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a b s t r a c t

Biopolymers, including DNA and peptides have been used as excellent self-assembling building blocks

for programmable single-component or hybrid materials, due to their controlled molecular interactions.

However, combining two assembling principles of DNA-based programmability and peptide-based spe-

cific molecular interactions for hybrid structures to microscale has not yet been achieved. In this study,

we describe a hybrid microsystem that emerges from the co-assembly of DNA origami structure and short

elastin-like polypeptide conjugated oligonucleotides, and initiates liquid-liquid phase separation to gen-

erate microdroplets upon heating above the transition temperature. Moreover, the hybrid microdroplets

are capable for guest molecule trapping and perform bi-/tri-enzymatic cascades with rate enhancements

as open “microreactors”. Our programmed assembled DNA-peptide microsystem represents a new com-

bination of DNA nanotechnology and peptide science and opens potential application routes toward life-

inspired biomaterials .

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nature uses self-assembly to build up materials with dis-

tinctive structures, length scales, physical and chemical proper-

ties and remarkable functions. Developing new self-assembly sys-

tems could facilitate the fabrication of smart materials with in-

creased complexity and life-inspired functionality, in which build-

ing block design plays essentials roles in determining the self-

assembly process and controlling the structural length scale [1–

3]. Therefore, DNAs or peptides are highly favored bioinspired self-

assembling polymers due to their controlled intermolecular inter-

actions. Sequence-specific DNA duplex recognition has been in-

tensively studied for two- and three-dimensional nanostructures

(2D- and 3D-nanostructures), colloids, and hydrogels [4]. Peptides

with specific folding patterns and functions could be designed de

novo and assembled into structures such as mimicking proteins

and protein microparticles [5,6]. In addition, with the involve-

ment of DNA-based assembling and peptide-specific interactions,

the coassembly of DNAs and peptides allows the increase in com-

plexity, resulting in hybrid structures, including micelles, vehicles,

and nanofibers [7,8]. In contrast, producing such self-assembly hy-

brids on a macrostructural scale with combined assembling prin-
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ciples remains challenging. Recently, phase separation has be-

come an important strategy for producing DNA-based micron-

and nano-sized particles. Walther et al. developed all-DNA colloids

and ATP-fueled DNA coacervates, using long linear DNA structures

[9,10]. Moreover, limited-valence DNA nanostars have been thor-

oughly used to produce microdroplets via liquid-liquid phase sepa-

ration (LLPS) [11,12]. Wilks et al. developed poly(NIPAM)-decorated

DNA-tetrahedron and generated nano-sized coacervate at 40 °C
[13]. However, the phase separation-based formation of DNA- and

peptide-containing hybrid assemblies has not yet been reported.

DNA origami method, using a long single-stranded DNA and over

200 staple strands not only allows the production of nanostruc-

tures in desired shapes but also provides more than 100 address-

able sites to integrate with guest molecules [14]. DNA origami

structures have been demonstrated as smart materials with appli-

cations in various fields, including nanorobotics [15], biomedicine

[16], nanophotonics [17,18] and single-molecule analysis [19]. Sev-

eral studies reported the application of DNA origami structures to

integrate with peptides for producing coassembled hybrid struc-

tures in ordered nanopatterns, demonstrating that DNA origami

structures are excellent multivalent nanoscaffolds for accumulating

peptides and allowing more complex peptide interactions [20–22].

However, the expansion of the length scale of such hybrids from

a nanoscale to microscale has not yet been achieved. Elastin-like
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Fig. 1. (a) Schematic drawings of self-assembly hybrid microdroplets composed of

DNA and peptide by programmed co-assembly of DNA origami structure with short

elastin-like polypeptides conjugated oligonucleotides and induced phase separation

upon heating above transition temperature. (b) TEM images of �DNA from cross-

sectional view (left) and side view (right). Scale bars: 40 nm.

polypeptides (ELPs), composed of repeated pentapeptide units of

(Val-Pro-Gly-Xaa-Gly)N (VPGXG, N is the number of repeated units

and X can be any amino acid except proline), are well-known to

exhibit lower critical solution temperature (LCST)-like phase sepa-

ration behaviors and have been widely studied to produce nanos-

tructures or hydrogels [23,24]. However, the synthetic short ELPs

(sELPs) are less explored due to their intrinsic high transition tem-

peratures (Tt). Despite this, continuous efforts have still been made

to investigate the expansion of sELPs functional applications, due

to the ease of their synthesis. The covalent conjugation of sELPs

with peptides or oligonucleotides has been demonstrated as useful

approach to regulate the hydrophobic domains and has been ap-

plied for the programmed assembly of nanoscale objects [25,26].

To this end, we developed a programmed coassembly hybrid

system by emerging the DNA origami structures and sELPs and

then performed phase separation to form microdroplets upon heat-

ing above Tt. A DNA origami structure containing over 100 over-

hangs on outer surfaces is used as an assembly scaffold to ac-

cumulate sELPs (only 6 pentapeptide repeats) conjugated oligonu-

cleotides (sELPs-ODN) (Fig. 1). Moreover, the hybrid microdroplets

are demonstrated to generate functions including guest molecules

trapping and perform enzymatic cascade reactions with rate en-

hancement.

The DNA origami structure was rationally designed in a tri-

angular prism shape (�DNA, ca. 46 nm × 38 nm × 38 nm)

for the following reasons (Fig. 1a, Fig. S1 in Supporting informa-

tion): (1) Each �DNA contains more than 100 staple strands, indi-

cating that much more sELPs could be concentrated on a struc-

ture surface with numeric and positional control; (2) the hol-

low prism structure consists of single-layered dsDNA, is semi-

rigid, and allows more complex interactions of anchored sELPs;

and (3) the triangular prism shape provides the structural support

and richer three-dimensionality for sELPs. In the original design,

each outer face of �DNA was designed with 36 single-stranded

oligonucleotides (5′-TCTCTTCACCGTAATCTT-3′, same sequences) as

overhangs (ss-overhangs), which offers a total of 108 anchoring

sites for sELPs. The sELPs-ODN were synthesized by conjugating

5′ terminal azido-tethered oligonucleotide (N3-ODN) with alkyne-

tethered sELPs ([VPGFG]6, 30 amino acids, Table S1 in Support-

ing information) in water/dimethyl sulfoxide-mixed solvent via a

Fig. 2. (a) Programmed co-assembly of �DNAs with sELPs-ODN to form the hybrid

assemblies at 4 °C for 12 h, which were confirmed by (b) using AGE analysis (0.9%)

(inset images) and TEM imaging. Scale bars: 100 nm.

copper(I)-catalyzed azide-alkyne cycloaddition reaction (Fig. S2 in

Supporting information). The conjugates were confirmed by dena-

tured polyacrylamide gel electrophoresis (PAGE), the ratio change

in λabs260 nm/λabs230 nm and LC-MS (Figs. S2 and S3 in Support-

ing information). �DNA was prepared in a one-pot reaction: 200

oligonucleotide staple strands (5 equiv.) and the M13mp18 scaffold

(7249 nt) were self-assembled into the designed structure during a

three-step annealing process. Then the samples were purified four

times by centrifuge filters to completely remove extra staples. The

purified �DNA was confirmed by agarose gel electrophoresis (AGE,

0.9%) (Fig. S4a in Supporting information) and transmission elec-

tron microscopy (TEM) (Fig. 1b, Fig. S4b in Supporting informa-

tion). It is observed that �DNAs were successfully constructed and

most of them were slightly distorted (in a cross-sectional view and

side view images), indicating the semi-rigidness characteristic.

The coassembly of sELPs-ODN and �DNA were performed in

three different models (Fig. 2a): �DNA(I), with 36 overhangs on

1 face, �DNA(II), with 72 overhangs on 2 faces, and �DNA(III),

with 108 overhangs on 3 faces hybridized with sELPs-ODN in 3

equivalent ratios: 1:36, 1:72 and 1:108 (�DNA:sELPs-ODN), respec-

tively. The assembled products were then analyzed by AGE (0.9%)

and TEM (Fig. 2b, Fig. S5 in Supporting information). As shown

in Fig. 2b, most sELPs-�DNA(I) were slightly folded but remained

dispersed in a nanostructural formation. Previously Pirzer et al.

reported a dynamic rectangular DNA origami structures, which

showed reversible intrastructural folding behaviors by utilizing

phase-transition performances of ELPs((GVGVP)40) [27]. Here, the

hybrid structure of sELPs-�DNA(I) showed similar intrastructural

folding when one face of �DNA(I) was anchored with 36 sELPs due

to the enhanced hydrophobic interactions (Fig. S6 in Supporting

information). In AGE images, the band of sELPs-�DNA(I) showed

a slower migration rate than �DNA(I). For sELPs-�DNA(II) and

sELPs-�DNA(III), the bands on AGE images both showed almost

no migration, indicating that large structures might be formed.

In TEM images, the dispersed nanostructures were merely ob-

served but aggregate-like disordered structures were shown in-

stead, indicating more complex interactions between intra- and

inter-interactions of sELPs on the surface of �DNA. These results

demonstrated that sELPs-ODN were successfully assembled onto

three �DNAs and exhibited increased hydrophobic interactions on

the DNA origami structures with sELPs increase. To further inves-

tigate the advantage of �DNA, we also prepared a 2D hexagonal-

shaped DNA nanostructure (HEX-DNA) [28], and introduced a to-
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Fig. 3. (a) Evolution of cloud point temperature (Tcp) as a function of concentra-

tion of sELPs-�DNA(III) (The concentration of sELPs-�DNA means the concentrated

ELPs in hybrid assemblies.). (b) Morphology of sELPs-�DNA(III) at 37 °C in DIC mi-

croscopy. (c) Construction of FAM-droplets and (d) CLSM image excited at 488 nm.

tal of 114 sELPs onto surface (Figs. S7 and S8 in Supporting in-

formation). However, no aggregate-like disordered structures were

imaged by TEM but all monodispersed nanostructures (Fig. S9 in

Supporting information), indicating that �DNA offers richer inter-

actions of sELPs than HEX-DNA.

For recombinant long ELPs, it has been extensively character-

ized that concentration is an important factor for LCST phase be-

haviors [29]. Since one-faced hybrid assemblies remained in dis-

persed nanostructures, here we focused on the investigation of

the phase-separation behaviors of disordered hybrid assemblies of

sELPs-�DNA(II) and sELPs-�DNA(III). Fig. 3a demonstrated that

sELPs-�DNA(III) exhibited concentration-dependent LCST phase

behaviors (Fig. S10 in Supporting information). The cloud point

temperature decreased with increasing sELPs-�DNA(III) concentra-

tion (Tcp ≈ 32 °C, 20 μmol/L). Then morphology of sELPs-�DNA(III)

after phase separation was examined next. After the heating treat-

ment of sELPs-�DNA(III) at 37 °C (higher than Tt), the sample was

imaged under differential interference contrast (DIC) microscopy

and scanning electron microscope (SEM). As shown in Fig. 3b, Figs.

S11 and S12 (in Supporting information), spheroidal and uniform

droplets in a diameter of ∼1.2 μm were observed. Then we in-

vestigated dynamic phase behaviors by real-time observation of

the formation of microdroplets. After loading the assembled prod-

ucts to the observation chamber preheated to 37 °C, the phase

transition was initiated. In Fig. S13 (Supporting information), the

time-lapsed images demonstrated that hybrid microdroplets were

formed in tens of seconds. For sELPs-�DNA(II), similar phase sepa-

ration behaviors and dynamic microdroplet formation process were

also successfully observed (Figs. S14 and S15 in Supporting infor-

mation) but no microdroplets were observed of sELPs-HEX-DNA as-

semblies (Fig. S16 in Supporting information). Besides, fluorescence

recovery after photobleaching (FRAP) experiments (Fig. S17 in Sup-

porting information) showed that the fluorescence of nile red in

microdroplets was efficiently recovered in tens of seconds, indi-

cating the liquid-like property of droplets. Furthermore, we used

TEM imaging to confirm the structure of hybrid assemblies by de-

creasing the solution temperature of hybrid microdroplets to 4 °C,
which showed that the aggregate-like disordered structures were

observed again, indicating the reversible and controllable process

of our hybrid microsystem (Fig. S18 in Supporting information).

Here short ELPs were programmed assembled onto �DNA, result-

ing the enhanced hydrophobic interactions of ELPs in confined

nanospace, which probably made the contribution to the phase

separation of hybrid assemblies.

To facilitate observation and verify that microdroplets are hy-

brids composed of �DNA and sELPs, a fluorescent-labeling strat-

egy was introduced into sELPs-�DNA(II), in which 36 overhangs

on 1 face are replaced to hybridize with carboxyfluorescein (FAM)-

labeled single-stranded DNA (FAM-ssDNA) (Fig. 3c). After assem-

bly preparation and heat treatment, the FAM-sELPs-�DNA(II) was

directly observed by using confocal laser scanning microscopy

(CLSM). Uniform fluorescent droplets (FAM-droplets) were clearly

imaged, indicating that the droplets were composed of sELPs and

�DNA (Fig. 3d, Fig. S19 in Supporting information). The reversible

droplet formation was confirmed by regulating temperature at 4,

37 and 4 °C continuously (Fig. S20 in Supporting information). Un-

der CLMS, no droplets were observed at 4 °C initially. After in-

creasing to 37 °C, fluorescent microdroplets were clearly imaged.

By decreasing back to 4 °C, the microdroplets disappeared again.

These results illustrated that both the hybrid assemblies of sELPs-

�DNA(II) and sELPs-�DNA(III) could undergo phase separation to

form microdroplets when heated above Tt and the process was re-

versible and controlled.

For proof-of-concept applications, we examined the potentials

of our hybrid microsystem as open “microreactor”. First, we eval-

uated the ability of sELPs-�DNA microdroplets to organize guest

molecules in a droplet state due to the lack of physical mem-

brane. As shown in Fig. 4a, FAM-sELPs-�DNA(II) containing free

ss-overhangs, was prepared and incubated at 37 °C to form FAM-

droplets, then TAMRA-ssDNA complementary to free ss-overhangs

was added and incubated at 37 °C for another 5 min. From the

optical images shown in Fig. 4b and Fig. S21 (Supporting in-

formation), TAMARA-ssDNA could diffuse into FAM-droplets and

be sequestered inside upon hybridization. Therefore, the hybrid

microdroplets showed permeability and guest molecules could

be sequestered by microdroplets. Moreover, our hybrid microsys-

tem could undergo phase separation at physiological temperature,

which might be suitable for bio-related and cellular mimic appli-

cations. First, we introduced a cascade biocatalytic reaction model:

glucose oxidase/horseradish peroxidase (GOx/HRP) [30] into hybrid

microsystem. �DNA(II), tethering GOx or HRP, was prepared (Fig.

S22 in Supporting information); then, sELPs-ODN were introduced

into the GOx-�DNA(II) and HRP-�DNA(II) solution, separately. The

solution of GOx-sELPs-�DNA(II) and HRP-sELPs-�DNA(II) were

mixed at 4 °C and heated to 37 °C to form hybrid microdroplets

(GOx/HRP droplets) (Fig. S23 in Supporting information). Glucose

can freely go through microdroplets and be oxidized by GOx

to generate H2O2, which is subsequently involved with HRP to

mediate the oxidation of 2′,2′-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid), ABTS2–, resulting in the colored product, ABTS–•

(λabs = 414 nm) (Fig. 4c). The cascade enzymatic reactions in mi-

crodroplets were examined by evaluating the formation of ABTS–•

at 37 °C. In Fig. 4d, the black curve showed the time-dependent

formation of ABTS–• when GOx/HRP pair in microdroplets (37 °C),
the blue curve indicated the accumulation of ABTS–• when GOx-

sELPs-�DNA(III) and HRP-sELPs-�DNA(III) were in a disperse state

(no droplet, 25 °C) and the red curve depicted the rate of ABTS–•

generation in ssDNA conjugated enzyme solution (37 °C), in which

the enzyme concentrations were monitored carefully to maintain

consistency. We found that that the catalytic rates was enhanced

in the microdroplets as compared to ssDNA-enzyme solution ow-

ing to the combined effect of molecular crowding and reduced

diffusional barrier of chemicals in crowded microenvironments,

which corresponded with GOx/HRP cascade reactions in DNA coac-

ervates developed by Walther et al. as well as other coacervate-

based protocell models [31]. To evaluate whether phase transition

of hybrid microsystem could affect the cascade reaction rate, we

performed the cascade reactions in GOx/HRP-droplets by switch-

ing the reaction temperature at 25 °C (lower than Tt, dispersed

state) and 37 °C (higher than Tt, microdroplet state), separately.

We first confirmed that these two reaction temperatures had less

effect on the catalytic rates (Fig. S24 in Supporting information).
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Fig. 4. Evaluation of guest molecule capturing and performing cascade biocatalytic reactions of hybrid microsystem. (a) Schematic drawings of concentrating TAMRA-ssDNA

into FAM-droplets by the hybridization of TAMRA-ssDNA with the free overhangs on �DNA. (b) CLMS and merged images of TAMRA/FAM-droplets excited at 488 nm, 561 nm,

respectively. Scale bars: 3 μm. (c) A cascade reaction model: GOx/HRP pair was introduced into hybrid microdroplets. Glucose can free penetrate into GOx/HRP-droplet and

initiates the cascade catalytic reaction, generating the colored product ABTS–• . (d) Time-dependent absorbance changes at 414 nm as a result of the oxidation of ABTS2– by

cascade reaction in GOx/HRP droplets (37 °C, black curve), in GOx/HRP sELPs-�DNA(III) (25 °C, blue curve) and in bulk solution containing free ssDNA-enzyme pair (25 °C,
red curve), respectively. (e) Continuous and regulatory cycles of GOx/HRP modified hybrid microsystem at 25 °C and 37 °C, separately. (f) Design of (HK/G6pDH-droplet)/NTR

redox reaction in hybrid microsystem: glucose is phosphorated to glucose-6-phosphorate by HK in the presence of ATP, which is further converted to 6-phosphogluconate

together with the generation of NADH. A fluorescent probe of NTR (NTR-probe, fluorescence off) is reduced to fluorescence-on molecule containing amino group by NTR by

oxidizing NADH to NAD+ . (g) Time-dependent fluorescence change (off to on) of NTR-probe at two temperatures of 37 °C (purple curve) and 25 °C (orange curve), and in

bulk solution containing free ssDNA-enzyme cascades (37 °C, green curve), respectively.

Then the absorbance changes (�Abs) indicating the new formed

ABTS–• in 240 s are recorded in Fig. 4e and showed slower cat-

alytic rate at 25 °C and faster catalytic rate at 37 °C owing to the

phase separation of hybrid assemblies between dispersed state and

droplet state. Moreover, another two continuous reaction cycles at

25 °C and 37 °C were performed, resulting repeated increased and

decreased product of ABTS–• between two states, which demon-

strated the reversible controllability of our hybrid microsystem

(Fig. 4e). Next, we utilized the hybrid microsystem to mimic cel-

lular redox reactions by employing hexokinase (HK) and glucose-

6-phosphate dehydrogenase (G6pDH). HK/G6pDH catalytic pair are

major cascade enzymes participating intracellular aerobic glycol-

ysis, in which HK catalyzed glucose to glucose-6-phosphate, and

G6pDH oxidized glucose-6-phosphate by simultaneously reducing

nicotinamide adenine dinucleotide (NAD+) to NADH [32,33]. On

other hand, nitroreductase (NTR) is a key biomarker of hypoxia and

can reduce nitroaromatic derivatives to amines by using NADH as

an electron donor [34–38]. Here NTR is combined with HK/G6pDH

pair to become a tri-enzymatic redox reaction model (Fig. 4f). A

fluorescent probe (NTR-probe) (Figs. S25–S27 in Supporting infor-

mation) was synthesized and reduced by NTR in the presence of

NADH generated by HK/G6pDH pair, inducing a fluorescence off-to-

on response of 1,8-naphthalimide (λem = 550 nm) [39]. HK/G6pDH

droplets were prepared same as GOx/HRP-droplets (Figs. S23 and

S28 in Supporting information) and reactants including glucose,

ATP, NAD+ and NTR were added into the HK/G6pDH-droplet so-

lution to initiate the redox reaction. The time-dependent fluores-

cence changes of NTR-probe at three different conditions were

shown in Fig. 4g. We find that the fluorescence of NTR-probe in

the hybrid microsystem (37 °C, purple curve) was gradually in-

creased, demonstrating that this cascade redox reactions were suc-

cessfully performed in microsystem and catalytic rate was also en-

hanced comparing to either dipersed catalytic system (25 °C, or-
ange curve) or free ssDNA-enzymatic cascades in bulk solution

(37 °C, green curve). Furthermore, the time-dependent fluores-

cence increasement of NTR probe in microdroplets was observed

by using CLSM (Fig. S29 in Supporting information). Therefore, our

hybrid microdroplets could not only trap functional molecules but

also be recognized as open “microreactor” with compatibility of

biocatalytic reactions.

In summary, we successfully developed a programmed assem-

bly hybrid microsystem by combining two orthogonal biomoelcular

assembling principles. �DNA, a 3-dimensional DNA origami nanos-

tructure, containing 36 overhangs on each outer face was ratio-

nally constructed and used as a scaffold to assemble with sELPs-

ODN. By precisely controlling the amount of sELPs on the �DNA,

two hybrid assembly structural morphorlogies were obtained, in-

cluding slightly folded hybrid nanostructure, when one �DNA face

was loaded with sELPs, just as well as aggregate-like disordered

large structures, when two or three ourter faces were occupied,

demonstrating that the concentrated sELPs hydrophobicity was en-

hanced with increase in sELPs on the �DNA. Moreover, the hy-

brid assemblies, containing 72 sELPs (2-face assembling) and 108

sELPs (3-face assembling) on each DNA origami structure exhibited

LLPS behaviors and formed uniform liquid-like microdroplets when

heated above Tt. The process was reversible and controlled, and we
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directly visualized it under bright-field microscopy. Finally, our hy-

brid microdroplets showed the capacity to capture guest molecules

and perform biocatalytic cascade reactions with enhanced catalytic

rates. Overall, our hybrid microdroplet system combines DNA nan-

otechnology with peptide science, which not only expands the po-

tential applications of DNA or peptide-based biomaterials, espe-

cially DNA origami structures, but also opens new routes toward

life-inspired materials.
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