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ABSTRACT: Classifying lung cancer subtypes, which are characterized by
multi-microRNAs (miRNAs) upregulation, is important for therapy and
prognosis evaluation. Liquid biopsy is a promising approach, but the
pretreatment of RNA extraction is labor-intensive and impairs accuracy.
Here we develop size-coded hydrogel microbeads for extraction-free
quantification of miR-21, miR-205, and miR-375 directly from serum. The
hydrogel microbead is immobilized with an miRNA capture probe, which
well retains target miRNA and provides good nonfouling capability for
nonspecific biomolecules in serum. The porous structure of microbeads
allows efficient DNA cascade amplification reaction and generates a
fluorescence signal. The microbeads are clustered into three groups
according to size via flow cytometry sorting, and the group fluorescence is
integrated for the corresponding miRNA quantification. With machine-
learning-assisted data analysis, it achieves good lung cancer diagnosis accuracy and 80% accuracy for subtype classification for 108
serum samples, including lung cancer patients and healthy controls.
KEYWORDS: cancer subtypes classification, miRNA, hydrogel microbeads, extraction-free, machine-learning

Lung cancer is one of the most frequently diagnosed
cancers and the leading cause of cancer-related death

worldwide,1,2 and it is divided into non-small-cell lung cancer
(NSCLC, 85%) which includes adenocarcinoma (AC) and
squamous-cell carcinoma (SCC) subtypes, and small-cell lung
cancer (SCLC, 15%).3,4 Considering their unique disease
biology, classification of lung cancer subtypes in early diagnosis
is very important, which guides the treatment plan chosen and
prognosis evaluation.
The current gold standard for lung cancer subtypes

classification is histopathological examinations including
morphology analysis and immunohistochemical staining
(IHC).5,6 However, it requires invasive sampling and time-
costing operation processes. Heterogeneous tumor internal
situations and different sampling positions may also impair the
assessment accuracy. As a noninvasive detection method,
liquid biopsy is a promising substitute that quantifies disease
characteristic biomarkers via blood analysis.7 The recent
advances in disease biomarker identification and machine-
learning-assisted data analysis further improve assessment
accuracy.
MicroRNAs (MiRNAs) play important roles in biological

process and have become early cancer diagnostic biomarkers
with clinical application prospect.8,9 Lung cancer subtypes are
characterized by different types and expression levels of
miRNAs. For example, miRNA-205 is mainly upregulated in

NSCLC, especially SCC.10−12 The different expression levels
of miR-205 and miRNA-21 (miR-21) allow histotype
classification between AC and SCC.13 SCLC14 and AC15

have obviously upregulated miRNA-375 expression, while SCC
has comparatively lower expression level.16 Therefore,
quantifying multiple miRNAs is important for lung cancer
subtypes classification.17 Considering low miRNA concen-
trations (pM) and the complex environment of serum,
producing and distinguishing multiple miRNA signals remains
a great challenge.18,19 Current multi-miRNAs quantification
techniques include microarray,20 microfluidics,21,22 or direct
sequencing.23,24 However, these techniques all require a
pretreatment process of RNA extraction from bodily fluids,
which is labor-intensive and may influence detection accuracy
due to the loss and degradation of target miRNAs.25

Extraction-free detection of a scarce amount of miRNAs
directly from bodily fluid is necessary for successful clinical
translation, but appropriate techniques are still lacking.26,27
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Taking advantage of its highly permeable and nonfouling
properties,28,29 here we develop size-coded poly(ethylene
glycol) (PEG) hydrogel microbeads for extraction-free
quantification of three lung cancer highly expressed miRNAs
(miR-205, miR-21, miR-375) from 108 serum samples
including patients and healthy controls and achieved lung
cancer diagnosis with major subtypes (AC, SCC, SCLC)
classification via machine-learning algorithm-assisted data
analysis. Three kinds of size-coded hydrogel microdroplets
are synthesized via adjusting velocities of the continuous phase
and dispersed phase of a microfluid. The dispersed phase
contains PEG-diacrylate (PEG-DA), photoinitiator, and
acrydite-modified nucleic acid capture probes for miR-21
(CP-21), miR-205 (CP-205), and miR-375 (CP-375),
respectively. UV exposure is then performed for PEG-DA
polymerization to solidify hydrogel microdroplets to hydrogel
microbeads (MB-21, MB-205, MB-375) with uniform sizes of
14 μm, 19, and 27 μm, respectively (Scheme 1A). The as-
prepared size-coded microbeads are directly mixed with
candidates’ serums without miRNA extraction pretreatment.

Corresponding target miRNAs diffuse into hydrogel microbe-
ads and are retained inside by hybridization with capture
probes, while nonspecific miRNAs and protein in serum freely
diffuse out of the hydrogel microbeads. Rolling circle
amplification (RCA) reaction is then performed inside size-
coded microbeads for miRNA signal amplification, and
TAMRA-labeled reporter DNA (RE-TAM) is hybridized to
as-obtained RCA product in hydrogel microbeads, which turns
them to fluorescent microbeads (FB-21, FB-205, FB-375)
(Scheme 1B). The three-dimensional network in hydrogel
microbeads enhances loading capacities of capture probes and
provides an appropriate aqueous reaction environment for
subsequent DNA signal amplification reaction. More impor-
tantly, the porous and nonfouling hydrogel allows efficient
retention of high-affinity target miRNA and fast removal of
nonspecific ones, which achieves direct miRNA quantification
from serum free of pre-extraction step. The as-obtained FB-21,
FB-205, and FB-375 are sorted via flow cytometry and
clustered into three groups in a forward scatter (FSC) - side
scatter (SCC) plot according to their sizes. The corresponding

Scheme 1. Schematic Illustrationsa

a(A) Size-coded hydrogel microbeads MB-21, MB-205, MB-375 synthesis. (B) Capture of miR-21, miR-205, miR-375 directly from serum without
extraction process and fluorescence signal amplification in microbeads. (C) Size sorting of fluorescent microbeads FB-21, FB-205, FB-375 for miR-
21, miR-205, miR-375 quantifications and machine-learning algorithm-assisted lung cancer diagnosis with subtypes classifications for 108
candidates serum samples.
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TAMRA intensities for all three groups are calculated for miR-
21, miR-205, and miR-375 quantifications. Principal compo-
nent analysis (PCA) is then performed to evaluate the accuracy
for lung cancer diagnosis with the establishment of a predictive
model for lung cancer subtypes AC, SCC, and SCLC
classifications (Scheme 1C).

■ SYNTHESIS OF SIZE-CODED HYDROGEL
MICROBEADS

Hydrogel microbeads were synthesized via a home-built
microfluidic system including a microfluidic chip, a FLOW-
EZ pump, and a microscope equipped with a high-speed
camera (Figure S1). The microfluidic chip consisted of two
dispersed-phase inlets and one continuous-phase inlet (Figure
S2A). The effect of both shear force and pressure at the
junction of the dispersed phase and continuous phase sheared
the flow into microdroplets (Figure S2B) and polymerized to
stable hydrogel microbeads under 50 s UV irradiation.
Successful polymerization of hydrogel microbeads was
confirmed by the disappearance of PEG-DA -C�C- character-
istic absorbance peak at 1635 cm−1 for hydrogel microbeads in
FTIR absorption spectra (Figure S3). The velocity ratios
between the dispersed phase and continuous phase determined
the size and uniformity of microfluidic droplets and
corresponding microbeads. As demonstrated in Figure S2C,
the larger the velocity ratios of dispersed phase to continuous
phase, the smaller the diameters of as-obtained hydrogel
microbeads. The size-coded hydrogel microbeads MB-21, MB-
205, and MB-375 were obtained as 14 ± 0.7 μm, 19 ± 0.9 μm,
and 27 ± 1.4 μm, respectively (Figure 1A, Figure S2D). The
FSC intensity of the hydrogel microbeads on flow cytometry
was proportional to their size (Figure S4), which clustered the
size-coded hydrogel microbeads into separated groups on the
FSC-SSC scatter graph (Figure 1B). As indicated by the FSC
histogram, hydrogel microbeads with size difference over 5 μm
could be clearly distinguished in flow cytometry (Figure S5).
These results indicated the capability of as-obtained hydrogel
microbeads MB-21, MB-205, MB-375 for size corresponding
sorting.
To confirm the immobilization of miRNA capture probe in

hydrogel microbeads, CP-21 was labeled with fluorescein
amidites (FAM) (CP-21-FAM) and copolymerized with PEG

hydrogel precursor, which demonstrated uniform distribution
of FAM fluorescence inside as-obtained MB-21-FAM (Figure
1C). The as-obtained hydrogel microbeads showed a porous
structure with pore size ranging from 100 to 500 nm (Figure
1D), which allowed the free diffusion of target miRNAs into
hydrogel scaffold and guaranteed sufficient proceeding of
subsequent RCA reaction for signal amplification. The as-
obtained hydrogel microbeads maintain stable size over 60
days of incubation in TE buffer (Figure 1E) and 6 days of
incubation in serum (Figure 1F).

■ MiRNA SIGNAL AMPLIFICATION IN HYDROGEL
MICROBEADS

To perform the as-obtained hydrogel microbeads for target
miRNA signal amplification, they were incubated with TE
buffer containing target miRNA. Take miR-21, for example, it
was retained in MB-21 by hybridizing with CP-21 (Figure 2A,
miR-21 recognition). The as-obtained duplex DNA strand was
then annealed with a universal linker strand (UL) via T4 DNA
ligase. The UL contained a circular template anchoring region,
and RCA was subsequently performed in MB-21. RE-TAM
was then incubated with MB-21 and hybridized to the as-
obtained RCA product, which illuminated MB-21 for
fluorescence signal amplification of miR-21 (Figure 2A, signal
amplification).
The feasibility of RCA-based signal amplification was first

verified by PAGE analysis. The circular template was
transformed from ssDNA circligase and showed a new band
with higher mobility than the linear DNA strand (Figure S6A).
Taking miR-21 as a detection target, for example, hybridization
of miR-21 to CP-21 resulted in a new band with lower mobility
(Figure 2B, lane IV). Continuous incubation with the UL
strand further decreased product mobility, which was
accompanied by the disappearance of the CP-21/miR-21
hybridized band (Figure 2B, lane V). The as-obtained CP-21/
miR-21/UL trihybridized complex was then hybridized with
the circular template to active RCA reaction and generated
RCA product with lowest mobility (Figure 2B, lane VII). On
the contrary, CP-21 did not hybridize to the UL strand in the
absence of miR-21; therefore, mixing CP-21 and UL resulted
in their individual bands (Figure S6B). The successful coupling
of miR-205 to CP-205 and miR-375 to CP-375 with

Figure 1. (A) Microphotographs and (B) flow cytometry FSC-SSC scatter graph for hydrogel microbeads MB-21, MB-205, and MB-375 (scale bar:
50 μm). (C) Fluorescence images of MB-21-FAM that synthesized with PEG-DA and CP-21-FAM (scale bar: 10 μm). (D) Scanning electronic
microscopy image of hydrogel microbeads MB-21 (scale bar: 1 μm). Size of MB-21, MB-205, MB-375 stored in (E) TE buffer for 60 days and (F)
serum for 6 days. The data error bars in (E,F) were collected from hydrogel microbeads from 3 different experiments and indicated as means ± SD.
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corresponding RCA reactions was also verified by PAGE
(Figure S7A,B).
To visualize the RCA reaction in hydrogel microbeads, 100

pM miR-21 was incubated with MB-21 followed by the RCA
reaction, which illuminated the whole hydrogel microbead with
strong TAMRA fluorescence (Figure 2C, miR-21 (+)),
indicating the capability for miRNA quantification via flow
cytometry. In comparison, signal amplification was also
performed for MB-21 that was also incubated with UL but
in the absence of miR-21, which barely showed TAMRA
fluorescence (Figure 2C, miR-21 (−)). To verify the
quantification capability, MB-21 was incubated with different
concentrations of miR-21 followed by RCA reaction in beads.
The as-treated MB-21 was collected and analyzed with flow

cytometry, and the corresponding TAMRA fluorescence
intensity was determined by integrating PE channel
fluorescence intensity for all the illuminated MB-21, which
demonstrated a linear relationship corresponding to miR-21
concentration from 1 fM to 1 nM with limit of detection
(LOD) of 0.2 fM (Figure 2D, MB-21). MB-205 and MB-375
demonstrated the same detection linear ranges corresponding
to miR-205 and miR-375, with LOD of 0.5 and 0.1 fM,
respectively (Figure 2D, MB-205, MB-375). The as-achieved
LODs were slightly superior than currently reported
fluorescent detection approaches30−33 and qualified for direct
miRNA quantification from serum. The reaction specificity
indicated the efficient capture of target miRNA by the
corresponding hydrogel microbead with little nonspecific

Figure 2. (A) Schematic illustration of the miR-21 fluorescence signal amplification process in MB-21. (B) PAGE verification of RCA reaction for
miR-21. Lane I−VII represented CP-21, miR-21, UL, CP-21/miR-21 hybrid, CP-21/miR-21/UL trihybridized complex, cicular template, RCA
product, respectively. (C) Fluorescence images of MB-21 after RCA reaction and RE-TAM coupling in the presence (miR-21(+)) and absence of
miR-21 (miR-21(−)). (D) Linear relationship of TAMRA fluorescence intensity collected from MB-21, MB-205, MB-375 versus concentration of
miR-21, miR-205, and miR-375, respectively. (E) TAMRA fluorescence intensity of MB-21, MB-205, MB-375 in response to (1) TE buffer, (2) 1
pM miR-21, (3) 1 pM miR-205, (4) 1 pM miR-375, and (5) 1 pM 1-base mismatched corresponding miRNA. The data error bars in (D) and (E)
were collected from hydrogel microbeads from 3 different experiments and indicated as means ± SD. (F) FSC-PE scatter graph of MB-21, MB-205,
and MB-375 corresponding to 1 pM of miR-21, miR-205, and miR-375, respectively. (G) Spearman’s rank correlation coefficient for miR-21, miR-
205, and miR-375 quantifications via hydrogel microbeads (MB) and qRT-PCR. The dashed line circled squares indicated the correlation between
two different quantification methods. (H) Three-dimensional scatter profile of miR-21, miR-205, and miR-375 from 40 patients’ serum samples
including SCLC, AC, and SCC.
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beads retained (Figure S8). In addition, MB-21, MB-205, and
MB-375 were also incubated with 1 pM miR-21, miR-205,
miR-375, and 1 base mismatched miR-21, respectively, which
only showed TAMRA fluorescence to corresponding target
miRNA with little fluorescence from nonspecific targets
(Figure 2E). These results indicated good reaction specificity
with little cross reaction among three different kinds of
miRNAs.

■ VERIFICATION OF THE CAPABILITY OF
HYDROGEL MICROBEADS FOR CANCER SUBTYPE
DISCRIMINATION

To evaluate the capability of size-coded hydrogel microbeads
for different kinds of miRNAs classification and quantification,
1 pM of miR-21, miR-205, and miR-375 mixtures was mixed
with MB-21, MB-205, and MB-375. After RCA reaction and
RE-TAM strand coupling to illuminate hydrogel microbeads,
the as-obtained microbeads mixture were sorted into three
different groups according to their size via flow cytometry
(Figure 2F). The total TAMRA fluorescence intensities from
each group were evaluated by integrating corresponding PE
channel fluorescence intensity for illuminated MB-21, MB-205,
and MB-375, respectively. To evaluate quantification accuracy,
miRNAs were extracted from 9 serum samples and quantified
with size-coded hydrogel microbeads. The quantification
results were further compared to qRT-PCR results (Figure
S9, Table S2). Spearman’s correlation coefficients of two
quantification methods were obtained as 0.90, 0.78, and 0.89,
respectively, for miR-21, miR-205, and miR-375 (Figure 2G),
which confirmed size-coded hydrogel microbeads as a reliable
miRNA quantification strategy.
The capability of hydrogel microbeads for cancer subtype

classification was then verified with serum samples of 40
patients including 15 SCC, 17 AC, and 8 SCLC. MiR-21, miR-
205, and miR-375 were extracted and quantified via size-coded
hydrogel microbeads (Table S3), and their distributions
demonstrated obvious aggregation tendency within lung cancer
subtypes in a three-dimensional scatter diagram (Figure 2H)
and the corresponding two-dimensional plane based on t-SNE
analysis (Figure S10). These results indicated the capability of

size-coded hydrogel microbeads for serum miRNAs expression
quantification and corresponding lung cancer subtype
classification.

■ VERIFICATION OF ANTIFOULING CAPABILITY OF
HYDROGEL MICROBEADS IN SERUM

Taking advantage of the nonfouling capability of hydrogel
microbeads, here we achieved extraction-free multi-miRNAs
quantification directly from patients’ serum. The as-prepared
hydrogel microbeads provided an environment which allowed
free diffusion of target miRNA and efficient proceeding of
RCA in the hydrogel scaffold. Nonspecific proteins and
macromolecules that highly existed in serum, such as albumin,
have low-affinity to hydrogel, thus were quickly removed from
hydrogel34,35 and, therefore, would not affect miRNA
quantifications (Figure 3A).
The binding affinities and the corresponding dissociation

constants (KDs) of CP-21 to miR-21 and albumin (example of
nonspecific serum protein) were measured as 140 pM and 3
μM, respectively (Figure S11), which indicated efficient
retention capability of MB-21 for miR-21 with good non-
fouling capability to nonspecific serum proteins. A diffusion-
binding model was further established via COMSOL (Table
S4) to evaluate the retention probabilities of miR-21 and
albumin in MB-21 by assuming that miR-21 and albumin were
initially freely distributed in a whole hydrogel microbead. After
2 h incubation, miR-21 showed high concentration in hydrogel
microbeads, indicating its efficient retaining, while albumin
completely diffused out of hydrogel microbeads (Figure 3B),
indicating good nonfouling capability of hydrogel microbeads.
The time corresponding retention percentages of miR-21 and
albumin in MB-21 were calculated by calculating time
corresponding miR-21 and albumin concentration change in
hydrogel microbeads and obtained 93.6% for miR-21 after 2 h
incubation. On the contrary, albumin retention percentage in
MB-21 quickly decreased to 0.01% in the first 20 min of
incubation (Figure 3C).
To further visualize different retention capabilities of miR-21

and albumin in hydrogel microbeads, MB-21 was incubated
with 10 nM FAM-labeled miR-21 (FAM-miR-21) and various

Figure 3. (A) Schematic illustration of hydrogel microbeads retaining target miRNA while preventing serum component fouling. (B) A diffusion-
binding model of miR-21 and albumin distributions in MB-21 after 2 h incubation and (C) corresponding retention percentages according to time.
The color change in (B) represented different target concentrations at different positions inside hydrogel microbeads. (D) Z-stack picture of MB-
21 incubated with FAM-miR-21 and RB-Albumin (scale bar: 10 μm). (E) FAM and RB intensities for 10 nM FAM-miR-21 and 0.2 mg/mL RB-
albumin (Before incubation) and the corresponding fluorescence of supernatant solutions after they incubated with MB-21 and BMB-21.
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concentrations of Rhodamine B (RB)-labeled albumin (RB-
albumin) from 0.05 to 0.2 mg/mL for 2 h. Z-stack imaging of
MB-21 demonstrated uniform FAM fluorescence distribution
through the whole microbead but little RB fluorescence
(Figure 3D). In addition, the supernatant of incubation
solution was collected, which demonstrated a similar intensity
of RB before and after incubation (Figure S12A, Figure 3E,
RB). RB-albumin concentrations in the supernatant were
quantified via a protein assay kit, which demonstrated a
negligible absorbance decrease after incubating with MB-21
(Figure S13B), indicating the complete removal of albumin
from hydrogel microbeads. On the contrary, FAM fluorescence
in supernatant demonstrated 82% decrease after incubating
with MB-21 (Figure S12B, Figure 3E, FAM), indicating
efficient retainment of miR-21 in hydrogel microbeads. As a
control, bare hydrogel microbeads-21 (BMB-21) that were
prepared in the absence of CP-21 were also incubated with 10
nM FAM-miR-21 and 0.2 mg/mL RB-albumin for 2 h, which
showed similar FAM and RB fluorescence intensities in the
supernatant before and after incubation (Figure S12, Figure
3E, BMB-21). These results confirmed the antifouling
capability of hydrogel microbeads with efficient and specific
retention of corresponding target miRNA.
To further evaluate the interference of serum biological

components to the accuracy of microbead-based miRNA
quantification, series concentrations of miR-21, miR-205, and
miR-375 were spiked in 5 mg/mL BSA, and the miRNA-
containing BSA solution were incubated with MB-21, MB-205,
and MB-375 followed by RCA signal amplification and RE-
TAM hybridization. It achieved similar signal intensities and
linear ranges for miR-21, miR-205, and miR-375 quantifica-
tions in BSA (Figure S14) compared with their quantifications
in buffer (Figure 2D). Furthermore, 1, 5, and 10 pM standard
solutions of miR-375 were spiked into healthy people serum
samples, respectively, and quantified via hydrogel microbeads.

The corresponding concentrations were compared with spiked
concentrations to obtain recovery rates of 107.2% for 1 pM,
101.9% for 5 pM, and 104.0% for 10 pM miR-375, respectively
(Table S5). These results all indicated the feasibility of
hydrogel microbeads for extraction-free miRNA detection
directly from serum.

■ EXTRACTION-FREE MULTI-miRNAs DETECTION
FROM SERUM FOR LUNG CANCER SUBTYPE
DIAGNOSIS

108 blood serum samples including AC, SCC, and SCLC
patients and healthy controls (Table S6) were directly mixed
with hydrogel microbeads of MB-21, MB-205, and MB-375
without pre-extraction, and miRNA expression levels were
quantified via flow cytometry. The training cohort of 71 serum
samples including patients of lung cancer subtypes AC (n =
21), SCC (n = 18), and SCLC (n = 10) and healthy control (n
= 22) was established, and the relative expression levels of
miR-21, miR-205, and miR-375 were shown in the heatmap
(Figure 4A) and box-plot (Figure S15). A panel of multi-
miRNAs levels was constructed in a receiver operating
characteristic (ROC) curve and showed an excellent perform-
ance for identifying lung cancer patients with an AUC of 0.936,
which was much higher compared with the AUC for only one
type of miRNA (Figure S16, Table S7, training cohort). The
expression levels of normal lung cancer biomarkers, carcinoem-
bryonic antigen (CEA), and neuron-specific enolase (NSE) for
the 71 serum samples were also analyzed and obtained AUC of
0.717 and 0.672, respectively. The combination of the multi-
miRNAs panel, CEA, and NSE highly improved the AUC to
0.962 (Figure 4B, Table S7). These results indicated the
superiority of quantification of multi-miRNAs expression levels
for lung cancer diagnosis.
For lung cancer subtype discrimination, the three-dimen-

sional scatter diagram of miR-21, miR-205, and miR-375

Figure 4. (A) Heatmap of the expression levels of miR-21, miR-205, and miR-375 from 71 serum samples including healthy control and AC, SCC,
and SCLC patients in training cohort. (B) ROC curves of multi-miRNAs panel (red), CEA (orange), NSE (blue), combination of multi-miRNAs,
CEA, and NSE (purple) for lung cancer diagnosis. (C) Three-dimensional scatter profile and (D) corresponding t-SNE analysis of miR-21, miR-
205, and miR-375 from 49 serum samples including AC, SCC, and SCLC patients in training cohort. Consistency of predictive model and actual
situation for subtype discrimination in (E) training cohort and (G) validation cohort. (F) t-SNE analysis of miR-21, miR-205, and miR-375 from
25 serum samples including AC, SCC, and SCLC patients in validation cohort.
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expression distributions for 49 lung cancer serum samples in
the training cohort was pictured, which demonstrated obvious
aggregation tendency within lung cancer subtypes (Figure 4C).
The classification results were visualized onto a two-dimen-
sional plane, demonstrating an obvious aggregation tendency
within lung cancer subtypes (Figure 4D). The classification
accuracy was determined by comparing classification results
predicted by our model with pathological results and obtained
84% consistency (Figure 4E).
An independent validation cohort of 37 serum samples

including patients of AC (n = 11), SCC (n = 9), and SCLC (n
= 5) and healthy control (n = 12) was then established to
evaluate the performance of size-coded hydrogel microbeads
for lung cancer diagnosis and subtype discrimination. MiR-21,
miR-205, and miR-375 expression levels were directly
quantified from serum samples via hydrogel microbeads
(Figure S17A). The ROC curve showed an AUC of 0.930
for lung cancer diagnosis for the multi-miRNAs panel, which
was much higher compared with AUC for CEA (0.643), NSE
(0.778). The combination of the multi-miRNAs panel, CEA,
and NSE highly improved the AUC to 0.943 (Figure S17B,
Table S7). The three-dimensional scatter diagram of all three
miRNAs expression distributions for 25 serum samples in the
validation cohort including AC, SCC, and SCLC (Figure S18)
and the corresponding two-dimensional plane (Figure 4F) also
demonstrated an obvious aggregation tendency within
subtypes. The lung cancer subtype prediction accuracy was
determined as 80% consistent by comparing with pathological
results (Figure 4G). These results indicated the great clinical
application prospect of these miRNAs for diagnosing lung
cancer subtypes and could be conveniently extended as a
universal approach for cancer subtype discrimination.
In summary, an extraction-free quantification method for

serum multi-miRNAs using size-coded hydrogel microbeads
was developed. We detected the expression levels of miR-21,
miR-205, and miR-375 from candidates’ serum, demonstrating
an accurate and reliable result for classifying different subtypes
of lung cancer with the aid of machine learning. With the
convenience for microbead size adjustment and conjugation of
different fluorescent dyes as detection signal channels, the as-
reported method showed a good scalability capability. With the
application of capture antibody and detection antibody that
coupled with DNA strand containing circular template, the
detection targets could also be extended from miRNAs to
protein biomarkers. The method developed in this study shows
considerable potential for biomarker quantification and helps
to broaden the development prospect of noninvasive cancer
evaluation methods.
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