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Abstract—Although many efforts have been made to investigate a promising biomarker for the diagnosis of papillary
thyroid cancer (PTC), the currently available biomarkers lack the sensitivity to accurately characterize PTC. Here, we
established a high-sensitivityt cell-free DNA (cfDNA) detection system using polydopamine-silica (PDA/SiO,) hybrids
to enable clinically reliable analysis of PTC. The PDA/SiO,-coated beads improved the detection of DNA by 1.76-fold
(p=0.031) compared to the conventional silica-based ¢fDNA capture system. The PDA-SiO,-coated beads were then
applied for the detection of cfDNA from serum samples obtained from 37 PTC patients, and the BRAF'*™* mutation
status in captured DNA was analyzed using both quantitative polymerase chain reaction (QPCR) and digital droplet
PCR (ddPCR). The BRAF"” mutation status analyzed using both assays demonstrated a strong correlation with the
multifocality of PTC, exhibiting area under receiver operating characteristic curve (AUC-ROC) of >0.964 (p<0.001). In
contrast, none of the serum antigens or antibodies related to PTC or thyroid functions exhibited clinically significant
prediction for detecting PTC patients with multifocal tumors. These findings suggest that cfDNA capture using PDA/
SiO,-coated beads is a promising approach for analyzing the BRAF mutation, which can serve as an excellent diagnos-
tic biomarker for PTC.
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INTRODUCTION papillary thyroid carcinoma (PTC) over the past decade [1]. Cur-
rently, fine-needle aspiration (FNA) is employed as a gold stan-
Thyroid cancer is one of the most common malignancies found dard for the diagnosis of PTC, specifically for patients with a high

in endocrine systems. The incidence of thyroid cancer has increased risk of malignancy or a large-sized tumor. The analysis of FNA
remarkably over the past three decades, and it is known to account specimens has been demonstrated to help estimate various malig-
for 3% of the global cancer incidence as of 2020 [1,2]. In particu- nancies and decide the treatment method for PTC [3]. Specifically,
lar, recent studies have demonstrated the increasing incidence of ~ the BRAF'" mutation is frequently assessed in FNA specimens,
especially for patients who are categorized to have atypia of unde-
"To whom correspondence should be addressed. termined significance/follicular lesion of undetermined significance
E-mail: jbu@inha.ac.kr, hyuksoo@cnu.ac kr (AUS/FLUS) or suspicious for high malignancies.
*These authors contributed equally. BRAF mutation is one of the driver mutations in the develop-
Copyright by The Korean Institute of Chemical Engineers. ment of thyroid cancer that is commonly observed in various types
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of thyroid carcinoma [4]. The mutation is reported to activate the
mitogen-activated protein kinase (MAPK) signaling pathway, which
facilitates the growth of thyroid carcinoma cells [4]. Despite the vari-
ation, one recent study has revealed that the prevalence of BRAF*™*
mutation in PTC is greater than 45% [4]. Moreover, several stud-
ies have reported that BRAF'**" mutation in surgical specimens is
strongly associated with high malignancies for patients with PTC
[5-8]. Specifically, patients with PTC having BRAF"*” mutation
showed a higher recurrence rate after thyroidectomy and increased
cancer-related mortality [5-8]. The BRAF'*" mutation is also uti-
lized as a predictive marker for radioiodine therapy, as well as an
indicator for infiltration of the tumoral capsule and the presence of
multifocality in PTC [8-10].

Despite its high clinical utility as a biomarker for thyroid cancer,
the BRAF'” mutation analysis based on the specimens obtained
from FNA has several limitations. Intra-tumoral heterogeneity is
one of the most critical factors that affect the accuracy of FNA-based
tumor analysis [11]. Since a large thyroid nodule harbors micro-
carcinomas, FNA, which analyzes small fragments of tissue, has
the potential to misrepresent the genetic and phenotypic character-
istics of tumors [12,13]. This can be evidence for the higher false-
negative rate found in PTC patients with large nodules or multi-
nodular goiters [10,14]. As a result, several studies have found con-
flicting results between the prevalence of BRAF'* mutation in
tumor burden and the tumor status or prognosis of patients [4,15,16].

To overcome these limitations, liquid biopsy has demonstrated
a potential to provide clinically reliable indications for the diagno-
sis of PTC, as well as determining its status. Specifically, cell-free
DNA (cfDNA) or circulating tumor DNA (ctDNA) has been high-
lighted as a novel biomarker for the detection of BRAF'*** muta-
tion from thyroid carcinoma. One of the recent studies showed
that BRAF'™” mutation status in cfDNA is a good indicator for
differentiating patients with thyroid cancer from those with benign
tumors [17]. The circulating BRAF'®” mutation status in PTC
patients was also found to be associated with tumor aggressiveness,

Thyroid cancer

incomplete/indeterminate response rate to treatment, and the exis-
tence of lung metastasis [18,19].

Here, using polydopamine-silica (PDA/SiO,) hybrids as a cap-
ture agent for cfDNA, we investigated the diagnostic capability of
the BRAF'™" mutation status in cfDNA as a biomarker for PTC.
Previously, we developed a novel cfDNA capture system using PDA-
SiO,-coated hydrogel beads, which exhibited high diagnostic capa-
bility for colorectal cancer (CRC) and hepatocellular carcinoma
(HCC) [20,21]. In this study, we confirmed that our system could
improve DNA capture, compared to conventional silica-based cap-
ture systems, by combining multiple interactions (PDA-nucleobases-+
SiO,-phosphate backbone) into a single system. The PDA/SIiO,-
coated beads were then applied to capture cfDNA from serum sam-
ples obtained from 37 patients with PTC. The BRAF'** mutation
was analyzed from captured cfDNA using both conventional and
droplet digital polymerase chain reaction (ddPCR). The obtained
results were applied for differentiating patients based on the multi-
focality of tumors since many previous studies have confirmed that
high expression of BRAF'**" mutation in cfDNA is strongly cor-
related with the multifocality [22,23]. The findings presented in this
study demonstrate the potential of circulating BRAF'** mutation
as a promising diagnostic biomarker for PTC.

MATERIALS AND METHODS
Experimental details are provided in Supplementary Information.
RESULTS

1. Enhanced DNA Adsorption of PDA/SiO, Hybrids

Fig. 1 illustrates the overall process for isolating cfDNA from
serum samples obtained from PTC patients, followed by analysis of
BRAF'™* mutation status. To synthesize the PDA/SiO,-coated beads
for cfDNA capture, the alginate beads were modified with PDA using
EDC/NHS chemistry, followed by SiO, coating (See Materials and

Qil
ddPCR

Fig. 1. A schematic diagram illustrating the cfDNA detection using PDA/SiO,-coated beads from serum samples obtained from PTC patients
and the BRAF'®” mutation analysis based on conventional gPCR and ddPCR.
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Fig. 2. PDA/SiO,-coated alginate bead for the enhanced detection of cfDNA: (a) PDA-SiO, hybrids were coated sequentially on alginate
beads. Note that the images were acquired after the lyophilization. (b) Atomic composition of bare alginate, SiO,-coated beads, and
PDA/SiO,-coated beads measured using X-ray photoelectron spectroscopy (XPS). (c) The adsorption of DNA on the surface of each
bead, measured using fluorescently-labeled DNA. (d) Morphology of the surface of each bead before and after DNA adsorption using

scanning electron microscopy (SEM).

Methods for the details). Note that these chemical reactions did not
affect the size of the beads. The diameters of the beads coated with
SiO, and PDA/SiO, were 31.1+#44 mm (p=0.687) and 30.8+2.9
mm (p=0.736), respectively, which showed no significant differ-
ence with the diameter of the bare alginate beads (30.3+2.0 mm;
Fig. 2(a)). However, significant difference was observed in color
between the bare alginate beads and the beads coated with either
SiO, or PDA/SIO,. Beads at each step (or type) were further char-
acterized using X-ray photoelectron spectroscopy (XPS) to confirm
the surface modification (Fig. 2(b)). The existence of silica on the sur-
face of the alginate bead was evidenced by the significant increase
in the ratio of Siy, from SiO,- or PDA/SiO,-coated beads, compared
to the bare alginate beads. The higher N, ratio in PDA/SiO,-coated
beads compared to SiO,-coated beads denotes the presence of PDA.

Prior to clinical application, the cfDNA adsorption of each bead
was assessed using the fluorophore-labeled DNA to confirm that
PDA/SIO, hybrids can capture DNA more efficiently than conven-
tional cfDNA capture systems which use silica alone. After 10 min
incubation with fluorescence-labelled DNA, the PDA/SiO,-coated

beads exhibited 1.76-fold (p=0.031) stronger fluorescent signal than
SiO,-coated bead (Fig. 2(c)). This implies that combined interac-
tion between SiO,-DNA backbone and PDA-nucleobases synergis-
tically increases the adsorption of DNA, which was also demon-
strated in our previous studies [20,21]. Note that the fluorescent
signal acquired from the bare alginate bead was negligible, indicat-
ing that the alginate bead itself does not contribute to cfDNA cap-
ture. The surface morphology of beads was analyzed using scanning
electron microscopy (SEM), before and after DNA adsorption (Fig.
2(d)). Upon DNA adsorption, nano-sized particles which are pre-
sumed to be DNA were observed throughout the surface of PDA/
SiO,-coated beads. The nano-sized particles were also observed
from SEM images obtained from SiO,-coated beads, but the num-
ber of these particles was significantly less than that found from
PDA/SiO,-coated beads. In contrast, no remarkable difference was
found in the SEM images acquired from the bare alginate beads,
before and after DNA adsorption. These findings suggest that our
new system improves the capture of (fDNA, which may facilitate
the analysis of the BRAF"** mutation from patients’ samples.

Korean J. Chem. Eng.(Vol. 40, No. 2)
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Fig. 3. qPCR and ddPCR assays employed to analyze BRAF'*** mutation from cfDNA isolated from PTC patients. (a) ddPCR for the detec-
tion of BRAF'*" mutation. The fluorescence measurement of the mutant probe labeled with 6-fluorescein amidite (FAM) (top) and
wild-type probe labeled with hexachlorofluorescein (HEX) (bottom). (b) The correlation between BRAF"™ mutant status measured

using qPCR and ddPCR assays.

2. Patient Characteristics

A total of 37 patients with PTC were enrolled in this study. The
clinical information of patients enrolled in this study is summarized
in Table S1. The majority of patients were women (n=34) and a
total of 9 (24.3%), 30 (81.1%), 18 (48.6%), and 16 (43.2%) patients
were pathologically confirmed to have multiple tumors, extra-nodal
extension, lymphatic invasion (LVI), and lymph node metastasis,
respectively. The median tumor size (diameter) of patients was 1.2
cm and ranged from 0.2 to 5.0 cm.

3. Circulating BRAF'*”" Mutation Detected Using Conven-
tional qPCR and ddPCR

Both qPCR and ddPCR were utilized to quantify the BRAF "
mutation status from cfDNA isolated using PDA/SiO,-coated beads.
Briefly, for qPCR the efficiency of peptide nudleic acid (PNA)-medi-
ated PCR clamping was evaluated using threshold cycle (Ct) value,
and the difference in Ct value between the sample and control
(ACt) was utilized for validating the BRAF'™" mutation status.
For ddPCR, the percentage of mutant droplets compared to the total
(mutant plus wild-type), which is also known as mutation allele
frequency (MAF), was calculated to validate the BRAF'**" muta-
tion status (Fig. 3(a)). Note that a commercially available kit (PNA
Clamp BRAF"™” mutation detection kit; Panagene, Daejeon, Repub-
lick of Korea) was used for the BRAF mutation analysis, which can
sensitively detect 0.5% mutation [24].

At the cutoff point of ACt>2, the qPCR assay detected BRAF'“*
mutation from a total of nine patients (24.3%) (Table S2). Specifi-
cally, an average ACt value for patients who had BRAF'*" muta-
tion (ACt=2) was 5.41+2.72, whereas those having lower ACt had
an average of —2.24+1.73. Meanwhile, the ddPCR assay detected
the BRAF'™* mutation from a total of 12 PTC patients (32.4%) at
the cutoff point of 2%. At the given cutoff value, patients with
BRAF"®" MAF higher and lower than the cutoff exhibited an aver-
age MAF of 18.05+11.50% and 0.04+0.14%, respectively. Interest-
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ingly, ddPCR assay detected BRAF'* mutation from all nine
patients who were detected to have the mutation by qPCR assay:.
As a result, the MAF obtained from ddPCR and the ACt calcu-
lated from qPCR showed a strong correlation, with the Pearsons
correlation coefficient of 0.596 (p<0.001) (Fig. 3(b)). These find-
ings demonstrate that our cfDNA capture platform can be utilized
for both qPCR and ddPCR assays.
4. Clinical Utility of BRAF'*”* Mutation Status for the Char-
acterization of PTC

We further analyzed whether the BRAF mutation status vali-
dated from cfDNA had an efficient diagnostic capability for difter-
entiating PTC based on its pathological status (Fig. 4(a)). PTC patients
with multifocal tumors exhibited significantly higher ACt (5.41+
1.73) than those having a unifocal tumor (—2.24+2.72; p<0.001). The
diagnostic accuracy of cfDNA BRAF'™* mutation status to distin-
guish patients having multifocal PTCs from those having single PTCs
was further analyzed. At the given cutoff value (ACt>2), sensitivity,
specificity;, and accuracy of the BRAF mutation status for differen-
tiating multifocality of PTC were all 100% (Fig. 4(b)). The results
obtained from ddPCR also demonstrated a high diagnostic capa-
bility for differentiating PTC patients with multifocal tumors from
unifocal tumors (19.76+11.49% vs. 1.42+5.24%; p<0.001), although
the diagnostic performance was not as great as the results obtained
from qPCR assay (sensitivity: 100%, specificity: 89.3%, and accu-
racy: 91.9%). As a result, the receiver operating characteristic (ROC)
analysis demonstrated that the BRAF mutation status in cfDNA has
a strong correlation with the multifocality of a tumor, with AUC-
ROC of 1.000 (p<0.001) and 0.946 (p<0.0001) for gPCR and ddPCR
assays, respectively (Fig. 4(c)). These findings were in good concor-
dance with previous studies that revealed the BRAF mutation is
strongly associated with the multifocality of tumors [22,23].

Serum markers that are frequently utilized for determining thy-
roid functions, such as free thyroxine (Free F4) and thyroid-stimu-
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Fig. 4. The correlation between the multifocality of PTC and the BRAF'*® mutation status: (a) The BRAF'** mutation status depending
on the multifocality of PTC; (b) The diagnostic performance of the BRAF'*” mutation status and serum biomarkers for detecting
the multifocality of PTC. The cutoff values were 2 for BRAF ACt, 2% for BRAF MAE, 1.48 ng/dL for Free T4, 5 U/mL for TSH, 11U/
mL for Tg, and 4TU/mL for TgAb; (c) The ROC analysis of the BRAF'** mutation status and serum biomarkers for detecting the

multifocality of PTC.

lating hormone (TSH), as well as those used for characterizing PTCs,
such as thyroglobulin (Tg) and antibody against Tg (TgAb), were
also quantified from patients’ samples. None of these serum pro-
teins effectively diagnosed the multifocality of PTC (statistically
insignificant; p>0.05). The ROC analysis elicited that these serum
biomarkers exhibited AUC-ROC near 0.5 for detecting the multi-
focality of PTC (Fig. 4(c)).

The BRAF mutation status and serum biomarkers were also
employed for detecting extra-nodal extension, LVI, and lymph node
metastasis from PTC patients (Table S2). None of these markers
exhibited a significant correlation with these pathological features
of PTC. However, MAF of BRAF'*" mutation was slightly higher
in patients having LVI (2.89+5.93% vs. 9.04+13.51%; p=0.089) and
nodal metastasis (3.68+7.04% vs. 8.78+13.81%; p=0.152). Note that
other biomarkers, including ACt of BRAF'*” mutation obtained
from qPCR, had lower significance than MAF of BRAF"** muta-
tion for detecting LVI and nodal metastasis.

DISCUSSION

We further processed seven additional samples to check the
agreement between BRAF'*" mutation status in the primary tis-

sue and cfDNA. As demonstrated in Table S3, BRAF'*" muta-
tion was not detected in ¢fDNA from all four patients (including
one benign tumor patient) who had BRAF wild-type tumors. Mean-
while, BRAF'®* mutation was detected in two out of three patients
in BRAF"" mutant group. The number of samples used in this
study may not be sufficient to conclude that our system provides a
good correlation between the BRAF"™” mutation status in tissue
and cfDNA. However, we have previously revealed that the gene
amplification (HER-2 and AFP) or mutation (KRAS mutation) ana-
lyzed in fDNA shows a strong correlation with that analyzed from
the primary tumor [20,21,25].

Tg has been widely utilized to diagnose and characterize PTCs
[26,27]. However, Tg had demonstrated poor significance for charac-
terizing and analyzing carcinomas with poor differentiation or de-
differentiated tumor [26]. In addition, Tg is not an ideal predictor
for estimating the recurrence of a tumor since thyroid tissue remains
in the body when lobectomy of isthmusectomy or subtotal lobec-
tomy is performed on thyroid cancer patients. This is one of the rea-
sons why PTC analysis highly relies on imaging or FNA-based biopsy;
instead of serum antigen testing,

Specifically, the BRAF mutation has been widely investigated for
the analysis of PTCs from biopsy samples obtained from FNAC

Korean J. Chem. Eng.(Vol. 40, No. 2)
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(fine needle aspiration cytology). However, as mentioned, BRAF
mutation analysis on FNAC samples demonstrated an inaccuracy
for the diagnosis of PTC due to the high heterogeneity of tumors
[28]. Our study suggests that the BRAF mutation analysis on cfDNA
has the potential to overcome these limitations. In particular, our
bead-based assay provides sensitive detection of cfDNA from human
serum samples, which can facilitate the BRAF mutation analysis in
cfDNA. This was evidenced by our previous studies, as PDA/SiO,-
coated beads not only adsorbed cfDNA more effectively from human
samples but also detected cancer-associated genes more accurately
than commercially available DNA analysis kits [21,25]. This study
also supports that our system can be applied for the detection of
BRAF mutation from PTC patients, which has the potential to accu-
rately predict the characteristics of PTC. Moreover, our system can
be further applied for detecting other types of genetic alterations.
Based on these analyses, we can collect a set of genes that are strongly
associated with high-risk pathological features of PTC and develop
a cfDNA gene panel for the accurate diagnosis of the tumor.

CONCLUSION

FNA-based tissue analysis or the detection of thyroid-associated
serum antigens has demonstrated a low sensitivity for identifying
PTC. Thus, there is an urgent need to establish a clinically reliable
biomarker for the analysis of PTC. In this study, we utilized PDA/
SiO,-coated beads for the capture of (fDNA from human blood and
analyzed the BRAF mutation status to differentiate PTC patients
based on the pathological features of the tumor. Specifically, we
demonstrated that our system adsorbs cfDNA more efficiently than
the conventional silica-based cfDNA detection systems (1.76-fold
increased DNA detection; p=0.031). Using the DNA collected from
the beads, we analyzed the BRAF mutation status from 37 PTC
patients based on both qPCR and ddPCR. The results acquired from
both assays revealed that the BRAF mutation status is strongly associ-
ated with the multifocality of tumors. Meanwhile, none of the serum
biomarkers have demonstrated clinical significance for detecting
multifocality or other malignancies in PTC. These findings imply
that our cfDNA capture system can be applied for the analysis of
various mutations in PTC, which can be employed as a reliable
diagnostic biomarker for PTC.
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MATERIALS AND METHODS

1. Surface Engineering of Alginate Beads with PDA-SiO,-Func-
tionalized Beads

Sodium alginate (5% w/v) was dissolved in distilled water (DW)
and then dropped into 100 mM calcium chloride aqueous solu-
tion (1 h, room temperature (RT)). The alginate beads were care-
fully washed three times by DW. The carboxylic groups on the
alginate beads were activated using EDC/NHS chemistry. The beads
were treated with 200 mM EDC and 200 mM NHS in ddH,O at
room temperature for 1 h. For the PDA-SiO,-immobilized beads,
alginate beads were substantially reacted with dopamine hydro-
chloride and silica. In brief, dopamine hydrochloride (5 mM) was
added into the bead-containing solution dropwise and stirred at
room temperature for 12h. The acidity of the dopamine hydrochlo-
ride solution was maintained at a pH of ~7.0 using Tris-HCI buf-
fer. The dopamine-functionalized beads were then washed with
DW three times (1 min for each) and mixed with 1 mL silica solu-
tion for 1h in RT.
2. Surface Characterization Using XPS

The chemical composition of the beads was identified by the
Themo Scientific K-Alpha XPS system. Survey spectra were col-
lected over a range of 0-1,200 eV with a pass energy of 100.0 eV
and a step of 1.0 eV. High-resolution spectra of C,, O,, N;,, and Si,,
were also collected under adjusted conditions. Each measurement
was repeated five times.

3. The extraction of Circulating Tumor DNA (ctDNA) Using
PDA-SiO,-functionalized Beads

The patient samples were provided by the National University
Hospital biobank of Chungbuk, a member of the Korea Biobank
Network. This study was proved by the Institutional Review Board
of Chungnam National University Sejong Hospital (CNUSH-20-
11-012) and Chungnam National University Hospital (CNUH-
2019-07-041-013). The pre-treatment process for ctDNA extraction
of the sample is as follows: 200 pL buffy coat was obtained from
3 ml whole blood after the lysis of erythrocyte using erythrocyte
lysis (EL) buffer (Qiagen, Inc., Hilden, Germany). 1,500 uL of EL
buffer was added into 300 L of bufty coat and then incubated for
15min at 4°C. After incubation, the sample was centrifuged at
400 g for 10 min at 4 °C, which was repeated twice each after the
discard of supernatants. The cell pellet was treated with 20 L of
proteinase K and 200 pL. AL buffer (Qiagen, Inc,, Hilden, Germany)
and incubated at 37 °C for 10 min, followed by the reaction with
200 UL of 95% ethanol (Samchun, Seoul, Korea). A PDA-SIiO,-func-
tionalized bead was then added to the sample with 5 pL calcium
chloride solution, followed by the incubation under gentle agitation
(10 min). The beads were washed with an AW1 buffer (Qiagen, Inc.,
Hilden, Germany) and stored in RNase/DNase free water at —80 °C.
4. DNA Capture Capability Analysis Using Fluorophore-labeled
DNA

The beads were incubated with fluorophore-labeled DNA (50
ng/uL; 200 puL) which consists of a mixture of RPP30 forward primer



(5FAM-GATTTGGAC CTGCGAGCG-3) 5-FAM-GATTTGGAC
CTGCGAGCCG-3) and RPP30 reverse primer (5FAM-GCG-
GCTGTCTCCACAAGT-3) for 30 min, followed by washing the
beads with AW1 buffer. Beads were then kept in 200 pL elution
buffer. Fluorescent intensity of the captured DNA was then ana-
lyzed using a plate reader (Varioskan LUX Plate Reader; Thermo
Fisher Scientific) at the excitation of 500 nm.
5. Quantitative Polymerase Chain Reaction (QPCR) and Drop-
let Digital PCR (ddPCR) Workflow

PNA Clamp BRAF'*™" mutation detection kit (Panagene, Dae-
jeon, Republic of Korea) was used, according to the manufacturer’s
instructions. Briefly; all reactions were performed in a final volume
of 20 pL that contains 1 uL. DNA, 6 uL. DW, 3 uL. BRAF mix, 10 uL.
2X premix, primers, and PNA probes for codon 600. The PNA-
clamping PCR was performed using a CFX96 real-time PCR sys-
tem (BioRad, Pleasanton, CA). The PCR cycling conditions were
at 94°C for 5 minutes, followed by 40 cycles of amplification at
94°C for 30seconds, 70°C for 20 seconds, 63 °C for 30 seconds,
and a final extension at 72 °C for 5 minutes. The threshold cycle
(Ct) was automatically calculated by observing the SYBR Green
amplification plots. The delta-Ct (ACt) values were calculated as
([Control Ct]—[Sample Ct]=ACt). A cut-off value of 2.0 was used
for determining the presence of BRAF mutant DNA. The ddPCR
(QX200, Bio-Rad, Hercules, CA, USA) was used in this study. We
prepared 20 pL aliquots of ddPCR reaction mixture consisting of
DNA (2 uL), 2x ddPCR supermix for probes (10 uL), 20x BRAF'*®
screening assay (1 pL), and DW (7 pL). The mixture was loaded to
a disposable droplet generator cartridge. After droplet generation
was completed, the droplets were transferred to the thermal cycler
(Bio-Rad, T100) under the following conditions: 95 °C for 10 min
(1 cycle); 94°C for 30's and 55 °C for 1 min (40 cycles); 55 °C for

Table S1. Clinical information of PTC patients involved in this study

Median Range
Height (cm) 157 131.6-170
Weight (kg) 64.2 36.9-87
Male Female
Gender 3 (8.1%) 34 (91.9%)
Y N
Multifocality 9 (24.3%) 28 (75.7%)
Lymph node metastasis 16 (43.2%) 21 (56.8%)
Lymphatic invasion 18 (48.6%) 19 (51.4%)

Extranodal extension 30 (81.1%) 7 (18.9%)

1 min, 98°C for 10 min (1 cycle), 4 °C hold. Cycled droplets were
read individually with the QX200 droplet-reader. The QuantaSo: ™
software was analyzed to determine the amount of the target DNA
in copies/pL. The mutant allele fraction (MAF) was calculated by
dividing the number of droplets containing mutants by the total
number of droplets.
6. Statistics

The expression levels of serum biomarkers (ie., free T4, Thyroid
stimulating hormone (TSH), Thyroglobulin (Tg), and Thyroglobu-
lin antibody (TgAb), as well as the BRAF mutation status was com-
pared depending on the tumor multifocality based on Students ¢
test. The correlations between ddPCR and qPCR were analyzed
using Pearson correlation and linear regression models. Clinical
capabilities were further assessed by the receiver operating charac-
teristic (ROC) analysis. All statistical analyses were made through
SPSS Statistics 26 (SPSS, IL).

Table S2. The BRAF mutation status and serum antigens for differentiating pathological features of PTC

BRAF ACt BRAF MAF Free T4 TSH Tg TgAb
(AU) (%) (ng/dL) (U/mL) (TU/mL) (TU/mL)
. . —2.24+1.73 1.42+5.24 1.15+£0.49 28.29+41.04 0.90+1.19 5.80+16.32
Multifocality
(N vs. Y) vs 5.41+2.72 vs 19.76+£11.49 vs 0.85+£0.81 vs 48.27+41.97 vs 1.10£2.61 vs 10.18+£22.00
(p<0.001) (p<0.001) (p=0.306) (p=0.215) (p=0.752) (p=0.524)
Extra nodal exten. -1.31+2.56 3.56+6.27 1.14£0.39 35.96+47.51 0.66+1.01 10.56+£25.27
(N'vs. Y) vs —0.16+4.12 vs 6.42+11.45 vs 1.07+0.63 vs 32.50+£40.97 vs 1.02+£1.72 vs 6.00+£15.81
(p=0.484) (p=0.530) (p=0.767) (p=0.846) (p=0.595) (p=0.546)
LVI —0.77+£3.92 2.89+5.93 1.06+0.54 27.92+38.58 0.79+1.28 2.36+2.53
(N vs. Y) vs 0.04+3.88 vs 9.04£13.51 vs 1.10+£0.65 vs 38.67+45.00 vs 1.12+£1.91 vs 11.62+24.60
(p=0.529) (p=0.089) (p=0.836) (p=0.440) (p=0.543) (p=0.130)
Lymph node meta. -1.13+£3.31 3.68+7.04 1.14£0.57 30.89+42.51 0.92+1.81 5.88+14.60
(N vs. Y) vs 0.61+4.41 vs 8.78+13.81 vs 1.00£0.62 vs 36.13+41.54 vs 1.00+1.35 vs 8.16+21.43
(p=0.180) (p=0.152) (p=0.503) (p=0.710) (p=0.878) (p=0.702)

* For Free T4, the patients exhibiting serum Free T4 level lower than the detection limit (0.4) were considered to have 0 ng/dL Free T4
** For TSH, the patients exhibiting serum TSH level higher than the detection limit (100.00) were assigned to have 100 U/mL TSH



Table S3. The BRAF mutation status in cfDNA and the primary tissue. Note that the BRAF mutation in the primary tissue was determined
by pathological analysis reported by Chungnam National University Hospital. Note that the results obtained from cfDNA and tis-
sue samples matched for six out of seven patients (bold)

cfDNA Tissue
Sample ID Tumor status
ACt Mutant/Wild Mutant/Wild

P00S1 PTC 6.56 Mutant Mutant
P00S2 PTC -1.52 Wwild Mutant
P00S3 PTC 3.87 Mutant Mutant
P00S4 PTC 0.45 Wild Wild
P00S5 PTC —5.00 Wild Wild
P00S6 PTC —5.00 Wild Wild

P00S7 Benign -3.04 Wwild Wwild




