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Single-cell encoded gene silencing for high-
throughput combinatorial siRNA screening

Feng Guo 1,2,9, Xianglin Ji1,9, Chuxiao Xiong1, Hailiang Sun1, Zhenghua Liang3,
Richard Yan-Do1,2, Baowen Gai4, Feng Gao 4, Linfeng Huang 5, Zhongping Li6,
Becki Yi Kuang3 & Peng Shi 1,2,7,8

The use of combinatorial siRNAs shows great promise for drug discovery, but
the identification of safe and effective siRNA combinations remains challen-
ging. Here, we develop a massively multiplexed technology for systematic
screening of siRNA-based cocktail therapeutics. We employ composite micro-
carriers that are responsive to near infrared light andmagnetic field to achieve
photoporation-facilitated siRNA transfection to individual cells. Thus, rando-
mized gene silencing by different siRNA formulations can be performed with
high-throughput single-cell-based analyses. For screening anti-cancer siRNA
cocktails, we test more than 1300 siRNA combinations for knocking down
multiple genes related to tumor growth, discovering effective 3-siRNA for-
mulations with an emphasis on the critical role of inhibiting Cyclin D1 and
survivin, along with their complementary targets for synergic efficacy. This
approach enables orders of magnitude reduction in time and cost associated
with largescale siRNA screening, and resolves key insights to siRNA pharma-
cology that are not permissive to existing methods.

Small interfering ribonucleic acids (siRNAs) are short double-stranded
RNA sequences that bind to targeted messenger RNAs (mRNAs) after
being introduced into cell cytoplasm, which action through a process
known as RNA interference (RNAi), causing the targeted mRNA to
break/degrade to stop its translation, thus suppressing gene expres-
sion. Since the discovery of RNAi1 and the demonstration of siRNA in
post-transcriptional gene silencing2,3, there has been tremendous
interest and effort to harness siRNAs for biomedical research and drug
development4. However, for more than two decades, the success of
using siRNA to treat humandiseases has been very limited; thus far, US
Food and Drug Administration (FDA) has approved only five siRNA-
based therapeutics: patisiran, givosiran, lumasiran, inclisiran, and

vutrisiran5. Not only is the delivery of siRNAs to the target cells a
challenge, effective gene silencing by siRNA is also hindered by the
presence of redundant or complementary signal transduction
pathways6, which may diminish the action of a single siRNA and sub-
stantially offset the silencing effects.

To address these issues, researchers have devised strategies that
targetmultiple genes ormodulate both the upstream anddownstream
signaling pathways. For example, simultaneous silencing of Bcl-xl, Bcl-
2, andMcl-1 can potentially be forged as a treatment for breast cancer7;
efficient and durable combinatorial RNAi in vivo was achieved by tar-
geting redundant RAF signaling node in a mouse cancer model8; a
nanovaccine carrying multiple siRNA elements exhibited a synergistic
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antitumor effect compared with single-target therapy9. These studies
promise siRNA combinations for superior therapeutic efficacy in
comparison to single gene silencing approaches. In fact, cocktail
therapy, where three or more anti-retroviral medicines are simulta-
neously prescribed, has been practiced clinically for a long time and
been the most effective anti-HIV treatment10. Likewise, the use of
cocktail siRNAs for multiplexed gene silencing has been explored in
the development of next-generation therapy. Recently, Tieu et al.
showed that combinatorial knockdown screen identifies paired reg-
ulators of CAR T cell function, and multi-gene disruption broadly
enhances the anti-tumor activity of CAR T cells11. Commonly, the
selection of combinatorial siRNAs to form the most effective cocktail
primarily relies on examining the silencing efficacy and safety of
individual siRNAs, which is time-consuming and lacks the information
regarding the synergic or counteractive function among them. If
numerous siRNAs are concerned, it is challenging to screen different
siRNA combinations and to determine the optimal cocktails. A
quantitative, massively multiplexed, and systematic high-throughput
platform technology would be greatly beneficial to enhance the clin-
ical adoption and speed up the development of siRNA-based
therapeutics.

This work aims to address the unmet needs by developing a high-
throughput technology for screening siRNA-based cocktail ther-
apeutics in a massively multiplexed, quantitative, and systematic
manner. Technically, as one of the key innovations, we employ a
multilayer functionalization of hierarchically assembled nano-/micro
composite carriers (Knock-beads), rendering them with responsive-
ness to near infrared light and magnetic field to facilitate
photoporation-induced cellular transfection of RNAs with single cell
encoding capability. In a large population of cultured cells, rando-
mized gene silencing by different siRNA variants is performed, recor-
ded, and analyzed in a highly parallel manner. Our technology is
capable of scaling to screening hundreds or even thousands of siRNA
cocktail formulations in a single well, accelerating the testing of siRNA
cocktails. Such benefits are not just limited to reducing the time and
cost associatedwith siRNA screening by powers ofmagnitude, but also
answer fundamental siRNA questions that are not addressable by
existingmethods. In addition to the technical advancement, as a proof-
of-concept, we first perform a small screen with six cell apoptosis or
cell cycle related siRNAs to test 54 siRNA combinations to seek the
most effective cocktail for inhibiting cancer cell growth. With a cus-
tomized multiplexed encoding strategy, we further demonstrate an
expanded screening involving 20 siRNA target genes and test more
than 1300 cocktail formulations composed of 1, 2, or 3 siRNAs for
combinatorial knockdown of genes related to tumor growth, leading
to the identification of the most effective 3-siRNA combinations as
potential anti-cancer therapeutics with an emphasis on the critical role
of inhibiting Cyclin D1 and survivin, as well as their complementary
gene targets for synergic co-operation. We believe that this study
demonstrates the path to a systematic and high-throughput platform
technology that is greatly useful to accelerate further development of
siRNA-based therapeutics and enhance their clinical adoption.

Results
System design
The system combined nanomaterial sensitized photoporation and
single-cell encoded intracellular delivery of RNAs (scCode-fection),
and was capable of tracing the gene silencing effect in a large number
of single cells by a one or multiple siRNAs (Knock-combo) with a one-
shot assay, thus todetermine thebest combinationby single-cell based
analysis. All the siRNA Knock-combos were applied to the same batch
of cells subject to the same culture and treatment condition, thus
avoiding any biased results. A multilayer functionalization was imple-
mented for the hierarchically assembled nano-/micro composite car-
riers, Knock-beads. By using the multi-functional Knock-beads,

photoporation facilitated intracellular delivery of RNAs could be
tracked with single-cell resolution, and the associated gene silencing
results could also be recorded and analyzed (Fig. 1).

Specifically, a multiscale assembly of micro- and nano- structures
along with a functionalization scheme was developed to fabricate the
Knock-bead with multiple functions, including magnetic controll-
ability for tight cell-bead interfacing, appropriate surface coating for
siRNA loading/off-loading, and responsiveness to near infrared light
(NIR) for photoporation. The microscale core, iron oxide (Fe3O4)
beads, performs 3 functions: (1) a vehicle for siRNA delivery; (2) a
spatially resolvable cellular interface for immobilization on the cell
membrane by a magnetic field; (3) the means for fluorescence
encoding of single-cell gene silencing by different siRNA combina-
tions. For N siRNAs, the total number of possible gene silencing
combinations would be:

Knock� Combo# =CN
1 +CN

2 + . . . . . . +CN
N�2 +CN

N�1 + CN
N ð1Þ

If 6 siRNAs are considered, there are 64 possible cocktail combi-
nations, all of which are tested in a one-shot assay. The tight interface
between the Knock-beads and cells by magnetic force facilitates NIR-
controlled photoporation and intracellular delivery of siRNAs without
the Knock-bead entering cells, which remain on the cell membrane for
later decoding purpose (Fig. 1).

Hierarchical assembly of micro-/nano-structures
As the first key step of the scCode-fection, the establishment of Knock-
bead will enable photoporation-facilitated intracellular delivery of
siRNAs. A Knock-bead was produced by hierarchical assembly of
microscale Fe3O4 core and nanoscale gold (Au) nanorod, which was
achieved by covalent linkage of Au nanorods to the surface of Fe3O4

beads by glutaraldehyde crosslinking (Fig. 2a, b). By our design, the Au
nanorods provide photo-thermal responsiveness to NIR to generate
localized heating; temporarily disrupting the cell membrane and
enable the transfer of exogenous molecules into the cells. The
nanoscale size also allows for precise localization of the NIR energy
transduction and better control over targeted intracellular delivery in
individual single cells12–14. The Fe3O4-Au composite was spherical and
homogeneously dispersed as shown by scanning electron microcopy
(SEM); the Au nanorods were observed to form a rough texture on the
Fe3O4 beads (Fig. 2b). To further prove the successful assembly of the
Au nanorods on the Fe3O4 beads, prior to the Fe3O4-Au crosslinking,
we stained either the Fe3O4 beads or the Au nanorods with a fluor-
escent dye (Alexa-647) for two batches of experiments, and obtained
confocalmicroscopic images after the assembly procedure (Fig. 2c, d).
The results showed different mode of fluorescent patterns as a result
of the differential staining: solid sphere for dyes on Fe3O4 beads and
sporadic puncta for dyes on Au nanorods, suggesting successful and
stable linkage between the two components.

To load siRNA on the Fe3O4-Au composite assembly to form the
functional Knock-beads, the outer layer of the Fe3O4-Au composite is
coated with poly-dimethyl diallyl ammonium chloride (PDDA) to
facilitate the absorption of negatively charged nucleic acids (e.g.
double stranded siRNA, Fig. 2a). Particle analysis clearly showed the
incremental size change of the beads (Fe3O4, Fe3O4-Au, Fe3O4-Au-
PDDA, and Fe3O4-Au-PDDA-siRNA) throughout the functionalization
procedures (Fig. 2e). The addition of Au nanorods resulted in an
increase in diameter from ~2.8μm to ~3.8μm and PDDA coating fur-
ther increased the Knock-beads to ~4.4μm in diameter. After loading
siRNAs, the diameter slightly increased to ~4.5μm. The surface charge
was also changed, the zeta potential for Fe3O4, Fe3O4-Au, Fe3O4-Au-
PDDA, and Fe3O4-Au-PDDA-siRNA was +6mV, +11mV, +24mV and +
12mV, respectively (Fig. 2f, Supplementary Note 1, Supplementary
Fig. 1). The positively charged surface facilitated effective absorption
of negatively charged siRNAs to form the final functional Knock-beads.
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The beads showed a good dispersion in solution to facilitate sub-
sequent homogenous cellular interfacing (Fig. 2g).

Photothermal responsiveness
The wavelength of the laser irradiation plays a crucial role in the gen-
eration of photothermal effect for cellular transfection purpose. We
measured the absorbance spectrum of the Fe3O4-Au-PDDA composite
to assess its response to different wavelengths of light. For the Au
nanorods used in our study, the absorbance peaked at approximately
980nm (Fig. 3a), which could be attributed to the high aspect ratio of
the gold nanorods and indicated a suitable wavelength for subsequent
photoporation15. The additional absorption peak at approximately
510 nm was likely attributed to inter-band electronic transitions16,17.
The tuned responsiveness to 980 nm NIR also ensures good bio-
compatibility and minimal photothermal damage to biological sam-
ples when compared to the use of laser in UV or blueish ranges. Under
NIR irradiation at a power of 0.6W/cm2 (pulse width 16μs), the local
temperature surrounding the Knock-beads reached a temperature
around 45 °C, and prolonged irradiation induced accumulated thermal
effects. The visualization of this photothermal effect was captured and
analyzed using a NIR camera, as presented in Figs. 3b, c. Without the
addition of Knock-beads, the temperature of DI water only exhibited a
slight increase of approximately 3 °C following the same NIR irradia-
tion. These results demonstrate the sensitive response of the Knock-
beads to 980 nm NIR.

For effective gene silencing screening, cell viability is crucial for
unbiased results, especially after the photoporation using the Knock-
beads. 24h following NIR irradiation, we assessed cell viability using
the 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide
(MTT) assay (Fig. 3d). At specified laser power (e.g. 0.6W/cm2) with
varying irradiation times (2, 4, 6, 8, 10, and 12 s), the cell viability was
evaluated to optimize the irradiation parameters. We found that more
than 85% of the cells were viable after an 8 s NIR irradiation at 0.6W/
cm2; longer NIR irradiation of 10 s and 12 s reduced the cell viability to
70% and 55%, respectively. Therefore, NIR irradiation duration was
kept brief ( < 8 s) to avoid anymajor damage or interference to regular
cell function.

Knock-bead mediated loading and release of siRNAs
The efficiency of siRNA loading onto the Knock-beads was assessed by
measuring the decrease in fluorescence of a solution containing pre-
labeled siRNAs following a pull-down assay by the Knock-beads. Our
results suggest that approximately 64.3% of siRNA (2μL, 10μM) was
absorbed by ~8 × 105 beads. Increasing Knock-beads (16 × 105, 24 × 105,
and 32 × 105) tended to deplete the siRNAs from the solution by 66.0%,
73.8% and 80.3% respectively, confirming an efficient siRNA loading on
the Knock-beads by electrostatic interaction (Fig. 3e). As a result of
siRNA binding (up to 80 pmol for 8 × 105 beads), the Knock-beads zeta
potential decreased from 22 ± 0.99mV to 4.71 ± 1.08mV. Further
increasing the siRNA inputs (e.g. 160 pmol) caused the zeta potential

Fig. 1 | Illustration of the scCode-fection technique by using hierarchically
assembled Knock-beads. Fe3O4 beads are combined with Au nanorods and coated
with PDDA, which binds siRNA, to create Knock-beads. The Au layer provides Knock-
beads with photothermal responsiveness, facilitating intracellular delivery of siRNA
through photoporation by 980nm NIR laser. By utilizing a magnetic field, Knock-

beads are immobilized on top of cells, enabling efficient cellular transfection of
siRNAsbyphotoporation and single-cell encodedgene silencing in a large numberof
cells. Through only one-shot assay in a cell culture, more than 1300 siRNA combi-
nations can be simultaneously analyzed to reveal the optimal siRNA therapeutic
cocktail. Created in BioRender. Guo, F. (2024) BioRender.com/l65e561.
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to turn negative (Supplementary Fig. 2), suggesting an overloading
status. In our study, the siRNA was loaded to Knock-beads at an input
of 20 pmol, which is equivalent to 9.8 × 106 molecules per bead. The
loading efficiency did not show any sequence specific variation (Sup-
plementary Fig. 3). Fluorescence images were captured to further
confirm the presenceof RNA loading on the Knock-beads (Fig. 3f, g). In
these images, the Fe3O4-Au core was stained with Alexa-568 (blue),
while the RNA was stained with cy5 (red). The 3D sectioning images
clearly showed that the RNAs were successfully absorbed onto the
surface of the beads (Fig. 3g).

For releasing siRNA from the Knock-beads, it is expected that the
NIR-induced local temperature increase in a Knock-bead disrupts the
van derWaals interactions at the interface of the Fe3O4-Au surface and
PDDA coating, causing the PDDA-siRNA to detach from the Knock-
beads. For the loaded Knock-beads, NIR irradiation of 2–8 s induced a

release of siRNA by 53.5–87% of the pre-loads (Supplementary Fig. 4).
Such releasing profile also showed a good consistency across different
siRNA sequences (Supplementary Fig. 5), thus ensuring the reliability
for later use for high-throughput screening.

Photoporation facilitated intracellular delivery of siRNAs using
Knock-beads
For a tight cellular interfacing between the Knock-beads and cells, a
magnetic field (10 kilo-Gauss caused by Neodymium magnet) was
utilized to strategically position the Knock-beads on individual cells.
The Knock-beadswere used to spatially encode the siRNAdelivery into
contacting cells via photoporation. Upon theoff-loadingof siRNA from
the Knock-beads, beads remained on the cell for later decoding of
gene silencing with single cell resolution. When applied to cultured
A549 cells, we used pulsed NIR irradiation (0.6W/cm2, 16μs pulse

Fig. 2 | Physical characterization ofKnock-beads. a The chemical synthesis route
of Knock-beads. Created in BioRender. Guo, F. (2024) BioRender.com/y59k149.
b SEM images showing the core part of Knock-beads at different scales: Fe3O4-Au
(top, scalebar70μm),Fe3O4beads (middle, scale bar 5μm), andFe3O4-Au (bottom,
scale bar 2μm).c Fluorescence image showing Fe3O4magneticbeads thatwerefirst
labeled with Alexa-647 dye and then conjugated to Au nanorods. Created in
BioRender. Guo, F. (2023) BioRender.com/d92g406. d Fluorescence image show-
ing the Aunanorods thatwere first labeledwith Alexa-647dye and then conjugated

to Fe3O4 magnetic beads. Created in BioRender. Guo, F. (2023) BioRender.com/
d92g406. e Dynamic light scattering results showing the size variation of Fe3O4,
Fe3O4-Au, Fe3O4-Au-PDDA beads and Fe3O4-Au-PDDA-siRNA conjugates (8 × 105

beads, 20pmol siRNA input). fZeta potential analysis of Fe3O4, Fe3O4-Au, Fe3O4-Au-
PDDA beads and Fe3O4-Au-PDDA-siRNA conjugates (8 × 105 beads, 20 pmol siRNA
input). g Fluorescent image of Knock-beads in PBS solution, scale bar 20μm. Three
independent experimentswereconducted (b, c,d,g). Sourcedata are providedas a
Source Data file.
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width, 8 s) to inducephotoporation for intracellular deliveryof siRNAs.
The success was evidenced by the presence of cy5-labeled siRNAs
within the cytoplasmic region (Fig. 4a–g). The intracellular transloca-
tion of siRNA did not vary across different siRNAs (Supplementary
Fig. 6). 5 h after photoporation, the siRNA signal was predominantly
localized within the cytoplasm of the cells, indicating the successful
internalization and intracellular delivery of the siRNAs. (Supplemen-
tary Fig. 7).

To demonstrate Knock-bead encoded siRNA delivery into differ-
ent cells, two types of siRNAs: siRNA-FAM and siRNA-cy5 were sepa-
rately loaded to form two different composites of Knock-beads (KB1-
cy5, KB2-FAM), which were then mixed and introduced to cultured

A549 cells to perform NIR-photoporation with a magnetic field
applied. The encoding of scCode-fection is achieved by discrete dis-
tribution of the Knock-beads over the cells, which are decoded by
fluorescent microscopy of the cell-contacting Knock-beads. The
magnetic force helped to create a tight interface between the Knock-
beads and cells, which was critical for achieving single-cell specificity
of the photoporation-facilitated intracellular delivery of siRNAs. After
the siRNA was off-loaded from the Knock-beads, the beads remained
on cell membrane for later decoding and analysis. For every sample,
images were acquired in large areas to collect sufficient data for sta-
tistical analysis. The identification and segmentation of individual
cells/Knock-beads was automated by using customize developed

Fig. 3 | Photothermal responsiveness and siRNA loading efficiency of Knock-
beads. a UV absorbance spectrum of Au nanorods, Fe3O4, and Fe3O4-Au beads.
b Infrared imaging of the photothermal effect of Knock-beads (top) and DI water
(control, bottom). A 980 nm laser (16μs pulse width) with an intensity of 0.6W/
cm2 was applied for 30 s. c Time—temperature graph of Knock-beads (red) or DI
water (blue)when stimulated by980nm laser.d Impact of differentNIR-irradiation
times (2 s, 4 s, 6 s, 8 s, 10 s, and 12 s) on cell viability 24 h after photoporation with

Knock-beads. Data are presented as the mean ± SD, n = 6, analyzed using unpaired
one-way ANOVA. e Characterization of siRNA loading efficiency of Knock-beads
using prelabeled siRNAs pull-down assay. f The fluorescence distribution of a
siRNA-loaded Knock-bead along the yellow line in panel (g). g 3D fluorescence
images of Knock-beads (blue) loaded with siRNA (red) and the top, left, and front
view. Source data are provided as a Source Data file.
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algorithms (Fig. 4d)18. Interestingly, for the cells in contact with only
KB1-cy5 or KB2-FAM, themajority of the cell population (~90%) showed
correct delivery of the designed cargo siRNA-cy5 (carried by KB1-cy5)
or siRNA-FAM (carried by KB2-FAM), respectively (Fig. 4a–c). For cells
that were interfaced with both KB1-cy5 and KB2-FAM, both siRNA-cy5
and siRNA-FAM were identified in their cytoplasm (Fig. 4e). 3D con-
focal images of the transfected cells further showed that the siRNA-cy5

was inside cytoplasm (Fig. 4f) and the Knock-bead remains in contact
with the outer cell membrane (Fig. 4g). The tight interfacing between
the cell and Knock-beads was critical for the highly specific single-cell-
encoded siRNA delivery, avoiding any analytical error resulted from
the diffused mobility of the Knock-beads. Without the help by the
magnetic field, more than 55% of the cells received the wrong type of
RNAs (Supplementary Fig. 8).
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Randomized single-cell gene silencing
Next, we examined the localized gene-silencing among neighboring
cells that received different species of Knock-beads. We tested two
types of Knock-beads targeting actin (KB-A) and tubulin (KB-T)
respectively, which are mixed and homogenously added to the
population of culture A549 cells to randomize single-cell based gene
silencing (Fig. 4h). Quantitative analysis showed that correct gene-
silencewas successfully achieved in themajority of the cellswith either
actin or tubulin expression effectively suppressed. Importantly,
neighboring cells in contact with different Knock-beads (KB-A or KB-T,
Fig. 4i, j) demonstrate significant suppression of the targeted genes,
highlighting the specificity of the Knock-beads to only the cells in
contact. However, we also observed that silencing actin alonemay also
influence the expression of tubulin, suggesting an interdependence
between the actin and tubulin cytoskeletal networks19.

Additionally, we also performed quantitative PCR (qPCR) to con-
firm the gene-silencing efficacy of different Knock-beads loaded with
siRNAs targeting different genes (actin, tubulin, Bcl-2, survivin, Mcl-1, c-
Myc, Cyclin D1, PLK-1, Supplementary Fig. 9). At the protein level, we
usedwestern blot to show successful knockdown of actin in A549 cells
by using the Knock-beads. For a direct observation with single cell
resolution, we also used the Knock-beads to specifically Knock down
enhanced green fluorescent protein (EGFP) in each individual EGFP-
Hela cells that were in contact with the Knock-beads, and the cells
showed a significant reduction in EGFP fluorescence (Supplementary
Fig. 10, Supplementary Note 2). These results establish the Knock-
beads as a legitimate tool for high-throughput gene silencing with
single-cell addressability, and strongly support the development of
more complex assays to enable screening of combinatorial siRNA
cocktails.

Combinatorial screening of siRNA cocktails
After the development of Knock-bead and the establishment scCode-
fection technique, as a proof-of-concept demonstration, we per-
formed a medium scale siRNA screening for tumor suppressing
cocktails targeting cell cycle and apoptosis pathways. The use of siRNA
in cancer therapy mainly concerns three crucial aspects: carcinogen-
esis, chemotherapeutic resistance, and tumor-host interactions20–24. In
this study, the gene targets for siRNA interference included Bcl-2,
survivin, andMcl-1 on the apoptosis pathway25–27 and c-Myc, Cyclin D1,
and PLK-1 on the cell-cycle pathway28–30. The sequences of the corre-
sponding siRNAs are listed in Supplementary Table 1. Accordingly, 7
types of Knock-beads (6 siRNAs + a blank control without loading
siRNA) were created (Supplementary Table 2, 3, and Supplementary
Fig. 11), which theoretically gave 64 Knock-combos in total (Fig. 5a, b).
For every sample of A549 cell culture, all the siRNAKnock-combowere
tested in one-shot. The gene silencing efficacywasexaminedbyTUNEL
staining (for apoptosis, Fig. 5c) and Edu (for cell proliferation, Fig. 5d),
and was quantitatively analyzed by confocal microscopy. Most of the
cells were affected by multiple Knock-beads ranging from 1 to 6, fol-
lowing a Gaussian-like distribution (Fig. 5e, Supplementary Note 3,
Supplementary Fig. 12). While a small proportion of cells were influ-
enced by more than 4 Knock-beads, the image acquisition was per-
formed to cover a large sample area for collecting sufficient data to

carry out statistical analysis. Before a legitimate screening, the Knock-
beads were tested for safe usage with mammalian cells to rule out the
possibility of any photo-thermal damage thatmight affect cell viability.
Upon NIR irradiation for photoporation of siRNAs, the Knock-bead
induced temperature change does not harm the cells at the experi-
mental conditions that recapitulate our screening parameters (Sup-
plementary Fig. 13). The gene-silencing outcome for 54 Knock-combos
was derived (Fig. 5f, Supplementary Note 4). In general, multiple siR-
NAs were significantly more effective at gene silencing than a single
siRNA. As the number of genes silenced by siRNA transfection
increased, from 1 to a maximum of 5 siRNAs, the cell apoptosis was
increased by 25.80 ± 3.21%, 34.10 ± 1.64%, 45.12 ± 6.37%, 52.45 ± 5.97%
and 55.35 ± 10.04%, respectively (mean±s.d., Fig. 6a). Similarly, cell
proliferation was also inversely correlated with siRNA number, show-
ing an inhibition of proliferation by 16.67 ± 1.41%, 24.71 ± 1.06%,
30.40 ± 5.16%, 40.34 ± 2.39% and 40.64 ± 4.61% as siRNA transfection
increased from 1 to 5 (mean±s.d., Fig. 6b). These findings clearly indi-
cated that multiple synergic siRNAs are significantly more efficient at
inducing the desired gene inhibition and associated cellular responses.
However, it is worth noting that there was only marginal inhibitory
benefit when 4 or more siRNA were simultaneously transfected, sug-
gesting the existence of an optimal siRNA number for a therapeutic
cocktail if the 6 selected genes are to be used for cancer treatment.

It is expected that siRNA interference of apoptosis or cell-cycle
genes would cause mixed effects on both pathways given their close
association in regulating cellular function31,32. Next, our analysis was
oriented to answer whether a combinatory targeting of both path-
ways is more efficient than interfering a single pathway when using
the same number of siRNAs. To compare the silencing efficacy, the
six siRNAs (Bcl-2, survivin,Mcl-1 for apoptosis; c-Myc, Cyclin D1, PLK-1
for cell-cycle) were classified into four groups: single-path or dual-
path using two (single-path-2 vs. dual-path-2) or three (single-path-3
vs. dual-path-3) siRNA conditions (Supplementary Table 4). When
two siRNAwere designed to target both pathways (9 Knock-combos),
the overall silencing efficacy was higher compared to situations
where both siRNAs targeted the same pathway (6 Knock-combos,
31.80 ± 11.84% vs. 35.63 ± 12.66% in apoptosis induction and
23.16 ± 15.02% vs. 26.25 ± 10.53% in proliferation inhibition). Similarly,
targeting both pathways with 3 siRNA (dual-path-3, 9 Knock-combos)
wasmore efficacious than targeting a single pathway (single-path-3, 2
Knock-combos) (38.13 ± 14.32% vs. 45.90 ± 13.44% in apoptosis
induction and 28.50 ± 17.06% vs. 31.40 ± 16.14% in proliferation inhi-
bition, Fig. 6d, e). If all the Knock-combos of 2 or 3 siRNAs were
grouped together for analysis, dual pathway silencing still wins for
better anti-tumor efficacy (Supplementary Fig. 14). These results are
well aligned with previous research reporting that siRNA-based
silencing of a single gene yields limited therapeutic effects8,20, due to
the existence of complex signal transduction networks that are likely
to be complementary or parallel and compensate for the single-gene
silencing effects. Accordingly, the use of siRNA cocktails targeting
multiple disease-related pathways represents an attractive and
robust approach to develop siRNA-based therapeutics.

Based on the screening data, we performed further analysis to
answer whether some siRNAs are more important in constructing an

Fig. 4 | Single-cell encoded siRNA delivery and gene silencing. a–c Intracellular
delivery with a magnetic field, where RNAs are labeled using cy5 (red) and Fam
(green). Red beads are loadedwith RNA-cy5, and green beads are loaded with RNA-
Fam. d Cell segmentation visualized by a customize algorithm. The cell outline was
visualized in different colors to help cell segmentation. e Number of cells cate-
gorized differently in (d): control refers cells without Knock-beads, KB1 refers cells
with KB1 Knock-beads, KB2 refers cells with KB2 cells. f 3D images of Knock-
beads(green) and diffused siRNA(red) and the front and top view. g 3D images of
Knock-beads(green) and cell actin(red) and the front and top view. h Cells treated

with two types of Knock-beads: anti-actin (KB-A, red) and anti-tubulin (KB-T, yel-
low). Actin is labeled in yellow, and tubulin is labeled in blue. iMagnified view of (h)
cells that contacts with different Knock-beads: top-left is control, top-right contacts
with KB-A, bottom-left contacts with KB-T, bottom-right contacts both KB-T and
KB-A. jQuantification of fluorescence intensity for actin and tubulin: control refers
cells without Knock-beads, KB-T refers cells with KB-T Knock-beads, KB-A refers
cells with KB-A Knock-beads. Data are presented as the mean ± SD, n = 5, analyzed
using two-tailed unpaired t test. For panel (a–c, f–h), three independent experi-
ments were conducted. Source data are provided as a Source Data file.
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Fig. 5 | Combinatorial screeningof siRNAcocktails for anti-tumor efficacy. a Six
siRNAs that related to cell apoptosis (survivin, Bcl-2, Mcl-1) and cell cycle (c-Myc,
Cyclin D1, PLK-1) pathway form 64 combinations for relevant gene knock down.
Created in BioRender. Guo, F. (2024) BioRender.com/v53d647. b Combined
fluorescence image showing 7 types of spectrum-coded (Alexa-514, Alexa-568, and
Alexa-647) Knock-beads. Confocal microscopic images showing the staining of
apoptosis (c, TUNEL) or proliferation (d, Edu) markers for gene-silencing pheno-
type in cells treatedwith scCode-fection. TheKnock-beadswereoverlayedwith the
cells. c Fluorescence image of actin (green) and TUNEL (magenta) staining to show
cell apoptosis level. d Fluorescence image of Edu (cyan) staining to show cell
proliferation level. The cell outlines (white) were derived from bright-field images.

e Distribution of the number of Knock-beads on individual cells. f Combinatorial
screening of 54 Knock-combos composed of 6 siRNAs for anti-tumor efficacy. The
siRNA combinations are marked in the gray-shaded table (middle). The bar charts
show the induction of cellular apoptosis (left) or inhibition of cell proliferation
(right) as the result of gene-silencing by correspondent siRNA Knock-combos.
Three rounds of screening were performed. For each knock combo, n > 20 per
round, *P <0.05, **P <0.01, ***P <0.001, analyzed using unpaired one-way ANOVA.
More details about the statistical significance are provided in Supplementary
Table 7. For panel (b–e), three independent experiments were conducted. Source
data are provided as a Source Data file.
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effective siRNA cocktail. Among the six siRNAs (targeting 6 different
genes) examined here, we used a centroid analytical approach to
assess the overall weights of a gene target in the two-dimensional
coordinates of apoptosis induction and proliferation inhibition for all
combinations containing a particular siRNA (Fig. 6f). Interestingly,
while Cyclin D1 is usually categorized as a cell-cycle related gene33,

siRNA inhibition of this target showed the greatest effects on induced
cellular apoptosis (Fig. 6g). In comparison, siRNA inhibition of c-Myc
showed almost equal efficacy on both apoptosis and cell proliferation
related phenotypes. The heatmap of multiple biological replicates
highlights the important role of Cyclin D1 in comparison to the other
siRNA targets. Knock-combos that contain siRNA targeting Cyclin D1

Article https://doi.org/10.1038/s41467-024-53419-7

Nature Communications |         (2024) 15:9985 9

www.nature.com/naturecommunications


showed higher anti-tumor efficacy, characterized by apoptosis induc-
tion and proliferation inhibition. A closer look at the screening results
indicated that themost significant Knock-combowas siRNA-(Cyclin D1,
Bcl-2) for 2-siRNA combos, siRNA-(Cyclin D1, survivin, c-Myc) for
3-siRNA combos (Fig. 6c), emphasizing the critical role of inhibiting
Cyclin D1 in the construction of effective siRNA cocktails as potential
anti-cancer therapeutics.

Expanded large-scale screening
The translational potential of a high-throughput technology relies
heavily on its extendibility for largescale screens. The challenging part
is the phenotypic extraction of the massive number of Knock-combos
in the overall cell population, which requires innovation in the fol-
lowing two aspects: (1) multiplexed encoding siRNA-loaded Knock-
beads; (2) Phenotypic analysis and decoding of Knock-combos in a
large number of cells. For multiplexed encoding, we used a combina-
tory fluorescence labeling of the Knock-beads to substantially increase
the multiplexing throughput by using 5 fluorescent channels. Each
Knock-bead was made with a programmed rainbow fluorescence
composedof 5 differentfluorophores (quantumdot 547, 572, 604, 641,
andAlexafluor 647). For spectrumdigitization,weused 1 todenote the
inclusion and 0 to denote the exclusion of a fluorophore and to
compose a 5-digit spectral code for each Knock-bead variant. In this
way, a 5-channel fluorescent system is expanded to encode 31 Knock-
bead variants (25 – 1 = 31, SupplementaryTable 5, Fig. 15), each ofwhich
can be assigned to a specific siRNA. At the analyticalmicroscopy stage,
the optical spectrum of the Knock-beads was decoded by using a
machine learning algorithm34 (Supplementary Fig. 16). By using this
system, wewere able to demonstrate an expanded screening involving
20 siRNA targets and testedmore than 1300Knock-combos composed
of 1–3 siRNAs for combinatorial knockdown (Fig. 7a). The 20 genes
spread over 6 different cellular pathways: membrane interaction
(5 siRNAs), apoptosis (4 siRNAs), cell cycle (2 siRNAs), DNA repair
(3 siRNAs), drug resistance (1 siRNA), and oncogenesis (5 siRNAs). The
phenotypic induction of cellular apoptosis was analyzed formore than
1300Knock-combos involving 1, 2 or 3 siRNAs targeting a subset of the
20 genes (Fig. 7b).

While the apoptosis level varied among different Knock-combos,
it was clearly observed that multi-pathway knock-down was more
effective than just targeting a single-pathway. Such synergic efficacy
becomes even more evident for 3 siRNA combinations (Fig. 7c), which
is consistent with our observations in previous smaller scale screening
and emphasizes the importance and advantage of our innovation for
high-throughput combinatorial siRNA screening. For all the 1315 siRNA
Knock-combos, K-means clustering analysis was used to discover two
distinct clusters, one of which showed significantly better efficacy for
apoptosis induction (Fig. 7d, e, Supplementary Fig. 17). We then
derived a relative ratio to show the enrichment of individual siRNA in
each cluster (cluster 1, 2), showing the top-6 dominant role of Cyclin
D1, survivin, HER2, Hsp 27, UPAR and GSK 3a for the apoptosis-pro
cluster (cluster 1, Fig. 7f), which are well-represented in the top-2
apoptosis-pro Knock-combos (Supplementary Fig. 18). We then used a
network interaction diagram to analyze the synergic efficacy from
multiple siRNAs (Fig. 7g). As a hub gene,HER2 or Cyclin D1 showed the

most connections to other genes, suggesting the important con-
tributions from siRNAs targeting supplementary genes. On the other
hand, uPAR gene appeared to be the best silencing partner for many
leading siRNA targeting either survivin or HER2. These screening
results provide valuable insights into the construction of combina-
torial siRNAs therapeutics for anti-tumor purpose.

Discussion
Since the discovery of RNAi and the demonstration of siRNA in post-
transcriptional gene silencing, there has been tremendous interest and
effort in harnessing siRNAs for biomedical research and drug devel-
opment. Thus far, the success hasbeen limited.Oneof themajor issues
is that effective gene silencing by siRNA is often hindered by the pre-
sence of complementary or parallel signal transduction pathways,
which may counteract the action of a single siRNA and substantially
offset the therapeutic silencing effects. Alternatively, the use of cock-
tail siRNAs has been suggested as a feasible and promising drug dis-
covery route. However, the identification of themost safe and efficient
siRNA combination remains challenging and a crucial bottleneck. This
study aims to address the problem by developing a high-throughput
technology for screening siRNA-based cocktail therapeutics.

Technically, we employed a multilayer functionalization of hier-
archical assembled nano-/micro composite carriers (Knock-beads)
with responsiveness to NIR and magnetic field, to facilitate
photoporation-induced cellular transfection of siRNAs with single cell
encoding capability. Randomized gene silencing by different siRNA
variants in many cells was performed, recorded, and analyzed in a
highly parallel manner. As one of the key steps of the scCode-fection,
photoporation allows for the temporary permeabilization of cell
membranes by using NIR laser. We believe that the PDDA layer coated
on the surface of the Fe3O4-Au beads plays a critical role for siRNA
loading and release, which is controlled byNIR-induced photo-thermal
effects viamediating the van derWaals interactions35–37. As the loading
procedure, the PDDA layer was used to electrostatically capture siR-
NAs. A temperature increase of just 23 K can lead to a substantial
decrease in van der Waals adhesion force from 106 nN to 28 nN38. In
our system, the temperature of the Knock-beads was changed by gold
nanorod-induced surface plasmon resonance35,39. The local tempera-
ture increase in each Knock-bead disrupts the van der Waals interac-
tions, causing the PDDA-siRNA to detach from the Knock-beads
(Supplementary Fig. 4). The nanoscale size of the gold nanorods also
allows for precise localization of the laser energy and better control
over the size and distribution of the created cell membrane disruption
for intracellular translocation of the siRNAs13,40.

Meanwhile, the backbone of the Knock-beads, microscale Fe3O4

beads can be easily distinguishable in fluorescent imaging to facilitate
later imaging-based decoding of the scCode-fection. The microscale
Knock-beads are unlikely to be internalized by the cells via endocytosis
due to the physical size41. It has been reported that micro-particles
larger than 3μm almost do not enter cells42,43. We believe that leaving
the beads outside a cell would causemuch less interference to cellular
function than the intracellularly delivered ones. Apparently, the
mobility of the Knock-beads fromone cell to another could potentially
cause diffused errors for the screening. Therefore, it is very important

Fig. 6 | Analysis of Knock-combo screening results to optimal siRNA cocktails.
a Effect of siRNA number on the induction of cellular apoptosis. b Effect of siRNA
numbers on the inhibition of cellular proliferation. c Scattered plot showing the
distribution of the knock-combo efficacy classified by the number of siRNAs. The
dotted line (f(x) = x) refers to the total anti-tumor efficacy with equal weight of
cellular apoptosis and proliferation in determining the final efficacy. Comparison
between single or dual pathway gene silencing by different Knock-combos com-
posed of 3 (d) or 2 (e) siRNAs. The black dots indicate the measurements from
individual cells. f Centroid distribution illustrating the apoptosis induction and
proliferation inhibition efficacy of Knock-combos containing specific siRNA.

g Heatmap showing the apoptosis induction and proliferation inhibition efficacy
for Knock-combos containing specific siRNA. The color index indicates the Z-score
normalized phenotype quantification. Three rounds of screening were performed.
For each knock combo, n > 20 per round. For panel (a, b), the data was analyzed
using unpaired one-way ANOVA; for panel (d, e), the data was analyzed using non-
parametricMann–Whitney test. For the boxplots (a, b, d, e), the black dots indicate
an overlay of individual data points, each box indicates the first quartile, median,
third quartile of the data, the whisker limit is 1.5 times the interquartile range.
Source data are provided as a Source Data file.
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Fig. 7 | Expandedscreeningof 1315Knock-combos composedof 1, 2, or3 siRNAs
targeting 20 genes. a A set of 20 siRNAs targeting 6 different cellular pathways:
membrane interaction (5 siRNAs), apoptosis (4 siRNAs), cell cycle (2 siRNAs), DNA
repair (3 siRNAs), drug resistance (1 siRNA), and oncogenesis (5 siRNAs). The
screening space (1350) is composed of 20 1-siRNA, 190 2-siRNA and 1140 3-siRNA
Knock-combos. b Phenotypic analysis of apoptosis induction for all the tested
1-siRNA (blue), 2-siRNA (red) and 3-siRNA (yellow) Knock-combos. Data were col-
lected frommore than 20 cells for each of the 1315 Knock-combos. c Boxplots with
scattered data points showing the comparison of the efficacy on apoptosis
induction for combinatorial targeting of single, dual or multiple signaling path-
ways. d K-means clustering analysis of all the Knock-combos reveals two distinct

clusters in the UMAP space. e Boxplots showing the comparison of apoptosis
induction for the 2 identified Knock-combo clusters. f Enrichment analysis of the
20 siRNA targets in each identifiedKnock-combo clusters.gAn interaction network
showing the synergic co-operation in apoptosis induction for the 20 siRNAs to
different gene targets, where the line color and thickness indicate the phenotypic
efficacy of the corresponding combination. For panel (c, e), n = 7 for each Knock-
combo, the data was analyzed using non-parametricMann–Whitney test. The black
dots indicate an overlay of individual data points, each box indicates the first
quartile, median, third quartile of the data, the whisker limit is 1.5 times the inter-
quartile range. Source data are provided as a Source Data file.
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to make sure that the Knock-beads remain fixed on the contacting
cells. The combination of magnetic fixation, chemical cross-linking,
and size constraints ensures that the Knock-beads remain stably
associated with the contacting cells throughout culturing, decoding
and analysis processes, which is a critical aspect of the experimental
design to allow single-cell-based encoding and decoding of the mole-
cular information by the Knock-beads. Notably, while the static mag-
netic field exposure generally does not affectmost gene expression or
cellular responses, extra cautions should be taken for screening
involving gene targets that are sensitive to magnetic field
stimulation44.

Beyond the demonstrated combinatorial screening of siRNAs at
different scales (e.g. 54 Knock-combos for 6 genes, >1300 Knock-
combos for 20 genes), it is possible to further extend the screening
throughput ( > 60 gene targets) to industrial scale ( > 10,000 Kock-
combo) by using advancedmultiplexing strategy to encode the Knock-
beads. The spectrum encoding approach used in this study sig-
nificantly boosts assay throughputs, which is achieved by a pro-
grammed rainbow fluorescence labeling using limited number of
fluorophores. In this study, a 5-channel fluorescent system was
implemented to encode various Knock-beads targeting 20 genes with
some redundancy (Supplementary Table 5). An extension to a 10-
channel system45 with binary labeling (0 or 1) would increase the
multiplexing capacity to 1023 gene targets, which would further ren-
der millions of Knock-combos. Actually, in many drug combination
therapies, such as the cocktail anti-viral therapy for HIV/AIDS man-
agement, 2 to 3 active components are typically used. Among more
than 20 antiretroviral cocktails, 18 formulations are made of 2 to 3
components, and only 2 formulations consist of 4 components46.
Recently, Tieu et al. developed a CRISPR-Cas9-based platform for
combinatorial gene editing on CAR-T cells also focused on pairwise
combinations of different signaling regulators11. Therefore, we believe
that the most meaningful siRNA cocktail screening should be oriented
towards Knock-combos consisting of 2 to 3 siRNAs. If so, within the
gene space of 1023, the total possible Knock-combos would reach
178,433,024, which is already a scale inaccessible to any existing
methods. But using the scCode-fection system, depending on the
operation scale, hundreds or even thousands of siRNA cocktail for-
mulations could be assayed in just a single well of cell culture, which
would be tremendously useful for accelerating the development of
siRNA-based therapeutics. Such benefits are not just limited to redu-
cing the time and cost associated with siRNA screening by power of
magnitude, but also rely on the capability to answer fundamental
siRNAquestions that are not addressable by existingmethods, such as:
(1) whether multiplexed gene silencing are more efficient than single
target knockdown; (2) whether a combination of different signaling
pathways related siRNAs are more efficient than multiple siRNAs tar-
geting a single pathway; (3) which siRNAs are the most important
elements in constructing an effective siRNA cocktail; (4) what is the
optimal combination of siRNAs (precise and concise) to achieve the
best synergic therapeutic gene-silence? The answers to these funda-
mental questions could be extensively explored by machine learning
and bioinformatic analysis of the large number of single-cell gene
silencing data enabled by the scCode-fection technology, as we have
demonstrated in the screening ofmore than 1300 siRNA combinations
concerning 20 genes in seeking the most effective cocktail for
potential inhibition of cancer cell growth. We believe this study will
lead to paths to a systematic and high-throughput platform thatwould
be greatly useful to accelerate further development of siRNA-based
therapeutics and enhance their clinical adoption.

Methods
Fabrication of knock-beads
The fabrication is based on two processes: Connection of Fe3O4-NH2

with gold nanorods through glutaraldehyde and positive coating of

PDDA. To prepare Fe3O4-Au assemblies, 20μL stock solution of Fe3O4-
NH2 (Invitrogen Thermo Fisher, 2.8μm in diameter, 2 × 109 beads/mL)
were incubated in 15% Glutaraldehyde aqueous solution (Sigma-
Aldrich) at room temperature on a lab rotator (DLAB, MX-RD-Pro) at
30 rpm overnight. After three washes with deionized water, the beads
were incubated with 100μL of Au-NH2 solution (Sigma-Aldrich, 70 nm
in width, 1μm in length) while rotating on a lab rotator (DLAB, MX-RD-
Pro) at 30 rpm for 2 h. Finally, the assemblies were collected with a
magnetic field and blocked with 3% bovine serum albumin
(BSA) for 2 h.

For spectrum coding, the Fe3O4-Au assemblies werewashed three
times with deionized water. Then the Fe3O4-Au assemblies were incu-
bated with specific fluorescence dyes according to their spectrum
codes (Supplementary Table 3, Table 5). For example, to prepare code
100 (Alexa-514 positive, Alexa-568 negative, and Alexa-647 negative),
1μLNHS-Alexa-514 (ThermoFisher) was added to Fe3O4-Au assemblies
and rotated at 30 rpm (DLAB, MX-RD-Pro) for 2 h followed by three
rinses with deionized water. Other codes were prepared in a similar
way using a different mixture of the three fluorescent dyes.

PDDA was coated for loading negative charged RNAs. Briefly,
Fe3O4-Au assemblies werewashed twicewith deionizedwater and then
resuspended in 200μL of 15% (v/v) PDDA solution (SigmaAldrich). The
suspension was sonicated in a bath for 10min. The Knock-beads were
then washed three times with deionized water and resuspended in
100μL of PBS for storage.

Dynamic light scattering for size characterization
The size of Fe3O4, Fe3O4-Au, and Fe3O4-Au-PDDA was determined
using a Particle Size Analyzer (Zeta sizer, Malvern Panalytical). In this
experiment, a 20μL solution of each particle type (Fe3O4, Fe3O4-Au,
and Fe3O4-Au-PDDA) was added to 500μL of deionized water. The
Particle Size Analyzer was set to detect the size by selecting water as
the detection solution and the zeta size mode. For zeta potential
measurements, the same process was followed, with the only differ-
ence being the selection of the zeta potential mode.

Evaluation of RNA loading efficiency on Knock-beads
To determine the RNA loading efficiency of Knock-beads, we utilized
fluorescence detection of unbound RNA-cy5. Briefly, the Knock-beads
were incubated with RNA-cy5 in deionized water rotating at 30 rpm at
room temperature. The mixture was then subjected to a magnetic
field, ensuring that the beads were attracted to the side of the tube.
The supernatant was then carefully collected. The fluorescence
intensity of the supernatant was measured using MD SpectraMaxM5e
microplate reader. The RNA loading efficiencywas calculated based on
the fluorescence intensity of the supernatant, as well as the initial
concentration of RNA-cy5. This procedurewas repeated three times to
ensure reproducibility and accuracy of the results.

Scanning electron microscopy
Scanning electron microscopy (SEM; Philips FEG SEM XL30) was
employed to characterize the morphology of Fe3O4-Au. Briefly, the
Fe3O4-Au assemblies were deposited onto a silicon wafer and allowed
to dry overnight. The dried samples were imaged using a scanning
electron microscope at a voltage of 10 kV or 20 kV. SEM images were
analyzed using ImageJ software to determine the size distribution of
the Fe3O4-Au assemblies.

Fluorescence microscopy
The fluorescence images were captured with confocal laser scanning
microscope (Leica SP8, 40× water immersion objective, NA 1.1, Leica
Microsystems). Briefly, after washing with PBS, the Knock-beads were
mounted with an antifade mounting medium and imaged using a
confocal laser scanning microscope. For quantitative analysis, all the
imaging parameters, including the laser power, gain, and scanning
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speed were fixed across the microscopy process. Scanning was per-
formed with a 1μm step size along the Z-axis spanning the whole cell.
3D reconstruction was then performed to visualize the relative posi-
tion of Knock-beads, cells, and diffused fluorescence dyed RNA. Con-
focal microscopic images were analyzed using ImageJ software to
determine the fluorescence labeling and distribution of Knock-beads.

For data collection froma screening, imaging-baseddecodingwas
performed according to the spectrum encoding (Supplementary
Table 5). The excitation of the 4 quantum dots (emission peak at
547 nm, 572 nm, 604 nm, 641 nm) was 405 nm laser. The emission
window was set to be 10 nm wide. To acquire a sufficient number of
cells, we employed the navigator model of Leica Microsystems to
capture over 200 tiles from a single culture dish for large area cover-
age. The resulting large-scale tiles weremerged using Leica software to
ensure smooth calibration along each edge of the view arrays.

Cell culture
A549 (CRM-CCL-185 from American Type Culture Collection, ATCC)
and Hela:EGFP (gift from Prof. Linfeng Huang’s lab, Duke Kunshan
University) cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37 °C in a humidified atmosphere containing
5% CO2. The medium was changed every two days, and cells were
subcultured at 80–90% confluency using Trypsin-EDTA.

Evaluation of photothermal effect and cell viability
The solution of Fe3O4-Au beads, containing 1 × 107 beads/mL in 2mL of
PBS, was subjected to laser irradiation using a 980nm laser with a
power density of 0.6W/cm2 and pulse width of 16μs. Infrared photo-
graphy was recorded using an infrared camera (Nikon). Cell viability
was tested by adding 5 × 104 beads to A549 cells in a 24-well plate
(1 × 105 cells per well), followed by irradiation with a 0.6W/cm2 in 16μs
pulse width laser for 2, 4, 6, 8, 10, and 12 s. 24 h after NIR irradiation,
100μL of MTT solution (Sigma-Aldrich, 1mg/mL) was added and
incubated for further 4 h. The MTT-containing medium was then
removed, and the formazan crystals were dissolved in dimethyl sulf-
oxide (DMSO). The absorbance of each well was measured at 570 nm
using Molecular Devices SpectraMax M5e Microplate Reader. The
viability of the cellswas expressed as the percentage of the absorbance
relative to the control group.

Photoporation-based intracellular delivery
The Knock-beads were used to deliver fluorescence RNA into A549
using photoporation under a magnetic field. Briefly, cells were seeded
in glass bottom plates at a density of 1 × 106 cells/plate and allowed to
adhere overnight. The cells were then incubated with the Knock-beads
at a concentration of 4 × 105 for 30 s to allow for absorption of the
beads after discharged medium. The cells were then irradiated with a
980-nm laser (16μs pulse width) for 8 s at a power of 0.6W/cm2 within
a magnetic field. After 2 h of photoporation, the cells were washed 2
times with PBS within a magnetic field. The efficiency of RNA delivery
was determined by visualizing the cells under a confocal microscope
and analyzing the uptake of the fluorescence dye with ImageJ.

Immunocytochemistry
Actin and tubulin were stained for evaluation of the single cell gene
knockdown efficiency. TUNEL and Edu were stained to evaluate the
anti-tumor efficiency of related Knock-combo. For cell fixation, cells
were washed with PBS and fixed with 4% paraformaldehyde (Thermo)
at room temperature for 30min. For permeabilization, cells were
incubated in triton X-100 (0.1% in PBS) at room temperature for 10min
and then rinsed with PBS. For actin and tubulin staining, 20 h after
photoporation, 2μL of Actin-Tracker (Actin-tracker kit fromBeyotime)
were added to each dish and incubated in the dark at room tempera-
ture for 60min. Then, 2 μLofTubulin-tracker (Tubulin-tracker kit from

Beyotime) were added to each dish and incubated in the dark for
60min. To detect apoptosis, One Step TUNEL Apoptosis Assay Kit
from Beyotime was used 20h after photoporation. Terminal Deox-
ynucleotidyl Transferase (TdT) and fluorescein-dUTP were added to
each dish, and cells were incubated at 37 °C for 1 h in the dark allowing
for TdT-mediated dUTP Nick-End labeling. To detect proliferation,
BeyoClick™ EdU Cell Proliferation Kit fromBeyotime was used. Briefly,
5-ethynyl-2’-deoxyuridine (EDU) at 10mM was added to the cells
before fixation and permeabilization, then incubated for 3 h. To per-
form the click reaction, 430μL of click reactionbuffer, 20μLof CuSO4,
1μL of Azide, and 50μL of click additive solution were added to each
dish, followed by a 30-minute incubation in dark at room temperature.

Cell segmentation
For cell segmentation, the images were first loaded into the Python-
based CellPose software. The brightfield channel was used to derive an
evaluation of the expected cell diameter in pixels. The grayscale
fluorescent channels were then selected for the segmentation pro-
cessing. The CellPose algorithmwas then executed to generate amask
outlining theboundary of individual cells. Finally, the cell outlineswere
exported as an ImageJ ZIP file, whichwas imported to ImageJ using ROI
Manager for further analysis.

Informatic analysis of the screening data
For the centroid approach in Fig. 6f, the centroid of a specific type of
siRNA Knock-combo, denoted as csðxs, ysÞ, refers to the average
position of a group of two-dimensional points. For each siRNA combo
ðxi, yiÞ, where xi represents the efficacy of apoptosis induction and yi
represents the efficacy of proliferation inhibition, the centroid for n
Knock-combos is obtained by:
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For clustering analysis in Fig. 7, K-Means clustering was used. The
optimal number of clusters (k) was determined using silhouette sta-
tistics. The K-Means algorithm was then applied to the preprocessed
data with multiple random initializations to find the global optimum
for unsupervised derivation of optimal number clusters of the Knock-
combos based on the phenotypic features related to cellular apoptosis
or proliferation.

To prioritize the enrichment of a gene targeted siRNA in the
identified Knock-combo clusters (Fig. 7f), the relative enrichment ratio
of each siRNA was calculated using the Z-score normalization defined
as:

Z = ðX � μÞ=σ ð3Þ

where X is the appearance frequency of a siRNA for all the Knock-
combos in a cluster, μ is the mean appearance frequency of all siRNAs
in that cluster, and σ is the standard deviation of the appearance
frequency for all siRNAs in the same cluster. The appearance frequency
of a siRNA in a cluster is calculated as: counts of Knock-combos
containing the siRNA divided by the total number of siRNAs appeared
in all Knock-combos of that cluster.

To analyze the interaction network and to show the synergic co-
operation in apoptosis induction for the siRNAs to their 20 gene tar-
gets (Fig. 7g), a network diagram was used. The siRNAs were repre-
sented as the nodes connected by lines, where the line color and
thickness indicate the phenotypic efficacy of the corresponding
combination siRNA silencing of the node genes. The line color and
thickness were indexed by calculating the mean apoptosis induction
among all the Knock-combos containing the two node gene siRNAs
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(connection score). A hub score of each node was also derived by
taking the sum of all the connections scores for the lines originated
from one node.

Statistics & reproducibility
At least three independent biological replicates were used for all
experiments. Statistical significance for comparing two experimental
conditions is calculated by two-tailed unpaired t test; for comparing
one control with multiple experimental conditions, the statistical sig-
nificance is calculated using the unpaired one-way ANOVA test. For
screeningdata analysis, unpairednonparametricMann–Whitney test is
used to compare different groups. A p value less than0.05 is con-
sidered to be statistically significant, and all the p values are indicated
in the respective figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.
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