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Abstract  

Efficient isolation and concentration of biomarkers are foundational for rapid 

diagnostics. Traditional methods, often reliant on solid surfaces, necessitate complex 

and labor-intensive procedures. Liquid-liquid phase separation (LLPS) systems have 

emerged as promising due to their ability to extract biomolecules via the partitioning 

effect. Inspired by the biomolecular compartmentalization observed in cellular 

organelles, we prepared coacervates via associative LLPS for concentrating a diverse 

range of biomolecules, significantly enhancing sensitivity and lowering detection limits 

of biomolecules by condensing biomolecules in compartments. We demonstrated that 

under optimal conditions these coacervates achieved an enrichment factor of up to 22.8 

for DNA, surpassing the efficiency of aqueous two-phase systems (ATPS) formed by 

segregative LLPS. The results significantly enhanced sensitivity for DNA and ATP 
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detections. By means of fluorescence microscopy, microplate readers, and flow 

cytometry, we established that the coacervate-based system were approximately 21 

times more effective in reducing the limit of detection (LOD) for DNA compared to 

ATPS. The superior performance of coacervate-based system is attributed to non-

covalent interactions between DNA and molecules within coacervates, enabling ultra-

sensitive quantification without the need for complex instrumentation or signal 

amplification. By creating distinct compartments for biomolecule condensation, our 

approach not only simplifies the detection process but also significantly lowers 

detection thresholds, paving the way for more accessible and rapid diagnostic methods. 

 

Introduction  

Rapid and point-of-care diagnostics are paramount in timely healthcare 

interventions.1 Central to their effectiveness often hinges on the ability of efficient 

sensing of target biomolecules.2 Concentrating analytes or biomarkers can accelerate 

reactions, enhance sensitivity, and establish lower detection thresholds. Typical 

strategies encompass target amplification, signal augmentation, and local concentration 

of biomolecules. For instance, Polymerase Chain Reaction (PCR) amplifies the target 

DNAs to optimize detection;3-4 while Enzyme-Linked Immunosorbent Assay (ELISA) 

harnesses antibody-antigen interactions for specific targeting and utilizes enzymatic 

reactions to amplify the signal.5-6 To locally concentrate targets for detection, solid 

surfaces like magnetic beads or hydrogel particles are employed to anchor and locally 

concentrate targets, which can be subsequently isolated using techniques such as 

external electromagnetic fields7 or microfluidics5. However, these methods often 

require intricate instrumentations and labor-intensive washing steps, attenuating their 

practicability for real-time diagnostics. 

Single-step enrichment techniques have emerged in the pursuit of efficient 

biosensing. Conventional DNA extraction methods, for instance, rely on potentially 

hazardous chemicals like phenol-chloroform and are time-consuming.8-9 In contrast, 

Aqueous Two-Phase Systems (ATPS) have arisen as a straightforward, safe, 

biocompatible and wash-free option for biomolecule isolation.10-13 Owing to 

https://doi.org/10.26434/chemrxiv-2023-42f5t ORCID: https://orcid.org/0009-0005-4177-2634 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-42f5t
https://orcid.org/0009-0005-4177-2634
https://creativecommons.org/licenses/by-nc-nd/4.0/


segregative phase separation, ATPS forms when two water-soluble polymers, or a 

polymer and a salt are mixed at sufficiently high concentrations.14-15 ATPS allows 

biomolecules to be partitioned into one of their phases, based on relative affinity. This 

segregation increases local concentrations, thus bolstering detection sensitivity.16-19 It 

was reported that DNA could be enriched around seven times in ATPS and its detection 

of limit could be improved by 3.6-fold.19 

In living cells, a large variety of membraneless organelles are biomolecular 

condensates providing crowded compartments for biomolecules to fulfill their 

biochemical functions.20-23 Formation of these biomolecular condensates (also known 

as coacervate) is owing to another kind of LLPS, i.e., associative LLPS, and they have 

been successfully reconstituted in vitro.24 Coacervates exhibit a strong capacity of 

concentrating a wide range of biomolecules or substances such as living bacteria, 

proteins and nucleic acids.25-27 Inspired by this feature, we seek to investigate its 

potential applicability for biomolecule detection, thereby improving biosensing 

performance. 

In this study, we have systematically investigated the use of coacervate-based 

system for efficient concentration of vital biomolecules, focusing on nucleic acids and 

ATP, to enhance biosensor sensitivity. By employing the coacervate formed by 

polydiallyldimethyl ammonium (PDDA) and adenosine triphosphate (ATP) as a model 

of example, we systematically investigated and optimize the enrichment factor of DNA 

within the coacervate. As large as 22.8 enrichment factor can be reached, which is 

considerably more pronounced than that in ATPS, thus leading to a remarkable boost in 

detection sensitivity. We also demonstrated the establishment of a linear correlation 

between the detected DNA concentration and their fluorescence intensity, as well as 

high specificity for the target biomolecules, both highlighting the precision and 

reliability of the coacervate approach. By leveraging various analytical methods, 

including fluorescence microscopy, microplate reading, and flow cytometry, we 

determined that the coacervate-based system were about 21 times more effective in 

lowering the limit of detection (LOD) for DNA, compared to ATPS. This enhanced 

performance can be attributed to the non-covalent interactions between DNA and 
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PDDA molecules, facilitating ultra-sensitive detection without the necessity of complex 

instrumentation or signal amplification. Our results highlighted the significant 

advantages of coacervate-based biosensors, especially their greater sensitivity and 

lower detection limits. To the best of authors’ knowledge, this study is the first to 

propose a coacervate-based system for biomolecule detection. Our work may pave the 

way for the development of more efficient, cost-effective, and accessible diagnostic 

methods. These methods, tailored for easy implementation in low-resource settings, 

have the potential to meet critical global healthcare needs effectively. 

 

Results and Discussion  

To enrich and segregate target biomolecules within coacervates, we utilized DNA 

molecules as a model of example to investigate their enrichment. To facilitate 

visualization and quantification, we employed DNA molecules tagged with 

anthocyanin fluorescent dye (Cy5), and chose PDDA and ATP to form coacervate for 

enriching Cy5-DNA molecules. ATP molecules containing three phosphate groups are 

negatively charged, and thus they can complex with positively charged PDDA 

molecules to form coacervates, as schematically described in Figure 1a(i). We prepared 

the sample by mixing PDDA, ATP and Cy5-DNA, and observed micrometer-sized 

coacervate droplets that emitted red fluorescence under the confocal microscope 

(Figure 1a(ii)). It indicated that DNA molecules were well enriched in the coacervate 

phase.  

To analyze the DNA enrichment within the coacervate phase, we allowed the 

mixed sample to stand undisturbed for 30 minutes until it separated into the upper dilute 

and lower condensed coacervate phases within a centrifuge tube. We then collected the 

coacervate phase from the bottom of the tube and pipetted one drop of it onto the glass 

slide for observation under the confocal microscope. At different given concentrations 

of DNA, the corresponding fluorescent intensities (or gray values) could be measured. 

Therefore, a quantitative relationship between the concentration of DNA and 

fluorescent intensity was established for subsequent data analysis. The whole process 

described above was schematically depicted in Figure 1b. To quantify the DNA 
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enrichment within the coacervate phase, we defined a nondimensional enrichment 

factor which denoted the concentration ratio of DNA in the coacervate phase to the 

diluted phase (detailed calculation of the enrichment factor was provided in 

Experimental section).  

 

Figure 1. DNA enrichment in PDDA-ATP coacervate phases under different 

conditions. a. Schematic and optical microscopy images of (i) PDDA-ATP coacervate 

droplets and (ii) DNA-enriched PDDA-ATP coacervate droplets. The sample contained 

2.5 wt % PDDA, 2.5 wt % ATP and 1 μM Cy5-DNA (red fluorescence). Scale bars are 

50 μm. b. Schematic diagrams describing the whole process for target DNA detection. 

c. Effects of (i) pH values, (ii) volume ratios of PDDA to ATP solutions (VP: VA), (iii) 

ATP concentrations, and (iv) PDDA molecular weights. The compositions of tested 

samples were given in Experimental section and their fluorescent images were provided 

in Figure S3-S6. Fluorescent images were obtained at the same settings of the confocal 

microscope (analog gain = 11.4x). 

Associative LLPS of PDDA and ATP is largely affected by polymer molecular 

weight of PDDA, volume ratio of PDDA to ATP solutions (VP: VA), ATP concentration 

(𝐶ATP), and pH.28-29 We systematically investigated the effects of these factors on the 

enrichment factor in Figure 1c. By adjusting the pH of the sample, it was observed that 
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within the pH value ranging from 2 to 8, DNA consistently showed a significant 

enrichment in the coacervate phase, between 4.8 and 22.7, as illustrated in Figure 1c(i). 

Notably, the enrichment factors reached 21.8 and 22.7 at pH = 3 and pH = 7, 

respectively. However, at extreme pH values, specifically below 1.5 or above 12, 

associate LLPS of PDDA and ATP did not occur and hence DNA molecules were 

uniformly distributed in the mixed sample. Another influential factor is the molecular 

weight of PDDA. The results in Figure 1c(ii) suggested that coacervates composed of 

PDDA with lower molecular weight (< 100 kDa) demonstrated superior enrichment, 

reaching up to 22.8. In contrast, coacervates formed by higher molecular weights (100 

kDa ~ 500 kDa) had the enrichment factor ranging from 4.1 to 6.1. The enrichment 

factor was not so sensitive to VP: VA and the ATP concentration as to pH and the 

molecular weight of PDDA, as evidenced by Figures 1c(iii) and 1c(iv). By the 

systematical parametric analysis, we can determine the optimal condition for DNA 

enrichment. Therefore, in the following experiments, we prepared the coacervate 

samples at the condition of pH = 7, VP: VA = 1:1, 𝐶ATP = 5 wt % and molecular weight 

< 100 kDa (for PDDA). 

The strong enrichment of DNA within the coacervate phase effectively amplifies 

the local concentration of DNA. To identify target DNA sequences within the 

coacervate phase, we employed molecular beacons (MB) as fluorescent reporters. MB 

is a single-stranded DNA fragment and exhibits a similar enrichment effect within the 

coacervate phase. MB is engineered with a fluorophore on one end and a quencher 

(black hole) on the other. Without the presence of the target DNA, MB remains in a 

hairpin structure, emitting only a faint fluorescence. However, upon specific binding to 

the target DNA, the beacon’s structure unfolds, revealing a pronounced fluorescence 

signal, as shown in Figure 2a.  

We captured fluorescent images of different concentrations of target DNA as well 

as a negative control where a blank sample only contained MB in Figure 2b. As the 

DNA concentration increased, a proportional increasing brightness was displayed. 

Their corresponding quantitative data were shown in Figure 2c. The relationship 

between the target DNA concentration and the fluorescence intensity demonstrated a 
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well linear fitting with a high correlation coefficient 𝑅2 = 0.9967 . Therefore, the 

fluorescence intensity can be used to accurately evaluate the concentration of the target 

DNA.  

 

Figure 2. Target DNA detection in PDDA-ATP coacervate system. a. Schematic 

diagram of DNA detection mechanism. b. Confocal fluorescent images of the samples 

containing different concentrations of target DNA. The coacervate was prepared by 

mixing 2.5 wt % PDDA (Mw < 100 kDa) and 2.5 wt % ATP at pH = 7. Scale bar is 500 

μm. c. Measured fluorescent intensities as a function of different concentrations of the 

target DNA, where they are quite linearly related with the coefficient of determination 

𝑅2 = 0.9967. d. A plot of fluorescence intensities showing the specificity of the target 

detection in the coacervate-base system. R1, R2, and R3 are random DNA sequences 

with the same number of bases as the target DNA sequence.Fluorescent images were 

obtained at the same settings of the confocal microscope (analog gain = 7.6x). 

To study reliability of our approach for detecting target DNA molecules, we 

prepared three additional DNA molecules with random sequences R1, R2 and R3 

(Table 1), which had the same base number as the target DNA. We compared their 

fluorescence intensities in the coacervate phase with that of the target DNA in Figure 

2d, where no obvious fluorescence could be observed for the random DNA sequences 

R1, R2 and R3. Even when the concentration of the random DNA sequences was 
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increased to five times as large as that of the target DNA, the fluorescence was still 

hardly to be detected. This indicated that MB did not bind with these random DNA 

sequences. Thus, using MB to detect the target in the coacervates is highly specific. 

ATP is one of the most pivotal biomolecules in living organisms and its detection 

is important for monitoring cellular physiology and metabolism. We further 

investigated the effectiveness and robustness of the coacervate system for sensing and 

detecting ATP. To this end, we engineered PDDA-ATP aptamer coacervates (Figure 

3a(i)). ATP aptamer is a single stranded DNA (ssDNA) that is negatively charged and 

hence can be electrostatically complexed with positively charged PDDA molecules. In 

this coacervate system, thioflavin T (ThT) was also added. It could be concentrated in 

the preformed PDDA-ATP aptamer coacervates and intercalated into ATP aptamers to 

emit strong fluorescence signals (Figure 3a(ii)).  

The combination of ThT and ATP aptamer in the coacervate gives strong 

fluorescent intensity, however, the intensity will be weakened by the presence of ATP. 

ATP will bind strongly with ATP aptamers, resulting in the release of ThT from ATP 

aptamers (Figure 3b). Therefore, upon adding ATP into the coacervate system, the 

fluorescent intensity will be decreased accordingly (Figure 3c). The fluorescent 

intensity as a function of ATP concentration was plotted in Figure 3d. The results 

exhibited a favorable linear relationship with a high correlation coefficient (𝑅2 =

0.9930). The limit of detection (LOD) of ATP detection was calculated to be 0.029 μM. 

We also verified the specificity of ATP detection by introducing CTP and GTP while 

keeping other parameters consistent. No significant reduction in detected fluorescent 

intensity was noted, as shown in Figure 3e, signifying the specificity of ATP detection 

by the proposed coacervate system. 
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Figure 3. ATP detection in PDDA-ATP aptamers coacervate droplets. a. Schematic 

and optical microscopy images of (i) PDDA-ATP aptamer coacervate droplets and (ii) 

ThT enriched PDDA-ATP aptamer coacervate droplets. Inside the coacervate droplets, 

ThT was intercalated into ATP aptamers to emit strong fluorescence signals. b. 

Schematic diagram of ATP detection mechanism. c. Confocal fluorescent images of the 

samples containing different concentrations of ATP. d. Standard line depicting the 

relationship between the ATP concentration and the fluorescence intensity, with a 

correlation coefficient 𝑅2 = 0.9930. e. A plot of fluorescence intensities showing the 

specificity of the target detection by the coacervate system. The sample was prepared 

by adding 0.5 wt % PDDA (Mw < 100 kDa), 50 μM ATP aptamer and/or 2 μM ThT into 

a tube. Scale bars are 50 μm. Fluorescent images were obtained at the same settings of 

the confocal microscope (analog gain = 7.6x). 

Compartmentation formed owing to LLPS is able to partition and concentrate 

biomolecules spontaneously. For instance, associative LLPS within living cells gives 
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rise to the formation of biomolecular condensates, which can enrich proteins and RNA 

and accelerate their reactions.30-31 ATPS resulting from non-associative LLPS has been 

utilized to partition DNA probes for improving detection efficiency and lowering 

detection limits.19 In a typical ATPS, dextran and PEG mixture with sufficiently high 

concentrations will phase-separate into dextran-rich and PEG-rich phases.14, 32-33 It was 

previously proved that the dextran-rich phase could enrich DNA molecules and achieve 

sensitive sensing of target DNA.19 To investigate the capabilities of both types of LLPS 

in enhancing the performance of target DNA detection, we examined both the typical 

associative LLPS system (PDDA-ATP coacervate) and non-associative LLPS system 

(PEG-dextran ATPS) by conducting comparative analyses through fluorescence 

microscope, microplate reader and flow cytometry (Figure 4). 

We first compared the biosensing performance of PDDA-ATP coacervate and 

PEG-dextran ATPS through fluorescence microscope (Figure 4a) in detecting target 

DNA. We took the two samples (coacervate and dextran-rich phases) with the same 

volume for testing by the fluorescence microscope. Fluorescence intensity distributions 

across dextran-rich and coacervate droplets containing different concentrations of target 

DNA are displayed in Figures 4a(i) and 4a(ii), and the comparison of their average 

fluorescence intensities is summarized in Figure 4a(iii). It is obviously that the intensity 

of the coacervate is much more significant than that of the dextran-rich droplet. This 

indicated that the concentration of DNA was much higher in the coacervate and hence 

the DNA detection was more sensitive by means of coacervate-based method. 
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Figure 4. Comparison of DNA detection performances by PEG/dextran ATPS and 

PDDA-ATP coacervate system. The detection results at different concentrations of 

target DNA were analyzed by the apparatus of a. confocal microscope, b. microplate 

reader and c. flow cytometry. By mixing 8 wt % dextran and 10 wt % PEG at pH = 7, 

the solution was phase-separated into PEG-rich and dextran-rich phases.19 According 

to Ref. 19, the target DNA could be concentrated in the dextran-rich phase. Then, the 

DNA-enriched dextran-rich phase was sampled for testing. The PDDA-ATP coacervate 

was prepared by mixing 2.5 wt % PDDA (Mw < 100 kDa), 2.5 wt % ATP, and DNA at 

pH = 7. In (a), the inserts were the confocal images where the 1μM target DNA was 

contained. Scale bars are 1 mm. Fluorescent images were obtained at the same settings 

of the confocal microscope (analog gain = 5.1x). 

Since the fluorescent signal in the dextran-rich phase could be hardly detected by 

the confocal microscope (insert in Figure 4a(i)), we further used microplate reader and 

flow cytometry to determine its fluorescence intensity and made a comparison with that 
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in the coacervate phase. The results obtained by both of these two methods indicated 

that the coacervate system showed a better sensing performance since its fluorescent 

intensity was more sensitive towards the variation of DNA concentration in the 

coacervate phase (Figures 4b(iii) and 4c(iii)). By using the microplate reader, the 

fluorescent intensity varied linearly with the concentration of the target DNA molecule 

for both coacervate system and ATPS. Based on these lines, LOD of the coacervate 

system and ATPS could be determined to be 5.1710-4 μM and 1.1210-2 μM, 

respectively. It indicated that the coacervate system is roughly 21 times more effective 

in lowering LOD compared to the ATPS. In addition, the flow cytometry was used to 

make a comparison of sensing performance between coacervate system and ATPS at an 

individual microdroplet level (Figure 4c). As expected, the coacervate system also 

exhibited a better sensibility towards the concentration of the target DNA (Figure 

4c(iii)). 

The result in Figure 4 indicates that the coacervate-base system exhibits better 

performance of target DNA detection than the ATPS. It is largely attributed to stronger 

enrichment of DNA in the coacervate. In the PEG-dextran ATPS, DNA tended to 

concentrate in the bottom dextran-rich phase (Figure 5a, where Cy5-DNA emitted light 

blue under visible light) because of its hydrophilic structure due to sugar-phosphate 

backbone.34 If the coacervate was added into the preformed ATPS, a three-phase system 

would be formed. After standing or centrifugation, the solution stratified into the top 

PEG-rich phase, middle dextran-rich phase and bottom coacervate phase in the tube. 

Then, Cy5-DNA was mostly enriched in the coacervate, instead of the dextran-rich 

phase (Figure 5a). This was verified by fluorescent intensities of these two phases. The 

concentration of DNA in the coacervate was at least one order of magnitude larger than 

that in the dextran-rich phase. If we emulsified the three-phase system in the tube, a 

core-shell architecture was form observed by the confocal microscope: the coacervate 

was the core and the dextran-rich phase was the shell (Figure 5b). It was clear that at a 

microdroplet level Cy5-DNA was also mostly enriched in the coacervate phase. 
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Figure 5. Intermolecular interactions between DNA and coacervate. a. Cy5-DNA 

was first enriched in the dextran-rich phase in the PEG-dextran ATPS (8 wt % dextran 

and 10 wt % PEG at pH = 7) indicated by light blue under visible light in the tube. If 

coacervate (5 wt % PDDA (Mw < 100 kDa) and 5 wt % ATP) was added into the ATPS 

solution, an immiscible triphasic system was formed: PEG-rich, dextran-rich and 

coacervate located at the top, middle and bottom of the tube, respectively. In this three-

phase system, Cy5-DNA was enriched in the bottom phase indicated by light blue under 

visible light in the tube. The results of intensity of Cy5-DNA (red fluorescence) at 

different concentrations were measured by the confocal microscope. b. The microscopic 

morphology of the three-phase system, where bight-field and fluorescent images were 

given. Gray values were collected across the yellow dashed line in the images of FITC-

dextran and Cy5-DNA. Scale bars are 100 μm. c. Schematic diagram showing additives 

that can disrupt different intermolecular interactions (NaCl, electrostatic interaction; 

and urea, hydrogen bonding), and relative optical density (OD) at 400 nm showing a 

decrease in value by the titration of different concentrations of additives on PDDA-

DNA coacervate (0.5 wt %PDDA and 50 μM target DNA). Fluorescent images were 

obtained at the same settings of the confocal microscope (analog gain = 7.6x). 

DNA molecules have strong intermolecular interaction with PDDA molecules as 

they have been reported to undergo associate LLPS and form coacervate.35-38 To 

investigate the role of their interactions responsible for LLPS, we performed coacervate 

dissolution assay using NaCl and urea to disrupt electrostatic interaction and hydrogen-
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bonding, respectively (Figure 5c).39 The titration of additives (NaCl or urea) into 

PDDA-DNA coacervate solutions resulted in distinct decrease of relative optical 

density (OD) of the solution. It indicated that both electrostatic effect and hydrogen-

bonding played an important role in intermolecular interaction between DNA and 

PDDA molecules. When 0.5 M urea was added into the coacervate solution, there was 

a remarkable decrease in relative OD (> 60%). For the disruption by NaCl, the most 

significant decrease in relative OD occurred when the NaCl concentration was about 

0.2 ~ 0.3 M. It seems that the combination between DNA and PDDA molecules was 

relatively more relying on hydrogen bonding. 

 

Conclusion  

To addresses the pressing need for rapid and efficient biomolecule isolation in 

point-of-care diagnostics, we innovatively employed coacervate-based LLPS to 

concentrate biomolecules, markedly enhancing biosensor sensitivity and specificity for 

nucleic acid and ATP detection. By using PDDA-ATP coacervates as a model system, 

we achieved a significant enrichment of nucleic acids in the coacervate phase, with an 

enrichment factor ranging between 4.8 and 22.7, depending on the pH and molecular 

weight of PDDA. This enrichment is significantly superior to that achieved by 

segregative LLPS, aqueous two-phase systems (ATPS), leading to more sensitive 

biomolecule detection. Our results revealed a linear correlation (R2=0.9967) between 

DNA concentration and fluorescence intensity within coacervate droplets, allowing 

precise DNA quantification. Moreover, the coacervate droplets exhibited high 

specificity for the target DNA, binding negligibly with random DNA sequences, a key 

feature for accurate target detection. In ATP detection, PDDA-ATP aptamer coacervates 

achieved an impressively low limit of detection (LOD) of 0.029 μM, substantially lower 

than ATPS systems. 

Comparative analyses using fluorescence microscopy, microplate readers, and 

flow cytometry confirmed the superiority of coacervates for isolating and enriching 

biomolecules, we established that coacervate droplets was approximately 21 times 

more effective in reducing the LOD for DNA detection compared to ATPS droplets. 
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This superior performance is largely attributed to non-covalent interactions between 

DNA and PDDA molecules, involving electrostatic forces and hydrogen bonding. This 

interaction between biomolecular analytes and coacervate droplets enables ultra-high 

efficiency in enrichment and thus allows for ultra-sensitive biomolecule quantification 

without the need for complex instrumentation or signal amplification.  

Coacervate-based biosensors, with their enhanced sensitivity and lower detection 

limits, represent a significant advancement over traditional solid-surface methods like 

magnetic beads or hydrogels for analyte capture. The liquid nature of coacervates, akin 

to cellular liquid condensates, better preserves biomolecule structures and simplifies 

the detection process, reducing the need for additional equipment and laborious 

washing steps. Our strategy aims to pave the way for simpler, more cost-effective 

biosensor technologies that can rapidly and accurately detect a wide range of analytes 

in real-time. The remarkable efficiency of coacervates in biomolecule concentration 

holds great promise for advancing point-of-care diagnostics, particularly in resource-

limited settings, and could be a game-changer in addressing global healthcare 

challenges. 

 

Experimental section 

Materials: Poly(diallyldimethylammonium chloride) (PDDA) with different molecular 

weights (Mw: < 100 kDa, 100 ~ 200 kDa, 200 ~ 350 kDa, 400 ~ 500 kDa), adenosine 

5′-triphosphate disodium salt hydrate (ATP), cytidine 5′-triphosphate disodium salt 

(CTP), guanosine 5′-triphosphate sodium salt hydrate (GTP), polyethylene glycol (PEG, 

average Mw = 8000 Da), dextran (Mw = 100 kDa), sodium hydroxide (NaOH, Mw = 40 

Da) and Thioflavin T (ThT) were purchased from Sigma-Aldrich. TE buffer (pH 8.0) 

and sodium phosphate buffer (PBS) were purchased from Sangon Biotech Co., Ltd. 

(Shanghai, China) and Bibco (Rockville, USA), respectively. Hydrochloric acid (HCl, 

36% ~ 38%) was obtained from Guangzhou Donghong Chemical Factory (Guangzhou, 

China). Oligonucleotide sequences listed in Table 1 were synthesized by Sangon 

Biotech Co., Ltd. (Shanghai, China). 

Table 1. Oligonucleotide sequences used in experiments 
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Names Sequences (5’ ~ 3’) 

Cy5-DNA Cy5-ACGCATCTGTGAAGAGAACCTGGG 

Molecular beacon (MB) 
FAM-GCGAGCCAGGTTCTCTTCACA 

GATGCGCTCGC-BHQ1 

Target DNA ACGCATCTGTGAAGAGAACCTGGG 

ATP aptamers ACCTGGGGGAGTATTGCGGAGGAAGGT 

Radom sequence R1 TGCAGAGGATGGTTCTGACATCAT 

Radom sequence R2 GCTCCATGCTGCGCAGATAATAGC 

Radom sequence R3 GAGGAGAAAGCAGTGAGTGGCATA 

 

Methods 

Preparation of coacervates and ATPS 

PDDA-ATP coacervate samples were obtained by mixing PDDA and ATP solutions in 

a centrifuge tube. The mixed solution stood for 30 minutes when it got stratified into 

two aqueous phases. The upper is the dilute phase that contains little PDDA and ATP 

molecules while the bottom is the condensed coacervate phase. The PDDA-ATP 

coacervate sample was obtained by removing the upper phase in the tube. To prepare 

PDDA-ATP coacervate samples with different pH values, 100 μL 5 wt % PDDA (Mw 

< 100 kDa) solution was mixed with 100 μL 5 wt % ATP solution. The pH of mixed 

solutions was adjusted by 1 M HCl or 10 M NaOH solution and measured by pH meter 

(SevenDirect SD50, Mettler Toledo, Switzerland). To prepare PDDA-ATP coacervate 

samples with different volume ratios of PDDA to ATP solutions (VP: VA), 5 wt % PDDA 

(Mw < 100 kDa) solution was mixed with 5 wt % ATP solution at VP: VA = 1:1, 1:2, 1:5, 

1:8 and 1:10. To prepare PDDA-ATP coacervate samples with different concentrations 

of ATP solution, 100 μL 5 wt % PDDA (Mw < 100 kDa) solution was mixed with 100 

μL ATP solution. The concentrations of ATP solution were 3 wt %, 5 wt %, 7 wt %, 9 

wt % and 11 wt %. To prepare PDDA-ATP coacervate samples with different molecular 

weights of PDDA, 100 μL 5 wt % PDDA (with Mw < 100 kDa, 100 ~ 200 kDa, 200 ~ 

350 kDa, 400 ~ 500 kDa) solution was mixed with 100 μL 5 wt % ATP solution.  

To obtain PDDA-ATP aptamer coacervate sample, 100 μL 1 wt % PDDA (with 

Mw < 100 kDa) solution was mixed with 100 μL ATP aptamer solution (100 μM), which 

was prepared by dissolving ATP aptamer into TE buffer.  
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To obtain the two-phase aqueous system (ATPS), 100 μL 16 wt % dextran solution 

was mixed with 100 μL 20 wt % PEG solution. The pH of the mixed solution was 

adjusted to 7. 

Enrichment of DNA in coacervate under different conditions 

To investigate enrichment of DNA in PDDA-ATP coacervates, anthocyanin 

fluorescent dye (Cy5) was used to label DNA molecules and the fluorescent intensity 

(FI) of Cy5-DNA in the coacervate could indicate the concentration of DNA enriched 

in the coacervate (𝐶DNA, C). This was achieved by a quantitative relationship between FI 

and 𝐶DNA, C which was established in Figure S1. The diluted concentration of DNA in 

the bulk solution (𝐶DNA, D) was usually too low such that the fluorescence can be hardly 

detected by the confocal microscope. Therefore, we used the following equation to 

calculate 𝐶DNA, D: 

𝐶DNA, D =
𝐶DNA, T𝑉T − 𝐶DNA, C𝑉C

𝑉D
, 

where 𝑉T and 𝐶DNA, T are the total volume and concentration of DNA of the sample 

(containing both the upper bulk and bottom condensed coacervate liquid phases in the 

tube), respectively, and 𝑉C  and 𝑉D  are the volumes of coacervate and bulk liquid 

phases, respectively. We define an enrichment factor to evaluate the enrichment of DNA 

in the coacervate by 

Enrichment Factor = 𝐶DNA, C 𝐶DNA, D⁄ . 

By using this nondimensional parameter, the effects of different conditions on the 

enrichment of DNA in the coacervate can be illustrated.  

To prepare the sample, we added 1 μL of 100 μM Cy5-DNA solution into the 200 

μL PDDA/ATP mixed solution. The mixed solution stood for 30 minutes when it got 

stratified into the upper dilute and bottom condensed liquid phases in the tube. After 

removing the upper dilute solution, we added 100 μL PBS with the same pH into the 

tube and completely mixed them. The resulting sample was then observed under Nikon 

ECLIPSE Ti2 microscope. Each experiment was repeated for three times. Statistic data 

of fluorescent intensity was obtained and analyzed by Image J. 

Target DNA detection 
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Molecular beacon (MB) is engineered with a fluorophore on one end and a quencher 

(black hole) on the other, forming a hairpin structure and emitting only a faint 

fluorescence. In the presence of target DNA, MB, however, unfolds its hairpin structure 

and hence emits a pronounced fluorescence signal. 

The PDDA-ATP coacervate sample was prepared by mixing 100 μL 5 wt % PDDA 

(Mw < 100 kDa) solution was mixed with 100 μL 5 wt % ATP solution and its pH was 

adjusted by adding 1 M HCl or 10 M NaOH solution. MB solution was prepared by 

adding MB into TE buffer. 1 μL 100 μM MB solution was mixed with the coacervate 

sample in the tube where the target DNA solutions with different concentrations were 

added and mixed well. After the resulting sample got stratified, the condensed phase 

was taken for subsequent measurements of fluorescence intensity by the confocal 

microscope, microplate reader and flow cytometer.  

In the Nikon ECLIPSE Ti2 microscope, excitation and emission wavelengths were 

set to be 460 ~ 550 nm and 520 ~ 530 nm, respectively, and other setting parameters 

are 200 ms exposure time, and 1.0x live acceleration. In the TECAN Spark 

multifunction microplate reader, fluorescence intensity was measured with an 

excitation wavelength of 425 nm and an emission wavelength of 460 ~ 650 nm. Before 

tested in the Beckman Coulter flow cytometry, the sample was shaken evenly to avoid 

getting stratified. 20, 000 coacervate droplets were collected using the flow cytometer 

and the results were visualized by FlowJo. 

Target ATP detection 

To detect target ATP, PDDA-ATP aptamer coacervate sample containing thioflavin T 

(ThT) was used. ThT can intercalate into ATP aptamer, enhancing ThT fluorescence. 

However, when the target ATP is added into the sample, the binding of ATP to its 

aptamer gives rise to a release of ThT and fluorescence is weakened. 1 μM ThT was 

added into 100 μL coacervate sample in the tube where the target ATP solutions with 

different concentrations were added and mixed well. After the resulting solution got 

stratified, a sample was taken from the bottom of the tube for testing and observation 

by the confocal microscope. 

Determination of limit of detection (LOD) 
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We evaluated the limit of detection (LOD) from the results obtained by microplate 

reader in Figure 4b(iii), where fluorescent intensity linearly varied with concentration 

of target DNA molecules. The slope of the plot is denoted by 𝑘 . We defined the 

standard deviation of fluorescent intensity in blank target measurements by 𝜎. LOD is 

then given by40 

LOD =
3𝜎

𝑘
. 

Calculation of relative optical density 

Optical density (OD) of a solution was measured by the microplate reader at 400 nm 

wavelength. The OD of pure water was 𝐷0 = 0.0491 . For the coacervate solution 

(prepared by 0.5 wt %PDDA and 50 μM target DNA), in the absence of any additives 

such as NaCl and urea, the OD was measured to be 𝐷1 = 0.217 . At different 

concentrations of the additives (NaCl or urea), the OD of the coacervate solution was 

denoted by 𝐷add. Then, the relative OD of the additive-laden coacervate solution can 

be calculated by the equation: 

Relative OD =
𝐷add − 𝐷0

𝐷1 − 𝐷0
. 
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