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biomarkers in cancers and metabolic 
diseases.[3–6] Due to their abundance in 
body fluids and easy uptake by recipient 
cells,[7] many EV-based diagnostic[8] and 
therapeutic[9–11] applications have received 
increasing attention in recent years.

Size exclusion chromatography (SEC) 
is widely used for clinical EVs isolation[12] 
as it is simple to operate, and produces 
EVs with higher yield and lower protein 
contamination as compared to ultracen-
trifugation (UC).[13–15] As SEC is per-
formed using commercial prepacked 
SEC columns [16] or self-packed columns 
with Sepharose beads,[17] integrating with 
upstream sample preprocessing and 
downstream analysis remain challenging 
due to sample batch processing mode and 
column design.

Microfluidics is an enabling technology 
which have been used to directly iso-
late EVs from complex biofluids such as 
blood.[18–21] Miniaturization of chromato-
graphy systems offers several advantages 
including reduced reagent consump-
tion, lower cost, and faster analysis with 
increased detection sensitivity.[18,19,22] 

Recent advances in microfluidic chromatography have reported 
on-chip integration with UV detector,[23] LED detector,[24,25] and 
mass spectrometer.[26] However, these devices mostly focus 
on isolation of smaller biomolecules such as proteins, lipids, 
and drug molecules[27] while larger EVs remains largely unex-
plored. Two major technical challenges faced in miniaturized 
SEC are on-chip sample injection and chip material suitable 

Extracellular vesicles (EVs) are recognized as next generation diagnostic bio-
markers due to their disease-specific biomolecular cargoes and importance 
in cell–cell communications. A major bottleneck in EV sample preparation is 
the inefficient and laborious isolation of nanoscale EVs (≈50–200 nm) from 
endogenous proteins in biological samples. Herein, a unique microfluidic 
platform is reported for EV-protein fractionation based on the principle of 
size exclusion chromatography (SEC). Using a novel rapid (≈20 min) replica 
molding technique, a fritless microfluidic SEC device (μSEC) is fabricated 
using thiol-ene polymer (UV glue NOA81, Young’s modulus ≈1 GPa) for 
high pressure (up to 6 bar) sample processing. Controlled on-chip nano-
liter sample plug injection (600 nL) using a modified T-junction injector is 
first demonstrated with rapid flow switching response time (<1.5 s). Device 
performance is validated using fluorescent nanoparticles (50 nm), albumin, 
and breast cancer cells (MCF-7)-derived EVs. As a proof-of-concept for clinical 
applications, EVs are directly isolated from undiluted human platelet-poor 
plasma using μSEC and show distinct elution profiles between EVs and 
proteins based on nanoparticle particle analysis (NTA), Western blot and flow 
cytometry analysis. Overall, the optically transparent μSEC can be readily 
automated and integrated with EV detection assays for EVs manufacturing 
and clinical diagnostics.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202104470.

1. Introduction

Extracellular vesicles (EVs) are cell-derived nanoscale (50 to 
200  nm) phospholipid bilayer vesicles[1] which are impor-
tant for intercellular communication.[2] The EV-based cargoes 
(DNA, RNA, lipids, proteins), indicative of cell origin and dis-
ease status, have also emerged as potential next generation 
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for high pressure flow operation. Successful miniaturization 
of commercial rotary valve injector[28,29] and microfluidic pas-
sive injector using cross junction[30–32] or T-junction[33] channel 
designs have been reported. However, the former method 
requires costly valve components, while the latter on-chip 
flow modules are sensitive to small pressure changes at low 
flow rates. Polydimethylsiloxane (PDMS), a common material 
for microfluidic devices, is not suitable for high pressure SEC 
operations due to substantial channel deformation with its low 
Youngs’ modulus (0.8–2.5 MPa).[34–36] Thermoplastics polymers 
such as cyclic olefin polymers (COC) [37] and poly(methyl meth-
acrylate) (PMMA)[38] have better mechanical properties (Youngs’ 
modulus ≈3  GPa), but their low feature resolution (> 50  µm) 
requires integration of external frit which complicates the fab-
rication process. Photocurable thiol-ene polymer is an attractive 
alternative with high feature resolution down to 20  µm, high 
Youngs’ modulus (≈1 GPa), bonding strength, chemical stability 
and good optical transparency.[39,40] However, it is difficult to 
fabricate fritless thiol-ene SEC columns due to the broad range 
of channel dimension ranging from tens of micron (for micro-
pillars) to several millimeters (for resin column).

Herein, we report a novel fritless microfluidic SEC device 
(µSEC) using thiol-ene polymer (UV glue NOA81) for EVs iso-
lation and protein separation. Using a simple three-step replica 
molding, a multi-height (20 to 280 µm) SEC microchannel was 
fabricated without the need for high pressure/temperature, and 
the device was subsequently packed with commercial SEC resin. 
We first demonstrated on-chip nanoliter sample plug injection 
using a modified T-junction design by regulating hydraulic 
resistances to enable fast (< 1.5 s) sample injection. We further 
validated the µSEC using fluorescence nanoparticles (50  nm), 
albumin and breast cancer cells (MCF-7) derived EVs to study the 
retention time and separation resolution. Finally, we applied the 
device to isolate EVs from human platelet poor plasma (PPP), 
and showed comparable EV concentration and purity as com-
mercial SEC columns based on nanoparticle particle analysis 
(NTA), Western blot and flow cytometry analysis. Taken together, 
the developed low cost µSEC can be readily integrated with 
upstream microfluidic sample preparations and downstream EV 
detection assays to create automated and portable solutions for 
EVs manufacturing or clinical EV-based diagnostics.

2. Results

2.1. EVs Isolation Using Miniaturized SEC Device (µSEC)

Figure  1 illustrates the setup of the µSEC system. The multi-
height microfluidic device has two inlets, three outlets at inlet/
outlet region with 20 µm height (highlighted in blue), and one 
inlet at packing region with 280  µm height (highlighted in 
red and grey) (Figure  1A and Figure S1: Supporting Informa-
tion). The inlet region consists of three T-junctions, with the 1st 
T-junction connecting to sample flow and outlet 1; 2nd T-junc-
tion connecting to sheath flow and three-way valve; and 3rd 
T-junction joining 1st and 2nd T-junctions. The other two ends 
of three-way valve are connected to outlet 2 and outlet 3 sepa-
rately. Two PDMS channels with 20  µm height are connected 
to outlet 1 and 2 in series to increase their hydraulic resistance 

(Figure S1B, Supporting Information). Both continuous sample 
and sheath flow are driven by separate syringe pumps. Micro-
pillars of 20 µm diameter located on both ends of resin packing 
region (red region) act as filters to avoid resin leakages during 
packing (Figure S1C, Supporting Information). Commercial 
SEC resin (qEV, IZON) with bead diameter between 25 to 75 µm 
is packed into µSEC by injecting into the top inlet of packing 
region followed by UV glue sealing (Figure 1B). As PDMS has 
lower fluorescent background compared to UV glue,[41] a PDMS 
detection channel (400 µm width) is connected downstream to 
µSEC device to enable fluorescence detection (Figure S1D, Sup-
porting Information).[41] During device operation, a sample plug 
(consisting of EVs and proteins) is generated by the T-junction 
under continuous sample and sheath flow, which will enter the 
SEC channel. EVs with larger hydrodynamic diameter ranging 
between 50 nm to 1 µm are excluded by the pores of SEC resin, 
while proteins with smaller hydrodynamic diameters (<30 nm) 
diffuse into the resin pores which results in slower elution 
speed as compared to EVs (Figure 1C). EVs are therefore eluted 
as earlier fractions to achieve protein separation.

2.2. Rapid Prototyping of µSEC Using UV Glue

Figure  2 illustrates the fabrication process of µSEC device 
through a three-step replica molding. Unlike PDMS, UV glue is 
not compatible with SU-8 mold as it tends to fill up tiny rough-
ness holes on the mold surface after curing.[39] Curing of UV 
glue is partially inhibited in the presence of oxygen, leaving 
a semi-cure surface which facilitates demolding.[42] There-
fore, a gas permeable PDMS mold was used as an alternative 
master mold for replica molding of UV glue. A PDMS nega-
tive mold was first fabricated from SU-8 master mold and holes 
were punched at inlet/outlet region (Figure  2A). This created 
extruded pillar structures after second PDMS replica molding 
and intruded holes at the inlet/outlet region in the third UV 
glue replica molding (Figure  2B,C). Compared to post curing 
hole punching or using metal insert on master mold to create 
extruded pillar structures, the proposed method can minimize 
surface deformation and stresses induced during post curing 
hole punching or withdrawal of metal insert, which increases 
the bonding strength between two UV glue surfaces. A thin film 
of UV glue was drop cast onto glass slide to act as interfacing 
adhesive between glass slide and µSEC channel (Figure 2D).[43] 
The bonding was furthered strengthened by plasma treating 
both UV glue channel and thin film before bonding.

2.3. Sample Plug Generation Using a Modified Three T-Junction 
Injector

We adopted an on-chip passive sample injection method to avoid 
complicated valve components and excessive dead volumes in 
the connecters and tubings. In microfluidic devices with oper-
ating flow rates in nL to µL min−1 range, pressure propagation 
from syringe pump to injector is slow, resulting in lagging 
response of flow switching between sample and sheath flow. 
Hence, conventional three T-junction injector [33] is sensitive to 
slight pressure changes, tubing movements, pump actuation 
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and sample viscosity, which deteriorates the consistency in plug 
injection volume. To address this problem, we improved the 
design by connecting additional PDMS microchannels to outlet 
1 and 2, thus increasing the hydraulic resistance differences to 
achieve faster flow switching. A three-way valve was also used at 
bottom outlet of T junction (T junction 3, Figure 1C) instead of 
sample inlet to reduce sample dead volume in the valve. Figure 3 
illustrates the process of sample plug generation in µSEC. At 
the initial state (step 1), the valve was set to high resistance 
outlet 2. Sheath flow (50 µL min−1) flowed into center channel 
and outlet 2, while the sample flow (5  µL min−1) was diverted 
to outlet 1. At step 2, valve position was manually switched to 
low resistance outlet 3 to divert sheath flow into outlet 3 while 
introducing a short sample plug into center channel. When the 
valve position was switched back to the high resistance outlet 2 

(step 3), sample flow was terminated as sheath flow would enter 
both outlet 1 and 2 to completely cut off sample flow. Injection 
volume can be derived based on fluorescent area of FITC-BSA 
plug (Figure 3B). The area estimated was 1.98812 mm2, which 
equates to an injection volume 0.5567 µL in the center channel 
with 280 µm height. This design demonstrated a versatile and  
fast nanoliter (<1.5 s in Figure 3B) sample plug injection using 
a simple continuous flow setup with two syringe pumps and a 
manual three-way valve.

2.4. Characterization of μSEC Separation Performance

To study EVs separation in the µSEC, we first characterized 
the elution profiles of fluorescent 50 nm beads and FITC-BSA 

Figure 1. EVs isolation using miniaturized size exclusion chromatography (µSEC). A) Photo and schematic design of µSEC. Scale bar: 2 cm. On-chip 
sample injector consists of three T-junction injectors (T-junctions labeled as 1, 2, and 3) with varying outlet hydraulic resistance due to additional PDMS 
channels for outlet 1 and 2. A PDMS detection channel is connected at the µSEC outlet for fluorescence imaging. B) Optical images of different channel 
regions indicated by blue boxes in (A) and corresponding channel cross sectional view packed with SEC resin (orange). Scale bar: 500 µm. C) Schematic 
illustration of EVs isolation mechanism in µSEC. Sample plug (EVs and proteins) flow is introduced into the µSEC channel using a 3-way valve. EVs of 
larger sizes (50 nm to 1 µm) are excluded by resin pores and elute out in earlier fractions while smaller proteins diffuse into the pores and elute later.
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which represent EVs and plasma albumin, respectively. Fluores-
cent intensity of each sample was normalized to its maximum 
intensity. Representative chromatograms at different flow rates 
from 1.77 to 5.46 µL min−1 (of center channel) showed distinct 
50  nm and FITC-BSA peaks at different timepoints, clearly 
indicating the ability of the device to separate 50  nm beads 
from FITC-BSA (Figure  4A). We next quantified, two param-
eters namely the retention time and resolution to assess the 
separation performance of µSEC. Retention time is defined 
as the time difference between injection time and maximum 
intensity peak, while resolution is defined as the retention time 
difference between 50  nm beads and FITC-BSA divided by 
average base width of these two peaks (Figure  4B). The base 
width was set at 10% of normalized maximum intensity to 
reduce fluorescence background noise created by non-specific 
sticking of fluorescent beads and BSA in the PDMS detection 
channel. Both resolution and retention time difference between 
two peaks exhibited decreasing trend with increasing flow rate, 
with highest magnitudes observed at center channel flow rate 
less than 2 µL min−1. This suggests that the diffusion process 
of FITC-BSA was reduced at higher flow rates possibly due to 
stronger convection, which led to narrower retention time dif-
ferences between 50  nm beads and FITC-BSA (Figure  4C,D). 
Elution time of 50  nm beads increased three times from 

350 s at 5.46 µL min−1 to 1050 s at 1.77 µL min−1, while resolution 
increased from 0.65 to 1.05. Hence the operating flow rate of 
1.5 ± 0.25 µL min−1 was set for subsequent studies. We further 
characterized the exclusion limit of µSEC device using fluores-
cent 500, 100, 50 nm beads and FITC-BSA. Similar bead elution 
profile (50 to 500 nm) was observed with elution peak between 
640–700 s followed by a distinct FITC-BSA peak at 1450 s. This 
result indicated that the beads were mostly excluded by resin 
pores and eluted earlier than FITC-BSA which was dominated 
by diffusion (Figure  4E). We also observed a slight delay in 
elution peak of 100 and 50 nm beads (≈690 s) as compared to 
500 nm beads (≈640 s), which suggests some limited diffusion 
of 100 and 50 nm beads into the resin pores with a size cut-off 
of ≈70–75 nm (Figure  4F). Taken together, our results showed 
that the µSEC device is capable of separating 50–500 nm beads 
(similar size range as EVs (≈ 40–200  nm)) from FITC-BSA 
(mimicking plasma proteins) based on different elution time.

2.5. μSEC Characterization Using Cancer Cells (MCF-7) Derived EVs

After beads validation, EVs isolated (by ultracentrifugation) 
from breast cancer cell MCF-7 culture medium were stained 
with PKH67 dye and injected into µSEC to determine the effect 

Figure 2. Fabrication of µSEC using UV glue. A) Fabrication of negative PDMS mold with inlet holes. B) Fabrication of positive PDMS mold with inlet 
pillars. C) Replica molding of µSEC channel using UV glue. D) Drop casting of UV glue on glass side and bonding of µSEC.
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of injection volume on separation performance. As PKH dye is 
prone to micelles formation in saline buffer,[44–47] particle con-
centrations in UC pellets derived from MCF-7 culture medium 
(indicative of EVs & micelles) and blank cell culture medium 
(indicative of micelles) after PKH67 staining were compared 
using nanoparticle tracking analysis (NTA) (Figure S2, Sup-
porting Information). Based on NTA results (limit of detection 
(LoD) ≈80  nm) using both scatter and fluorescent detection 
modes, we estimated that ≈20% of particles detected in PKH67-
stained MCF-7 EVs were micelles (staining artefacts). It should 
be noted that this will likely be an underestimate due to unclear 
micelles abundance below LoD of NTA. Presence of these small 
PKH67+ EVs/micelles would result in an EV elution profile 
with longer tail but should not affect the overall size exclu-
sion effects of EVs/particles (≈80 to 200  nm) in µSEC at ear-
lier elution timepoints. Consistent with the bead results, a clear 
separation between MCF-7 EVs and FITC-BSA (fixed injection 
duration of 30 s) was observed for both EVs injection duration 
of 15 and 30 s (Figure 5A,B). Both conditions produced com-
parable EV retention time (≈760 s vs ≈820 s), with longer tail 

extending to 1500 s for 30 s injection duration as compared to 
1160 s in 15 s injection duration.

Elution of FITC-BSA occurred at 1200 to 3000 s (peak at 
1960 s) and had minimal differences in retention time (1200 s 
(15 s injection) versus 1140 s (30 s injection). In Figure 5C, EVs 
located at channel centre (higher flow velocity due to parabolic 
flow profile) first appeared in the channel middle at 800 s, fol-
lowed by EVs closer to channel wall (with lower flow velocities) 
which corresponded to the second smaller peak at 1160 s. It 
should be noted that due to increased EVs size after staining 
and repetitive UC, few larger EVs with stronger fluorescent 
signal were observed and contributed to the longer tail between 
1300 and 1500 s.

2.6. EVs Isolation from Human Plasma Using μSEC

As a proof-of-concept for clinical testing, we isolated EVs from 
undiluted human platelet-poor plasma (PPP) using µSEC 
and commercial SEC column (cSEC, qEVsingle from IZON) 

Figure 3. Sample plug flow generation using a modified three T-junction injector. A) Coordination of sample pump, sheath pump and a 3-way valve 
during plug flow generation. In step 1, sample flow was directed into outlet 1 by higher flow rate of sheath flow into the center channel. In step 2, 
sheath flow entered outlet 3 of lower resistance by valve switching, which allowed diversion of sample flow into the center channel. In step 3, sample 
flow was stopped as the valve was switched back to outlet 2. Sheath flow would enter the center channel to cut off sample injection and form a sample 
plug flow. B) Fluorescent images of FITC-BSA’s plug generation corresponding to Figure 3A.
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(Figure  6A). Different centrifugation methods (1-spin, 3-spin, 
3-spin + 0.45  µm filter, 4-spin, 4-spin + 0.45  µm filter) were 
first compared to study depletion of platelets (≈2–3  µm) and 
platelet fragments (≈500–1000  nm) (Figure S3A, Supporting 
Information). Flow cytometry analysis (minimum detectable 
size of 500  nm based on in-house testing) based on CD41a+ 
expression showed negligible platelet count in both 3-spin and 
4-spin methods, and lowest platelet fragment count in 4-spin + 
filter method, thus indicating efficient platelets removal from 
plasma (Figures S3B and S4A: Supporting Information). There 
were also negligible changes in particle concentration (based 
on NTA) before and after filtration of PPP obtained using the 
4-spin method (Figure S4B,C: Supporting Information). Hence 
the optimal PPP isolation protocol (4-spin + filter) was used for 
subsequent studies. Sample plug injection was increased to 
60 s to generate sufficient eluent volume and concentration for 
nanoparticle tracking analysis.

Elution of particles in µSEC started from 900 s and peaked 
at 1100 s, while elution of proteins (measured by bicinchoninic 
acid assay, BCA) occurred from 1300 s and peaked at 1900 s 
(Figure  6B). Similar elution profile was observed in cSEC, in 
which particles elution started from fraction 6 and peaked at 
fraction 8, followed by proteins elution starting from frac-
tion 12 and peaked at fraction 17 (Figure  6C). Comparison 
between µSEC and cSEC using PPP from same donors also 
showed similar particle and protein concentrations in both 
methods (Figure S5, Supporting Information), which sug-
gests that the observed standard deviations may be attributed 
to patient-to-patient variations in their plasma content. While 
particles detected by NTA may include non-EV particles (e.g., 
lipoproteins), both EVs and non-EV particles would likely 
be excluded by the resin pores together due to their similar 
size. Fractions with highest particle concentration (900–
1300 s in µSEC and fraction 7–9 in cSEC) were then pooled as 

Figure 4. Characterization of µSEC separation performance. A) Chromatogram of 50  nm polystyrene beads and FITC-albumin at different center 
channel flow rate. B) Performance metric of SEC. C) Separation resolution (based on 10% peak height) and D) retention time difference at different 
center channel flow rates. Highest resolution and retention time difference were observed at center channel flow rate < 2 µL min−1. E) Chromatogram 
of 50, 100, and 500 nm beads and FITC-BSA at center channel flow rate of 1.74 µL min−1 (left). Magnified view indicates peak shift of 500 nm bead 
elution (right). F) Retention time differences of different bead sizes.

Small 2022, 2104470



2104470 (7 of 10)

www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH

www.small-journal.com

EV fractions for downstream characterization. NTA indicated 
particle size of less than 200  nm in µSEC and cSEC EV frac-
tions (Figure  6D,E). TEM images showed EVs surrounded by 
lipoproteins (Figure  6F), and the presence of EVs and lipo-
proteins were further confirmed by positive EV markers (Flo-
tillin-1, CD81) and lipoprotein markers (ApoA, ApoB) based 
on Western blot analysis (Figure  6G). It should be noted that 
protein contamination was greatly reduced in µSEC EV frac-
tions based on smaller albumin bands and BCA result, which 
indicates efficient separation of EVs and plasma proteins. Due 
to ≈40% shorter column length in µSEC as compared to cSEC, 
some albumin remained present in the EV fractions of µSEC, 
which can be further improved with longer SEC channel. The 
retention time difference of µSEC was ≈800 s, and earlier  
protein elution (≈1300 s) was observed in plasma sample com-
pared to FITC-BSA (≈1500 s, ≈66  kDa) possibly due to pres-
ence of larger plasma proteins such as IgG (≈150  kDa) and 
IgM (≈970 kDa). Finally, we performed flow cytometry analysis 
of EV-bound aldehyde beads and observed comparable EV 
markers expression (CD9 and CD81) for both µSEC and cSEC 
(Figure 6H). Taken together, these results clearly demonstrated 
that the developed µSEC can isolate EVs from undiluted plasma 
samples with similar separation performance as cSEC, which 
can be further developed for clinical diagnostics.

3. Discussion

In this work, we have developed a novel fabrication method 
for high pressure fritless microfluidic SEC device (µSEC) 
using commercial thiol-ene polymer (UV glue NOA 81). Due 
to short curing time of UV glue, the replica molding process 

is significantly shortened from hours to ≈20 min compared to 
PDMS replica molding (≈1–2 h). µSEC device can be easily fabri-
cated using low-cost UV light source (< 30 US dollar) unlike the 
more expensive hot pressing in COC and PMMA bonding pro-
cesses. UV glue properties also possess a good balance between 
feature resolution (20  µm) and Young’s modulus (≈1  GPa),[48] 
which enables fabrication of micropillars with 20 µm diameter 
as built-in frit and avoid the need of additional membrane com-
ponents. With semi-curing of UV glue and flexible extruded 
pillar at inlet/outlet region on PDMS mold, built-in inlet/outlet 
holes can be created without affecting surface flatness during 
demolding. This is critical for subsequent bonding between two 
hard surfaces of µSEC channel and glass slide. Built-in inlet/
outlet connector ports also allow direct tubing connection to 
µSEC device, eliminating band dispersion due to dead volume 
in connectors and tubings. Lastly, UV glue provides fast and 
strong sealing for column packing and tubing connection due 
to similar chemistry between UV glue and µSEC device. Taken 
together, this fabrication technique provides more flexibility in 
designing microfluidic devices for high-pressure applications 
such as miniaturized liquid chromatography [22,26,27] and micro-
fluidic sample injector for mass spectrometry.[40]

We also report a novel design for robust and rapid (<1.5 s) 
nanolitre sample injection using a modified three T-junction 
injector. By increasing hydraulic resistance differences among 
different injector outlets, fluid paths of sample and sheath flow 
become more stable which reduce the risks of sample leakage 
into center channel due to pressure imbalance or lagging pres-
sure propagation from syringe pumps. Besides, ≈600 nL of 
sample plug injection can be achieved using syringe pumps 
operating at µL min−1 range. The addition of a three-way valve 
at downstream of T-junction injector also ensures minimal 

Figure 5. µSEC characterization using cancer cells (MCF-7) derived EVs. Average fluorescent intensity during elution of MCF-7 EVs and FITC-albumin 
for A) 15 s and B) 30 s sample injection duration. Center channel flow rate: 1.51 µL min−1. C) Corresponding fluorescent images of MCF-7 EVs and 
FITC-albumin in the PDMS detection channel at different time points.
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sample dead volume in the valve. We estimated a dead volume 
of ≈200 nL between T junction injector and SEC packing 
region, which is ≈10 times smaller compared to dead volume of 

typical fluidics tubing (≈2 µL in 1 cm long 0.02" ID tubing). It 
should be noted that despite the post column dispersion in the 
connecting tubings, two distinct peaks of PKH67-stained EVs 

Figure 6. EVs isolation from human plasma. A) Workflow of EVs isolation from human plasma using µSEC device and commercial SEC column (cSEC, 
qEVsingle from IZON). Average particle concentration (NTA) and protein concentration (BCA) of different eluted fractions for B) µSEC (n = 4) and C) 
cSEC (n = 3). EV eluent fractions are highlighted in orange (fraction 900–1300 s) for µSEC and purple (fraction 7–9) for cSEC, respectively. Representa-
tive particle size distribution of EV fractions for D) µSEC and E) cSEC. F) Transmission electron microscopy images of µSEC and cSEC fractions. EVs 
are indicated by red arrow. G) Western blot indicating EV markers (Flotillin-1, CD81), lipoprotein markers (ApoB, ApoA) and plasma protein (Albumin) 
in PPP, µSEC EVs and cSEC EVs. µSEC and cSEC EVs were loaded with equal volume (22 µL) except plasma (0.5 µL). H) Flow cytometry analysis of 
CD9 and CD81 expression on EV-bound aldehyde microbeads from µSEC and cSEC EV fractions. Data were presented as mean ± s.d.
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and FITC-BSA were still observed, which indicates negligible 
disturbance to the EVs separation. We also demonstrated com-
parable EV separation performance with human plasma sam-
ples between µSEC (42% shorter column length) and cSEC.

In this work, the developed µSEC reduces sample volume 
in cSEC from ≈100 to ≈5  µL, and EV elution volume from 
≈600 to ≈10 µL. We envision that the µSEC platform would be 
beneficial for single EV analysis,[49] real-time EV detection or 
screening applications (e.g., EV cargo loading) that require low 
EV sample volumes but have many experimental conditions. 
With its modular design and continuous-flow processing, the 
µSEC device can be automated and enables easy coupling with 
other microfluidic EV isolation [20] or EV-based assays [50,51] to 
develop complete “sample in-answer out” EV profiling or diag-
nostics solutions. As future work, EV detection modules can be 
directly integrated into µSEC device after post column micro-
pillar region to reduce post column dispersion and shorten elu-
tion time. With the current chip dimensions (5  cm (length) × 
2 mm (width) × 280 µm (height)), throughput of µSEC can be 
further increased by scaling up column dimensions or device 
multiplexing.

4. Conclusion

In summary, we have developed a novel fritless microfluidic 
size exclusion chromatography (µSEC) for integrated EVs 
isolation and on chip monitoring using commercial off-the-
shelf UV glue. High feature resolution (20 µm) and Young’s 
modulus (≈1 GPa) of UV glue allows fabrication of micropil-
lars as built-in frit to minimize band broadening effect due 
to dead volume within injector. Our device offers key advan-
tages such as a) simple and rapid fabrication process using a 
three-step replica molding, and b) modular design for direct 
coupling with upstream/downstream modules. We also dem-
onstrated rapid (< 1.5 s) generation of nanolitre sample plug 
injection using a modified passive T junction injector which 
improved flow switching response time and pressure sta-
bility. We envision that the current µSEC system with simple 
setup of two syringe pumps can be readily automated and 
integrated with downstream EV detection or assays for real 
time monitoring tool in EVs manufacturing or EV-based clin-
ical applications.

5. Experimental Section
EVs Staining: Three T75 flasks of MCF-7 cells were cultured in serum-

free medium supplemented with 10% fetal bovine serum (Cytiva HyClone 
Fetal Bovine Serum, South American Origin, Cytiva Inc., Marlborough, 
MA, USA) and 1% penicillin-streptomycin (HyClone Penicillin-
Streptomycin, Cytiva Inc., Marlborough, MA, USA) and maintained at 
37 °C in a humidified 5% CO2 incubator. After confluency, the cells were 
supplied with 10 mL of serum-free medium at 70% confluency and grown 
for another 48 h for EVs secretion into the medium. The conditioned 
medium was harvested and centrifuged at 300 × g for 10  min, then 
2000 × g for 20 min to remove floating cells and debris. The supernatant 
was passed through a 0.22 µm syringe filter prior to UC at 210 000 × g 
for 70 min at 4 °C to pellet the EVs. After supernatant was poured out, 
UC tube was inverted upside down and vacuumed using suction pump 
to remove supernatant remnant on UC tube. The EV pellet was stained 

with PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich, St. Louis, 
MO, USA). It was then washed at 210  000 × g for 70  min at 4 °C to 
remove unbound PKH67 dye and the pellet was resuspended in 100 µL 
of PBS and kept at −20 °C for storage up to 2 months.

PDMS Mold Fabrication: 10:1 w/w ratio of polydimethylsiloxane 
(PDMS) with curing agent (SYLGARD 184 Silicone Elastomer Kit, Dow 
Corning Inc., Midland, MI, USA) was mixed and poured onto SU-8 mold 
before baking at 75 °C for 60 min to create a negative PDMS mold with 
reverse feature polarity. After demolding, holes were created at inlet/
outlet regions using 1.5 mm biopsy puncher. The negative PDMS mold 
was cleaned thoroughly with isopropanol and dried at 75 °C for 15 min. 
The negative PDMS mold and a silicon wafer were then plasma treated 
(PDC-002, Harrick Plasma Inc., Ithaca, NY, USA) at high power setting 
for 1 min before bonding the non-featured side of PDMS to the silicon 
wafer to form the mold for second replicate molding. The negative 
PDMS mold was functionalized with silane (Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane, Sigma-Aldrich, St. Louis, MO, USA) in a vacuum 
chamber for 2 h. PDMS mixture was cast on the negative PDMS mold 
using same casting protocols above, and a positive PDMS mold with 
positive feature polarity and extruded pillars at inlet/outlet regions was 
created. A 50 mm × 75 mm microscopy glass slide was plasma treated 
for 2 min and bonded to the non-featured side of positive PDMS mold 
to support the mold and prevent mold bending after curing of UV glue 
(NOA 81, Norland Products Inc., East Windsor, NJ, USA).

Fabrication of µSEC Device: UV glue (NOA 81, Norland Products Inc., 
East Windsor, NJ, USA) was cast on positive PDMS mold and UV cured 
(36 W UV manicure machine, Yiwu Lidan Cosmetics Co., Ltd. Yiwu, 
Zhejiang, China). The cured UV glue channel was carefully demolded 
without bending the channel to maintain its surface flatness. To create 
a UV glue coated glass slide, UV glue was dropped cast on microscopy 
glass slide and cured to create a thin film of UV glue. Both UV glue 
channel and UV glue coated glass slide were plasma treated for 1 min, 
pressed together and UV cured. Tygon tubing were inserted into the 
inlet/outlet holes and sealed with UV glue.

Device Operation: PDMS channels and three-way valve (Masterflex 
polycarbonate three-way stopcock valve, Cole-Parmer Inc., Vernon 
Hills, IL, USA) were prefilled with 70% ethanol before connecting to 
resin packed µSEC device. Two separate syringe pumps (CX Fusion 
200, Chemyx Inc., Stafford, TX, USA) were used to perfuse sample and 
sheath flows (PBS) into µSEC device. To minimize EVs’ adhesion on the 
channel wall, the µSEC channel was perfused with 1% bovine serum 
albumin (BSA) at 10 µL min−1 for 30 min before washing with filtered PBS 
at 10 µL min−1 for 1 h to flush away remaining BSA. Sheath flow rate was 
adjusted until center channel flow rate was between 1.5 to 1.6 µL min−1 
by measuring the volume output at outlet 4. Sample flow and sheath 
flow were set to 5 and 50 µL min−1 respectively. During plug generation, 
the valve was switched from outlet 2 to outlet 3 for 30–60 s. After sample 
injection, sample flow was stopped, and the valve was switched back to 
outlet 2. Sheath flow was readjusted to previous optimized flow rate to 
start elution. Each SEC fraction was collected for 200 s. The device was 
mounted on a Nikon Eclipse Ti inverted phase-contrast microscope 
(Nikon Instruments Inc., Melville, NY, USA) equipped with Metamorph 
software (WSN-META-MMACQMIC, Molecular Devices, Sunnyvale, CA, 
USA) for quantifying fluorescent intensity in the detection channel using 
fluorescence microscopy.

Study Approval: Written informed consent was obtained from all 
subjects during recruitment for this study. 2 mL whole blood samples 
collected from venipuncture into sodium citrate vacutainers (BD 
Biosciences, Franklin Lakes, NJ, USA), and protocols were approved 
by the institutional review boards (IRB) of Nanyang Technological 
University (IRB-2021-01-037).
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