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Abbreviations  

PC/PCs Protocell/protocells 

Dz DNAzyme 

ssDNA Single-stranded DNA 

dsDNA Double-stranded DNA 

[r.u.] Concentration of the repeating unit of the ssDNA multiblock polymer 

pA polyadenine 

pT Polythymine 

Dz⊂PCs DNAzyme-encapsulated protocells 

FRET Fluorescence (or Förster) resonance energy transfer 

DSD Dynamic DNA strand displacement 

LLPS Liquid-liquid phase separation 

BHQ Black-hole quencher 

DCBC DNAzyme-catalyzed bond cleavage 

BCDM Bond-cleavage driven duplex melting 

CLSM Confocal laser scanning microscopy 

 

  



Materials and Instrument: 

ssDNA oligomers (as listed below in Table S1) were purchased from Integrated DNA Technologies (IDT). The 

enzymes, such as T4 ligase (low concentration 4 U μL─1), Exonuclease I (40 U/μL), Exonuclease III (200 U μL─1), 

Inorganic pyrophosphatase (2 U μL─1) and Φ29 polymerase (10 U μL─1) were purchased from Lucigen (Biozyme), 

New England Biolabs and Promega. The deoxynucleotide triphosphates (dATP, dTTP, dGTP and dCTP) (100-110 

mM 1 mL buffered solution) were purchased from Jena Bioscience. Sodium chloride (NaCl), Magnesium acetate 

tetrahydrate (MgAc2), Citric acid, disodium ethylenediaminetetraacetate dehydrate (EDTA), Tris(2-

carboxyethyl)phosphine hydrochloride, tris(hydroxymethyl)aminomethane hydrochloride (TRIS-HCl and Trizma 

buffer substance pH=8), bovine serum albumin (BSA) and acetic acid were purchased (as bioreagent grade if 

available) from Sigma-Aldrich. Ultrapure Agarose Low EEO was purchased from AppliChem. SYBR gold, loading 

dye, 50 bp, and 1 kb ladder were purchased from ThermoFisher Scientific. The basic solution for protocell 

preparation is a TE buffer that consists of 10 mM of Tris(hydroxymethyl)aminomethane (pH=8.0), 1 mM of EDTA, 

and 50 mM MgCl2. The buffer exchange was performed according to the specific experiment. DNA sequences 

(in TE buffer) and the glycol-dispersed enzymes were always stored frozen at ─25 °C. Gel electrophoresis was 

run using 1-2 wt% Agarose gel in TAE buffer containing 40 mM of TRIS-HCl, 20 mM of acetic acid, and 1 mM of 

EDTA. The Gamry potentiostats were used to apply and control the voltage in the gel electrophoresis 

experiments. 

Thermal annealing and heating ramps were programmed on a Personal Thermocycler (Jena Analytics), DNA 

concentrations were determined using a ScanDrop (Jena Analytic) spectrophotometer with a standard value of 

33 μg/OD260. Confocal laser scanning microscopy (CLSM) was performed on Leica Stellaris 5 microscope with 

four Laser lines and three HyD detectors. The temperature of the sample during the microscopic experiments 

was maintained with a TOKAI HIT temperature-controlled device. The time-dependent, temperature-controlled 

spectrofluorometric measurements were performed using a TECAN (Spark model) microplate plate reader. Flow 

cytometry experiments were performed on a Gallios flow cytometer (Beckman Coulter, Brea, CA). 

  



Methods 

Synthesis of circular ssDNA template and multiblock DNA polymer (a general procedure for Rolling circle 

amplification). The synthesis of the ssDNA polymers was adapted and slightly modified from our previous 

report.[1] The stock solutions of 5’-phosphorylated templates and their corresponding ligation strand (see Table 

S1 and Figure S1) were mixed (in equimolar stoichiometry) to attain a final concentration of 1 μM in TE buffer 

(Invitrogen; 10 mM Tris(hydroxymethyl)aminomethane pH=8 and 1 mM EDTA) containing additionally 100 mM 

NaCl (total volume 100 μL). The concentrations of the strands are kept low to prevent inter-strand 

hybridizations. The buffered mixture was heated up to 85°C (for 5 min) at a rate of 3°C s─1 and slowly cooled 

down to 20°C at 0.01°C s─1. After annealing the strands, 20 μL of 10 X commercial ligase buffer (Lucigen; 500 

mM TRIS-HCI, 100 mM MgCl2, 50 mM dithiothreitol, and 10 mM ATP), 75 μL of water and 5 μL of T4 ligase (4 U 

μL─1) were added in the reaction tube containing 100 µL of the template strand, stirred (10 min, 400 rpm) and 

left to react for 4 hours at 30°C. The T4 ligase was then denatured by heating the reaction mixture for 20 min at 

70°C. Then 10 μL of Exonuclease I (Lucigen; 40 U μL─1) and 10 μL Exonuclease III (Lucigen; 200 U μL─1) are added, 

and the mixture was kept overnight at 37°C on a thermo-shaker (Eppendorf) with gentle stirring (300 rpm) to 

digest unreacted ligation strands and non-circularized templates in solution. Then the exonucleases were 

subsequently deactivated by heating the reaction mixture at 80°C for 40 min. The circular templates were 

purified using the Amicon Ultra-centrifugal filters with a 10 kDa cut-off (Merck Millipore) and washed 3 times 

using TE buffer over the same filter. The concentration of circular templates was measured by the use of a 

ScanDrop (Jena Analytic) spectrophotometer and the solutions were diluted to 1 μM using TE buffer. The 

template synthesis was repeated in multiple batches and a stock solution of the circular template was prepared 

to avoid batch-to-batch discrepancy. 

To synthesize multiblock ssDNA polymers, 10 μL circular template (1 μM) were mixed with 20 μL of commercial 

10 X polymerase buffer (Lucigen; 500 mM TRIS-HCl, 100 mM (NH4)2SO4, 40 mM Dithiothreitol, 100 mM MgCl2), 

2 μL of exonuclease resistant primer (10 μM in TE buffer), 5 μL of Φ29 Polymerase (Lucigen; 10 U μL─1), 20 μL of 

pyrophosphatase (New England Biolabs; 0.1 U μL─1) and 10 μL of an adjusted dNTP mixture (total dNTP 

concentration of 5 mM, the percentage of each base correspond to the expected sequence composition in the 

ssDNA polymer), and 134 μL of ultrapure nuclease-free water. The reaction mixtures were kept at 30°C for 60 

hours on a thermo-shaker with a gentle stirring (300 rpm). The solution containing ultralong ssDNA polymer 

was subjected to temperature-induced cleavage for 15 min at 95°C and the resulting solution was then washed 

through Amicon Ultra-centrifugal filters with a 30 kDa cut-off (Merck Millipore) (3-4 times) using 350 μL of TE 

buffer. The amount and purity of the ssDNA polymers were determined using a ScanDrop (Jena Analytic) 

spectrophotometer. The pyrophosphatase enzyme was added to prevent the formation of insoluble magnesium 

pyrophosphate as a side product that hinders the polymerization process and also accountable for resulting in 

so-called nanoflowers and might cause misperception during the microscopic investigations. 



Standard procedure for all-DNA protocells (PCs) synthesis. The PCs were prepared by mixing the ultralong 

ssDNA multiblock polymers to attain the target concentration (for p(A20-m), typically, around 0.16 g L─1, which 

corresponds to the repeating unit (r.u.) concentration of 10 μM and for p(T20-n), around 0.04 g L─1, which 

corresponds to [r.u.] = 2.5 μM) in TE buffer (pH 8). The stoichiometric ratio of p(A20-m) : p(T20-n) = 1:4 represents 

an optimized empirical condition in order to obtain well-defined PCs with minimized free p(T20-n) amount in 

solution. The mixture was heated to 95°C for 15 min (heating and cooling rate 3°C s─1) for homogenization and 

thermal cleavage of long ssDNA polymer chains (no phase-separation) using a thermocycler. A solution of MgCl2 

(2 M) was added to the mixture to attain the final concentration of 50 mM (for phase-separation of p(A20-m) at 

a Tcp of ~47 °C) and subsequently heated to 95°C for 10 min with heating and cooling ramps of 3°C min─1. After 

the formation of the PCs, a stoichiometric amount of corresponding fluorescently-labeled barcode* oligomeric 

sequences (Atto488-m*, Atto565-n* or Atto647-n*) were added to the solution and left the colloidal solution for 2-

3 h at room temperature to hybridize with the PC-barcodes before monitoring them via CLSM imaging. The 

thermal reduction of the molecular weight of the RCA polymers is crucial to obtain spherical PCs instead of 

unwanted agglomerations. Usually, the PCs are stable for several weeks, even though they slowly sediment at 

the bottom of the tube. The PCs can be sedimented and redispersed numerous times after sequential post-

synthetic functionalization at the interior and the shell. 

Encapsulation of the DNAzyme in the PC interior. A stock solution of annealed DNAzyme (Dz, composed of 

Split-Dz1 and Split-Dz2) (200 μM) was added to freshly prepared PC medium (50 μL, [r.u.] or [barcode-m] = 10 

μM) to functionalize the m-barcodes inside the PCs with Dz entirely. The DNAzyme-loaded protocells (Dz⊂PC) 

were left 2 h at room temperature with continuous stirring (400 rpm). The Dz⊂PCs were centrifuged (12000 

rpm, ~8 min) and redispersed with TE buffer containing 50 mM MgCl2. The purified DNAzyme-loaded PC solution 

was used for further experiments. 

Quantification of Dz-induced bond-cleavage in the PC interior. Dz⊂PC (10 μM encapsulated Dz) stock solution 

is diluted 5 times using a TE buffer solution with 10 mM NaCl on a 384-well plate and kept inside the Tecan plate 

reader 5 min to equilibrate at the desired temperature. A stock solution of the substrate was injected into the 

PC solution (1 μL, 5 μM), and the fluorescence intensities were recorded (for Cy5: excitation 629 nm, emission 

679 nm, bandwidth interval 10 nm, settle time 0.5 s) every 20 s interval over 1 h period. The plate was subjected 

to an orbital shaking (200 rpm, 3 s) before every measurement. The concentration of the uncaged product 

(hence the %of bond cleavage) throughout the reaction was calculated from a calibration plot of the product 

Cy5-appended oligomer (at various concentrations). In the case of catalysis in solution, the Dz was hybridized 

with an m-barcode sequence, and the final concentration was maintained at 2 μM in TE buffer containing 50 

mM MgCl2 and 10 mM NaCl before the substrate addition.  

CLSM monitoring of RCM-induced uncaging inside the PC interior. The shells of the freshly prepared washed 

Dz⊂PC (10 μM encapsulated Dz) were hybridized with Atto488-n*/ Atto488-nshort*in order the visualize (excitation: 



488 line, 364 well-plate) the protocells before the addition of the substrates (Figure 2h, 3a, 4h, 5b). A stock 

solution of the substrate (0.5 mM) was added to the reaction medium (30 μL) to a final concentration of 25-30 

μM. The Dz⊂PCs were then visualized by excitation with two lasers: 488 nm (for shell) and 638 nm (for the Cy5 

product). In some cases, the area of interest for the CLSM measuring was changed after capturing a few images 

to prevent the photobleaching of Cy5. The well-plate was kept at 30 °C or 37 °C using a temperature-controlled 

microscopic stage during the reaction. For the mixed PC (active and dormant) experiment (Figure 4h), three 

laser lines were used to excite the PCs ―488nm, 554 nm, and 638nm for Atto488-nshort*, Atto565-nshort* and Cy5-

product, respectively― and the images were recorded with minimum crosstalk amongst the detectors. 

Fluorescence recovery after Photobleaching (FRAP) experiments. The Dz⊂PCs (shell labeled with Atto488-n*) 

were first imaged using a low intensity of the corresponding laser in a glass-bottom 364-well plate. A stock 

solution of Subs-1 (0.5mM, 1.5 μL) was added to the PC solution, and the reaction was monitored over 20-30 

min. The FRAP was done after the completion of the reaction. Photobleaching was attained using 100% intensity 

on both the 488 nm and 638 lines (≤10 mW in the focal plane). Seven steps of bleaching (each step 6 s) were 

performed on the Dz⊂PCs to deplete the fluorescence fully at the region of interest, and the 20 images were 

recorded in every 10 s of the post-bleach sessions. The images were compared before and after the 

photobleaching steps. The data are presented in Figure 3b,c. 

Flow cytometry measurements: The data were collected on a Gallios flow cytometer (Beckman Coulter, Brea, 

CA). Atto488 and Cy5 were excited with a 488-nm or 638-nm laser and detected using a 525/40-nm or 660/20-

nm bandpass filter, respectively. Dz⊂PCs were identified in the FSC / SSC scatter plot. Protocells without Atto488 

and Cy5 fluorescence were excluded from the analysis (<3% of all protocells). Approx. 500 protocells were 

measured per second. Acquired data before and after the addition of the substrate was concatenated and gated 

using FlowJo (v10.6.1, Becton, Dickinson and Company, Franklin Lakes, NJ). Binned medians were calculated 

over 4 s of acquisition time, and data were plotted using ggCyto in R 4.1.1. The concentration of encapsulated 

Dz in the PC is 0.5 μM for all the cytometry measurements. 

Image treatment and analysis. The series of fluorescence images were processed using ImageJ (Fiji) by first 

applying a background subtraction. Then, the temporal profiles of both the red and green channels in the region 

of interest were extracted. The values are plotted correspond to the red and green channels with the reaction 

time after normalizing with respect to the initial red and green intensities. The fluorescence intensities for the 

line-segment analysis were plotted without normalization.  

  



 

Supplementary Figure S1: Schematic representation of the DNAzyme (Dz) and two loop substrates with their 

constitutional ssDNA oligomers. The detailed sequences are listed in the Supplementary Table S2. 

 

 

Supplementary Table S1. The repeating unit sequences of multiblock polymers, p(A20-m) and p(T20-n). 

p(A20-m) (A20-TTAGGATAGATATACGGGTTC)25-47 

p(T20-n). (T20-GATTTTAGAGGATCGTGTGGTTTTAC)20-40 

 

  



Supplementary Table S2. Sequences used, with their abbreviations, the sequence codes used for ordering at 

IDT, the purification grade and modifications. 

 Name  Sequence 5’3’  Purification Modification 

T
e

m
p

la
te

s 

 

Temp(A20-m) /5Phos/ATC TAT CCT AAT TTT TTT TTT TTT TTT TTT 

TGA ACC CGT AT 

HPLC 5’-Phosphorylation 

Temp(T20-n) /5Phos/ ATC CTC TAA AAT CAA AAA AAA AAA AAA 

AAA AAG TAA AAC CAC ACG 

HPLC 5’- Phosphorylation 

Li
g

a
ti

o
n

 m TTA GGA TAG ATA TAC GGG TTC HPLC None 

n TTT TAG AGG ATC GTG TGG TTT T HPLC None 

P
ri

m
e

rs
 m-exo TTA GGA TAG ATA TAC GGG T*T*C Desalting Phosphorothioated 

Twice 

n-exo TTT TAG AGG ATC GTG TGG TT*T* T Desalting Phosphorothioated 

Twice 

B
a

rc
o

d
e

*
 s

tr
a

n
d

s 

 

Atto488-m* /5ATTO488N/ TGA ACC CGT ATA TCT ATC CTA A HPLC 5’ Atto 488 (NHS ester) 

Cy5-n* /5Cy5/ AAA ACC ACA CGA TCC TCT A HPLC 5’ Atto 565 (NHS ester) 

Cy5-n*-p /5Cy5/ AAA ACC ACA CGA TCC TCT ACT CGA G HPLC 5’ Atto 565 (NHS ester) 

Atto488-nshort* /5ATTO488/ ACC ACA CGA TC HPLC 5’ Atto 647N (NHS ester) 

Atto565-nshort* /5ATTO565/ ACC ACA CGA TC HPLC 5’ Atto 647N (NHS ester) 

Dz-base (m) AAA ATTA GGA TAG ATA TAC GGG TTC AAA Desalting None 

n* AAA ACC ACA CGA TCC TCT AAA A Desalting None 

D
N

A
zy

m
e

 
st

ra
n

d
s 

Split-Dz1 TTG AAC CCG TAT AGTA CTA TGC ACA CCA TGT 

TGA AGA 

HPLC None 

Split-Dz2 TAG CTG AGC GAT TGC ATA GTA CTCT ATC CTA ATT 

T 

HPLC None 

S
u

b
st

ra
te

 s
tr

a
n

d
s 

Subs-1 /5Cy5/TCT TCA TrAG CAG CTA/3IAbRQSp/ HPLC 5’ Cy5 and 3’ Iowa Black 

quencher (with 

phosphodiester bonds) 

Subs-2 /5Cy3/TCT TCA TrAG CAG CTA/3IABkFQ/ HPLC 5’ Cy3 and 3’ Iowa Black 

quencher (with 

phosphodiester bonds) 

Loop-1 AGT TAT AGG ATA TCA TrAG CAG TTC GTG TAG 

TT/3IAbRQSp/ 

HPLC 3’ Iowa Black quencher 

(with phosphodiester 

bonds) 

  



 

Supplementary Figure S2: ssDNA synthesis via rolling circle amplification (RCA). (a) Schematic representation of the 

complete process and (b) corresponding gel electrophoresis. A commercial ssDNA (black) is circularized using a 

complementary ligation strand (red) and ligated using T4 ligase. The non-ligated products and ligation strands are then 

digested by Exonucleases I and III and the purified templates are amplified using a primer Φ29 polymerase (maroon). (b) 

Gel electrophoresis characterization of the linear ssDNA templates, circular templates and the RCA products, namely p(A20-

m) and p(T20-n). (c) Gel electrophoresis of the thermal cleavage of p(A20-m) at 95°C in TE buffer together with the linear 

template p(A20-m). Gel electrophoresis are run in TAE buffer using 1 % agarose gel and 6 V/cm for 90 min with SYBR gold 

staining. 50 bp Ladder bands correspond to 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900 and 1000 base pairs, 

and the 1kbp ladder bands correspond to 250, 500, 750, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 5000, 6000, 8000 and 

10000 base pairs from top to bottom.  

 

  



 

Supplementary Figure S3: NUPACK[2] simulated structures of Dz/Subs-1 complex and Subs-3 at 25 °C. The sequences were 

optimized using melting temperatures of different domains and mismatches are included to facilitate release upon catalytic 

bond-cleavage. 

  



 

Supplementary Figure S4: Intra-protocellular catalytic cleavage of self-reporting substrate and the stoichiometric ratio. 

a) Schematic representation of a catalytic cycle for RNA-linkage cleavage in Subs-1 in PC interior and fluorescence 

enhancement upon uncaging of the Cy5-appended product. b) Time-dependent specrtofluorimetric investigation of DCBC 

in PC at various [Subs-1] to [Dz in PC] stoichiometry. It is observed that abouve 2.5 equivalent of substrate the the catalysis 

is poisoned due to the stickiness of the product at catalytic active site at 25°C. [Dz⊂PCs] = 2 μM in TE buffer at pH 8. 

 

  



 

Supplementary Figure S5: Intra-protocellular (control experiment) Atto488 and Cy5 fluorescence was monitored over 

time by flow cytometry. a) Schematic representation of dormant PC (shell labelled with Atto488-n*) and Subs-1 binding. b) 

The time-dependent fluorescennce intensity of each PC is measured using flow cytometry. The slight increase at the Cy5 

channel represent the residual fluorescence of the quenched Subs-1. The line shows moving median. [Split-Dz1⊂PC] = 0.5 

μM and [Subs-1] = 1.3 μM in TE buffer at pH 8. 

  



 

Supplementary Figure S6: Intra-protocellular (control experiment) Atto488 and Cy5 fluorescence was monitored over 

time by flow cytometry. a) Schematic representation of dormant PC (shell labelled with Atto488-nshort*) and Subs-3 loop 

binding. b) The time-dependent fluorescennce intensity of each PC is measured using flow cytometry. The slight increase 

at the Cy5 channel represent the residual fluorescence of the quenched Subs-3. The line shows moving median. [Split-

Dz1⊂PC] = 0.5 μM and [Subs-3] = 1.5 μM in TE buffer at pH 8. 

 

  



 

Supplementary Figure S7: CLSM instigation of DCBC, downstream BCDM, and DSD reaction in an active PC system. a) 

Time-dependent CLSM images of metabolic phenotype change in the Dz⊂Pcs. The shell of Dz⊂PCs are labeled with Atto488-

nshort* (green channel). At t=0 (before the addition of Subs-3), the PCs are visualized as empty green circles. Upon Subs-3 

addition, a gradual increase of red fluorescence is observed at the shell of the PCs substituting the green fluorescence. b) 

to e) The line segment analysis on an active Dz⊂Pcs before (Line-1) and after (Line-2,3,4) the reaction and downstream 

transformation at different time points during the course of the reaction. Scale bars: 5 μm. The concentration of Dz 

encapsulated is 7 μM and [Subs-3] = 15 μM at 37 °C. Red, green channels correspond to Atto488 and Cy5, respectively. 

 

  



 

Supplementary Figure S8: CLSM investigation of dormant PCs in presence of Subs-3 and Subs-4. a) CLSM images of 

before and after (20 min) the addition of Subs-3 (20 μM, 10 equivalent of shell barcode n) in to a dispersion of dormant 

PCs, respectively. The PC shell are labelled with Atto488-nshort* (green channel). b) CLSM images of before and after (20 

min) the addition of Subs-4 (20 μM, 10 equivalent of shell barcode n) in to a dispersion of dormant PCs, respectively. The 

PC shell are labelled with Atto488-nshort* (green channel). In both cases ~5 % leakage of the loop was observed. Scale bar = 

5 μm. The CLSM images on right represent green (Atto488) and red (Cy5) merged channels. 
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