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Abstract 

The detection of biomarkers in blood often requires extensive and time-consuming 

sample preparation to remove blood cells and concentrate the biomarker(s) of interest. We 

demonstrate proof-of-concept for a chip-based, acoustofluidic method that enables the rapid 

capture and isolation of a model protein biomarker (i.e., streptavidin) from blood for off-chip 

quantification. Our approach makes use of two key components – namely, soluble, thermally 

responsive polypeptides fused to ligands for the homogeneous capture of biomarkers from whole 

blood and silicone microparticles functionalized with similar, tethered, thermally responsive 

polypeptides. When the two components are mixed together and subjected to a mild thermal 

trigger, the thermally responsive moieties undergo a phase transition, causing the untethered 

(soluble) polypeptides to co-aggregate with the particle-bound polypeptides. The mixture is then 

diluted with warm buffer and injected into a microfluidic channel supporting a bulk acoustic 

standing wave. The biomarker-bearing particles migrate to the pressure antinodes, whereas blood 

cells migrate to the pressure node, leading to rapid separation with efficiencies exceeding 90% in 

a single pass. The biomarker-bearing particles can then be analyzed via flow cytometry, with a 

limit of detection of 0.75 nM for streptavidin spiked in blood plasma. Finally, by cooling the 

solution below the solubility temperature of the polypeptides, greater than 75% of the 

streptavidin is released from the microparticles, offering a unique approach that for downstream 

analysis (e.g., sequencing or structural analysis). Overall, this methodology has promise for the 

detection, enrichment and analysis of some biomarkers from blood and other complex biological 

samples.  
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Introduction 

The separation, detection and quantification of biomarkers from blood is increasingly 

necessary for disease diagnosis, prognosis and screening patient responses to drugs and 

therapeutic interventions.1–4 However, the analysis of biomarkers presents several challenges, 

such as nonspecific interactions between cellular or subcellular entities5,6 and low concentrations 

of clinically relevant biomarkers present during early disease states.7,8 Traditional technologies 

for diagnosis include enzyme-linked immunosorbent assay (ELISA), nucleic acid hybridization, 

amplification and sequencing, microbial culture and mass spectrometry, most of which require 

significant sample preparation prior to analysis.9–11 While centrifugation is commonly performed 

as a first step to remove cells, this method is time-consuming, requires bulky instrumentation, 

necessitates relatively large sample volumes and frequently results in a significant loss of 

biomarkers.12,13 In addition, more involved methods (e.g., chromatography or electrophoresis) 

are sometimes required to further isolate and purify biomarkers.14–16 There is thus a critical need 

for a simple strategy to rapidly separate and enrich biomarkers from blood prior to downstream 

quantification and analysis. 

Acoustofluidics offers a convenient approach to remove blood cells and purify 

biomarkers prior to their quantification.17–26 Our group has demonstrated that negative acoustic 

contrast particles made from silicone elastomers can be continuously separated from positive 

acoustic contrast objects (e.g., cells or polystyrene beads) in an acoustic standing wave.22,25–27 

This separation process is based on inducing acoustic radiation forces on particles and cells 

towards different stable positions along the standing wave. These positions depend on the 

acoustic contrast factor:

,𝜑(𝛽,𝜌) =
5ρ𝑝 ― 2𝜌𝑓

2𝜌𝑝 + 𝜌𝑓
―

𝛽𝑝

𝛽𝑓
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where variables  and  represent density and compressibility, respectively, and the subscripts  𝜌  𝛽 𝑝

and  represent the suspended object (e.g., particle or cell) and the fluid medium, respectively.28–𝑓

33 Objects exhibiting positive acoustic contrast move towards the pressure node, which is located 

along the centerline of a microfluidic channel when the channel width is equal (or nearly equal) 

to one half of the acoustic wavelength.34 Alternatively, objects exhibiting negative acoustic 

contrast, such as elastomeric particles, migrate to the pressure antinodes, which are located near 

the walls of the microfluidic channel. By engineering a trifurcating outlet in such a microfluidic 

system, objects flowing along the walls can exit the peripheral (herein referred to as “collection”) 

outlets, and objects flowing near the centerline can exit the central (“waste”) outlet, thus enabling 

continuous and discriminant separation of elastomeric particles from cells.22 

Previously, our lab has shown that polydisperse, negative acoustic contrast particles made 

from polydimethylsiloxane (PDMS) with physically adsorbed surface ligands can enable the 

detection of biomarkers in diluted blood.22 To build upon this work, we use a class of 

acoustically programmable particles comprised of silicone elastomers that can be synthesized in 

bulk and are nearly monodisperse (i.e., whereby the coefficient of variance (C.V.) in size is less 

than 15%).35 We show that the surfaces of these particles can be covalently functionalized with 

thermally responsive polypeptides to rapidly capture biomarkers through thermally triggered co-

aggregation. Captured biomarkers can then be acoustically separated from blood and quantified 

via flow cytometry or released for recovery, enrichment and further analysis. 

To achieve the thermally triggered co-aggregation functionality, we modified the silicone 

particles with genetically engineered, thermally responsive, elastin-like polypeptides (ELPs). 

ELPs consist of a pentapeptide repeating motif (Val-Pro-Gly-Xaa-Gly, where Xaa represents any 

amino acid except Pro) and can be genetically modified to incorporate short peptide sequences to 
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capture bioactive molecules.36–40 Instead of immobilizing the capture ligands on a surface, as in 

ELISA, we conjugated capture ligands to untethered ELPs to capture model biomarkers in 

solution. The mobility of soluble ELP-ligand fusions should allow for homogenous binding 

kinetics,41 which may allow a reduction of the required incubation time for immunoassays. 

Additionally, by working at high concentrations of the ELP-ligand conjugate in biological fluids, 

the capture process can be driven nearly to completion. As a model testbed, we used biotin as the 

capture ligand and streptavidin (SA) as the model biomarker in this study due to their strong 

binding interaction (dissociation constant Kd = 10-15 M)42,43 and low cost. 

Figure 1a,b depicts the capture of biomarkers in blood via a soluble ELP-ligand conjugate. 

To capture ELP-ligand/biomarker complexes on the surfaces of the particles, we exploited the 

lower critical solution temperature (LCST) phase transition behavior of ELPs in water, in which 

ELPs at a given concentration phase separate to form protein-rich coacervates above the cloud 

point transition temperature (Tt).44,45 In previous studies, it was shown that ELP-modified glass 

substrates can reversibly capture and release untethered ELP fusion proteins (thioredoxin-ELP) in 

response to changes in temperature.46,47 In a similar approach, Stayton et al. used thermally 

responsive poly(N-isopropylacrylamide) (pNIPAAm)-modified substrates (i.e., PDMS, nylon) to 

capture and enrich pNIPAAm-protein conjugates via co-aggregation above the LCST.48,49 

Building on these concepts, we hypothesized that ELP-modified silicone particles can co-

aggregate with an ELP- functionalized ligand (hereafter referred to as ELP-ligand) in solution to 

facilitate the rapid capture and sequestration of biomarkers after a small increase in temperature 

(e.g., 15°C; Figure 1c,d). After the capture of biomarkers, the silicone particles can be separated 

from blood cells using an acoustofluidic device (Figure 1e). The particles can then be analyzed by 

flow cytometry to quantify the immobilized biomarkers, or alternatively, collected in a small 
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volume of buffer at a reduced temperature to facilitate the release of biomarkers (Figure 1f). 

Figure 1. Schematic illustration of the process for capturing and acoustically separating 

biomarkers from blood. (a-b) Untethered ELP-ligands capture biomarkers in blood. Pink color 

of solution is meant to reflect the color of red blood cells, a few of which are depicted 

schematically. (c-d) Above the cloud point transition temperature (Tt) of the ELPs, ELP-coated 

silicone particles are added to immobilize ELP-ligand/biomarker complexes to the surfaces of 

the particles via co-aggregation. (e) After dilution of the mixture with warm buffer, an 

acoustofluidic device is used to separate captured biomarkers from blood cells. (f) Surface-

immobilized biomarkers can then be analyzed by flow cytometry or released from the surfaces of 

the particles below the Tt. Figure is not to scale.
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Experimental 

Synthesis of negative acoustic contrast silicone particles

The silicone particles used in this study were synthesized using methods described 

previously.35 Briefly, silicone particles were made from a 24:1 monomer ratio of vinyl 

methyldimethoxysilane (VMDMOS, 97% purity; Sigma-Aldrich, Co.) to tetramethyl 

orthosilicate (TMOS; 98% purity, Sigma-Aldrich). Our previous work indicates that these 

particles possess an acoustic contrast factor, φ, of –0.37±0.07.35 Immediately following their 

synthesis, the particles were stabilized in 0.5 wt.% F-108 surfactant in deionized water (Pluronic; 

Sigma-Aldrich). The silicone particles had an average diameter of 1.5±0.2 μm and a 

concentration of ~109 particles/mL, as measured by the Coulter sizing and counting principle 

(qNano; IZON Science, Ltd.).

Elastin-like polypeptide (ELP) constructs

The ELPs investigated in this study consisted of repeats of the Val-Pro-Gly-Val-Gly 

pentapeptide, with a Ser-Lys-Gly-Pro-Gly leader sequence. In some constructs, 8 tandem repeats 

of (Gly-Gly-Cys) were included as a trailer sequence, facilitating the conjugation of these ELPs 

to the vinyl groups on silicone particles via a thiol-ene reaction,50,51 as described below. The 

amino acid sequences of the ELP constructs were SKGPG(VGVPG)40(GGC)8WP (termed ELP-

Cys herein) and SKGPG(VGVPG)40Y (termed ELP), each of which was expressed from 

plasmids available from a previous study.52 

To build the gene encoding for the GFP-ELP-Cys fusion protein, the GFP gene was 

retrieved from a previously available plasmid, GFP-ELP,53 by PCR and followed by double 

digestion of PCR products with BseRI and NdeI restriction enzymes (New England BioLabs, 

Inc.). The pET 24a plasmids harboring 40 repeating pentapeptides (Val-Pro-Gly-Val-Gly) and a 
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trailer sequence of (Gly-Gly-Cys)8 were also double digested with the same restriction enzymes 

(i.e., BseRI and NdeI), and then enzymatically dephosphorylated using calf intestinal alkaline 

phosphatase (New England BioLabs). The linearized vectors encoding for ELPs were separated 

from other DNA fragments by gel electrophoresis with low temperature melting agarose 

(AquaPor LM; National Diagnostics, Inc.), and were purified using an extraction kit (QIAquick® 

gel; Qiagen, Inc.). The purified ELP vectors were ligated with the GFP gene to create a plasmid-

harboring gene for the GFP-ELP-Cys fusion proteins. Correct assembly of the gene for the GFP-

ELP-Cys fusion protein was confirmed by DNA sequencing. The final amino acid sequence of 

the construct containing GFP was determined to be GFP-(VGVPG)40 (GGC)8WP (referred to as 

GFP-ELP-Cys herein).

Expression and purification of ELPs

All of the ELPs and the GFP-ELP-Cys fusion proteins were expressed in BL21(DE3) E. 

coli and purified by inverse transition cycling, as described previously.54 These purified ELPs 

and GFP-ELP-Cys were characterized by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE; BioRad, Inc.). An image of the resulting gel is shown in Figure S1 

in the Supplementary Information. After purification, the optical densities at 350 nm (OD350) of 

the different types of ELPs in PBS buffer were measured as a function of temperature to 

characterize their aqueous phase behaviors (see Figure S2 in the Supplementary Information for 

more details). Samples were heated at 1°C/min in a UV-visible spectrophotometer equipped with 

a multi-cell thermoelectric temperature controller (Cary 300; Varian, Inc.).

Labeling ELPs with biotin for protein capture

The ELP construct, SKGPG(VGVPG)40Y, (herein referred to as ELP-40) has two 

primary amines, one at the N-terminus and one in the lysine residue in the leader sequence, 
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which allowed conjugation reactions using N-hydroxysuccinimide (NHS) ester chemistry.55 A 

150 M solution of this ELP was reacted with a 20-fold molar excess of NHS-activated biotin 

(sulfo-NHS-biotin; Thermo Fisher Scientific, Inc.) dissolved in water for 2 h at room 

temperature. The excess biotin derivatives were removed using spin desalting columns (Zeba™; 

Thermo Fisher). To determine the efficiency of the biotinylation reaction, a 4'-

hydroxyazobenzene-2-carboxylic acid (HABA) assay was used according to the instructions 

provided by the manufacturer (Thermo Fisher). The labeling efficiency was found to be between 

0.9-1.5 biotins/ELP. The biotinylated ELP constructs are herein referred to as biotin-ELP. 

Conjugation of ELPs to silicone particles

We used GFP-ELP-Cys fusions and ELPs with a (VPGVG)40 sequence and a cysteine-

rich domain (GGC)8 (herein referred to as ELP-Cys) to conjugate ELPs to the surfaces of the 

silicone particles. The thiol groups present in the cysteine residues were conjugated to the vinyl 

groups on silicone particles via a thiol-ene reaction facilitated by UV irradiation.50,51 The silicone 

particles (100 μL at ~109 particles/mL) were directly added to the ELP solutions (900 µL) to 

obtain a final concentration of 150 µM ELP. The reaction was carried out at room temperature 

under UV irradiation (wavelength of 365 nm and a power intensity of 100 µW/cm2, UVGL-15; 

Entela, Inc.) for 2 h with constant stirring at 300 rpm. As a control, the same process was carried 

out without UV irradiation to assess the degree of nonspecific physical adsorption of ELPs to the 

surfaces of the particles. Prior to use for different assays, particles were washed (i.e., centrifuged 

at 4000xG for 2.5 min and the pellet was suspended in fresh PBS at ~108 particles/mL) to 

remove excess ELPs.

Quantification of GFP-ELP-Cys peptides bound to silicone particles
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We used flow cytometry (Accuri C6; BD Biosciences) to evaluate the average number of 

GFP-ELP-Cys molecules associated with each particle after the UV-induced reaction or physical 

adsorption.56 The autofluorescence signal of bare silicone particles was measured as a baseline. 

The flow cytometry data were acquired from at least five independent measurements and were 

gated on forward and side scatter parameters to exclude debris and doublets. A calibration test 

was conducted using a set of calibration beads (8-peak SPHEROTM Rainbow Calibration 

particles; Spherotech, Inc.) to convert the raw data (i.e., channel counts) into molecules 

equivalent of fluorescence (MEFL) of fluorophores per particle. In these experiments, the 

molecules of GFP-ELP-Cys per particle are equal to the MEFL, as one GFP molecule was 

present on each ELP. A similar quantification approach has been used previously.35 

The GFP-ELP-Cys-modified particles were visualized using an upright confocal, 

scanning laser microscope (Zeiss LSM 780; Carl Zeiss AG) with a dry plan-apochromat 

objective (20x, 0.8 numerical aperture (NA) and oil plan-apochromat 63x, oil-immersion 

objective, 1.4 NA; Zeiss). The GFPs were excited by light with a wavelength of 488 nm. Images 

were processed offline with imaging software (Imaris 7.5; Bitplane, Inc.). 

Capture of protein biomarkers via the co-aggregation of ELPs 

To demonstrate proof-of-concept of biomarker isolation, we used fluorescent SA 

conjugated to Alexa Fluor 488 (Thermo Fisher) as a model biomarker that can be captured by 

biotin-ELP. To perform the capture and co-aggregation assay, we first spiked 100 µL of PBS 

with 5 µM fluorescent SA, followed by 200 µM biotin-ELP. After 10 min of incubation, the 

silicone particles with UV-reacted ELPs (20 µL at ~108 particles/mL) were added to the mixture 

and incubated at 40°C for 5 min to trigger the ELP co-aggregation. Bare particles and particles 

with physically adsorbed ELPs were used as controls. The fluorescence intensities of particles in 
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all experimental conditions were measured using flow cytometry to estimate the number of SA 

per particle. To perform these experiments, we heated the sheath fluid in the flow cytometer to 

above 40°C to ensure that the ELPs remained stably co-aggregated throughout the measurement. 

In addition, to quantify the non-specific adsorption of SA to the surfaces of the particles, we 

performed a series of control experiments with free biotin (500 µM; Sigma-Aldrich) to pre-block 

the biotin-binding sites on the SA, where we then spiked the solution with 5 µM pre-blocked SA. 

After adding 200 µM biotin-ELPs and incubating for 10 min, the particles with UV-reacted 

ELPs, particles with adsorbed ELPs and bare particles (representing the three experimental 

conditions) were separately added to this mixture. Following the same procedure, the amounts of 

SA sequestered by each type of particle at 25 and 40°C were estimated to test if sequestration 

occurred below the Tt.  

The co-aggregation assay with ELPs was also conducted in porcine blood. We spiked 100 

µL whole porcine blood containing sodium heparin (BioreclamationIVT, LLC) with 5 µM 

fluorescent SA followed by 200 µM biotin-ELP. Prior to use, the porcine blood was passed 

through high capacity SA chromatography cartridges (Pierce; Thermo Fisher) to remove native 

biotin. After 10 min of incubation, we added 20 µL of the ELP-modified particles (~108 

particles/mL) to the mixture, and we increased the temperature above the Tt (i.e., 34°C, see 

Figure S2 in the Supplementary Information for more details), to 40°C, to trigger the co-

aggregation of the SA/biotin-ELP complexes to the surface-bound ELP-Cys for an additional 5 

min. The silicone particles with captured SA were analyzed using flow cytometry at 40°C. The 

molecules of SA per particle was calculated for each condition by dividing the MEFL by the 

average number of fluorophores on each SA molecule (provided by the manufacturer, 

Invitrogen), which was 4.0 in the case of the Alexa Fluor 488-labeled SA used in this study.
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Acoustic separation of biomarker-particle complexes from blood cells

After triggering the co-aggregation of ELPs in blood, we diluted the mixture 100-fold 

with PBS warmed to 40°C to allow the acoustic radiation forces to effectively focus and separate 

particles and cells.31 To form the standing wave, we actuated the lead zirconate titanate (PZT) 

transducer (841 WFB, 2.93 MHz resonance frequency; APC International, Ltd.) mounted on an 

acoustofluidic chip to 2.35 MHz using a waveform generator (33250A; Agilent Technologies, 

Co.) at 40.0 V peak-to-peak after amplification (25A250AM6; Amplifier Research, Co.). We 

then passed the solution through the acoustofluidic chip (see Figure S3 in the Supplementary 

Information for more details on device design57 and flow settings through each of the inlets and 

outlets) at a total flow rate of 50 μL/min at 40°C using a syringe pump (Nexus 3000; Chemyx, 

Inc.). Solutions were collected from the “collection” and “waste” outlets. The separation 

efficiency was then determined by counting the number of silicone particles from the 

“collection” outlets and the number of blood cells from the “waste” outlet, divided by the total 

number of particles and cells using a hemocytometer. 

To visualize the separation of particles from blood cells, Nile red dye (Sigma-Aldrich) 

was used to stain blood cells. This was accomplished by incubating a 20 µL Nile red solution (1 

mg/mL in acetone) in 100 µL whole blood for 3 h at 4°C, followed by washing (i.e., centrifuging 

at 300xG for 5 min, decanting the supernatant and suspending the pellet in an equal volume of 

fresh PBS) to remove unabsorbed dye. The separation of silicone particles from blood cells was 

monitored using a fluorescence microscope (Axio Imager A2; Carl Zeiss) and imaged using a 

CCD camera (Axiocam) with AxioVision software.

Biomarker capture assay in porcine plasma
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To assess the sensitivity of the SA capture assay, we spiked 100 µL porcine plasma 

containing sodium heparin (BioreclamationIVT) with different concentrations ranging from 0 to 

1 µM of Alexa Fluor® 546-labeled SA (Thermo Fisher) after removing native biotin, as 

described earlier. Following the same procedure of capture and thermally controlled co-

aggregation, the number of SA molecules per particle was determined using flow cytometry. To 

demonstrate the capture was biospecific, we performed a series of control experiments using 

plasma samples containing various amounts of SA (ranging from 0-1 µM) pre-incubated with 

free biotin (500 µM; Sigma-Aldrich). Finally, to compare the detection limit of our system 

against a commercial standard, we added biotinylated polystyrene (PS) beads (3 µm; Spherotech, 

C.V. in size is ~ 5%) to the porcine plasma spiked with fluorescent SA (ranging from 0-1 µM). 

After 15 min incubation with gentle shaking (10 min for SA capture and 5 min for co-

aggregation), the amounts of sequestered SA were measured using flow cytometry. We 

normalized the values for molecules equivalent of SA per particle by subtracting the average 

value measured for the autofluorescence signal of the bare particles (n ≥ 3). We defined the 

detection limit as the concentration at which the measured value was at least 3 standard 

deviations (3σ) above the mean of the blank group (i.e., ELP-modified particles without SA).

Thermally triggered release of biomarkers from particles

To evaluate the efficiency of the ELPs to release the captured SA with a thermal trigger, 

we spiked 200 µL PBS with 5 µM fluorescent SA, added 200 µM biotin-ELP and incubated for 

10 min. We then added ELP-modified particles (20 µL) to the mixture and increased the 

temperature to 40°C for 5 min. After the co-aggregation of the SA/biotin-ELP complexes to the 

ELP-modified particles, the particles were stored on ice for 2 h to facilitate the release of the 
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SA/biotin-ELP complexes. The molecules equivalent of SA per particle was measured before 

and after release by flow cytometry.

Results and discussion 

Functionalization of silicone particles with ELPs

GFP-ELPs containing a cysteine-rich domain (GFP-ELP-Cys) were conjugated to vinyl 

groups on the surfaces of particles of crosslinked polyvinylmethylsiloxane via a thiol-ene 

reaction facilitated by UV irradiation (see schematic depiction in Figure 2a).50,51 Since one GFP 

molecule is present on each ELP, the molecules equivalent of GFP-ELP-Cys per particle can be 

determined by flow cytometry. We found that the silicone particles that reacted with 150 µM 

GFP-ELP-Cys under UV light had the highest amount of ELPs on their surface, which was 

significantly higher than the amounts resulting from physical adsorption (p < 0.05, n = 5; Figure 

2b). After the reaction, the GFP-ELP-Cys-modified particles were visualized using confocal 

microscopy. We found that the silicone particles were evenly decorated with GFP-ELP-Cys, 

confirming the successful coating of the particles with ELPs (Figure 2c). Thus, the thiol-ene 

reaction was chosen to functionalize silicone particles with ELPs for the remaining experiments. 
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Figure 2. (a) Schematic illustration of the immobilization of GFP-ELP-Cys polypeptides (150 

µM) to the surfaces of silicone particles via a thiol-ene reaction. (b) Data from flow cytometry 

reveals the molecules equivalent of ELP per particle for bare particles, particles with physically 

adsorbed ELPs and particles with UV-reacted ELPs. The asterisks indicate a significant 

difference between conditions (*p < 0.05, n = 5). (c) Representative confocal micrographs of a 

GFP-ELP-Cys-modified silicone particle: (1) green fluorescent ELP localized around the surface 

of a particle, (2) a Nile red-encapsulating silicone particle and (3) overlaid images from (1) and 

(2).

Page 15 of 28 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

Immobilization of model biomarkers onto silicone particles via ELP co-aggregation above 

the Tt

Figure 3a schematically depicts the process of SA/biotin-ELP complexes being captured 

by microparticles with ELP-Cys immobilized on their surfaces upon heating above the Tt of the 

ELPs (~34°C; Figure S2). The silicone particles with UV-reacted ELP-Cys captured the highest 

amount of fluorescently labeled SA at 40°C, whereas the same particles captured significantly 

less SA at 25°C (p < 0.05, n = 6; Figure 3b). This confirms our hypothesis that biotin-ELP fusion 

proteins can efficiently capture SA molecules, and that SA/biotin-ELP complexes can be 

immobilized onto the surfaces of ELP-Cys-modified silicone particles through thermally 

controlled co-aggregation. Bare particles and particles with physically adsorbed ELP-Cys were 

used as controls. These particles captured significantly less SA compared to particles with UV-

reacted ELP-Cys (p < 0.05). Further, no significant changes in the fluorescence intensity were 

observed between 25 and 40°C for the two groups (p > 0.05). To assess the non-specific 

adsorption of SA to surfaces of the particles, we pre-blocked the SA by incubating with a molar 

excess of biotin. Under these conditions, we found that significantly less SA was sequestered by 

particles with UV-reacted ELP-Cys at 40°C than for the non-blocked case (p < 0.05), indicating 

that capture of SA was largely mediated by the molecular recognition of SA by the biotin-ELP. 

Given these results, we used silicone particles modified with UV-reacted ELP-Cys for the 

remaining experiments in this study. (Subsequently herein we referred to these simply as ELP-

modified particles.) 
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Figure 3. (a) Schematic illustration of ELP-Cys binding to silicone particles and capturing 

SA/biotin-ELP complexes via thermal co-aggregation. (b) The molecules equivalent of SA per 

particle are shown for bare particles, particles with physically adsorbed ELPs and particles with 

UV-reacted ELPs both below and above the Tt. Control experiments (shown in blue) were 

performed by pre-blocking the biotin binding sites on the SA to quantify the non-specific 

adsorption of SA onto the particles. The asterisks indicate a significant difference between 

conditions (*p < 0.05, n = 6).

Acoustic separation of biomarkers sequestered on silicone particles from diluted whole 

blood 

After immobilizing the SA molecules on the surfaces of the silicone particles, we 

separated them from blood cells using an acoustofluidic device (Figure 4a and Figure S3). In this 

setup, the SA-sequestered particles were separated from blood cells by diluting the sample with 

warm buffer and flowing it through a heated acoustofluidic device supporting a resonant half-

wavelength standing acoustic wave across the width of the central fluidic channel of the device. 

Acoustic radiation forces separated the silicone particles from cells, and laminar flow allowed 
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the particles to exit the peripheral “collection” outlets for analysis. To establish operational 

parameters for the device, we performed a pilot study to separate ELP-modified silicone particles 

co-aggregated with SA/biotin-ELP complexes from polystyrene (PS) beads. Our device achieved 

a separation efficiency 97.5% in the peripheral outlets and 87.4% PS beads in the central outlet 

(see Figure S4 in the Supplementary Information for more details). Using the established 

parameters, we used the device to separate ELP-modified particles co-aggregated with 

SA/biotin-ELP complexes from diluted porcine blood. The fractions from the two “collection” 

outlets consisted of 90.3% silicone particles and 9.7% blood cells; whereas the output from the 

“waste” outlet consisted of 83.3% blood cells and 16.7% silicone particles in a single pass 

(Figure 4b). Due to the negative acoustic contrast of the silicone particles (φ = –0.37±0.07),35 we 

posit the reason behind a relatively large fraction of silicone particles in the “waste” outlet was 

due to the high concentration of ELPs on the surfaces of the particles, reducing the magnitude of 

their negative acoustic contrast factor, or due to their relatively high throughput through the 

device, which can decrease the efficiency of separation due to scattering. The throughput was 

≈5,860 cells/s or particles/s (with a sample infusion rate of 50 μL/min at a concentration of 3.52 

×105 particles/s or cells/s). Additional studies to optimize the design of particles and their 

throughput through the device should enhance their separation efficiency. In such studies, 

synthesizing particles with more negative acoustic contrast factors or of larger sizes will generate 

higher acoustic radiation forces, thus improving separation performance. Methods for preparing 

different types of negative acoustic contrast particles are described elsewhere.35 We note that 

longer microchannels allow for longer residence time of particles and thus a potential for 

improved separation efficiencies or higher throughputs. Figure 4c,d shows micrographs of blood 

cells (stained with Nile red) focused along the pressure node, and silicone particles with 
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sequestered SA (labeled with Alexa 488) focused along the pressure antinodes. We note that 

these images were taken from separate samples, as the Nile red dye used to visualize the blood 

cells was found to leach and stain the silicone particles. 

Figure 4. (a) Schematic depiction of the separation of silicone particles with captured SA from 

blood cells in an acoustofluidic chip. Figure is not to scale. (b) The bar graph shows the relative 

fraction of silicone particles and blood cells in the initial sample and collected fractions from the 

side outlets and center outlet after sorting. The asterisks indicate a significant difference between 

conditions (*p < 0.05, n = 5). (c) Stained blood cells (red) migrated to the pressure node (i.e., the 

center of the microchannel). (d) Silicone particles with captured SA (green) migrated to the 

pressure antinodes (i.e., the sides of the microchannel). The locations of the channel walls (solid 

lines) and the features of the acoustic standing wave (dashed lines) are denoted. Samples shown 
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in Figure 4c,d were introduced in the center inlet, and images were collected at the same fixed 

point downstream of the inlets. 

To test if biomarkers remained stably associated with the particles throughout the 

acoustic separation process, the amount of SA per particle was assessed via flow cytometry both 

before and after separation. Exclusively for this test, we performed the capture assay in 

physiological buffer prior to mixing with blood (instead of performing the capture assay in 

blood) to accurately quantify the amount of SA per particle. We observed no significant 

difference in the amount of SA per particle before and after acoustic separation at 40°C (p > 

0.05; see Figure S5 in the Supplementary Information for more details), suggesting that SA 

remained stably associated with the surfaces of the particles throughout acoustic separation. 

Quantification of captured SA using flow cytometry

After acoustic separation, particles with captured biomarkers were analyzed using flow 

cytometry without washing. An advantage of flow cytometry is that it allows for the direct and 

sensitive detection of fluorescently labeled, surface-sequestered biomarkers, where non-captured 

fluorescent molecules generate minimal background signal.58 

To assess the detection sensitivity of our SA capture and isolation method, we performed 

a capture assay in porcine plasma (~100 µL) containing different concentrations of fluorescent 

SA, ranging from 0 to 1 µM. After adding ELP-modified silicone particles to capture the SA via 

co-aggregation, the amount of SA was quantified using flow cytometry. The assay revealed a 

high signal-to-noise ratio, which yielded a detection limit of 0.75 nM SA in blood plasma (as 

defined by 3 standard deviations above the mean of the signal from the bare particle group; 

Figure 5a). We found that the molecules equivalent of SA per particle initially increased with 
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increasing concentration of SA across a broad, dynamic range of 0.75 to 100 nM, followed by a 

plateau when the surfaces of the particles were likely saturated with excess SA. A biphasic curve 

was observed, which may be due to the fact that, at low concentrations of SA, abundant 

uncomplexed biotin-ELP molecules in solution were more likely to come into contact and co-

aggregate with ELPs on the surfaces of particles compared to more rare and larger SA/biotin-

ELP complexes; in contrast, at higher concentrations of SA, the inhibitory effect of the free 

biotin-ELP may be less prominent due to their decreased concentration compared to SA/biotin-

ELP complexes. The possibility that one SA can bind up to four biotin/ELP molecules may also 

contribute to the response observed. 

Figure 5. Molecules equivalent of SA sequestered by (a) silicone particles and (b) biotinylated 

PS beads (3 µm; Spherotech, Inc.) after 15 min of incubation with various amounts of SA. The 

values for molecules equivalent of SA per particle were normalized by subtracting the average 

value measured for the autofluorescence signal of the bare particles. Dashed lines indicate the 

limits of detection (LODs). Error bars represent the standard error of the mean (n ≥ 3).
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We compared our system to a commercial surface-binding assay, where we used the 

biotin-coated PS beads of the same concentration as silicone particles to detect fluorescent SA in 

plasma. After 15 min of incubation on a rocker at a speed of 10 rpm, the fluorescence intensity 

was measured using flow cytometry and a detection limit of 5 nM with a dynamic range from 5 

to 50 nM was determined (Figure 5b). Our system demonstrated a lower detection limit (i.e., 

0.75 nM, compared to 5.00 nM), which corresponds to a ≈6-fold higher sensitivity. Overall, this 

supports the notion that implementation of soluble ligand-peptides for protein capture enhances 

binding efficiency, which may lead to more sensitive detection of analytes at shorter incubation 

times.59,60  We note that several assay parameters can be adjusted to further improve the 

detection limit, including the size, concentration and composition of the particles. For example, 

optimizing the size and concentration of the particles would allow each particle to capture more 

SA on its surface, thus increasing the fluorescence intensity per particle at low concentrations of 

SA, and leading to a higher detection sensitivity of the SA capture assay. 

To demonstrate that the capture of SA via biotin was mediated by SA-biotin recognition, 

we carried out the capture assay using plasma that was pre-incubated with 20-fold molar excess 

of free biotin (see Figure S6 in the Supplementary Information for more details). The 

fluorescence from particles with non-specifically adsorbed SA was much lower than particles 

with specific binding, indicating that the SA capture was mediated by biotin recognition. 

Release of the biomarkers from the surfaces of the particles below the Tt

After acoustic separation, the captured SA can be released from the particles by reducing 

the temperature of the solution below the Tt. The schematic depiction of the capture and release 

of SA is shown in Figure 6a. We found that more than 75% of the captured SA was released 

from the surfaces of the particles at a temperature (i.e., ~4oC, samples were placed on ice) lower 
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than Tt (Figure 6b). We believe that optimizing the duration of co-aggregation, release 

temperature and duration of release can increase this percentage of release.

Figure 6. (a) Schematic illustration depicts the capture and release of SA from the surfaces of 

ELP-modified silicone particles. (b) Data from flow cytometry reveals the molecules equivalent 

of SA per particle for ELP-modified particles above and below the Tt (i.e., 34°C). The 

autofluorescence signal of bare silicone particles was measured as a control.  The asterisks 

indicate a significant difference between conditions (*p < 0.05, n = 6).

While beyond the scope of this study, the released ELP-bound biomarkers can be enriched 

in buffer by exploiting the phase transition behavior of the ELPs.61 Chen et al. have used ELP-

Protein A fusions with specific antibodies to isolate and enrich paclitaxel.36 Chilkoti et al. have 

demonstrated that ELPs can serve as a purification tag for target proteins that were directly fused 

to ELPs.62 We also note that it is possible to dissociate biomarker/ELP complexes, or to degrade 

ELPs enzymatically,63 liberating purified biomarkers as a final product of the separation process. 
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These purified biomarkers can be used for further analysis, including mass spectrometric analysis, 

immunogenetic assessment and genomic analysis (e.g., for cell-free DNA or microRNA 

biomarkers). 

Conclusions and future outlook 

We have developed an integrated system that enables the rapid capture, chip-based 

separation and off-chip enumeration of protein biomarkers from blood. We demonstrated that 

ELP-modified silicone particles can capture SA in blood within only 15 minutes of incubation. 

Further, we show the biomarker-particle complexes can be continuously separated from diluted 

whole blood in an acoustofluidic device without any washing or centrifugation steps. In addition, 

we achieved sorting efficiencies exceeding 90% of biomarker-particle complexes from blood 

cells and a 75% release efficiency of biomarkers from the particles. Importantly, we show our 

system is capable of nanomolar-level detections of streptavidin in blood plasma. 

Other methods have been proposed for separating deformable objects, including non-

inertial lift forces and pinched flow fractionation.64–66 While these methods have achieved 

continuous separation of particles based on their elasticity, there are three advantages of the 

approach described here to separate objects by the sign of their acoustic contrast factor. First, 

acoustics provide control over separation by the acoustic pressure amplitude and frequency—

providing additional parameters for controlling particle displacements. Second, they obviate the 

need for continuous flows. In acoustics, flow through the device can be stopped, and particles 

can be inspected while their separation is maintained by acoustic forces. Finally, acoustic 

standing waves exert forces on cells and elastomeric particles in opposite directions, yielding 

potentially higher separation efficiencies and higher throughputs.
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This platform system could be extended to separate a range of biological materials, 

including cells, viruses and cell-free DNA, from complex biofluids by designing ELP fusion 

proteins that can capture said bioactive materials. For example, ELPs with antibody-binding 

domains derived from Protein A or Protein G were genetically designed and recombinantly 

synthesized to capture immunoglobulins such as IgG.36,67,68 Further testing will be necessary to 

determine the capture efficiency of biomolecules with lower binding affinities. In addition, 

advances in microfluidic flow cytometry could allow the direct coupling of quantification means 

to this system,69–72 which would further decrease the time of analysis and increase utility by 

providing a potentially portable and automated system for point-of-care (POC) testing. 
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