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A B S T R A C T   

Despite its high potential, PD-L1 expressed by tumors has not been successfully utilized as a biomarker for 
estimating treatment responses to immunotherapy. Circulating tumor cells (CTCs) and tumor-derived exosomes 
that express PD-L1 can potentially be used as biomarkers; however, currently available assays lack clinically 
significant sensitivity and specificity. Here, a novel peptide-based capture surface is developed to effectively 
isolate PD-L1-expressing CTCs and exosomes from human blood. For the effective targeting of PD-L1, this study 
integrates peptide engineering strategies to enhance the binding strength and specificity of a β-hairpin peptide 
derived from PD-1 (pPD-1). Specifically, this study examines the effect of poly(ethylene glycol) spacers, the 
secondary peptide structure, and modification of peptide sequences (e.g., removal of biologically redundant 
amino acid residues) on capture efficiency. The optimized pPD-1 configuration captures PD-L1-expressing tumor 
cells and tumor-derived exosomes with 1.5-fold (p = 0.016) and 1.2-fold (p = 0.037) higher efficiencies, 
respectively, than their whole antibody counterpart (aPD-L1). This enhanced efficiency is translated into more 
clinically significant detection of CTCs (1.9-fold increase; p = 0.035) and exosomes (1.5-fold increase; p = 0.047) 
from patients’ baseline samples, demonstrating stronger correlation with patients’ treatment responses. Addi
tionally, we confirmed that the clinical accuracy of our system can be further improved by co-analyzing the two 
biomarkers (bimodal CTC/exosome analysis). These data demonstrate that pPD-1-based capture is a promising 
approach for capturing PD-L1-expressing CTCs and exosomes, which can be used as a reliable biomarker for 
cancer immunotherapy.  
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1. Introduction 

For the past decade, immunotherapy targeting checkpoint inhibitors 
(ICIs), such as programmed death 1 (PD-1) on T cells and its ligand (PD- 
L1) on cancer cells, has been clinically attempted for the treatment of 
tumors (Bu et al., 2020a; Pardoll, 2012; Ribas and Wolchok, 2018). 
Although these PD-1/PD-L1 antagonists demonstrated durable re
sponses in multiple tumor types, the therapy has been shown to be 
effective in only 10–40% of patients (Borghaei et al., 2015; Ferris et al., 
2016; Kowanetz et al., 2018). Due to this inconsistency, there has been 
an urgent need for a biomarker enabling clinically reliable prediction 
and monitoring of treatment responses. Based on the clinical data re
ported to date, PD-L1 expression in tumors is considered to be a good 
predictive biomarker and has already been utilized for estimating the 
therapeutic responses to immunotherapies targeting PD-1/PD-L1 path
ways (Halse et al., 2018; Kerr, 2018; Yu et al., 2016). For example, 
PD-L1 expression was found to be closely associated with the efficacy of 
PD-1/PD-L1 antagonists in non-small-cell lung carcinoma (NSCLC) pa
tients (Abdel-Rahman, 2016). 

Despite its potential as a biomarker, the current analysis of tumor 
PD-L1 has inherent drawbacks. Immunohistochemistry (IHC) of PD-L1 
in biopsy specimens, which is the current gold standard, may under
represent the molecular heterogeneity of a tumor, since this method 
assesses PD-L1 expression only in a small fragment of tumor obtained at 
a single time point (Ulrich and Guibert, 2018). As an alternative, liquid 
biopsy has emerged as an effective real-time monitoring technique for 
the surveillance of the therapeutic response and tumor progression (Bu 
et al., 2017a). This technique detects tumoral components in circulation 
that leak into the vasculature from different subclonal origins at multi
ple timepoints, tracking the dynamic changes in the entire tumor 
microenvironment over the course of therapy (Bu et al., 2017b; Esposito 
et al., 2016). Specifically, liquid biopsy could be a more attractive option 
for monitoring the response to immunotherapy than the response to 
other therapeutic approaches. As the majority of tumoral components in 
the circulation are eliminated by immune cell attack (Steinert et al., 
2014), components overexpressing PD-L1 may survive longer in the 
circulation. Thus, many attempts have been made to estimate PD-L1 
expression in a tumor based on liquid biopsy (Anantharaman et al., 
2016; Kulasinghe et al., 2017; Mazel et al., 2015; Oliveira-Costa et al., 
2015; Xu et al., 2019; Yue et al., 2018). These studies demonstrated the 
potential clinical use of liquid biopsy systems to help monitor patients’ 
responses to immunotherapy. 

To date, antibodies have been the most frequently utilized capture 
agent for the isolation of tumoral components in liquid biopsy, owing to 
their high affinity and selectivity toward specific cancer-associated 
proteins. However, their low thermodynamic stability and high 
manufacturing cost limit their rapid clinical translation (Leader et al., 
2008). Furthermore, antibodies are composed of many different func
tional groups (e.g., amine, carboxyl, and sulfhydryl groups) that may 
nonspecifically interact with any biological substance. Due to these 
hurdles, current antibody-based assays lack the sensitivity and speci
ficity needed for high clinical utility. To overcome these issues, peptides 
have been investigated as an alternative capture agent to antibodies, 
given their unique advantage of being molecularly intermediate be
tween small molecules and proteins (Lau and Dunn, 2018). The primary 
structure and molecular topology of peptides can be easily and precisely 
manipulated using a solid-phase synthesis method (conjugating amino 
acids one at a time) (Jeong et al., 2014). This modular property allows 
peptides to be immobilized on a substrate in a controlled density, 
orientation, and conformation, which can maximize their individual 
binding strength that can be further enhanced by the multivalent 
binding effect (Sargeant et al., 2008; Xiong et al., 2017). 

In this study, we developed a multimodal liquid biopsy system based 
on PD-L1-binding peptides to effectively detect tumoral components of 
different sizes, such as PD-L1-expressing circulating tumor cells (CTCs) 
and exosomes, in circulation. We previously demonstrated that the 

β-hairpin peptide isolated from an engineered PD-1 protein (pPD-1) 
strongly binds to PD-L1 when the peptides are conformationally stabi
lized via conjugation to nanoparticles (Jeong et al., 2020). To use pPD-1 
as a capture agent for tumor biomarkers, we employed three peptide 
engineering strategies to maximize its capture sensitivity and specificity 
toward PD-L1-expressing CTCs and exosomes (Fig. 1). First, pPD-1 was 
attached to a glass substrate through poly(ethylene glycol) (PEG; 5 kDa) 
linkers to exploit the nonfouling properties of PEG. However, our pre
vious results demonstrated that the stabilization of the pPD-1 hairpin 
structure was partially attributed to intermolecular forces between the 
peptide andnanoparticle (Jeong et al., 2020). Due to the presence of the 
linker, these interactions cannot be utilized in the pPD-1-PEG configu
ration. Hence, as the second engineering approach, we varied the 
PEGylation site in the peptide (in the strand region, pPD-1S; in the turn 
region, pPD-1T), assuming that the similarity in molecular symmetry 
would increase the propensity for β-hairpin formation (bilateral sym
metry). Third, PD-1 core-forming amino acid residues (CAARs) that are 
unnecessary for PD-L1 binding were substituted with glycine to further 
reduce nonspecific interactions (generating pPD-1G). After optimiza
tion, the in vitro efficiency and clinical translatability of the 
surface-immobilized peptides (pPD-1G-PEG) were validated and 
compared to those of an anti-PD-L1 antibody (aPD-L1). Furthermore, 
bimodal analysis of CTCs and exosomes was conducted to enhance the 
clinical accuracy of our peptide-based liquid biopsy system. Specifically, 
both CTCs and exosomes were isolated from the identical patients using 
our system, and the expression profiles of the two biomarkers were 
coanalyzed to further increase the diagnostic capability. The bimodal 
analysis results were compared to those obtained from either of the 
tumor biomarkers alone. The results presented in this study provide 
novel peptide engineering strategies that could be applied for the 
isolation of various PD-L1-expressing biomarkers, allowing the devel
opment of a reliable bimodal liquid biopsy system for monitoring 
treatment responses to immunotherapy. 

2. Materials and methods 

2.1. Materials 

Fmoc-amino acids and coupling reagents were purchased from either 
Anaspec (Fremont, CA) or Novabiochem (Germany). PEG (NH2-(PEG)- 
COOH, 5 kDa) were purchased from Nektar Therapeutics (Huntsville, 
AL). CellTracker Green was obtained from Thermo Fisher Scientific 
(Waltham, MA). Fetal bovine serum (FBS) and antibiotic mixture 
(penicillin/streptomycin; P/S) were acquired from Invitrogen. Dulbec
co’s modification of Eagle’s medium (DMEM), Eagle’s minimum 
essential medium (EMEM), Roswell Park Memorial Institute (RPMI) 
medium, Leibovitz’s L-15 medium, and 0.25% trypsin EDTA were pur
chased from Corning (Manassas, VA). All cell lines were obtained from 
American Type Culture Collection (Manassas, VA). aPD-L1 was obtained 
from BioXcell (West Lebanon, NH) and R&D systems (goat anti-human; 
for staining the cells; Minneapolis, MN). Recombinant human PD-L1 
protein was purchased from R&D Systems. For immunohistochemistry, 
rabbit antibody against human pan-cytokeratin (CK; 1:50, Abcam 9377), 
AlexaFluor 647-conjugated secondary antibody against anti-rabbit 
(1:100, Invitrogen), mouse antibody against human CD45 (1:500, BD 
Biosciences 555480), AlexaFluor 488-conjugated secondary antibody 
against anti-mouse (1:100, Invitrogen), AlexaFluor 488-conjugated 
secondary antibody against anti-goat (Invitrogen), and 4′,6-diamidino- 
2-phenylindole (DAPI)-included mounting media (VectaShield Labora
tories, Inc.) were utilized. All other chemicals were obtained from 
Sigma-Aldrich (St. Louis, MO), unless otherwise stated. 

2.2. Peptide synthesis 

Rink Amide MBHA resin LL or 2-Chlorotrityl chloride resin (Nova
biochem, Germany) were utilized as a scaffold for peptide synthesis. 
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Peptide sequences were synthesized based on standard Fmoc chemistry, 
as described previously.26 Resin-bound peptides were treated for 2 h 
with a cleavage cocktail which consists of a mixture of trifluoroacetic 
acid (TFA), thioanisole, and ethanedithiol (EDT) at a ratio of 95: 2.5: 2.5 
(2 mL) at room temperature, followed by precipitation using tert-butyl 
methyl ether. The reverse-phase high performance liquid chromatog
raphy (HPLC) was utilized to purify the resulting peptides (room tem
perature; mobile phase of water/acetonitrile with 0.1% TFA). The 
molecular weight of the final product was determined using Matrix- 
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry (AXIMA, Shimadzu, Japan) with α-Cyano-4-hydroxycin
namic acid (CHCA) matrix. The peptide concentration of the final 
product was then quantitatively measured using an ultraviolet–visible 
(UV–Vis) spectrophotometer. 

2.3. Surface preparation 

Schematic diagrams of the surface preparation process are provided 
in Fig. S1-S4. To immobilize the peptides onto the surface, poly
dimethylsiloxane (PDMS) gaskets having three separate wells of 20 mm 
× 10 mm were utilized for the surface treatments on epoxy- 
functionalized slides (Tekdon, Myakka City, FL). PEG or glycine 
linkers were treated on each well at a concentration of 200 μM in ddH2O. 
The wells were rinsed and carboxyl groups of the PEG (or glycine) 
linkers were activated for 1h with 50 mM 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide hydrochloride (EDC) and 100 mM N- 

hydroxysuccinimide (NHS). The surfaces were then incubated overnight 
with an excessive amount of peptide (300 μM) or antibody (0.7 μM). The 
peptide (or antibody)-functionalized slides were either loaded into a 
flow chamber and used for cell retention measurement or directly used 
for exosome capture with three-well PDMS gaskets (Fig. S1-S4). 

E-selectin was coated on an epoxide glass slide, in between the 
peptide (or antibody)-functionalized regions, to induce cell rolling. After 
immobilizing the capture agents (peptides or antibodies), three-well 
PDMS gaskets were replaced with one-well PDMS gaskets. The surface 
was then incubated with E-selectin (60 nM in PBS) for 4 h at RT. The 
slides were assembled with the flow chambers (Fig. S1-S4) and used for 
CTC capture. 

2.4. Force spectroscopy measurement using Atomic Forc Microscopy 
(AFM) 

For the probe functionalization, PNP-TR-Au-30 AFM probes (Nano 
World) were treated with a mixture of 1.9 mg/mL 5 kDa methoxyPEG- 
thiol and 0.1 mg/mL 7.5 kDa carboxyl-PEG-thiol (Jenkem) in ddH2O. 
The probes were washed with ddH2O, NHS-activated for 1 h, and 
reacted with recombinant PD-L1 overnight. The spring constants of the 
probes were determined by the thermal noise method. 

The PD-L1 binding strength of the synthesized peptides was analyzed 
by measuring the rupture forces using AFM. Specifically, rupture forces 
between probe-immobilized PD-L1 and surface-bound peptides (or an
tibodies) were recorded using Asylum Infinity Biosystem (Oxford 

Fig. 1. Overview of the peptide-based bimodal liquid biopsy system. a) Schematic illustration of the capture surfaces for concurrent detection of both CTCs and 
tumor-derived exosomes. The surfaces are functionalized with engineered peptides that are modified by conjugation of PEG at different sites and via sequence 
modification to improve the overall capture efficiency. b) Chemical structures of the peptides (pPD-1S, pPD-1T, and pPD-1G) and the linkers (Gly and PEG) used in 
this study. 
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Instruments, Santa Barbara, CA). Note that both samples and probes 
were hydrated with PBS solution. The AFM force spectroscopy was 
conducted at a force-cycle consisting of a 2 μm approach at 2 μm/s, 
dwell time of 1 s, and retraction at 0.5, 1, 2, 5, 10, and 20 μm/s. Based on 
the force-distance (FD) curves obtained from the AFM, the average 
rupture forces were calculated at each retraction velocity. These forces 
were then fitted to the modified Bell-Evans model (Poellmann et al., 
2020) to obtain PD-L1 dissociation rates (kd) of different 
peptide-immobilized surfaces. The binding strengths were then 
compared based on the rupture forces at each retraction velocity and the 
dissociation rate with PD-L1 protein. 

AFM adhesion force mapping was conducted in the desired area of 
10 μm square. Briefly, 32 × 32 array of FD curves were obtained from 
pPD-1G-PEG or aPD-L1-PEG surfaces using a probe functionalize with 
PD-L1 proteins which had a spring constant of ~59 pN/nm. The force 
cycle consisted of a 2 μm approach at 2 μm/s, 1 s dwell time, and 
retraction at 2 μm/s. The number of discrete unbinding events for each 
FD curve was identified by counting the abrupt changes in unloading 
forces which were greater than 150 pN. Note that the threshold was set 
as 150 pN, which is > 20 times greater than the root-mean-square (rms) 
noise signal from the probe. The maximum adhesion force and energy of 
adhesion between the probe and surface were also obtained from each 
FD curve and mapped into a 2D plane of 32 × 32 pixels. 

2.5. Cell culture and labelling 

Two human breast cancer cell lines (MDA-MB-231 and MCF-7), two 
human renal cell carcinoma (RCC) cancer cell lines (786-O and ACHN), 
and one human leukemia cell line (Jurkat) were used in this study. MDA- 
MB-231 cells, MCF-7 cells, and ACHN cells were cultured in Leibovitz’s 
L-15 medium, DMEM, and EMEM, respectively, supplemented with 10% 
(v/v) FBS and 1% (v/v) P/S. 786-O cells and Jurkat cells were grown in 
RPMI medium supplemented with 10% FBS and 1% P/S. MDA-MB-231 
cells were grown in atmospheric air at 37 ◦C. All other cell lines were 
cultured in a controlled humidified atmosphere with 5% CO2 at 37 ◦C. 
Cancer cells were grown as a monolayer, while Jurkat cells were 
cultured in suspension. Cells were grown in either T-25 (for cell reten
tion/capture experiments) or T175 flasks (for collecting exosomes) until 
they reach 60–80% confluency. 

For the cell labelling, cells were gently washed with PBS solution 
three times and harvested from a cell culture flask by treating 0.25% 
trypsin EDTA, followed by centrifugation at 300g for 5 min. Jurkat cells 
were collected directly from the cell culture medium without trypsin. 
Cells were then incubated for 15 min in 1 mL complete DMEM medium 
(with 10% FBS and 1% P/S) containing 5 μM CellTracker green dye 
(Invitrogen) per 5 × 105 cells. Cells were centrifuged at 300 g for 5 min 
and resuspended in 3 mL complete DMEM medium. The centrifugation 
was repeated three times to wash out the remaining fluorescent dye. 

2.6. Molecular dynamics (MD) simulation 

The pPD-1S-PEG and pPD-1T-PEG peptides and their target mole
cules on PD-L1 proteins were simulated in physiological solutions (0.15 
M NaCl in water solvent) by NAMD2 using the CHARMM36 protein 
force field (MacKerell et al., 1998; Phillips et al., 2005). The particle 
mesh Ewald (PME) method was applied to describe long-range 
Coulombic coupling. The time interval of 2 fs was used in the simula
tion (Jarvis et al., 2015). The simulation was performed using Langevin 
dynamics with a damping constant of 1 ps− 1 in the isothermal-isobar 
ensemble (NPT) at a temperature of 310 K and a pressure of 1 bar. 
The PD-L1 protein was restrained through the whole simulation using 
harmonic forces with a spring constant of 2 kcal/(mol Å2). To calculate 
the average retention times and binding energy, we repeated the 
simulation 3 times for each PD-L1/peptide complex, where each simu
lation lasted 200 ns. 

Binding energies between PD-L1 and the peptides were calculated by 

the NAMD energy plugin. Briefly, the residues interacting with PD-L1 
were determined by 5 Å cutoff distance and verified by visualization 
(for the simulation with longer retention time). The electrostatic and 
vdW energy contributions between two interacting pieces were calcu
lated by the NAMD energy plugin. The electrostatic contribution was 
given as equation (1), 

Uelec =
∑n

i=1

∑n

j>i

1
4πε

qi qj⃒
⃒
⃒
⃒ r→i − r→j

⃒
⃒
⃒
⃒

, (1)  

where |ri→ − rj→| is the distance between two charges, qi, qj, and ε are 
the dielectric constant of the solvent that was set to 78.65 78.5 in energy 
calculations. Long-range electrostatic interactions were calculated by 
the PME method. 

The vdW interactions and close distance atomic repulsions were 
described by the Lennard-Jones (LJ) 6–12 potential energies, 

ULJ =
∑n

i=1

∑n

j>i
εij

[(
σij

rij

)12

−

(
σij

rij

)6
]

, (2)  

where εij is the maximum of the stabilization energy for the ith and the 
jth atoms, σij is the distance between ith and jth atoms at the minimum 
potential, and rij is the actual distance between two atoms. The LJ pa
rameters between different atom types were calculated using σij = (σii +

σjj)/2 and εij = εii εjj as a mixing rule (Lorentz Berthelot rules). 

2.7. Peripheral blood mononuclear cells (PBMC) and plasma separation 

Human blood samples were obtained from Duke University Hospital 
(study #Pro0076768) and the University of Wisconsin-Madison (study 
#UW17078, #UW18098, and #2016–1555) according to protocols 
approved by the institutional review board (IRB) at each institute. 
Informed written consent was obtained from all participating subjects. 
PBMC and plasma layers were separated from 4 mL human whole blood 
using Ficoll-Paque® Plus (Cytiva, Marlborough, MA) density gradient 
centrifugation. Specifically, the whole blood was diluted with PBS so
lution at a 1:1 ratio and the diluted blood sample was gently laid above 
4 mL Ficoll-Paque® Plus. Samples were then centrifuged at room tem
perature at 1500 g for 20 min with the brakes off. Plasma and PBMC 
layers were separately collected. The remaining large debris was 
depleted from the plasma by two-step centrifugation at 750g for 10 min. 
For PBMC layers, the supernatants were aspirated after centrifugation at 
750g for 10 min (twice), and the remaining PMBCs were contained in 
100 μL PBS solution. Note that 1 mL of human blood was used for the 
samples obtained from the University of Wisconsin-Madison. 

2.8. In vitro flow chamber cell retention assay 

The peptide-functionalized slides were housed using flow chambers 
(Fig. S2-S4). The fluorescent-labeled cells were infused through the flow 
chamber at a maximum shear stress of 3.6 dyne/cm2 (5 mL/min) using a 
syringe pump (New Era pump 505 Systems Inc., Farmingdale, NY). Cells 
were incubated for 30 min at room temperature. Cell retention (reten
tion efficiency) was determined as the ratio of the cells retained on the 
surface upon 20 min washing at a maximum shear stress of 0.36, 3.6, 
and 36 dyne/cm2. The PD-L1 binding specificity of the peptide (or 
antibody)-immobilized surfaces was obtained by comparing the reten
tion efficiency of PD-L1High 786-O cells and PD-L1Negative Jurkat T cells 
on each surface. The surface that has a high retention efficiency for 786- 
O cells and low retention efficiency for Jurkat T cells was considered to 
have a high in vitro specificity towards PD-L1. 

The flow chamber cell retention assay was also utilized to compare 
the stability of the pPD-1G-PEG and aPD-L1-PEG surfaces against serum, 
thermal stress, and enzymatic degradation. Prior to the cell retention 
assay, either the aPD-L1-PEG or pPD-1G-PEG surface was incubated 
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with i) 10% fetal bovine serum (FBS) or ii) 1:1 diluted human serum in 
PBS solution for 20 min to test the serum stability. Thermodynamic 
stability was examined by incubating the capture surfaces at iii) 80 ◦C 
for 20 min. The stability against enzymatic degradation was tested by 
treating the peptide- or antibody-functionalized glass slides with either 
iv) 0.1 mg/mL proteinase K or v) 0.25% trypsin-EDTA at either room 
temperature (RT) or 37 ◦C. 

2.9. CTC/cancer cell capture 

The complete cell capture slides, consisting of capture regions with 
either PD-L1-targeting peptides or antibodies and E-Selectin-function
alized cell rolling regions in between the capture regions, were loaded 
into a flow chamber (Fig. S2-S4). PBMC layers or cell suspensions were 
withdrawn through the flow channels in a chamber at 0.36 dyne/cm2 for 
20 min. The captured cells were incubated in a flow chamber for 5 min 
and washed in a reverse direction at twice the capture flow rate (0.72 
dyne/cm2) for 20 min. For CTC analysis, capture slides were gently 
disassembled from the flow chamber and co-stained with CK (red), CD45 
(green), and DAPI (blue), as described in our previous publication.25 For 
in vitro samples, capture efficiency was determined as the ratio of the 
cells captured on the surface compared to their initial count, which was 
approximately 2500 cells/test (7500 cells/test when analyzing the 
spatial distribution of the captured cancer cells). 

2.10. Western blot analysis 

The cells were pelleted at 300×g for 3 min and lyses using RIPA 
buffer with sonication. The lysates were centrifuged at 20,000×g for 10 
min at 4 ◦C and the supernatant was collected. The amount of protein on 
the supernatant was quantified using BCA assay (Pierce™ BCA Protein 
Assay Kit, Thermo Fisher Scientific, Waltham, MA). A total of 20 μg 
proteins were separated on SDS-PAGE, followed by transfer to PVDF 
membrane in wet transfer condition. The PVDF membrane was blocked 
with skim milk for 1 h at RT, followed by incubating with the primary 
antibody against PD-L1 (Polyclonal anti-PD-L1, NBP2-15791, Novus 
Biologicals) for 12 h at 4 ◦C. The membrane was then treated with HRP 
(horse Radish Peroxidase)-conjugated secondary antibody (R&D Sys
tems) for 1 h at room temperature. β-actin (monoclonal anti-β-Actin, 
MAB8929, R&D Systems) was used as a loading control. The labeled 
proteins were visualized with Syngene G:Box F3 (Syngene, Frederick, 
MD) with Clarity Western ECL Substrate (Bio-Rad, Hercules, CA) 
chemiluminescent reagent. 

2.11. In vitro exosome sample preparation 

Cell culture medium was replaced with serum-free medium con
taining 1 wt% bovine serum albumin (BSA), after cells reached 60–80% 
confluency. Note that the serum-free medium was filtered twice with a 
0.22 μm vacuum filter (Millipore, Bedford, MA), prior to the incubation. 
Cell culture medium was collected after 36 h cell culture in T-175 flasks, 
and the centrifugation was carried out sequentially at 300 g and 12,000 
g to remove the cells and other large cellular debris. Cell medium was 
then ultracentrifuged at 120,000 g using a Beckman type 45Ti rotor and 
the supernatants were gently removed. Exosomes were resuspended in 
PBS solution and their concentration was determined using NTA. 

2.12. Exosome capture and analysis 

In vitro cell-derived exosomes (2 × 108 vesicles/mL) or plasma 
samples were incubated for 3 h on either pPD-1G-PEG, aPD-L1-PEG, or 
PEGylated slides covered with three-well PDMS gaskets (2 μL/mm2). 
The wells were then washed with 400 μL PBS solution for three times. 
The amount of exosome captured on each surface was quantitatively 
measured using either NTA, BCA protein assay, DiO membrane staining 
assay, or surface roughness measurement. 

2.13. Nanoparticle tracking analysis (NTA) 

The concentration and size of exosomes were determined using NTA 
(Malvern Nanosight NS300). Samples were obtained before and after 
treating them on either pPD-1G-PEG, aPD-L1-PEG, or PEGylated slide. 
Three 60s-long videos were taken for each sample in a flow mode at a 
speed of 70 Au. The minimum track length and detection threshold was 
set as 10 and 5, respectively, with sample viscosity set to the corre
sponding viscosity to PBS solution at 25 ◦C. The analysis was performed 
in duplicates for the clinical samples and triplicates for in vitro cell- 
derived samples. 

2.14. Exosome labeling 

Exosomes captured on either of pPD-1G-PEG, aPD-L1-PEG, or 
PEGylated surfaces were treated 15 min with 5 μg/mL Vybrant DiO 
(Thermo) at 37 ◦C. Wells were gently washed with 400 μL PBS solution 
three times. The slides were then placed above the inverted fluorescent 
microscope and the tiled images were scanned at 5 × magnification. 
Images of each well were collected with consistent exposure time, and 
brightness and contrast of images were also manipulated consistently 
across the samples. Images were extracted in JPEG format and fluores
cent intensity was quantified using Image J software. 

2.15. Surface roughness measurement 

Height profiles of different exosome capture surfaces were collected 
with silicon probes (OLYMPUS AC160TS-R3) with a resonant frequency 
of 300 kHz and a spring constant of 26 N/m, using an Asylum MFP-3D 
Infinity Biosystem (Oxford Instruments, Santa Barbara, CA). The 
roughness of each surface was quantitatively analyzed from the average 
root mean square (Rq) of three independent 10 μm × 10 μm square 
images. 

3. Results 

3.1. PEG linkers reduce nonspecific protein adsorption 

Glycine linkers were employed to conjugate pPD-1 peptides to an 
epoxy-functionalized glass substrate, considering that these short linkers 
would allow the peptides to directly interact with the substrate and 
induce β-hairpin stabilization (pPD-1S-gly, Figs. 1 and S1). An in vitro 
flow chamber retention assay (Fig. S2-S4) was conducted using PD- 
L1High 786-O cells to assess the binding specificity of pPD-1S-gly to PD- 
L1-expressing biomolecules. As demonstrated in Fig. S5, 99.2 ± 3.6% of 
the surface-adhered 786-O cells were retained on the surface after 30 
min of incubation followed by 20 min of washing at 0.36 dyne/cm2. 
However, there were significant nonspecific interactions found at the 
surface, as ~17% of PD-L1Negative Jurkat cells also were retained on the 
surface, presumably due to their interaction with epoxide groups on the 
substrate. To address this, we replaced the glycine linkers with 5 kDa 
PEG molecules (pPD-1S-PEG). PEG, one of the most frequently used 
linkers for preventing undesired biological interactions (Charles et al., 
2009; Hsu et al., 2014), was utilized as a spacer between the substrate 
and peptides to prevent nonspecific protein adsorption and reduce the 
binding of PD-L1negative biomolecules. As shown in Figs. S5 and S6, the 
pPD-1S-PEG surface showed a similar level of 786-O cell retention to 
that of pPD-1S-gly (96.7 ± 3.8%; p = 0.383) while demonstrating less 
adhesion to Jurkat cells (10.2 ± 2.9%; p = 0.051). However, this 
structure spatially segregates the pPD-1S peptides from the substrate 
and hinders intermolecular peptide–substrate interactions, which may 
affect the binding strength of the peptide to PD-L1. This potential limi
tation led us to explore additional hairpin stabilization strategies that 
are compatible with PEG linkers. 
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3.2. Peptide symmetry controls β-hairpin folding and binding properties 

We synthesized two pPD-1 peptides having different PEG conjuga
tion sites, one at the middle of one of the two strands (pPD-1S-PEG) and 
another near the turn region (pPD-1T-PEG; Fig. 1). We hypothesized that 
β-hairpin formation would be improved due to the bilateral symmetry of 
the peptides when they were conjugated to PEG near the elbow region 
(pPD-1T-PEG). Peptides were conjugated to PEGylated microbeads, and 
circular dichroism (CD) spectroscopy was utilized to investigate the 
peptide folding structure. Conjugation of pPD-1S peptides to the 
PEGylated microbeads did not alter their random coil structure, as 
indicated by the strong negative band at 200 nm (Jeong et al., 2022; 
Waqas et al., 2017). In contrast, pPD-1T exhibited partial β-hairpin 
folding after conjugation, as shown by the weak shoulder at 214 nm 
(Fig. 2a). (Jeong et al., 2020) 

To further evaluate the folding properties, we compared the binding 
kinetics of the two peptide structures using AFM. Interactions between 
probe-immobilized PD-L1 and surface-immobilized peptides were 
recorded at different pulling velocities (0.5–20 μm/s), and the data were 
then fitted to the modified Bell-Evans model (Friddle et al., 2012). 
Folded peptides are known to exhibit slower dissociation than unstruc
tured peptides, although the exact mechanism is not fully understood 
(Miles et al., 2016; Rogers et al. 2014a, 2014b). Despite the incomplete 
β-hairpin formation, a similar trend was observed for pPD-1 peptides. As 
shown in Figs. 2b and S7, partially folded pPD-1T-PEG exhibited 
stronger binding to PD-L1 than the unstructured pPD-1S-PEG, resulting 
in an ~5-fold enhancement in off-rate kinetics (2.19 × 102 s− 1 vs. 10.56 
× 102 s− 1). The atomistic molecular dynamics (MD) simulation sup
ported this observation (Fig. 2c).(Cagno et al., 2018; Han and Král, 
2020; Sen et al., 2018) The MD simulation showed average retention 

times of ~75 ns and ~25 ns and binding free energies of − 19.42 
kcal/mol and − 9.24 kcal/mol for pPD-1T-PEG and pPD-1S-PEG, 
respectively, toward PD-L1 proteins. The simulation also revealed that 
when interacting with the PD-L1 protein, the LYS/PEG residue located in 
the hairpin turn of pPD-1T pulls the peptide symmetrically and helps the 
peptide form a stable binding interaction with PD-L1, whereas the 
LYS/PEG residue in pPD-1S pulls one sheet of the peptide and deforms 
the β-hairpin structure (Videos S1 and S2). The secondary 
structure-dependent off-rate binding kinetics were further confirmed 
using a cell retention assay (Figs. 3a and S8). Under low and moderate 
shear stresses (0.36 and 3.6 dyne/cm2, respectively), the retention of 
786-O cells was >90% for both configurations. However, at a higher 
shear stress (36 dyne/cm2), >95% of the cells were detached from the 
pPD-1S-PEG surface, whereas 21.5 ± 3.0% of cells remained adhered to 
the pPD-1T-PEG surface (p = 0.051). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2022.114445. 

Next, a cell capture assay was conducted using the same flow 
chamber, i.e., capture of cancer cells was evaluated under continuous 
flow conditions. Either pPD-1S-PEG or pPD-1T-PEG was applied to a 
rolling-based CTC capture system, in which E-selectin immobilized be
tween the peptide-functionalized regions induces cells to roll on a sur
face, increasing the chance that the cells will interact with the peptides 
(Figs. S2–S4) (Bu et al., 2020b; Myung et al. 2015, 2018). Unexpectedly, 
the unstructured pPD-1S surface showed considerably enhanced cell 
capture compared with the pPD-1T surface (Fig. 3b): the capture effi
ciencies of pPD-1S-PEG vs. pPD-1T-PEG obtained using 786-O cells were 
84.8 ± 13.4% vs. 61.8 ± 10.1% (p = 0.034) and 83.9 ± 6.6% vs. 58.0 ±
10.1% (p = 0.033) at 0.18 and 0.36 dyne/cm2, respectively. Analysis of 
the spatial distribution of the captured cancer cells further supported the 

Fig. 2. PEG conjugation site-dependent binding behaviors of pPD-1. a) CD spectra of pPD-1S (left) and pPD-1T (right) in PBS (bright red and blue) or after 
conjugation with PEGylated microbeads (dark red and dark blue). Insets: difference spectra of the peptides (CD signals from the peptides in PBS minus those from the 
peptides conjugated to the beads). b) Off-rate binding kinetics of pPD-1S-PEG and pPD-1T-PEG to PD-L1, as measured using AFM, which is based on the force- 
distance curves fitted to the modified Bell-Evans model. c) Snapshots of MD simulation of pPD-1S-PEG and pPD-1T-PEG coupled to PD-L1. Cyan: PD-L1, pink: 
binding residues on PD-L1, orange: peptides, blue: binding residues on peptides, silver: PEG, and green: lysine (LYS). 
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higher cell capture capability of the pPD-1S-PEG surface, as the majority 
of 786-O cells were captured near the inlet on the pPD-1S-PEG surface, 
while the cells were more broadly distributed across the pPD-1T-PEG 
surface (Fig. 3c and d). 

In summary, the relocation of the PEGylation site from the middle of 
one of the strands (pPD-1S-PEG) to near the turn region (pPD-1T-PEG) 
induced partial folding of the peptide and was associated with slower 
dissociation from PD-L1 proteins. However, when utilized for the cap
ture of cancer cells under fast-flow conditions, pPD-1S-PEG showed a 
significantly stronger cell capture capability. The inconsistency between 
the cell retention and capture assays could be explained by the ‘induced- 
fit’ interaction model, which demonstrates the relationship between the 
secondary structure of peptides and their binding behaviors. According 
to this model, preorganized (folded) biomolecules exhibit slow associ
ation since their constrained structure limits their ‘ways to bind’ 
(entropic disadvantage) while also slowing dissociation (Amaral et al., 
2017; Hoffman et al., 2015; Miles et al., 2016). In contrast, the fast as
sociation of unfolded peptides is analogous to the ‘fly-casting’ binding 
mechanism, i.e., unstructured proteins weakly bind to target molecules 
via a distal component, and this binding is followed by additional in
teractions along with conformational stabilization (Shoemaker et al., 
2000). The pPD-1 peptide was isolated from an engineered PD-1 ecto
domain that exhibited high affinity for PD-L1 due to its optimized amino 
acid composition (Jeong et al., 2020). The engineered (substituted) 
amino acid residues included in the pPD-1 peptide would thus be 
competent for the initial binding interaction, which would be more 
effective in the peptide with the unstructured conformation (pPD-1S) 

(Fig. S9). This in turn facilitates the highly sensitive capture of 
PD-L1-expressing tumor cells under fast-flow conditions. 

3.3. Elimination of redundant pPD-1 CAARs enhances selectivity 

The CAARs of pPD-1, which have various chemical properties (as 
polar, acidic, basic, nonpolar, and aromatic amino acids), could induce 
nonspecific interactions with different biomolecules (Fig. 4a). Hence, we 
substituted glycine residues for the CAARs that are unnecessary for PD- 
L1 binding (pPD-1G). Although the multiple glycine substitutions may 
destabilize the peptide folding structure, our results demonstrated that 
the unstructured pPD-1S more effectively captured the PD-L1-expressing 
cells than the partially folded pPD-1T, allowing this strategy to be 
compatible with our system. As shown in Fig. 4b, glycine substitution 
did not affect the capture of PD-L1-expressing cancer cells. The capture 
efficiency of 786-O cells on the pPD-1G-PEG surface was comparable to 
that on the pPD-1S-PEG surface since no changes were made in the 
amino acid residues that interact with PD-L1. In contrast, glycine sub
stitution highly reduced the capture of PD-L1Negative Jurkat cells (7.4 ±
2.3% for pPD-1S-PEG vs. 3.2 ± 2.1% for pPD-1G-PEG; p = 0.039). To 
corroborate this result, biolayer interferometry (BLI) was utilized to 
assess the nonspecific adsorption of bovine serum albumin (BSA) onto 
pPD-1S and pPD-1G. Probe-conjugated BSA exhibited a stronger inter
action with pPD-1S than pPD-1G at a peptide concentration of 400 μM 
(Fig. 4c). 

We also found that the optimized peptide configuration (pPD-1G- 
PEG) exhibited a substantially higher capture efficiency than did the 

Fig. 3. In vitro binding efficiency of pPD- 
1 peptides depending on the PEG conju
gation site. a) In vitro cell retention assay 
results on the pPD-1S-PEG and pPD-1T- 
PEG surfaces. Cell retention was 
measured after 20 min washes at 
maximum shear stresses of 0.36, 3.6, and 
36 dyne/cm2, which correspond to 50, 
500, and 5000 μL/min, respectively. b) 
In vitro cell capture assay results on the 
pPD-1S-PEG and pPD-1T-PEG surfaces at 
flow rates of 25 and 50 μL/min (0.18 and 
0.36 dyne/cm2, respectively). c, d) 
Spatial profiles of captured cancer cells 
on the pPD-1S-PEG and pPD-1T-PEG 
surfaces at a flow rate of 50 μL/min 
(0.36 dyne/cm2). The number of 
captured cancer cells on the two peptide- 
immobilized surfaces was analyzed 
depending on the distance from the inlet.   
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whole antibody counterpart (aPD-L1-PEG). When applied to a rolling- 
based CTC capture system, pPD-1G-PEG captured significantly more 
PD-L1-expressing cancer cells than aPD-L1-PEG (77.8 ± 9.3% vs. 50.8 
± 6.9%; p = 0.016) (Fig. 4b). The AFM adhesion force mapping tech
nique was further utilized to quantitatively measure the difference in 
binding strength between the two capture surfaces. Probe-immobilized 
PD-L1 exhibited a stronger interaction with the pPD-1G-PEG surface 
(934 ± 374 pN) than with the aPD-L1-PEG surface (728 ± 379 pN; p <
0.001) (Fig. 4d and e). The adhesion energy, which refers to the work 
required for the dissociation of a probe from a surface, was also 2.12-fold 
(p < 0.001) higher on the pPD-1G-PEG surface than on the aPD-L1-PEG 
surface (Fig. S10). This stronger PD-L1 binding capacity of the pPD-1G- 
PEG surface could be attributed to the difference in structural properties 
between the two capture agents. Peptides would be more densely con
jugated to the capture surface with the PD-L1-binding sites facing 

upward, whereas large antibodies would bind sparsely to the surface in a 
pseudorandom orientation (Fig. 4f). 

Evaluation of the cell capture capability tested using three additional 
cell lines, PD-L1High MDA-MB-231, PD-L1Mid ACHN, and PD-L1Low MCF- 
7, further revealed a strong correlation between PD-L1 expression on the 
cell surface and capture efficiency (Fig. 4g). This indicates the high PD- 
L1 selectivity of our peptide-based system. Notably, PD-L1 expression in 
each cell line was confirmed using IHC staining and Western blot anal
ysis (Figs. 4h, S11, and S12). We also tested the serum stability of the 
pPD-1G peptides prior to their clinical application. As shown in Figs. S13 
and 20 min of preincubation in fetal bovine serum (FBS) or human 
serum did not affect the cell binding behavior of the peptides. Further
more, the capture efficiency of 786-O cells spiked into the peripheral 
blood mononuclear cell (PBMC) layer showed no difference (73.1 ±
15.1%; p = 0.669) from that of 786-O cells spiked into culture medium, 

Fig. 4. Engineered pPD-1 peptides (pPD-1G) for effective capture of PD-L1-expressing CTCs: a) Schematic illustration of pPD-1G, in which redundant CAARs in pPD- 
1S are substituted with glycine residues. b) Cell capture efficiency and selectivity of the pPD-1S-PEG, pPD-1G-PEG, and aPD-L1-PEG surfaces. c) BLI measurements of 
nonspecific adsorption of pPD-1S and pPD-1G onto BSA-immobilized probes. d) Adhesion force mapping by AFM on the pPD-1G-PEG and aPD-L1-PEG surfaces using 
PD-L1-immobilized probes. e) Histograms of rupture forces determined by AFM adhesion force mapping. f) Schematic illustration of surface-immobilized pPD-1G and 
aPD-L1. g) Cell capture efficiency of pPD-1G-PEG surfaces tested using 786-O, MDA-MB-231, ACHN, MCF-7, and Jurkat cells. h) Surface PD-L1 expression in the cell 
lines evaluated using IHC staining. Note that all cell capture experiments were conducted at a flow rate of 50 μL/min, which corresponds to a maximum shear stress 
of 0.36 dyne/cm2. 
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demonstrating the potential clinical applicability of our system. 

3.4. pPD-1G-PEG enables highly sensitive detection of PD-L1-expressing 
exosomes 

We further assessed the pPD-1-functionalized surfaces for their 
versatility in detecting an additional biomarker, tumor-derived exo
somes. The pPD-1G-PEG surface was compared with the aPD-L1-PEG 
surface in terms of the isolation of PD-L1-expressing exosomes using 
four different assays: nanoparticle tracking analysis (NTA), a bicincho
ninic acid (BCA) protein assay, a membrane staining assay, and AFM 
analysis. Tumor cell-derived exosomes (2 × 108 vesicles/mL; 2 μL/mm2) 
were incubated on either the pPD-1G-PEG, aPD-L1-PEG, or PEGylated 
surface for 3 h, and the exosomes captured on each surface were 
quantitatively measured. By NTA, the capture of 786-O-derived exo
somes was measured to be ~1.60-fold higher on the pPD-1G-PEG sur
face than on the PEGylated surface. However, this increase was only 
~1.33-fold on the aPD-L1-PEG surface (p = 0.037 for pPD-1G-PEG vs. 
aPD-L1-PEG) (Fig. 5a). This pattern was also observed for the samples 
with a 10-fold higher exosome concentration, as the pPD-1G-PEG sur
face demonstrated an ~1.47-fold increase in exosome capture compared 
with that of the aPD-L1-PEG surface (Fig. S14). Particle size analysis 
using NTA (Fig. S15) also revealed that the particles captured on the 
pPD-1G-PEG or aPD-L1-PEG surface had average sizes similar to those of 
typical exosomes, whereas unbound particles were more likely to be 
larger cellular debris. This effect was more prominent on the pPD-1G- 
PEG surface than on the aPD-L1 surface (Fig. S15). Notably, all three 
surfaces, however, exhibited similar levels of exosome capture with no 
difference in the average size of the captured particles when tested with 
exosomes derived from PD-L1negative Jurkat cells (Fig. S16). 

Additional quantitative analyses also indicated that pPD-1G-PEG 
isolated PD-L1-expressing exosomes more effectively than aPD-L1- 

PEG. The BCA assay results (Fig. 5b) revealed the amount of protein 
extracted from the exosomes captured on the PEG, aPD-L1-PEG, and 
pPD-1G-PEG surfaces to be 24.8 ± 0.9 ng/mm2, 44.7 ± 7.0 ng/mm2, 
and 61.6 ± 5.0 ng/mm2, respectively (p = 0.027 for aPD-L1-PEG vs. 
pPD-1G-PEG). Similarly, labeling with a lipophilic green fluorescent dye 
(DiO) (Fig. 5c) showed that more exosomes were captured on the pPD- 
1G-PEG surface than on the aPD-L1-PEG surface (16.2 ± 2.3 vs. 13.6 ±
2.4 a.u.), although the difference was not statistically significant (p =
0.114). Surface topology analysis using AFM (Fig. 5d and e) also 
revealed a clear difference in the number of exosomes captured, as the 
root mean square (rms) values representing the quantitative roughness 
of the pPD-1G-PEG and aPD-L1-PEG surfaces were 5.2 ± 1.2 nm and 3.0 
± 0.2 nm, respectively (p = 0.039). We also noted that the number of 
exosomes captured on the pPD-1G-PEG surface correlated with the PD- 
L1 expression level in their parental cell lines (Fig. 5f), demonstrating 
the high PD-L1 selectivity of our capture system. 

3.5. pPD-1G-PEG facilitates the capture of CTCs/Exosomes from human 
samples 

Our results collectively indicated that pPD-1G-PEG is the most effi
cient peptide for capturing tumor cells and tumor-derived exosomes in 
vitro, leading us to test the ability of the engineered peptide imple
mented in our previously developed rolling-based capture system to 
isolate CTCs from human PBMCs (Bu et al., 2020b; Myung et al. 2015, 
2018). The surface-captured cells exhibiting the CKHigh/CD45-/DAPI+

signature based on immunofluorescent labeling were counted as CTCs 
(Fig. 6a) (Bu et al., 2020b). A preliminary clinical pilot study with 
baseline samples from eight patients and three healthy donors revealed 
the high potential diagnostic capability of our system (Table S1). Using 
pPD-1G-PEG, CTCs were detected in all patient samples, with an average 
of 19.1 ± 11.1 cells/mL, whereas only 0.3 ± 0.3 cells/mL were found in 

Fig. 5. Engineered pPD-1 peptides (pPD-1G) for effective capture of PD-L1-expressing exosomes: Four different in vitro assays were utilized to compare the exosome 
capture capabilities of the pPD-1G-PEG and aPD-L1-PEG surfaces: a) nanoparticle tracking analysis (NTA), b) a bicinchoninic acid (BCA) protein assay, c) a 
membrane staining assay, and d, e) AFM topological analysis. f) The capture capability of the pPD-1G-PEG surface was also analyzed for exosomes derived from 786- 
O, MDA-MB-231, ACHN, MCF-7, and Jurkat cells. 
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healthy individuals (p = 0.002) (Fig. 6b). For aPD-L1-PEG, 10.2 ± 6.6 
CTCs/mL were detected in the same patient samples, resulting in a lower 
statistical significance (healthy donors: 0.2 ± 0.3 CTCs/mL; p = 0.032). 
Blood specimens were collected at the midpoint of treatment (4 weeks 
after the first day of treatment; n = 5) to validate the pre
dictive/prognostic capabilities of our system (Fig. 6c and d). The num
ber of CTCs decreased from 22 to 14 CTCs/mL after four weeks of 
treatment (36% decrease) in patient #08 (P08), who showed a complete 
response at week 18. However, the number of CTCs decreased by only 
21% (from 33 CTCs/mL to 26 CTCs/mL at week 4) for P02, who attained 
stable disease after 12 weeks of treatment with ipilimumab-nivolumab. 
In contrast, three patients (P01, P04, and P05) with progressive disease 
after ICI treatment showed an increase or no marked change (<10% 
decrease) in the CTC count. For aPD-L1-PEG, the changes in the CTC 
count were found to be unrelated to the treatment response. 

pPD-1G-PEG also outperformed aPD-L1-PEG in isolating exosomes 
from human plasma. Compared to the PEGylated surface, the pPD-1G- 
PEG surface detected 1.63-fold more exosomes from patients with 
nonrecurrent tumors (at baseline) and 26% fewer exosomes from 
healthy donor samples (p = 0.018) (Fig. 6e). For aPD-L1-PEG, the dif
ference was less pronounced, with only a 1.05-fold increase and 34% 
decrease in the number of exosomes detected in patient and healthy 
donor samples, respectively (p = 0.051). Notably, for healthy donor 
samples, less exosomes were detected by both the pPD-1G-PEG and aPD- 
L1-PEG surfaces than by the PEGylated surface, since the peptides or 
antibodies functionalized on the surfaces spatially block nonspecific 

adsorption of serum proteins. We also found that the pPD-1G-PEG sur
face detected significantly greater number of exosomes from the patients 
with tumor recurrence (P13 and P15) (Table S1), an effect that was not 
observed on the aPD-L1-PEG surface. Collectively, these results 
demonstrated the potential for our peptide-based system to be utilized as 
a diagnostic/prognostic tool for cancer immunotherapy. However, it 
should be noted that our results using a small number of patients are 
encouraging but not conclusive. Additional studies based on a larger 
cohort are currently ongoing, and we are trying to expand our study to 
analyze the treatment response to various immunotherapies, which 
should provide more statistically significant data in the future. 

4. Discussion 

In this study, we integrated three novel engineering strategies to 
utilize PD-L1-targeting peptides as capture agents for isolating PD-L1- 
expressing CTCs and exosomes. The optimized peptide sequence on a 
glass epoxy substrate revealed great potential as a capture agent for the 
effective detection and isolation of both PD-L1-expressing CTCs and 
exosomes. Compared to the aPD-L1-PEG surface, the pPD-1G-PEG sur
face demonstrated increases of ~1.9-fold and ~1.5-fold in the capture of 
PD-L1-expressing CTCs and exosomes, respectively, from patients’ 
baseline samples. Considering that peptides utilized for liquid biopsy 
assays typically exhibit weaker binding or lower specificity than their 
antibody counterparts, our results are surprising (Bai et al., 2014; Liu 
et al., 2017; Peng et al., 2017). Our engineered pPD-1G-PEG surface 

Fig. 6. CTCs and exosomes isolated from human blood samples using surface-immobilized pPD-1G-PEG and aPD-L1-PEG: a) Representative IHC images of the 
captured CTCs stained for CK (red), for CD45 (green), and with DAPI (blue). b) Diagnostic value of CTCs captured on the pPD-1G-PEG and aPD-L1-PEG surfaces, as 
demonstrated by comparing the number of CTCs detected in baseline samples from eight patients (P01, P02, P03, P04, P05, P07, P08, and P09) and samples from 
healthy donors. c) Computed tomography (CT) and positron emission tomography/magnetic resonance imaging (PET/MRI) scans obtained at baseline and post- 
treatment (3–4 months after the first day of treatment) for P01, P02, and P08. d) Pilot study results for differences in the CTC count in 5 patients treated with 
immunotherapy. Changes in the CTC count were analyzed during immunotherapy. e) Diagnostic value of exosomes captured on the pPD-1G-PEG and aPD-L1-PEG 
surfaces. Statistical analysis was conducted by comparing the amount of exosomal proteins detected in samples from six patients with nonrecurrent tumors at 
baseline (P07, P08, P09, P10, P14, and P16) and three healthy donors. 
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captured more PD-L1+ cancer cells than the aPD-L1-PEG surface, a result 
attributed to differences in structural/modular properties between the 
two molecules. The novel peptide engineering strategies used in this 
study enabled the small peptides to be densely immobilized on the 
capture surface with their orientations controlled to face the target 
proteins, whereas large antibodies are sparsely distributed on the 
functionalized surface in a pseudorandom orientation. Due to this 
random orientation, antibodies immobilized on a solid surface typically 
exhibit a lower binding capacity than those in solution, as reported 
elsewhere (Choi et al., 2005). Many attempts have been made to control 
the orientation of antibodies, for example, leveraging intermediate 
proteins or modifying the specific regions that do not directly participate 
in binding interactions (Wu et al., 2004). Although these strategies could 
potentially be applied to improve the capture of CTCs and exosomes on 
antibody-immobilized surfaces, they generally require additional 
chemical/biological modifications that may unnecessarily increase the 
complexity of surface preparation. 

Using AFM, we found that the pPD-1G-PEG surface exploits multi
valent interactions more efficiently and forms stronger interactions with 
PD-L1-expressing cancer cells (or exosomes). Specifically, multivalent 
interactions were identified by counting the number of discrete disso
ciation events on FD curves (Fig. S17). (Poellmann et al., 2020) More of 
the FD curves for the pPD-1G-PEG surface contained multiple rupture 
events than those for the aPD-L1-PEG surface (45.4% vs. 34.5%). These 
events enhanced the adhesion of the PD-L1-immobilized probe to the 
pPD-1G-PEG surface compared to the aPD-L1-PEG surface (Figs. 4 and 
S10), which was translated into highly -sensitive capture of 
PD-L1-expressing CTCs and exosomes. 

In addition to the high sensitivity for isolating PD-L1-expressing 
tumor biomarkers, pPD-1G also demonstrated high selectivity toward 
PD-L1. As described from in vitro assays, the capture efficiencies of both 
cancer cells and cell-derived exosomes were strongly associated with 
their surface PD-L1 expression (Figs. 4 and 5). As a result, the capture 
efficiencies of each cell line and exosomes derived from each of these 
cell lines were strongly correlated with one another (Fig. S18). This 
strong correlation was also observed in the clinical samples (Fig. S19), as 
the number of CTCs and the amount of exosomes captured on the pPD- 
1G-PEG surface exhibited a Pearson correlation coefficient (R) of 0.826 
(p = 0.012). Such a correlation was also found for the CTCs and exo
somes captured on the aPD-L1-PEG surface, but the result was less sig
nificant (R = 0.571; p = 0.189). These findings revealed that our system 
facilitates the highly selective isolation of PD-L1-expressing CTCs/ 
exosomes. 

The clinical accuracy of our system can be further improved by 
combining the two biomarkers. We established a bimodal CTC/exosome 
score (Zbimode) by calculating the sum of the normalized CTC counts 
(ZCTC) and exosome expression levels (ZExo) from the cohort whose 
samples were processed using the same pPD-1G-PEG surface for both 
CTCs and exosomes. As demonstrated in Fig. S20, Zbimode exhibited a 
higher statistical significance (p = 0.009) than both ZCTC (p = 0.043) 
and ZExo (p = 0.013) for differentiating cancer patients from healthy 
donors. This pattern was also pronounced for the aPD-L1-PEG surface, as 
Zbimode (p = 0.044) outperformed both single tumor biomarkers (p >
0.100) in detecting cancer patients. Although one can argue that our 
result was obtained from only a small number of clinical samples, 
accumulating evidence in the literature also indicates that combined 
analysis of two or more tumor biomarkers enhances the diagnostic 
capability of liquid biopsy assays (Bu et al. 2019, 2021; Lee et al., 2022). 

In addition, our engineered peptides can be utilized to facilitate the 
isolation of other liquid biopsy biomarkers, such as serum PD-L1 pro
teins. Y. Xing et al. developed novel paper-based biosensors for detecting 
PD-1 and PD-L1 proteins in human serum and demonstrated the po
tential clinical use of these serum antigens to help tailor ICIs for patient 
treatment (Xing et al. 2021, 2022). Our peptides can also be applied as 
receptors for these sensors and enhance the isolation of serum PD-L1 
proteins. Trimodal analysis of CTCs, exosomes, and serum proteins 

may provide an even more reliable and robust indication of patients’ 
responses to immunotherapy. 

Another advantage of utilizing peptides as capture agents is that 
unstructured, short peptides generally have better thermodynamic sta
bility than antibodies. After 20 min of incubation at 80 ◦C, the aPD-L1- 
PEG surface lost its PD-L1-targeting function, as the percentage of 
retained 786-O cells decreased from ~88% to ~13% (p < 0.001) 
(Fig. S10). In contrast, a high retention efficiency was maintained on the 
heat-treated pPD-1G-PEG surface (~96%; p = 0.975). The pPD-1G-PEG 
surface also demonstrated resistance to enzymatic degradation better 
than or similar to that of the aPD-L1-PEG surface. After 20 min of in
cubation of the aPD-L1-PEG surface with proteinase K, the percentage of 
retained 786-O cells decreased to ~50% at RT (p = 0.005) and ~35% at 
37 ◦C (p < 0.001). In contrast, proteinase K did not strongly affect the 
cell adhesion property of the pPD-1G-PEG surface (p > 0.191). However, 
trypsin decreased the retention percentage by ~79% and ~35% for the 
pPD-1G-PEG surface at RT and 37 ◦C, respectively, similar to its effect on 
the aPD-L1-PEG surface (~80% at RT and ~33% at 37 ◦C). It should also 
be noted that there are only a few enzymes that can cleave our PD-L1- 
targeting peptides compared to large antibodies (i.e., human immuno
globulins) (Table S2). Specifically, since in pPD-1G, the biologically 
redundant CAARs in pPD-1S are substituted with glycine residues, pPD- 
1G peptides have even fewer cleavage sites than pPD-1S and pPD-1T 
peptides. These findings reveal that our newly developed peptides can 
potentially be employed not only for CTC and exosome capture but also 
in other therapeutic and biomedical applications. 

5. Conclusion 

Estimation and/or monitoring of therapeutic responses to immuno
therapy has been challenging, primarily due to the lack of real-time 
biomarkers for treatment responses. To address this issue, this study 
evaluated and integrated multiple peptide engineering strategies that 
enhanced the binding avidity and specificity of pPD-1 peptides. First, 
PEG linkers were employed as spacers between the glass substrate and 
the peptides, which reduced the nonspecific adsorption of PD-L1Negative 

Jurkat cells by ~63%. Next, we investigated the effect of peptide folding 
on the capture of PD-L1-expressing cancer cells by modulating the 
PEGylation sites in the peptide. AFM analysis and in vitro assays sug
gested that the partially folded pPD-1T-PEG exhibits higher off-rate ki
netics, whereas the unstructured pPD-1S-PEG shows a faster association 
with PD-L1. The faster association was determined to be more effective 
for capturing PD-L1-expressing cancer cells, as the capture efficiency for 
786-O cells was ~1.6-fold higher on the pPD-1S-PEG surface. Finally, 
the removal of CAARs that are unnecessary for PD-L1 binding further 
reduced the nonspecific capture of Jurkat cells by ~43%. In vitro assays 
revealed that the optimized pPD-1 (pPD-1G-PEG) configuration on the 
glass surface captured PD-L1-expressing cancer cells and tumor-derived 
exosomes with markedly higher efficiency than the aPD-L1-PEG surface. 
This was translated into highly sensitive capture of CTCs and exosomes 
from human blood samples, although additional clinical studies with a 
larger cohort are obviously necessary to draw more solid conclusions 
regarding the clinical utility of our system. However, our new system 
with high sensitivity and selectivity toward a specific protein (PD-L1) 
may clarify the correlation of these two biomarkers with clinical 
outcome, which would enable the development of a highly accurate 
bimodal liquid biopsy system for evaluating the response to cancer 
immunotherapy. 
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