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ABSTRACT  

Tumor-derived blood-circulating exosomes have potential as a biomarker to greatly improve 

cancer treatment.  However, effective isolation of exosomes remains a tremendous technical 

challenge.   This study presents a novel nanostructured polymer surface for highly effective 

capture of exosomes through strong avidity.  Various surface configurations, consisting of 

multivalent dendrimers, PEG, and tumor-targeting antibodies, were tested using exosomes 

isolated from tumor cell lines.  We found that a dual layer dendrimer configuration exhibited the 

highest efficiency in capturing cultured exosomes spiked into human serum.  Importantly, the 

optimized surface captured a >4-fold greater amount of tumor exosomes from head and neck 

cancer patient plasma samples than that from healthy donors.  Nanomechanical analysis using 

atomic force microscopy also revealed that the enhancement was attributed to multivalent 

binding (avidity) and augmented short-range adhesion mediated by dendrimers.  Our results 

support that the dendrimer surface detects tumor exosomes at high sensitivity and specificity, 

demonstrating its potential as a new cancer liquid biopsy platform.  
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MAIN TEXT 

New technologies for the diagnosis and prognosis of cancer will drive the practice of precision 

medicine.   Liquid biopsies are primed to be such a technology because they are minimally 

invasive and can be frequently performed through simple blood-draw.  The tests are designed to 

detect biomarkers, such as cell free DNA (cfDNA), circulating tumor cells (CTCs), or 

extracellular vesicles (EVs) including exosomes, that tumors regularly shed into the blood1.  

Although the greatest amount of information could be derived from CTCs among the 

biomarkers, the cells are exceptionally rare and heterogeneous in phenotype2, making clinically 

significant detection and analysis difficult.   In contrast, cfDNA is relatively easy to be detected 

in blood due to its abundance, however, it fails to offer dynamic information regarding changes 

in gene expression3.  Exosomes, being positioned between these two more explored biomarkers 

in terms of size, abundance, and potential diagnostic information, represent an emerging class of 

cancer biomarkers found in blood.  These nanoscale vesicles contain functional mRNA packaged 

within a membrane that carries the same characteristic surface markers as the cell they originated 

from4-5.  Furthermore, existing literature has linked the composition and release rate of exosomes 
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to malignancy and metastasis6-8, demonstrating the great potential of these vesicles as prognostic 

biomarkers.   

The current gold-standard technique to isolate exosomes from blood is ultracentrifugation 

that is slow, difficult to use, and nonspecific9.  Other commercially available methods include 

precipitation and size-based filtration techniques, such as ExoQuick® and Exospin™.  However, 

each of these methods suffers from a lack of specificity towards tumor-derived exosomes.  

Instead, immunoaffinity-based approaches could offer such selectivity, in addition to high 

sensitivity and better sample preservation10-11.  Immunoaffinity techniques employ exosome- or 

cancer-targeting antibodies typically on the surfaces of magnetic beads 12-13 or into microfluidic 

channels14-19.  These immunoaffinity-based methods, however, rely entirely on the binding 

affinity of capture antibodies, which have yet to make significant clinical impact likely due to 

their insufficient sensitivity and specificity. 

We hypothesized that the sensitivity and specificity of exosome immunoaffinity devices 

could be substantially enhanced with a nanostructured polymer surface that mediates binding 

avidity through  multivalent immunorecognition20.  Our previously-reported liquid biopsy device 

for CTCs was based, in part, on a surface coated with poly(amidoamine) (PAMAM) dendrimers 

that effectively mediated multivalent binding effect (avidity), resulting in improved capture 

efficiency for CTCs21-24.  These flexible, hyperbranched nanoparticles facilitate multivalent 

capture in two ways: a high density of functional groups allows for multiple antibodies to be 

attached to each ~9 nm dendrimer; and the structure is deformable enough to accommodate 

reorientation of binding domains22.  However, exosomes are 1/100th the diameter of CTCs.  The 

smaller dimensions necessitated the development of a new capture surface to achieve multivalent 

binding (avidity)-based capture at this nanoscale. 
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In this study, our exosome capture surface contained three layers of polymers designed to 

minimize nonspecific binding while providing multivalency and a high degree of flexibility for 

antibody orientation.  First, an epoxide-functionalized glass slide was coated with partially 

carboxylated, generation 7 (G7) PAMAM dendrimers (see Figure S1 for 1H NMR 

confirmation)22.  Next, a mixture of poly(ethylene glycol) (PEG) was conjugated to the 

dendrimers and any remaining epoxide groups.  The PEG mixture consisted of 

heterobifunctional PEG tethers with molecular weight (MW) of 5 and 20 kDa for conjugation 

with another layer of dendrimers and 2 kDa methoxy-PEG (mPEG) to block nonspecific 

adsorption.  Finally, the tethers were topped with a second layer of carboxylated PAMAM 

dendrimers, resulting in a two-layer dendrimer surface.  Figure 1 illustrates the relative 

configurations of controls, consisting of PEG tethers alone, our previous CTC capture (single 

layer dendrimer) surface, and the dual layer dendrimer surface described here.   

 

 

Figure 1.  Illustration of capture surface configurations tested in this study.  PEG tethers are 
indicated by black lines and G7 PAMAM dendrimers by gray circles.  a) PEG-tethered 
antibodies against tumor cell surface markers.  b) Full antibodies on a single layer dendrimer 
surface, equivalent to our previously-reported CTC capture device.  c) Reduced antibodies on a 
dual layer dendrimer surface, shown here to support multivalent capture on the nanoscale. 
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Sessile drop contact angle measurements provided confirmation that each successive 

layer of polymer resulted in a more hydrophilic surface (Figure 2a, Figure S2).  Surface 

topography was visualized using non-contact mode atomic force microscopy (AFM) (see Figure 

2b for the dual layer dendrimer surface and Figure S3 for other surface configurations).  The 

surface roughness of the various configurations was also measured using AFM (Figure 2c, 

Figure S3), revealing the root mean square (Rq) value of 2.5 nm for the dual layer dendrimer 

surface, which was significantly greater than all other surface configurations (p < .05).  Note that 

the true feature size may not have been fully resolved by this method, as the Flory radius of 20 

kDa PEG tether is over 13 nm25.  Nevertheless, the measured roughness values increased as each 

polymer layer was added and are consistent with previously-reported dimensions for surface-

adsorbed PAMAM dendrimers26.  In addition, single and dual layer configurations were treated 

with the same number of fluorescently labelled antibodies (rhodamine-conjugated anti-epithelial 

adhesion molecule (aEpCAM), a commonly used protein for CTC capture).  As shown in Figure 

S4, the measured fluorescence intensities were increased as each layer was added to the surfaces.  

The immobilized antibody density was calculated to have an equivalent of over 1,000 binding 

sites per µm2, which is sufficiently high to mediate multivalent binding between exosomes and 

the capture surface (see Supplementary Information for assumptions).  The decreased contact 

angles, increased surface roughness, and increased antibody fluorescence all confirmed the 

successful layer-by-layer surface functionalization. 
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Figure 2.  Surface characterization of various polymer configurations.  a) The contact angles 
decreased with addition of PEG or dendrimers, indicating increased hydrophilicity of the 
surfaces upon polymer coating ( n= 8).  b) Stylized rendering of nanoscale features on the dual 
layer dendrimer surface imaged with non-contact AFM.  c) Significantly greater roughness of 
dual layer dendrimer surfaces compared to all other polymer configurations (n = 3, p < .05). 

 

To compare the various surface configurations in terms of tumor exosome capture 

efficiency, the surfaces were functionalized with aEpCAM (full antibody) and incubated with 

MCF-7 cell-derived exosomes stained with green fluorescent Vybrant™ DiO, as depicted in 

Figure 3a.  In parallel, we also tested the functionality of reduced (partial) antibodies of 

aEpCAM that were cleaved at the disulfide bonds between heavy chains27 and subsequently 

conjugated to dendrimers through the exposed sulfhydryl groups.  Compared to full antibodies, 

the partially reduced antibodies have smaller size that may enhance conformational flexibility, 

while conjugation to sulfhydryl groups may result in a more consistent outward orientation of 

binding sites28.  Figure 3b shows enhanced capture on dual layer surfaces compared to 

antibodies (for both full and reduced) conjugated to bare glass, PEG, or single layer dendrimer 

surfaces (p < .001).  In particular, the fluorescence signal was 5.5-fold higher on the dual layer 

dendrimer surfaces with reduced aEpCAM, compared to the glass surfaces with full aEpCAM.  

Although we did not observe statistically significant differences between the same surface 
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configurations with reduced vs. full antibodies (p = .212), mean capture on the surfaces with 

reduced aEpCAM was consistently higher than those with full aEpCAM.  Considering this 

capture improvement and the advantages of reduced antibodies mentioned above, we used 

reduced antibodies going forward. 

 

Figure 3.  Evaluation of exosome capture on various polymer surfaces engineered to achieve 
binding avidity.  a) Various surfaces to compare their capture of exosomes derived from cell 
cultures after being labeled with a lipophilic green fluorescent dye (Vybrant™ DiO) and spiked 
into healthy human serum.  b) Dual layer dendrimer surfaces functionalized with anti-EpCAM 
exhibiting enhanced capture of MCF-7-derived exosomes, compared to all other surface 
configurations (n = 6, p < .05) with both full and reduced antibodies.  c) MDA-MB-231 cell-
derived exosome capture on the dual layer dendrimer surfaces functionalized with three antibodies, 
aEpCAM, aEGFR, and aHER2, showing the linearity of fluorescence signals in the range of 
concentrations (n = 5, R2 = .994).  d) Illustration of surface capture of Vybrant™ DiO-labelled 
exosomes in blood collected from five HNSCC patients and three healthy donors.  e) Enhanced 
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capture by the dual layer dendrimer surfaces functionalized with exosome-targeting antibodies 
against CD63 and CD81 in both groups (p = .037).  f) Significantly enhanced sensitivity and 
specificity of the tumor exosome-targeting dendrimer surfaces in detecting tumor exosomes from 
HNSCC patient samples (p = .027).  All plots show mean +/- standard error. 

 

We then employed a mixture of three tumor-targeting antibodies to further improve the 

capture of tumor exosomes.  As we reported previously, relying on a single tumor-specific 

antibody, mostly aEpCAM, is not sufficient to capture circulating biomarkers such as CTCs, 

considering that many tumor biomarkers undergo the phenotypic changes often losing expression 

of EpCAM21.  To address this, we previously reported that dendrimer surfaces coated with a 

mixture of antibodies targeting epithelial cell adhesion molecule (EpCAM), epidermal growth 

factor receptor (EGFR), and human epidermal growth factor receptor 2 (HER2) were highly 

effective in capturing CTCs in blood samples drawn from patients with head and neck squamous 

cell carcinoma (HNSCC) and other cohorts24, 29.  We thus used the same antibodies in this study 

to selectively capture tumor-derived exosomes on our exosome capture surfaces.  Exosomes 

derived from MDA-MB-231 cells that express all three proteins30-31 were also employed due to 

the fact that MCF-7 do not express a high level of HER221.  Note that the EVs from the both cell 

lines were confirmed to be <160 nm in diameter (Table S1) and express tetraspanins that are 

characteristics of exosomes (Figure S5).  The cultured exosomes were labeled with Vybrant™ 

DiO and spiked into healthy human serum at varying concentrations.  We observed a nearly-

linear relationship (R2 = 0.994) of fluorescence intensity with spiked exosome concentration 

ranging from 108 to 2x1010 exosomes per mL of plasma (Figure 3c), which well covers the 

physiological/pathological range  (typically 109 vesicles mL-1 of plasma from healthy 

individuals)32.  All of these results indicated that our optimized capture surface would likely 

capture clinical tumor exosomes in a reliable manner.   
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Finally, we conducted a clinical pilot study with blood drawn from 5 HNSCC patients 

and 3 healthy donors, by performing experiments as illustrated in Figure 3d.  To verify that our 

capture surfaces are specific to tumor exosomes, we first prepared control surfaces 

functionalized with aCD63 and aCD81 that target exosomes in general.  As shown in Figure 3e, 

enhanced capture on the dual layer dendrimer surfaces was observed, compared to glass (p = 

.037), without noticeable differences between the plasma samples from the HNSCC patients and 

healthy controls.  In sharp contrast, we observed dramatic differences in signal between patient 

and healthy donor samples when the dendrimer surfaces were coated with the three antibodies 

(aEpCAM, aEGFR, and aHER2) (Figure 3f).  The glass and PEG surfaces were statistically 

unable to distinguish between patient and healthy donor samples.  The single layer dendrimer 

surfaces exhibited 3-fold higher fluorescent signal from the patient blood than the healthy donor 

samples (p < .001).  Remarkably, the dual layer dendrimer surfaces detected a 4.3-fold higher 

amount of tumor exosomes from the patient samples than that from the healthy donor samples (p 

= .027).  Our results using the clinical samples continued to show enhanced capture on the dual 

layer surfaces compared to a single layer of dendrimers (p = .037). The difference may be 

attributed to a combination of ~9.4% greater binding site density (which did not reach statistical 

significance), increased wettability, and increased nanostructural complexity of the dual layer 

dendrimer surface. 

The significant enhancement observed from the dual layer dendrimer surfaces in 

capturing exosomes from both cell lines and clinical blood plasma samples led us to investigate 

further to obtain mechanistic insight.  We used AFM force spectroscopy to quantitatively 

measure the nanoscale interactions between exosomes and our capture surfaces.  This technique 

is sensitive enough to detect the forces of antibody-antigen unbinding33-34, and has been used to 
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resolve multivalent unbinding events between ligand-functionalized dendrimers and surface-

immobilized proteins35.  Note that the nominal diameter of the TR400PB AFM probe (Oxford 

Instruments) was around 60 nm, or approximately the scale of a single exosome.  A probe was 

functionalized with PEG tethers and recombinant human EpCAM and used to represent an 

exosome.  This probe was retracted from four surface configurations a minimum of 70 times, 

with no more than 15 curves collected at a single spot.  To ensure that the probe did not degrade 

during evaluation, data were collected from the functionalized, dual layer dendrimer surface in 

the first and final rounds with no statistical degradation in maximum adhesion force (p = .73) or 

energy (p = .33).  The experimental workflow is depicted in Figure S6, and representative force 

curves from the dual layer dendrimer surfaces are shown in Figure 4a-c with specific unbinding 

events annotated by vertical lines. 
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Figure 4.  Characterization of binding avidity using AFM force spectroscopy.  Example force 
curves from dual layer dendrimer capture surfaces functionalized with aEpCAM exhibiting a) 
two, b) three, and c) four distinct unbinding events.  Histograms depict the number of distinct 
unbinding events in each retraction curve on d) nonfunctionalized PEG, e) PEG with full 
aEpCAM, f) nonfunctionalized dual layer dendrimer, and g) dual layer dendrimer functionalized 
with reduced aEpCAM.  h) Maximum adhesion force and i) adhesion energy (work).  
Statistically significant differences at p < .05 are indicated by *.   j) Free energy profiles 
calculated from the ensemble average of work-distance plots show enhanced adhesion by dual 
layer dendrimer surfaces without antibodies at distances <10 nm. 
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Multivalent binding was quantified by counting the number of discrete unbinding events, 

identified as abrupt changes in the unloading force.  A threshold of 16 pN was chosen to identify 

“specific” rupture events likely to be the result of antibody unbinding.  This value was greater 

than ten times the root mean square of signal when the probe was far from the surface, ensuring 

that such events were not the product of random noise.  Only the functionalized, dual layer 

dendrimer surfaces exhibited a median number of rupture events at 2 whereas all other surfaces 

showed 1 (Figure 4d-g).  A mean of 1.88 unbinding events was observed per curve on the dual 

layer dendrimer surface (Figure 4g), compared to just 1.32 events on PEG with full antibodies 

(Figure 4e) (p < .05).  Although unbinding events were observed on non-functionalized surfaces, 

a majority of retraction curves did not feature any rupture events. 

The maximum adhesion force (Figure 4h) and energy of adhesion (Figure 4i) were also 

measured at the highest on the functionalized, dual layer dendrimer surfaces.  Energy (estimated 

from the work of probe retraction) was calculated from the cumulative force times distance of 

separation.  The maximum adhesive force on the dual layer dendrimer surfaces was a mean of 

59.3 pN (standard deviation 37.9) compared to 43.9 pN (standard deviation 31.6) on PEG with 

full antibodies (p < .05).  Similarly, the total energy of adhesion averaged 1,256 pN nm (standard 

deviation 1,346) on dual layer dendrimer compared to 1,110 pN nm (standard deviation 1,384) 

on the PEG controls.  Surprisingly, non-functionalized dual layer dendrimer (without antibodies) 

had adhesive forces statistically similar to functionalized PEG (p = .27), although adhesive 

energy was lower (p < .05).  This was unanticipated, given low levels of nonspecific binding 

observed in assays.  The free energy profile for unbinding from each surface was reconstructed 

from the ensemble average of work-distance plots according to the method of Hummer and 

Szabo36 (Figure 4j).  The profile for both dual layer dendrimer surfaces (with and without 
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antibodies) displayed a similar slope below 10 nm extension, whereas they diverged beyond 10 

nm.  The profile for PEG surfaces functionalized with full antibodies surpassed the free energy 

of unfunctionalized, dual layer dendrimers at approximately 20 nm extension. 

 The AFM results revealed two separate mechanisms of exosome capture on dendrimer 

surfaces.  First, dendrimers provided a high density of binding sites for binding exosomes far 

(>20 nm) above the surface.  The use of reduced antibodies compared to full antibodies further 

contributes to multivalent recognition at sub-100 nm length scales.  Once captured, dendrimers 

additionally contribute to short-range (<10 nm) adhesion.  Similar, “nonspecific” interactions 

between dendrimers and proteins have been previously reported in AFM experiments and 

attributed to a combination of electrostatic and van der Waals forces 37. 

 In conclusion, our results show that the nanostructured, dual layer dendrimer surface 

configuration achieves significantly enhanced capture of exosomes through multivalent binding 

effect.  Compared to our previous CTC capture surface, this study demonstrated that a second 

layer of dendrimers significantly improve binding avidity at the nanoscale, enabling highly 

effective capture of tumor exosomes from both cell cultures and blood samples from HNSCC 

patients.  We also provided mechanistic insight into the nanoscale phenomena responsible for 

enhanced capture by quantitatively measuring binding forces using AFM.  Although further 

development and optimization is necessary for this capture surface to be routinely used in the 

clinic, the results suggest that dendrimer surfaces can greatly enhance detection of exosomes and 

other nanoscale biomarkers in blood plasma through exploiting strong binding avidity.    The 

successful development of such biomarkers for liquid biopsy would ultimately contribute the 

realization of precision medicine.   
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