 494 nm with the
mass fraction of catalase at that mixing ratio. As a control, this
procedure wa-s repeated with labeled catalase mixed with just
bufrer at mixing ratios ranging ftom 0.6 to 1 mass fraction of
catalase.

Vl.lv Artk!.O ttr.
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15,6 {in the a bsence of bubbles). As a control, a sim ilar assay was
performed in 10o mM Tyis pH 9 bufrer.

Efiect of phase separetion on t€action rates (Fig. s)

A 2 M solution of H2O2 in water was prepared and the pH was
adjusted to 9 using concentrated solutions of NaOH and HCl.
Xylenol blue, a pH indicator, was used to assess the pH of the
2 M H2oz solution. Millie water adjusted to pH 9 was used to
prepare the 1 mg mL I catalase and 1 mg mL 1 DEA-Edextran
solutions. After nluation with 0.2 FM SCFA syringe 6lters, the
protein and polymer solutions were individually diluted to
a mncentration ofO.2S mg mL I using water at pH 9. One trial
included the preparation of s solutions with one of the solu-
tions being split into two parts, ultimately for a total of 6 reac-
tions per triat. All s initial solutions were made by dilutiog the
same 1 mg mL l catalase and , mg mL 1 DEAE-dstran solu-
tions. Hence, each trial consisted of 6 assays (or 6 reactions)
wherein the pH ofthe solutioD was measured overtim€, ln sach
assay, 2 M H2o2 was added $uch that the 6nal concerrtratjon of
HzO2 at the beginning of each of the 6 assays was 0,1 M HrOr.
Prior to the addition of HzO2, the pH of each solution was re_
adjusted to pH 9 in case there werc minor changes in the
solution pH after mixing. For all of the 6 assays, an Inlab pure
Pro-ISM pH electrode connected to a SeveDcompact S2lO pH
meter was us€d. The pH was recorded every 1 s b inning 30 s
before the addition of H2O2 fuel until the pH stabilized (4-6 miD
after HrO, addition).

For each of the fiIst tfuee out of the S solutions, a 20 mL
mixture t.las made by mixing 0.25 mg mL I catalase and
O.25 mg mL t DEAe{extran at 0.94 mass f.action of catalase.
To solution 1, H2O2 wa.s added after mixing and the pH was
.ecorded until the pH stabilized (referred to as the coacerrates
in solution in Fig. 5). solutions 2 and 3 were centdfug€d at
4000 rpm for 30 min at room temperature. HrO2 was added to
solution 2 directly after centrilugation (refeEed to as pellet +
supematant in Fig, 5). Solution 3 was separated into individual
phases after centrifugation- The supematant was separated
from the dense phase by pipetting and H2O2 was added to this
isolated dilute phase (referred to as the supematant in Fig.5).
To the remaining pellet from solutioo 3, water at pH 9 was
added to obtain a solution of volume 20 mL. H2O2 at pH 9 was
added to this pellet immersed in water without furtier mixing
(referred to as pellet in ESI Fig. S11+), Solution 4 was made by
mixing 0.25 mg mL I catalase with water to obtain a 0.235 mg
mL I catalase solution at pH 9 [equivalent to 0.94 mass fractio;
of catalase). H2O2 was added to this solution after mixing
(referred to as catalase in solution in fig. S). The fifth solution
was obtained after centrifuging a catalase solution with the
same composition as solution 4. H2o2 was added to this solu-
tion 5 directly after c€rtrifugation (referred to as centrifugEd
catalase in EsI Fig. s11t). The final controt o(periment involved
the addition of 2 M HrO2 solutioD at pH 9 to 20 mL of water at
pH 9 such that the final concentration of H2o2 in the solution
was 10O mM. The pH was recorded for a p€riod of time equiv-
alent to the time taken by the slowest assay to confirm that tlle
addition of H2O2 to the solution of water at an initiat pH of 9

&o
CoacrMte dissolutio[ in tlre presence of fuel (Fig. a)

The pH of 2 M H2O2 solutions in water was adjusted to pH 9-
The conc.entration of prepared HrOz solutions was checked ry
measu ng the,42so of the 2 M H2O2 solution diluted by a factor
of 20 (extinction coefficient of Hro2 at 280 nm is 4,2 M r cm r

as determined experimentally). The pH of this solution was
determined by measuring the absorbance ofa small amount of
the solution (1 mL) at 600 om in the presenc.e of a knornr
concenbation (0.01 mg mL 1) ofxylenol blue, a pH indicator. A
0.25 mg mL r catalase solution in water at pH 9 was made by
diluting a stock solution of , mg mL l catalase in water at pH 9
prepared as described above. Ttis solution was mixed with
a o.25 mg rnl- I DEAE{extran solution in water at pH 9
(prepared in a similar manner) in a scintillation vial at a mass
fraction of catalase of 0.94. The pH of the solution was
measured every 1 s using an Inl,ab pure proISM pH electrode
connected to a Sevencompact S21O pH meter with stirring at
400 rpm. HrO, was added to this solution to a final concen-
tration of 0.1 M H2Or, The pH was rcclrded until a stable
reading was rcached. The turbidity of this solution b€fore the
addition of tI2Oz and at the end of this assay was measured by
pipetting 1 mL ofthis solution into a cuvette and measuring the

.O 2023 The Author(s). Pubtished by the Royat Society of Chemistry
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leads to a negligible pH change. Each trial consisting of the 6
assals along with the control was rePeated at least three times.

Data avaitabitity
Data are available from the corresPonding authors upon
request.
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