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Significance

Immunotherapy by immune 
checkpoint inhibitors, e.g., PD-1/
PD-L1 inhibitors, is now 
recognized as one of the most 
promising treatment modalities 
for solid tumors. However, clinical 
efficacy prediction based on 
PD-L1 expression in tumor tissues 
is currently imprecise and lacks 
the capability for real-time 
monitoring. Here, we describe a 
unique nanoplatform for in situ 
intracellular detection of 
expression of PD-L1 RNA, which is 
combined with in vitro cellular 
behavior analysis, to enable better 
prediction of efficacy of treatment 
of cancer in patients. By using a 5 
mL blood sample, the system 
generates analytical outputs that, 
when combined, provide an index 
that enables quantitative and 
more accurate prediction of the 
outcomes of patients under 
immunotherapeutic treatment, 
when compared to 
traditional biopsy.
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Accurate prediction of the efficacy of immunotherapy for cancer patients through the 
characterization of both genetic and phenotypic heterogeneity in individual patient cells 
holds great promise in informing targeted treatments, and ultimately in improving care 
pathways and clinical outcomes. Here, we describe the nanoplatform for interrogating 
living cell host-gene and (micro-)environment (NICHE) relationships, that integrates 
micro- and nanofluidics to enable highly efficient capture of circulating tumor cells 
(CTCs) from blood samples. The platform uses a unique nanopore-enhanced electrode-
livery system that efficiently and rapidly integrates stable multichannel fluorescence 
probes into living CTCs for in  situ quantification of target gene expression, while 
on-chip coculturing of CTCs with immune cells allows for the real-time correlative 
quantification of their phenotypic heterogeneities in response to immune checkpoint 
inhibitors (ICI). The NICHE microfluidic device provides a unique ability to perform 
both gene expression and phenotypic analysis on the same single cells in situ, allowing 
us to generate a predictive index for screening patients who could benefit from ICI. This 
index, which simultaneously integrates the heterogeneity of single cellular responses for 
both gene expression and phenotype, was validated by clinically tracing 80 non–small 
cell lung cancer patients, demonstrating significantly higher AUC (area under the curve) 
(0.906) than current clinical reference for immunotherapy prediction.

microfluidics | single cell | circulating tumor cells | immunotherapy | prediction

Immunotherapy by immune checkpoint inhibitors (ICI), including PD-1/PD-L1 inhib-
itors, is recognized as one of the most promising treatment modalities for solid tumors 
(1). However, only a minority of patients benefit from ICI treatment, and an increasing 
body of evidence has suggested that using a single biomarker in tumor tissue, such as 
PD-L1 expression, cannot accurately predict the response to PD-1/PD-L1 inhibitors, 
limiting the effectiveness rate to 40 to 60% (2, 3). In addition, current clinical practice, 
using localized sampling and an endpoint analysis strategy, often falls short of providing 
sufficiently granular spatiotemporal information to enable the accurate evaluation of 
underlying intratumor heterogeneity, resulting in a less well-understood knowledge of the 
cellular responses in tumorigenesis and immunotherapy (4).

Liquid biopsy based on circulating tumor cells (CTCs) has emerged as an alternative 
approach, enabling dynamic monitoring throughout the course of treatment (5). Due to 
the limited number of CTCs in blood (1 to 20 CTCs/mL) and their high heterogeneities, 
clinical success in CTC-based diagnosis has a heavy dependence on the technologies for 
both cell capture and detection (6). For CTC capture, microfluidic-based techniques have 
demonstrated the advantages of easy operation, high throughput, and automation (7).

Current techniques can also be classified into two categories depending on the strategy 
for identifying CTCs, either involving those based upon membrane protein markers 
[where CTCs or leukocytes are specifically separated by magnetic nanoparticles modified 
with recognition tools such as antibodies (8)]; or those based upon the differences in 
physical characteristics between CTCs and leukocytes [using differences in size and 
deformability to enable label-free separation in the microfluidic chips (9, 10)]. In both 
cases, due to the variability of CTCs, the enrichment efficiency in cell capture is reduced 
(11). By using a combination of membrane markers and physical characteristics, it is 
proposed that it is possible to significantly increase capture efficiency by reducing the loss 
of heterogeneous CTCs (12).

For genetic analysis of CTCs, single-cell sequencing technologies enable understanding 
in-depth genetic features such as specific gene expressions and gene mutations (13). 
Analysis of key proteins using immunofluorescence staining is also commonly used (14). 
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In one example, CTCs isolated by a size-based vortex chip were 
stained with fluorescent antibodies to quantify the PD-L1 protein 
expression, enabling the identification of patients that are highly 
responsive to immunotherapy (15).

Notwithstanding these examples, current methods of genetic 
or protein analysis are typically based on dead CTCs, which results 
in challenges to comprehensively analyze cellular heterogeneities 
around both gene expression and cancer cell behaviors (6, 11). 
Clinical practice has yet to validate evidence for the impact of such 
techniques on improving its accuracy in prediction in cancer 
immunotherapy (16).

In this study, we introduce a Nanoplatform for Interrogating 
living Cell Host-gene and (micro-) Environment (NICHE) as a 
microfluidics approach, based upon magnetic cell removal and “bag-
atelle traps,” for the highly efficient capture of CTCs from blood 
samples. The platform also integrates a unique nanopore-enhanced 
electrodelivery technique that generates safe and efficient cell per-
foration, and rapidly transports a DNA tetrahedron (DNAT) fluo-
rescence probe for real-time in situ quantification of mRNA in the 
living CTCs. On-chip coculture of CTCs and T cells further allows 
for real-time analysis of cellular proliferation and phenotype alter-
ation in response to treatment, while correlating responses to gene 
expression heterogeneity.

We demonstrate the platform’s capabilities of capturing CTCs 
and characterizing both their genotype and phenotype, with the 
technique validated in a study involving 80 non–small cell lung 
cancer (NSCLC) patients. Based upon PD-L1 expression and 
CTC phenotype, we defined a NICHE index for predicting 
immunotherapy efficacy in cancer patients. Analysis of outcomes 
for the cancer patients was used to validate the effectiveness of the 
NICHE index, demonstrating significantly higher AUC (0.906) 
than the current clinical standard reference method of using the 
tumor proportion score (TPS) calculated based on PD-L1 expres-
sion of tumor tissue (AUC=0.578) in predicting immunotherapy 
efficacy.

Results

Design and Functionalities of NICHE. We have previously designed 
microfluidic single-cell traps and developed understanding of the 
flow and geometric conditions to realize high trapping efficiencies 
as well as optimizing optical signal collection for understanding 
the treatment of cancers in blood (17–19). Building upon this 
experience, the NICHE platform was designed for on-chip real-
time quantification of PD-L1 expression in living single CTCs 
from patients’ liquid biopsies, as well as for correlating phenotypic 
behaviors against immune cells, to provide precise, granular 
spatiotemporal information for the prediction of immunotherapy 
in NSCLC patients, with the clinical workflow illustrated in 
Fig. 1A.

The integrated platform comprises three zones formed by the 
assembly of associated functional layers, including those for WBC 
removal, CTC capture, and CTC analysis with a nanopore film, 
a probe reservoir, and a bottom electrode (Fig. 1B and SI Appendix, 
Fig. S1A). Collected from the blood of NSCLC patients, the 
peripheral blood mononuclear cells (PBMCs) were preincubated 
with anti-CD45 antibody modified with magnetic beads 
(CD45-MBs) and were injected through the sample inlet, into 
Zone 1 (Fig. 1C), located on the upper WBC-Removal Layer. A 
cross-shaped microfluidic channel was designed for separating 
white blood cells (WBCs) from the CTCs. The WBCs specifically 
labeled with CD45-MBs were deflected across the cell-flow chan-
nel where a magnet was placed to remove the WBCs in WBCs 
outlet 1.

These CTCs, together with any WBCs missed in Zone 1, keep 
their original flow trajectory until they reach Zone 2, fabricated 
on the CTC-Capture Layer, where CTCs are retained in a baga-
telle array (Fig. 1D), comprising three tiers of arch-shaped micro-
fluidic cell traps. To guarantee high capture efficiency, the sizes of 
entrance (EN) and exit (EX) of the traps were designed with con-
sideration for the size heterogeneity of CTCs. The remaining 
WBCs whose sizes are smaller than the exit of the traps pass 
through and flow to WBCs outlet 2. The captured CTCs settle 
in situ on a nanopore film of the CTC-Analysis Layer (Zone 3) 
aligned with the traps, that form a “cell-nanopore” juxtaposed 
configuration. This was used to deliver probes intracellularly for 
measuring target mRNAs in living CTCs, assisted with a pulsed 
electric field (Fig. 1E) (20, 21).

The unique “nanopore-enhanced electrodelivery” (NEED) 
technique enabled high-efficiency transport of fluorescence probes 
across the cell membrane, which has been experimentally and 
numerically validated in this work. We designed a tetrahedron 
(DNAT) probe with a molecular structure tailored to maintain 
its stability against DNA-degrading enzymes in the cytosol 
(Fig. 1F). The DNAT probes used three fluorescence detection 
channels, providing stable internal reference for precise quantifi-
cation of target mRNA (e.g., PD-L1) expression and CTC iden-
tification at the single-cell level. Subsequently, NICHE was used 
for coculturing the captured CTCs with immune cells (e.g., T 
cells), for analysis of cellular responses (e.g., phenotype alteration, 
proliferation) in response to ICI (Fig. 1G), combined into a spe-
cific NICHE index that stems from PD-L1 and phenotype het-
erogeneities within the CTCs (Fig. 1H).

NICHE for Efficient Capture and Quantifying PD-L1 mRNAs in 
Living Cells. To quantify the ability of NICHE to eliminate WBCs 
from CTCs, we designed a model experiment using Jurkat T cells 
(lymphocytic leukemia cell line) as a proxy for WBCs, and two 
human lung cancer cell lines (A549 and HCC827) that have 
been widely used as CTC-mimic in lung cancer research (22, 23). 
On the WBC-Removal Layer, the WBCs (labeled with CD-45 
MBs) were magnetically deflected from the original flow direction, 
while CTCs maintained their original trajectory toward Zone 2 
(CTC-Capture Layer), enabling separation (SI Appendix, Fig. S1 
B–D and Movies S1–S3). The cell flow rate was also optimized at 
80 μL/min, to shorten the removal time without impacting the 
efficiency of separation, for which >93% of T cells, labeled with 
>10 CD45-MBs per cell, were removed (SI Appendix, Fig. S1 E 
and F). Considering the diameters of CTCs, which vary between 
8 μm and 18 μm (8), we fabricated three tiers of bagatelle cell 
trap arrays in Zone 2 along the flow direction, with a gradually 
reduced ratio of EN/EX, i.e., 28 μm/18 μm; 20 μm/10 μm; 14 
μm/8 μm (SI Appendix, Fig. S2A).

Numerical analysis indicated that the arch-shaped trap modified 
the flow velocity and shape, enabling cell capture (SI Appendix, 
Fig. S2 B–H). Each tier was interleaved row-by-row, significantly 
reducing the possibility of cells clogging in front of the trap, and 
further facilitating the removal of remaining WBCs missed in 
Zone 1 (SI Appendix, Fig. S2 I and J and Movie S4). Statistically, 
the platform displayed highly efficient (~95%) on-chip CTC cap-
ture (SI Appendix, Fig. S2 K and L), as well as a high recovery rate 
(>70%) in the blood-mimetic samples, for various staring CTC 
numbers, from 500 down to 10 cells/mL (SI Appendix, Fig. S2M) 
(24, 25).

On the CTC-Analysis Layer, the living CTCs captured by the 
microfluidic cell trap arrays were interrogated in situ with a 
single-cell resolution. For precise quantification of PD-L1 expres-
sion, we designed a DNAT probe that possessed three detection 
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channels, simultaneously identifying PD-L1 mRNA, GAPDH 
mRNA, as a housekeeper control and a reference for normalizing 
the fluorescence intensities among different cells (Fig. 2A and 
SI Appendix, Fig. S3 A–D), and CK (cytokeratin) mRNA that 
was used to distinguish CTCs (24, 25). The DNAT probe was 
formed through self-assembly with seven DNA sequences (i.e., 
T1, T2, T3, T4, P1, P2, and P3; SI Appendix, Table S1). The 
sequence T1, T2, T3, and T4 constitute a tetrahedral structure, 
which demonstrated a significantly higher resistance against 
DNA-degrading enzymes than conventional probes due to the 
steric hindrance for binding of endonucleases (SI Appendix, 
Fig. S4 A and B) (26). The sequence P1, P2, and P3 were prela-
beled with fluorophores FAM (green), Cy3 (yellow), and Cy5 
(red), with each being quenched by a corresponding fluorescence 
quenching group on the 5′ end of sequence T1, T2, and T3. After 
probe hybridization, the fluorescence intensities of the three chan-
nels (FAM, Cy3, and Cy5) were significantly decreased, indicating 
successful pairing (P1-T1, P2-T2, and P3-T3) (SI Appendix, 
Fig. S4 C–E). However, in the presence of target RNAs, we show 
that the DNATs sequentially demonstrate a rapid response to 
strand displacement (<10 min; SI Appendix, Fig. S4 F–H), high 
sensitivity with good linearity of response in the range between 
100 pM and 100 nM, and a low limit of detection (LOD) of 100 
pM (SI Appendix, Fig. S4 I–K). The probes also showed high 

specificity when challenged simultaneously by three RNA targets 
(Fig. 2B).

We explored different methods for intracellular delivery of 
DNAT probes into CTCs, including passive diffusion or endocy-
tosis, such as simple incubation with a free probe or liposome-based 
delivery, although in all cases they showed limited uptake effi-
ciency (SI Appendix, Fig. S5A). To address this limitation, as well 
as for in situ monitoring of CTCs, we designed the NEED tech-
nique to be carried out on the CTC-Analysis Layer (Fig. 2C). In 
this methodology, the cells were captured by the trap array and 
settled on the nanopore film (pore-size distribution CV = 1.1%; 
pore density 125 ± 5/100 μm2) (SI Appendix, Fig. S5 B and C). 
Under a low voltage (15 V) applied between a top electrode (a 
silver needle) and a bottom indium tin oxide (ITO) electrode, the 
NEED generated a consistent transmembrane potential (1 V to 
6 V) for different cells at the nanopore-cell interface, which ena-
bled efficient electroporation of the cell membrane (SI Appendix, 
Table S2 and Fig. S5 D–I) (27, 28).

As the equivalent resistance of the nanopore is several orders 
of magnitudes greater than the equivalent resistance of the cell 
membrane (29), the majority of the potential drop is applied 
over the two terminals of the nanopores, which drives electro-
phoresis of the surface-charged molecules (i.e., DNAT probes) 
within the nanopore. The DNAT probes are accelerated and 

Fig. 1.   Design and functionality of NICHE. (A) NICHE is designed to interrogate CTCs from peripheral blood as a liquid biopsy, adopting an alternative route 
to the traditional biopsy. (B) NICHE enables removal of WBCs, capturing CTCs, delivery of DNAT probes into living CTCs through the nanopore-enhanced 
electrodelivery (NEED) technique for intracellular mRNA relative quantification, and analysis of CTC behaviors in response to immune cells for immunotherapy 
response prediction. (C) In the WBC-Removal Layer, WBCs are tagged with CD45-MBs and sorted out of the cell-flow channel under an external magnetic field. 
(D) CTCs are subsequently captured on three groups of “bagatelle”-shaped traps in an array, while remaining WBCs pass through the microtraps and flow to 
WBCs outlet 2. (E) Captured CTCs settle on the nanopores where intracellular probe delivery is implemented by NEED under a pulsed electric field. (F) DNAT 
probes are used to quantify PD-L1 expression in living CTCs. (G) CTCs that settled on the nanopores are cocultured with immune T cells under the effect of ICI 
to observe their behavior and response to immune environments. (H) Finally, the efficacy of immunotherapy is evaluated and monitored by detecting PD-L1 
expression and analyzing the behavior of single living CTCs.
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transported into cells from the probe reservoir within several 
seconds (SI Appendix, Fig. S5 J and K and Movie S5). By opti-
mizing the electrical conditions (15 V, 1 ms pulse duration, 150 
pulses) and the probe conditions (60 min incubation, 1 μM), 
we achieved a high and uniform delivery efficiency (95%) 
among each cell while keeping high cell viability (90%) (Fig. 2 
D and E and SI Appendix, Fig. S6 A–F). We also verified that 
NEED does not cause changes in endogenous PD-L1 expression 
(SI Appendix, Fig. S6 G–I). These results, when combined, 
demonstrate that the intracellular signal of DNAT probes was 
increased at least fivefold compared to that delivered by either 
simple incubation or liposome-based delivery (Fig. 2F and 
SI Appendix, Fig. S6 J–L).

To evidence the performance of NICHE in quantifying PD-L1 
expression in living cells, we selected two PD-L1-positive cell lines, 

i.e., human lung cancer cells A549 and HCC827, and one 
PD-L1-negative cell line, i.e., human embryonic kidney cells 
293FT. The PD-L1 fluorescence signals are emitted intracellularly 
(Fig. 2 G and H and SI Appendix, Fig. S7 A–C), with its intensity 
directly proportional to the PD-L1 expression level, as confirmed 
by qRT-PCR (Fig. 2I and SI Appendix, Fig. S7D).

For further confirmation of these outcomes, we used a A549 cell 
that expressed low level of PD-L1 as the cell model to demonstrate 
our ability to detect the up- and downregulation of the PD-L1 
expression using the NICHE platform. We found increased fluo-
rescence intensity of PD-L1 in PD-L1-overexpressed A549 cells 
(A549-PD-L1ꜛ), while a decreased signal in PD-L1-knockdown 
A549 cells (A549-PD-L1ꜜ), thus validating the specificity of the 
DNAT probe for quantifying PD-L1 expression in living cells 
(SI Appendix, Fig. S8 A–E).

Fig. 2.   NICHE for quantifying target mRNA in living cells. (A) A schematic diagram of DNAT probes for detecting three target mRNA. T1, T2, T3, and T4 constitute 
the structural skeleton of the DNAT probe. The 5′ end of T1, T2, and T3 are partially complementary to P1, P2, and P3, respectively. Target 1, GAPDH mRNA. Target 
2, PD-L1 mRNA. Target 3, CK mRNA. (B) The specificity of DNAT probes for detection of three target mRNAs. FAM, Cy3, and Cy5 represent the fluorescence signals 
from P1, P2, and P3, respectively. FI, fluorescent intensity. (C) A cross-sectional view of NEED for delivering DNAT probes into living CTCs. (D) The delivery efficiency 
of NEED and the viability of cells after probe delivery. DNAT probes labeled with FAM dye (without quencher) are delivered into cells for calculating the delivery 
efficiency. Propidium iodide (PI) dye is used to evaluate cell viability. The statistical data are obtained by counting 1,000 cells/chip from three independent assays. 
(E) Fluorescent characterization of probe delivery and cell viability on a compact single-cell trap array (the distance between the two cells is 10 μm). DAPI, blue dye 
for cell nucleus. Calcein AM, green dye, is used to evaluate cell viability. DNAT probe is labeled with Cy5 (without quencher). (Scale bar, 50 μm.) (F) Delivery dose 
of DNAT probes in HCC827 cells (10,000 cells) by NEED, liposome-based delivery, and simple incubation with free probe, using fluorescence intensity obtained 
via flow cytometry. (G) Fluorescent images of cells detected by DNAT probes. (Scale bar, 5 μm.) (H) Ratios of fluorescent intensity from 300 cells detected in three 
separated experiments. Error bars represent the SD. (I) Relative quantification of RNAs detected by qPCR. ΔCt is the difference between the Ct value of PD-L1 
RNA and the Ct value of GAPDH RNA. The value of ΔCt is negatively correlated with target RNA concentration. PD-L1 is not expressed in 293FT cells, and the Ct 
value of PD-L1 is set at 40. ***P-value < 0.001. NS, no significant difference. Error bars in (B), (D), (F), and (I) represent the SD of three independent experiments.
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Further by using normalization based upon GAPDH as a 
house-keeping gene in conventional platforms, we were able to 
define the fluorescent intensity ratio of PD-L1/GAPDH = 0.45 
as the threshold to categorize the subtype of PD-L1high and 
PD-L1low in cancer cells (see details in Materials and Methods). As 
stated, the shape of the DNATs is not only essential for their 
stability in real samples, but also provides the opportunity to mul-
tiplex the analysis. We demonstrated this capability by detecting 
CK mRNA in HCC827 cells (SI Appendix, Fig. S9 A–C), provid-
ing the ability of identifying CTCs from WBCs and increasing 
the robustness of the analysis.

NICHE for Correlative Analysis of PD-L1 Expression and 
Immune-Response. Within tumor microenvironments, cancer 
cells (including CTCs) inhibit the immune response through 
specific interaction with the ligand expressed by the cancer cells 
and the immune checkpoint on immune cells (2). PD-1 and PD-
L1 proteins expressed on T cells and cancer cells act as surface 
receptors to trigger inhibitory signaling to attenuate the T cell 
response. ICI-based therapy exploits these interactions and uses 
antibodies against either PD-L1 or PD-1 to block the specific 
interaction for reinvigorating T cell response (Fig. 3A). However, 
the exact role of PD-L1 expression and its impact upon the 
response of CTCs against immunotherapy, particularly at single-
cell resolution, has not been fully elucidated (11, 30). The success 
of NICHE in real-time in situ quantification of PD-L1 expression 
in living CTCs allows for on-chip observation of the behaviors of 
CTCs in response to immune environments (e.g., T cell attack) 
while correlating these responses to the heterogeneity in PD-L1 
expression.

To validate this, we cocultured the cells, i.e., PD-L1-positive 
cells (HCC827, A549), or PD-L1-negative cells (293FT), with 
immune cells (Jurkat T and HuT-78) using NICHE (31). The 
results showed that the phenotypes of cells do not change after 
the delivery of DNAT probes by NEED (Fig. 3 B and C and 
SI Appendix, Fig. S10A). In the presence of Jurkat T cells, 
PD-L1-positive cells with the addition of PD-1 inhibitors 
(anti-PD-1 antibodies) significantly change the phenotype to 
elongated morphologies (above 100 μm in length) from 24 h 
to 72 h (Fig. 3B and SI Appendix, Fig. S10A and Movies S6–
S8), while PD-L1-negative cells (293FT) retain their native 
phenotype when cocultured with Jurkat T cells, irrespective of 
the PD-1 inhibitor treatment (Fig. 3C). We noted that the 
number of immune cells bound to the tumor cells changes in 
real time, demonstrating a dynamic interaction between these 
two types of cells.

We also evaluated both proliferation rate (PR) and inhibition 
rate (IR), as defined in Materials and Methods, of HCC827 cells, 
A549 cells, and 293FT cells when cocultured with Jurkat T 
cells. The PR and IR between control cells and cells subjected 
to NEED analysis were comparable, demonstrating the negli-
gible effect of NEED on cell behaviors (Fig. 3 D–G and 
SI Appendix, Fig. S10 B and C). HCC827 cells display the low-
est PR and highest IR among all groups under treatment with 
PD-1 inhibitors. However, there is no significant difference in 
cell proliferation among the 293FT groups, with significantly 
lower IR than the PD-L1-positive cells treated with the anti-
bodies (<5% vs. >20%). The Jurkat T cells have negligible effects 
on the PD-L1-negative cells (293FT) in inhibiting cell growth. 
Results based on HuT-78 cell line remain consistent with the 
results based on the Jurkat T cell line, in terms of phenotype 
morphologies, PR and IR in the coculture experiments 
(SI Appendix, Fig. S11 A–G), validating the robustness of our 
findings.

Because the proliferation of PD-L1-positive cells was compro-
mised, to validate the correlation between PD-L1 expression and 
cellular behaviors in response to immune cells, we modified 293FT 
cells to that with low expression of PD-L1 (PD-L1low) and with 
high expression of PD-L1 (PD-L1high), respectively (SI Appendix, 
Fig. S12 A–C). The results indicate neither phenotypic morphol-
ogy change nor significant increased length in the PD-L1-positive 
293 FT cells (SI Appendix, Fig. S12 D and E). Both PR and IR of 
these cells further indicated no significant differences between 
wild-type 293FT cells (PD-L1−) and PD-L1-positive 293 FT cells 
(SI Appendix, Fig. S12 F and G). These results imply that 293FT 
cells did not reverse their phenotype morphologies by forced 
expression of PD-L1 only, which indicated that PD-L1 was not a 
deterministic factor to the morphological change of the cells.

To further confirm this finding, we detected the protein expres-
sion of cells that had undergone phenotypic morphology change 
(HCC827 and A549) by label-free protein mass spectrometry 
and compared them with those of control groups (without 
immune cell coculture), for the specific purpose of screening 
determinants of morphological changes in cells. The results show 
26 up-regulated proteins and 14 down-regulated proteins within 
the cells that underwent phenotypic morphology change 
(SI Appendix, Fig. S13 A–D). However, PD-L1, was not among 
those directly involving regulation, a finding that is consistent 
with other literature reporting that PD-L1 is not directly involved 
in the regulation of cellular morphological changes (32, 33). We 
noted that up-regulated proteins that contribute to the control 
of cell migration and cytoskeleton activity included VIM, 
PLOD2, and MACF1 (34–36). In contrast, down-regulated pro-
teins primarily controlled cell proliferation, for example, SLC3A2, 
ABCC3, and ITGA3 (37–39).

Based on the phenomenon that the cells showed a lengthened 
phenotype, we hypothesized that the change in their phenotype was 
to evade the killing effect of immune cells. In relation to their elon-
gated morphology, this coculture microenvironment would trigger 
epithelial–mesenchymal transition (EMT) that increases cellular 
deformability to facilitate their travel through the organ (32, 40). 
To explore this hypothesis, we measured the expression of both 
epithelial cell markers (E-cadherin and cytokeratin) and mesenchy-
mal cell markers (vimentin and N-cadherin) (SI Appendix, Fig. S14 
A and B). Both western blot and immuno-fluorescent results show 
upregulation of vimentin and N-cadherin and downregulation of 
E-cadherin and cytokeratin in the elongated cells under the attack 
from T cells, as compared to the control. These results indicated 
that the elongated cancer cells may undergo EMT-mediated phe-
notype alteration in response to immune attack.

Furthermore, by comparing the morphology and proliferation 
results among the three types of cells, we found a significant inhi-
bition in the proliferation of the cells that underwent morpholog-
ical elongation (Fig. 3 H–J), which enables the establishment of 
a quantitative threshold to identify the subgroup highly responsive 
to ICI. We therefore used the maximum elongation that could be 
achieved by 293FT cells (a cell line without phenotypic morpho-
logical elongation), as the cutoff value for determining phenotype 
alteration positive cells (PA+, cell elongation fold >1.6).

NICHE for Predicting Efficacy of Immunotherapy. To assess the 
clinical performance of NICHE in predicting the efficacy of 
immunotherapy, we analyzed blood samples from 80 NSCLC 
patients before operative or drug treatment (SI Appendix, Table S3). 
First of all, we validated the capability of the microfluidic cell 
traps to capture living CTCs from clinical blood samples, and 
NICHE’s specificity for in  situ probing of PD-L1 expression 
and CTC identification, which was confirmed by CD45−/CK+ 
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Fig. 3.   NICHE pairs tumor cells and immune T cells to quantify immune-response to PD-1 inhibitor. (A) Schematic of the interaction between tumor cells and 
T cells in coculture. The immune response to the cancer cell expressing PD-L1 is suppressed and can be restored using a PD-1 inhibitor, while it has no impact 
on a PD-L1-negative cell. (B) and (C) Time-lapse images of cocultured cells in a single Regions of Interest (ROI). T cell + PD-1 inhibitor, cells were cocultured with 
Jurkat T cells and PD-1 inhibitor. T cell, cells were cocultured with Jurkat T cells. Control, the cells without coculture with Jurkat T cells. HCC827 cells (B) and 293FT 
cells (C) are stained with DiD dye (Red) for long-term tracking. The blue arrows indicate Jurkat T cells. (Scale bar, 20 μm.) (D) and (E) The proliferation rate (PR) (D) 
and inhibition rate (IR) (E) of HCC827 cells in coculture with Jurkat T cells. (F) and (G) PR (F) and IR (G) of 293FT cells. (H) Amplitude of morphological elongation 
after coculture with Jurkat T cells (blocked with anti-PD-1 antibodies) for 72 h. Three hundred cells are counted in each experiment. (I) and (J) PR (I) and IR (J) of 
cancer cells after coculture with Jurkat T cells (block with anti-PD-1 antibodies) for 72 h. *P-value < 0.05. **P-value < 0.01. ***P-value < 0.001. NS, no significant 
difference. Error bars in (D–G), (I), and (J) are SD of three independent experiments.
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immunostaining (Fig.  4A and SI  Appendix, Fig.  S15A) (25). 
The results also indicate that the cell trap array with different 
sizes enabled efficient capture of the CTCs of different sizes. We 
observed that the CTC number of locally advanced or advanced 
treatment-naïve NSCLC patients clinically defined as stage III to 
IV were significantly higher than that of patients in clinical stage 
I to II (Fig.  4B), confirming previous studies which identified 
CTCs as a marker of aggressiveness (6, 41).

CTCs can also cluster, as assemblies which are composed of several 
cells with a larger size and some specific properties, including high 
metastatic potential (42). Despite their existence, we did not observe 
any in our study of clinical samples from patients. This may be a 
consequence of the design of trap structures, which could not easily 
immobilize CTC clusters. We also note that the level of PD-L1 
expression in CTCs has only a weak correlation to cancer stages 
(Fig. 4C and SI Appendix, Fig. S15B), and that the percentage of 
PD-L1-positive cells in CTCs is higher than the percentage of 
PD-L1-positive cells in tissues in our study. These results are con-
sistent with other literature that describes that the percentage of 
PD-L1-positive cells in CTCs was significantly more than that in 
tissue cells (14, 43), as CTCs are able to survive in immune cell-rich 
peripheral blood, which relies on their specific ability to resist the 
attack of immune cells (2, 16). High PD-L1 expression is a pathway 
known to enable tumor cells to escape the immune response (3, 44).

We next measured the phenotype alteration of the captured 
CTCs under immune environments and observed that 
PD-L1-positive CTCs from 18 of the clinical samples all under-
went distinct phenotype alteration with the introduction of T 
cells, while in other samples, it was only a proportion of 
PD-L1-positive CTCs (Fig. 4 D and E and SI Appendix, Fig. S15 
C–E). These reveal high genetic and phenotypic heterogeneities 
of the CTCs in clinical blood samples. We therefore established 
an indicator, combining genetic and phenotypic heterogeneities 
within CTCs, for predicting a patient’s immunotherapy response. 
As a measure of genetic heterogeneity, we chose to use the pro-
portion of the PD-L1-positive CTCs in a blood sample, and based 
upon the results of cell lines (Fig. 3H), we established a threshold 
(PD-L1high vs. PD-L1low, see Materials and Methods for definition) 
as a precise parameter in compartmenting the heterogeneity. For 
phenotypic heterogeneity, we defined phenotype alteration (meas-
ured as PA+/PA−, see Materials and Methods for definition). When 
using these measures together, we adopted the proportion of 
PD-L1high & PA+ CTCs in blood sample as an indicator (NICHE 
index), then validated its performance in predicting the outcomes 
of the NSCLC patients. For comparison, four other indicators, 
i.e., the proportion of PD-L1+ CTCs, the proportion of PD-L1high 
CTCs, the proportion of PA+ CTCs, and the proportion of 
PD-L1+ & PA+ CTCs, were also measured in parallel.

Out of the 80 diagnosed patients, 35 underwent neoadjuvant 
immunotherapy based on PD-1 inhibitor, and 34 out of 35 success-
fully underwent surgical resection and their therapeutic outcomes 
were recorded by pathological evaluation (pathologic complete 
response, pCR; major pathological remission, MPR; major patho-
logical remission was not achieved, MPR-) (SI Appendix, Table S4). 
In addition, 26 only underwent standard PD-1 inhibitor immuno-
therapy and the therapeutic outcomes of 18 out of 26 were recorded 
by imaging (partial response, PR; stable disease, SD; progressive 
disease, PD) (SI Appendix, Table S5). These two groups of patients 
(comprising 52 patients in total) allowed us to further validate the 
effective prediction of the NICHE index.

In order to predict the efficacy based on the NICHE index, we 
randomly split the patient into a training cohort (n = 26, 
SI Appendix, Table S6) and a validation cohort (n = 26, SI Appendix, 
Table S7). All patients were divided into a High response group 

and a Low response group. For patients receiving resection, accord-
ing to pathological examination, pCR was treated as High response 
and non-pCR (MPR and MPR-) was treated as Low response. 
For those without resection, PR was treated as High response and 
non-PR (SD and PD) were treated as Low response.

In the training cohort, based on the actual therapeutic response, 
the samples were divided into two groups (High response and Low 
response), and then the above five parameters were compared 
separately. The results show that PA+, PD-L1high, PD-L1+ & PA+, 
and NICHE index were able to differentiate the effects of immu-
notherapy, except for PD-L1+ (Fig. 4F). Among all parameters, 
the NICHE index resulted in the most pronounced distinction 
between High response and Low response. Further, we calculated 
the ROC curves for each parameter (Fig. 4G), and found that the 
NICHE index provided the highest Jordon index (0.882) and the 
highest AUC (area under the curve) value (0.935) (Fig. 4H and 
SI Appendix, Table S8).

We next determined the efficacy of each sample in the validation 
cohort based on the optimal thresholds established with the train-
ing cohort to test its validity for clinical prediction. The sensitivity 
and specificity of the NICHE index achieved 87.5 % and 100%, 
respectively (PD-L1+, 100%/10%; PA+, 43.8%/100%; PD-L1high, 
93.8%/70%; PD-L1+ & PA+, 50%/90%) (SI Appendix, Table S9). 
In addition, the NICHE index shows a significantly higher AUC 
(0.906) than TPS (0.578) for the analysis of a subset of 36 patients 
with tissue biopsies from 80 diagnosed patients (SI Appendix, 
Fig. S15F). These results demonstrate the impact of combining 
the genetic heterogeneity (PD-L1high/PD-L1low) and the cellular 
heterogeneity (PA+/PA−) in a single index increased the prediction 
accuracy of cancer immunotherapy.

Clinically, patients undergoing immunotherapy may exhibit 
changes that lead to drug resistance, disease recurrence, or develop-
ment of progressive disease (45). Building upon using the NICHE 
index as a prediction before any treatment, we explored the dynamic 
change of the NICHE index along with the trends of immunotherapy 
outcome over time. Of the 61 patients who underwent immuno-
therapy, we randomly selected 16 patients and tracked their outcomes 
throughout their drug treatment periods as a longitudinal evaluation 
of the index over time (Fig. 5A and SI Appendix, Table S10). The 
number of CTCs in all 16 patients shows a clear reduction after 
treatment (Fig. 5B), as for other studies (6, 46). However, the NICHE 
index provides more nuanced information (Fig. 5C). As discussed 
previously, patients with a high initial NICHE index obtained high 
response (Fig. 5 D and E and SI Appendix, Fig. S16 A–C and 
Table S10), relative to the patient with a low NICHE index (No. 21) 
whose final treatment outcome was clinically evaluated as MPR- 
(Fig. 5 F and G and SI Appendix, Fig. S16D). These results indicate 
a correlation between the initial NICHE index and the therapeutic 
efficacy over time.

Notably, for this latter patient (No. 21) with a poor outcome, 
the NICHE index stayed constant throughout treatment (Fig. 5F), 
while for patient No. 51, the index increased upon treatment. This 
highlights the complexity of cellular responses and Fig. 5D may 
indicate that the NICHE index may be a better parameter for 
monitoring treatment, after the initial diagnostic decision (and 
further emphasizes the importance of monitoring cell heteroge-
neity at both a genetic and phenotypic level, in therapy prediction 
and personalized medicine).

Discussion

Microfluidic technologies have been widely used for the enrichment 
of low-abundance CTCs, and once captured, this has afforded the 
opportunity to explore cell heterogeneity, either through observing 
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Fig. 4.   Evaluation of clinical samples using NICHE. (A) Images of CTCs of different sizes analyzed by NICHE. (Scale bar, 10 μm.) CTC 1, CTC 2, and CTC 3 are 
isolated from the blood sample of patient No. 27. (B) A scatter plot of CTC numbers isolated from 80 NSCLC patients. (C) Ratios of the fluorescent intensity of 
PD-L1 (Cy3 channel) and GAPDH (FAM channel) from individual CTCs obtained from 80 NSCLC patients. (D) Confocal images of cocultured CTCs with Jurkat T cells 
(supplemented with anti-PD-1 antibodies). CTCs are stained with DiD dye (Red) for long-term tracking. The blue arrows indicate Jurkat T cells. (Scale bar (Black), 
10 μm.) (Scale bar (Yellow), 20 μm.) (E) Elongation fold of individual CTCs obtained from 80 NSCLC patients. Each square represents a CTC. (F) Scatterplots of 
different indexes for immunotherapy prediction. High response, patients with the response evaluation of pCR and PR. Low response, patients with the response 
evaluation of MPR, MPR-, SD, and PD. (G) The receiver operating characteristic (ROC) curves comparing NICHE with different indexes. (H) Comparison of AUC 
(area under the curve) among different indexes, including PD-L1+, PD-L1high, PA+, PD-L1+ & PA+, and PD-L1high & PA+. **P-value < 0.01. ***P-value < 0.001. NS, no 
significant difference. Error bars in (B) and (F) are SD of each group’s patient samples.
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the cells’ phenotypic behavior or analyzing their transcriptome by 
direct lysis of captured CTCs (47). The design strategy and func-
tionality of NICHE are different from many microfluidics meth-
ods for CTC detection, enabling us to simultaneously capture 
CTCs, quantify gene expression, and monitor the phenotype of 
the cells in situ in coculture with immune cells (with real-time 
observation of the cell response to immune attack). Using this 
platform, we demonstrate sensitive, specific, and accurate predic-
tion of response to ICI-based therapy in NSCLC patients. In 
contrast to previous methods, there is no need to release cells from 
the device (all analysis is in situ), nor are there complicated ana-
lytical workflows during the genetic analysis (e.g., cell lysis for 
gene extraction and purification), both of which may lead to CTC 
being lost.

Currently, a gold standard is still lacking as a predictor guiding 
ICI treatment. The clinical reference TPS is currently based upon 
PD-L1 expression from a conventional tissue biopsy, with localized 
sampling and endpoint analysis, which do not readily afford the 
opportunity either for continuous sampling and/or for monitoring 
(4). In contrast to such conventional biopsy endpoint-analysis, 
studying CTCs in blood offers the possibility of monitoring ther-
apeutic impacts or prediction, including using multiple markers 
such as PD-L1 and Ki-67 for example (48). Expanding beyond 
molecular markers only, our proposed NICHE index is calculated 
from both phenotypic and genetic data collected using a versatile 
micro- and nanofluidic system which generates real-time, correl-
ative analysis from single living CTCs. This significantly improves 
spatiotemporal precision in understanding the specific behavior 
of individual cancer cells, providing the opportunity to understand 
important clinical phenomena, critical to in-patient care, includ-
ing immune escape and drug resistance.

Systematic analysis highlighted the versatility of the NICHE 
platform, combining the multilayered functional microfluidics 
with magnetic actuation and microfluidic cell trap arrays to 

achieve a high efficiency of WBC removal (>93%) and on-chip 
CTC capture (~95%) in the blood-mimetic samples. These sam-
ples, representative of advanced disease, provide strong confidence 
that the technology will also be able to access the important infor-
mation carried by the very few CTCs present in samples from 
patient at earlier stages (often 1 to 5 CTCs/samples). The stable, 
multichannel fluorescence probes (DNAT) provide real-time, 
precise quantification of mRNAs in living cells, demonstrating 
the capacity to distinguish gene heterogeneity between individual 
cells, while the NEED technique ensures safe, efficient, and rapid 
intracellular delivery of probes for in situ interrogation within 
living cells. The platform allowed us to explore in detail the role 
of ICI and the interplay of gene expression and cell phenotypic 
behaviors within immune environments in a specific lung cancer 
scenario, with important preliminary findings, supported by 
patient data, indicating that the PD-L1 mRNA expression in 
CTCs is not a strong indicator of the cancer stage. We also show 
that the phenotype alteration of CTCs collected from patient 
blood samples behaves in a manner consistent with CTC-mimic 
(cell lines) in response to immune cells, albeit with higher heter-
ogeneity. Although we established the correlation between phe-
notype alteration of CTCs within immune environments with 
patients’ response to ICI-based therapy, the specific mechanism 
at play will require further exploration.

We also demonstrate that the NICHE index changes during 
the course of treatment, thereby providing a dynamic assessment 
of the cancer progression and the efficacy of treatment, with the 
future potential to be used as a predictive indicator to tailor the 
individual treatment. While we emphasize that early detection 
remains the key predictive indicator for survival and treatment 
efficacy, our results demonstrate the great potential for the NICHE 
platform and the associated index as a route to enable precision 
medicine for treating a range of cancers. The NICHE system could 
also in future be used for a wider range of cells as a tool to study 

Fig. 5.   NICHE for monitoring NSCLC patients throughout drug treatment periods. (A) A schematic diagram of treatment process and sampling for monitoring 
cancer progression. (B) The CTC numbers isolated from blood samples of NSCLC patients at different drug treatment periods. T0, T1, T2, and T3 represent the 
period of treatment. High response, patients with the response evaluation of pCR and PR. Low response, patients with the response evaluation of MPR, MPR-, 
SD, and PD. (C) NICHE index determined based on blood samples of NSCLC patients at different drug treatment periods. (D) NICHE indexes and ratios of the 
fluorescent intensity of PD-L1 (Cy3 channel) and GAPDH (FAM channel) for each CTCs isolated from the blood samples of patient No. 51 (D). (E) The CT images 
of patient No. 51 before and after drug treatment. (F) Presents the same data as (D) for patient No. 21, whilst (G) provides the CT images before and after drug 
treatment also for patient No. 21. The red arrows indicate tumor location.
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the effect of the immune microenvironment and reveal further 
regulation mechanisms.

As CTC populations, even from the same patient sample, are 
well known to be highly heterogenous, causing significant varia-
tions in gene expressions and cellular behaviors (11, 45), the 
NICHE index [which considers two important factors (PD-L1 
expression and cell elongation)] could be advantageously combined 
with other parameters or biomarkers to provide more information. 
For example, other liquid biopsy biomarkers such as ctDNA (49) 
and exosomal PD-L1 (50) have recently shown promise in follow-
ing lung cancer patients treated with immunotherapy (2).

In addition, in the scenario where there are a limited number 
of CTCs, such as in early stage of the disease or following effective 
treatment, variations in the characteristics of CTCs may cause 
fluctuations in the efficacy of the NICHE index. SI Appendix, 
Table S3 allows to appraise the accuracy of the index for different 
numbers of CTCs, for the 52 samples that had clinical efficacy 
assessment results (SI Appendix, Tables S6 and S7). A valid 
NICHE index could be obtained for the sample with as few as 
two CTCs present. The accuracy of the index was strong for sam-
ples with more than eight CTCs (>80%), although more samples 
will be required to form a robust conclusion. To achieve a high 
confidence in the NICHE index in predicting patients, taking the 
blood sample more than one more time may increase the numbers 
of CTCs for analysis.

Materials and Methods

Materials. The cell culture medium Dulbecco’s modified Eagle medium (DMEM, 
C11995500BT), RPMI 1640 medium (C11875500BT), streptavidin-modified 
magnetic beads (1 μm), cell membrane dye DiD (V-22887), DiO (V-22886), cell 
nuclear dye DAPI (62247), and fetal bovine serum (FBS, 10099141C) were pur-
chased from Thermo Fisher Scientific. Calcein AM (C2012) was purchased from 
Beyotime. Penicillin-streptomycin (15140-122) and biotin-labeled anti-CD45 
antibody (SAB4700477) were obtained from Sigma-Aldrich. Liposomes (029) 
were purchased from Fluorescence. Density gradient centrifugal fluid (Ficoll-
Paque PREMIUM) was purchased from Cytiva. The DNA sequences and RNA 
sequences were synthesized by Sangon. The polycarbonate nanopore membrane 
(PET117745) was purchased from Wuweikejinxinfa Technology Co., Ltd. Indium 
tin oxide (ITO)–coated glass (thickness, 2 mm. ITO layer, 185 nm.) was purchased 
from Xiangcheng Technology Co., Ltd. The SYLGARD 184 Silicone Elastomer Kit 
(01673921) was purchased from Corning.

DNAT Probe Synthesis. The components of DNAT probes including the 
sequences of T1, T2, T3, T4, P1, P2, and P3 (SI Appendix, Table S1) were respectively 
dissolved in 10 mM Tris-HCl solution containing 5 mM MgCl2 (pH 8), with a final 
concentration of 10 μM for each sequence. The obtained mixture was incubated 
at 95 °C for 5 min and then rapidly cooled down on ice. The structure of DNAT 
probe was verified by 1% agarose gel electrophoresis. For the target detection in 
buffer, the DNAT probes (1 μM) were mixed with the target sequence at 37 °C. 
The fluorescence intensity of the mixture was detected using a microplate reader 
(Spark, Tecan). In the enzymatic digestion experiments, fluorescence intensity 
was detected every 5 min after DNase I (1 U/mL, GD201-01, TransGen Biotech) 
was mixed with the probes.

Fabrication of NICHE Platform. The microfluidic chip was assembled with 
the WBC-Removal Layer, CTC-Capture Layer, nanopore film, probe reservoir, 
and electrodes. The WBC-Removal Layer and CTC-Capture Layer were fabricated 
with standard soft lithography (see SI Appendix for details). The nanopore film 
(10 mm × 20 mm) was prepared with a commercial nanomembrane (nanopore 
diameter, 450 nm). For probe reservoir preparation, channels and chamber were 
punched in a PDMS layer (thickness, 1 mm).

The WBC-Removal Layer, CTC-Capture Layer, probe reservoir, and bottom 
electrodes were assembled by oxygen bonding, and the nanopore film and the 
CTC-Capture Layer were bonded by treating the CTC-Capture layer with an ami-
nosilane, [aminoethylaminopropyl(trimethoxysilane), AEAPS], and then bonded 

to the nanopore film. The bottom ITO-coated glass and silver needle were used 
as electrodes to respectively connect the negative pole and positive pole of the 
electroporation instrument (ECM830, BTX) during probe delivery.

Isolation of CTCs and Gene Relative Quantification. The cell samples (cancer 
cells within PBMCs) were mixed with CD45-MBs (10 μL CD45-MBs/mL cell sample) 
and cultured at 37 °C for 1 h. The samples were injected into the chip from the inlet 
by an injection pump. At the same time, PBS was injected from the buffer inlet. After 
separation with a magnet, the tumor cells and the remaining few WBCs were flown 
into the CTC-Capture Layer. After the tumor cells were trapped in the microfluidic cell 
traps, DNAT probes (1 μM) were injected into the probe reservoir. The needle-like 
electrode was inserted into the chip. The bottom electrode (negative pole) and the 
needle electrode (positive pole) were connected to an electroporation instrument 
for probe delivery. The cells were cultured in culture medium for 1 h. For probe 
delivery by liposome, 1 μM of DNAT probe was mixed with a liposome solution and 
then added into the cell culture medium with the cells for 1 h. For probe delivery 
by incubation, 1 μM of DNAT probe was added into the cell culture medium and 
incubated with the cells for 1 h. The cells were observed by a confocal microscope 
(CISM 100, Sunny). Flow cytometry (NovoCyte, Agilent) was used to determine the 
fluorescence intensity distribution of cells. To evaluate the delivery efficiency, DNAT 
probes that were only labeled with a FAM dye were used. The delivery efficiency was 
calculated based on the following equation:

Delivery efficiency=Number of cells with green fluorescence (FAM)∕

Total number of cells × 100%.

To evaluate the cell viability, propidium iodide (PI, Solarbio) that can only enter 
porated cells was used to stain the cells for 10 min. The cell viability was calculated 
based on the following equation:

Cell viability= (Total number of cells

−Number of cells with red fluorescence (PI))∕

Total number of cells×100%.

Coculture of Tumor Cells and Immune Cells. Before coculture, HCC827 
cells, A549 cells, or 293FT cells were stained with DiD dye (1:100) for 15 min.  
After washing three times, ca. 2,000 cells were dispensed into 96-well plates. 
To stimulate immune cells, phorbol 12-myristate 13-acetate (PMA, 50 ng/mL) 
and ionomycin (1 μM) were added into the culture medium and incubated 
for 48 h (31). After three PBS washes, 5,000 immune cells were added in the 
wells containing HCC827 cells, A549 cells, or 293FT cells. Then, 0.5 μL PD-1 
inhibitor (0.6 mg/mL, Toripalimab, AtaGenix) was added into the correspond-
ing wells. The morphology of HCC827 cells, A549 cells, or 293FT cells were 
recorded after coculture for 24 h, 48 h, and 72 h. In clinical samples, after 
imaging of CTCs, they were stained with DiD membrane dye and washed 
using culture medium. CTCs were then cultured on the chip until adherence. 
The steps for CTC coculture with immune cells were the same as for cell lines. 
The proliferation rate and inhibition rate were calculated by the absorbance 
of HCC827 cells, A549 cells, or 293FT cells (removal of immune cells) which 
were detected by a CCK8 kit (CK04, DOJINDO).

Proliferation rate =
[(

As − Ab
)

∕
(

Ac − Ab
)]

× 100% ,

where As is the absorbance of experimental groups; Ac is the absorbance of each 
group for the first day; Ab is absorbance of blank groups.

Inhibition rate =
[

(Ac − As)∕
(

Ac − Ab
)]

× 100% ,

where As is the absorbance of experimental groups; Ac is the absorbance of the 
control groups for that day (the cells without any treatment in the control groups); 
Ab is absorbance of blank groups.

NICHE Index. The NICHE index is defined as the percentage of the CTC sub-
group showing both PD-L1 high expression (PD-L1high) and clear phenotype 
alteration (PA+) in response to immune cells stimulation, as analyzed on the 
NICHE platform. The threshold for categorizing the subtype of PD-L1high and 
PD-L1low in cancer cells, including CTCs, is defined as the fluorescence intensity 
ratio of PD-L1/GAPDH (internal reference) emitted from DNAT probes within 

http://www.pnas.org/lookup/doi/10.1073/pnas.2315168121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315168121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315168121#supplementary-materials
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each single cell. Based upon the statistical analysis in Fig. 2H, we adopted the 
mean of fluorescent intensity ratio of PD-L1/GAPDH of 300 A549 cells and 300 
HCC827 cells to be the threshold, which is given as 0.45. Within the coculture 
experiment with 293FT, we used 1.6, the maximum elongation that could be 
achieved by 293FT cells (a cell line without phenotypic morphological elonga-
tion), as the cutoff value for determining PA positive CTCs (PA+, cell elongation 
fold > 1.6) and PA negative CTCs (PA−, cell elongation fold ≤ 1.6). The change 
of cell elongation was calculated by dividing the length of the cell at 72 h by 
the length at 24 h. The cell length was defined as the longest path between two 
points on the cell membrane.

Clinical Samples. Peripheral venous blood samples from each NSCLC patient 
were collected at Peking University Cancer Hospital & Institute. This study was 
approved by the Ethics Committee of Peking University Cancer Hospital & 
Institute (Institutional Review Board reference 2022KT45). Before sampling, 
each patient provided written informed consent (SI Appendix, Supplementary 
Methods).

Data Analysis. The flow rate distribution and electric field distribution were 
simulated by COMSOL software (COMSOL Multiphysics 5.5), with the model and 
parameters given in SI Appendix, Fig. S5 D and E and Table S2. The SDs were cal-
culated from the data of three independent experiments. For statistical analysis, 
two-sided Student t tests were used to calculate the P-value, with the CI labeled 
in each figure. Sensitivity = TP/(TP+FN). Specificity = TN/(TN+FP) (TP, number 
of true positive samples. TN, number of true negative samples. FP, number of 
false positive samples. FN, number of false negative samples). The raw data are 
displayed in SI Appendix, Table S9. All numerical results were analyzed by Origin 
2017 and GraphPad Prism 8. Images were analyzed using ImageJ (21). The detec-
tion limit is defined as a signal from the test group greater than the blank value 
plus three times the blank error value.

Data, Materials, and Software Availability. Raw data have been deposited 
in research data/Enlighten (51).
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