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Ultrasensitive detection of exosomal miRNA
with PMO-graphene quantum dots-functionalized
field-effect transistor biosensor

Kun Li,1,4 Jiyuan Tu,1,4 Yulin Zhang,1 Dan Jin,1 Tingxian Li,1 Jiahao Li,1 Wei Ni,2 Meng-Meng Xiao,3

Zhi-Yong Zhang,3,* and Guo-Jun Zhang1,5,*

SUMMARY

Compared with the conventional DNA probe immobilization on the planar sur-
face, nanoparticles-based DNA probes enable more RNA molecules to be
anchored to the sensor surface, thereby improving the detection sensitivity. In
this work, we report phosphorodiamidate morpholino oligomers (PMO)-gra-
phene quantum dots (GQDs)-functionalized reduced graphene oxide (RGO) field
effect transistor (FET) biosensors for ultrasensitive detection of exosomal micro-
RNAs. After the RGO FET sensor was fabricated, polylysine (PLL) film was depos-
ited onto the RGO surface. GQDs-PMO hybrid was prepared and covalently
bound to PLL surface, enabling detection of exosomal microRNAs (miRNAs).
The method achieved a detection limit as low as 85 aM and high specificity.
Furthermore, the FET sensorwas able to detect exosomal miRNAs in plasma sam-
ples and distinguish breast cancer samples from healthy samples. Compared with
other methods, we use GQDs to further improve the sensitivity of FET, making it
a potential tool for early diagnosis of breast cancer.

INTRODUCTION

In recent years, exosomes have become a research hotspot due to their important role in the occurrence,

development, and metastasis of tumors (Jiang et al., 2019; Kalluri and LeBleu, 2020; Xia et al., 2017; Xu

et al., 2018). More importantly, exosomes carry a variety of functional molecules with biological activity,

such as nucleic acids, proteins, peptides and lipids, and so forth (Wang et al., 2017, 2020; Zhou et al.,

2017). And exosomal miRNAs (Exo-miRs) are involved in the communication between cells (Tomasetti

et al., 2017). Importantly, there is high correlation among Exo-miRs levels and disease development and

malignant progression of tumors. Moreover, Exo-miRs secreted by donor cells could enter recipient cells

and directly participate in regulating gene expression (Azmi et al., 2013; Li et al., 2016). In addition, Exo-

miRs have an advantage as biomarkers over plasma-derived circulating miRNAs (Endzelins et al., 2017;

Hannafon et al., 2016). First of all, miRNAs are protected by the phospholipid bilayer because they are in-

side the exosomes, preventing them from being degraded in circulation (Boriachek et al., 2018; Cheng

et al., 2014; Guo et al., 2020). Secondly, due to the protected exosomes, Exo-miRs are still active even under

repeated freeze-thaw cycles or unsuitable pH (Ren et al., 2016). Although Exo-miRs have gradually been

used as biomarkers for the diagnosis of malignant tumors, it is still a challenge to detect them with high

sensitivity (Shi et al., 2020; Zeng et al., 2018).

To improve the sensitivity of Exo-miRs detection, electrochemistry, Raman, fluorescence, and nanochannel-

based sensors are used for the detection of Exo-miRs. Lee et al. showed a multifunctional magneto-plas-

monic nanorod for detection of exosome and Exo-miRs (Lee et al., 2019). This method is simple and nonde-

structive, but its sensitivity limits its further application. Kang et al. used aDNA-functionalizedAuoctahedral

array as a Raman sensing platform to detect Exo-miRs (Kang et al., 2021). This method requires fluorescent

labeling, and the detection limit is not low enough. Miao et al. used dumbbell hybrid chain reaction to

amplify the electrochemical signal for Exo-miRs analysis (Miao and Tang, 2020). This method can detect

Exo-miRs with high sensitivity, but it needs amplification. In our group, Liao et al. demonstrated a phosphor-

odiamidate morpholino oligos (PMO)-functionalized nanochannel biosensor for detection of microRNAs

in serum samples (Liao et al., 2017). In this system, PMO probe was modified on the channel surface,

and miRNAs detection was realized through observing the change of surface charge density when
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PMO/miRNA hybridization occurred. Xiao et al. reported a PNA-functionalized nanochannel biosensor for

pancreatic cancer exosomal miRNA10b detection (Xiao et al., 2021). In this work, PNA, as a capture probe,

was anchored on the nanochannel surface. Although the PNA/exosomal miRNA hybridization took place,

the membrane current change could be recorded, resulting in the surface charge density change of the

nanochannel. Although the nanochannel biosensor can achieve a high sensitivity, the PET-film-based nano-

channels are prepared by artificial etching, leading to uncontrollable uniformity of the sensor.

The field effect transistor (FET) biosensor, as a label-free detection tool, has been rapidly developed in

recent years (Liang et al., 2020; Mao et al., 2017; Syedmoradi et al., 2019). The change in charge caused

by the interaction of biomolecules on the surface of the sensing channel is converted into a readable

electrical signal by the field-effect transistor. The detection platform has the characteristics of label-free

detection, fast analysis speed, and high sensitivity. Graphene field effect transistor (G-FET) sensors

have been used to detect a variety of biomolecules (Jin et al., 2019; Li et al., 2019b; Thakur et al., 2018;

Xie et al., 2016; Yu et al., 2019). Usually, the probe molecules are immobilized on the graphene surface

to detect the targets. To improve the detection sensitivity, nanoparticles-based DNA probes would be

an option to allow more probe molecules to be modified on the surface and to enable high hybridization

efficiency due to the three-dimensional structures compared with the planar surface.

Carbon dots (CDs) are one of the zero-dimensional members with promising applications in sensors,

optronics, and electrochemical luminescence (Das et al., 2018). Ramadan et al. incorporated CDs on the

graphene surface to fabricate the graphene FET sensor, after which specific antibody was immobilized

on the CDs surface to capture exosome (Ramadan et al., 2021). Majd et al. prepared DNA-functionalized

CDs and drop-casted the CDs on MoS2-FET chips to detect Hg2+ with high sensitivity (Majd and Ghasemi,

2020). In our group, gold nanoparticles (AuNPs) were deposited on the graphene surface to achieve various

detections including SARS-COV-2 RNA (Li et al., 2021), exosomes (Wu et al., 2020), and miRNAs (Cai et al.,

2015). In addition, Pt nanoparticles were also deposited on the graphene surface to detect BNP (Lei et al.,

2017). Graphene quantum dots (GQDs) are a subset of carbon quantum dots (Xu et al., 2014). GQDs were

first isolated and characterized during 2008–2010 (Sun et al., 2006; Xu et al., 2004). The size of GQDs is very

small; generally, the particle size of GQDs is less than 10 nm and the thickness is less than 10 graphene

layers (Li et al., 2019a). Compared with other noble metal nanoparticles, GQDs are inexpensive to

manufacture, easy to obtain. More importantly, they have good electrical conductivity, making them

more suitable for the functionalization of probe molecules for biosensing applications. For example, Lu

et al. confined GQDs with different functionalities in nanopores to detect different ions, in which GQDs

served as the recognition element and signal amplifier in nanopores (Lu et al., 2018). Chen et al. used anti-

body-functionalized nitrogen-doped GQDs electrochemiluminescence (ECL) biosensor for detection of

Escherichia coli O 157:H7 (Chen et al., 2017). However, ultrasensitive detection of exosomal miRNAs by

GQDs-PMO-functionalized graphene FET is desirable.

Here, we report a GQDs-functionalized reduced graphene oxide (RGO) FET biosensor that can detect

Exo-miRs in the blood of breast cancer patients with ultrasensitive sensitivity. As shown in Figure 1, the

PMO-GQDs hybrid is obtained by incubating GODs with amine-modified PMO. After the RGO FET is

Figure 1. Schematic principle of GQDs-PMO-functionalized PLL-RGO-FET (GPPR-FET) for detection of exosomal

miRNA
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fabricated, polylysine (PLL) is assembled onto the RGO surface, allowing the functionalized GQDs-PMO

hybrid to be immobilized on the chip surface via amide formation. After that, Exo-miRs are specifically de-

tected by hybridization of the immobilized PMO probes with miRNA. Upon binding of Exo-miRs with PMO

on the chip surface, the net carrier density of the sensing channel changes due to contribution of negative

charges from Exo-miRs, causing the Dirac point to shift to the left.

RESULTS

Characterization of the GQDs-PMO hybrid

The particle size of GQDs was characterized by transmission electron microscopy (TEM). As displayed in

Figure 2A, GQDs were uniformly distributed in solution. Figure 2B shows the well-dispersed GQDs with

the average size of about 4.4 nm.

To characterize the successful combination of GQDs and PMO, fluorescence and zeta potential were

applied. As illustrated in the Figure 2C, after PMO (1 mM) was bound to GQDs (25 mg/mL), the fluorescence

signal (365 nm) of GQDs-PMOwas lower than that of GQDs, which was caused by the fluorescence quench-

ing effect of PMO to GQDs. The results are consistent with those reported previously (Kermani et al., 2017;

Wei et al., 2021), indicating that GQDs were successfully combined with PMO. Figure 2D was the zeta

potential of GQDs and GQDs-PMO. The zeta potential of the GQDs was �21.22 mV. After PMO was com-

bined with GQDs, the zeta potential (�10.37 mV) significantly reduced, also showing successful synthesis of

GQDs-PMO hybrid.

Characterization of the GQDs-PMO functionalized PLL-RGO-FET

The constructed FET biosensor undergoes the modification of PLL and the immobilization of GQDs-

PMO. Firstly, in order to prove that the PLL film was successfully deposited to the RGO surface, X-ray

photoelectron spectroscopy (XPS), Raman spectrometer (Raman), and TEM were applied. As displayed

in Figures 3A and 3B, compared with RGO, PLL-RGO hybrid reveals flat sheet with many wrinkled, folded

structures. The phenomenon was consistent with that reported in the literatures (Li et al., 2018; Wang

et al., 2013). As illustrated in the Figure 3C, the N1s (399.9 eV) peak had a significant increase, implying

the successful assembly of PLL in the channel surface. Figure 3C shows that the small N1s of RGO may be

the residue of hydrazine on the surface of graphene, because the chemical structure of hydrazine also

contains N element (Wu et al., 2020). As shown in Figure S1, the Raman spectra show that the ID/IG ratio

Figure 2. Characterization of GQDs-PMO

(A) TEM image of the GQDs. Scale bar, 20 nm.

(B) The size distribution of GQDs.

(C) Fluorescence spectra of GQDs and GQDs-PMO.

(D) Zeta potentials of GQDs and GQDs-PMO. Error bars represent the standard errors (n = 3).
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of RGO and PLL-RGO increased from 1.20 to 1.28, indicating that PLL film was modified on the RGO

(Zhou et al., 2019).

In order to prove that the GQDs-PMO was successfully modified on the GPPR-FET, XPS, fluorescence

and AFM were conducted. As described in Figure 3D, after the modification of GQDs-PMO, P2p
(134.4 eV) peak appeared; this is the contribution of GQDs-PMO hybrid, corroborating the assembly

of GQDs-PMO. The GQDs-PMO (PMO labeled with Cy5) was dropped on the PLL-modified G-FET over-

night at room temperature. Then, the chip was rinsed with deionized water and dried with nitrogen. The

chip was observed by a fluorescence microscope. As shown in Figure 3E, a significant red fluorescent

signal appeared on the chip. However, no fluorescent signal appeared in the control groups (without

GQDs in the inset images), indicating the successful modification of GQDs-PMO. Atomic force micro-

scope (AFM) was further used to characterize the PLL surface before and after deposition of GQDs-

PMO. Compared with the PLL-RGO surface (Figure S2A), a large number of particles appeared after

GQDs-PMO was deposited on the surface (Figure S2B). The results prove that GQDs-PMO has been suc-

cessfully modified on the surface of the chip.

The change of the Id-Vg characteristic curves in Figure 3F also illustrates the PLL deposition and GQDs-

PMO modification on the surface of the sensor channel. After PLL was deposited, the Dirac point shifted

to the right. The reason for this phenomenon was that the RGO FET sensor is a p-type device (Zhang

et al., 2016). The amino group of the PLL provides positive charges, causing the graphene to be p-doped

and the Dirac point to be shifted to the right. When the GQDs-PMOwas combined with the PLL-RGO chip,

the contribution of the negatively charged GQDs-PMO caused the graphene to be n-doped and the Dirac

point shifted to the left. Therefore, the change of Id-Vg characteristic curves shows that PLL deposition and

GQDs-PMO functionalization have been successful.

Optimization

In order to obtain the best performance of GPPR-FET, we explored the optimization regarding concentra-

tion ratio of GQDs to PMO, concentrations of the PLL, hybridization time, and temperature.

Figure 3. Fabrication and characterization of the GPPR-FET sensor

(A and B) TEM images of the RGO and RGO + PLL. Scale bar, 100 nm.

(C) X-ray photoelectron spectroscopic spectra of N1s for RGO and RGO + PLL.

(D) X-ray photoelectron spectroscopic spectra of P2p for RGO + PLL and RGO + PLL + GQDs-PMO.

(E) Fluorescence microscope images of GQDs-PMO (PMO labeled with Cy5). Inset images show the fluorescence of control. Scale bar, 100 mm.

(F) Id�Vg curves of the stepwise functionalization process of the FET chip including RGO assembly, PLL modification, and GQDs-PMO functionalization,

respectively.
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The ratio of GQDs to PMO governs the density of GQDs-PMO nanocomposites assembled on the chip surface

and further the hybridization efficiency. Too low concentration of PMOdecreases the efficiency of hybridization,

whereas too high concentration of PMO results in less remaining carboxylic groups of GQDs-PMO (Figure S3A).

In this work, we changed the ratio of PMO toGQDs by adjusting the following parameters (the PMO concentra-

tion from0.5 to 2.5 mM,and the concentration of theGQDswere 500 mg/mL, 1:1mixed).When the PMOconcen-

tration was 1 mM, we observedmaximal signal (-DVCNP) in the presence of the target miRNA21 (1 nM). Then, we

tested the effect of different concentrations of polylysine (PLL) film on the detection and found that 0.5 mg/mL

was the optimal concentration (Figure S3B).Wealso found thatwith the increase of hybridization time, the signal

change (-DVCNP)gradually increasedand reachedequilibriumat1h (FigureS3C).At the sametime,wealso found

that the detection signal reached its maximum value when the temperature was 37�C (Figure S3D).

Sensitivity

We examined the sensitivity of the GPPR-FET sensor by detecting the target miRNA21 at different concen-

trations from 100 aM to 1 nM.We dropped 10 mL of miRNA21 with different concentrations from low to high

concentration onto the FET sensor surface. The incubation conditions were 37�C for 1 h. Figure 4A shows

the Dirac point change (-DVCNP) of the GPPR-FET chip at different conditions. We could observe that the

Dirac point shifted to the left as the concentration of miRNA21 increased. In detail, the average values of

-DVCNP (11, 23, 37, 51, 65, 78, 88, and 104 mV, respectively) gradually increased. This phenomenon is due to

the increase of the number of miRNA21 captured on the surface of the sensing channel of the GPPR-FET

sensor. Thus, the negative charges of miRNA21 are accumulated on the surface, causing continuous

n-doping of graphene. The results are in good agreement with those reported before (Cai et al., 2015;

Li et al., 2021). In Figure 4B, there is a good linear relationship between the target miRNA21 concentration

Figure 4. Sensitivity and specificity

(A) Transfer curves of the GPPR-FET sensor to different concentrations of miRNA21.

(B) Shift of VCNP of the GPPR-FET sensor at a series of miRNA21 concentrations. The dashed line represents the signal/

noise ratio of 3. Error bars represent the standard errors (n = 3).

(C) Transfer curves of the sensor toward the random sequences (miRNA10b), one-base mismatched sequences (OM),

three-base mismatched sequences (TM), and complementary sequence. The concentration of the target miRNA21 is 100

pM and that of other miRNAs are 1 nM.

(D) The VCNP values of the GPPR-FET sensor at detection of blank and four sequences.

Error bars represent the standard errors (n = 3).
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and -DVCNP, and the correlation coefficient (R2) is 0.99. The regression equation is -DVCNP = 13.23

lgC+222.64 (C is the concentration of miRNA21). The dotted line here represents 3-fold of the signal-to-

noise ratio (10 mV). According to the regression equation and 3-fold of the signal-to-noise ratio, the

detection limit was calculated to be 85 aM.-

We also compared the sensing performance between the GPPR-FET sensor and the PMO-functionalized

FET sensor (PMO was immobilized on the sensing surface without the GQDs) (Figure S4). At the same

concentration of PMO (1 mM), a range of various concentrations of target miRNA21, from 1 fM to 1 nM,

were dropped to the PMO-functionalized FET sensor. Figure S4 shows the good linear relationship

between miRNA21 concentrations and -DVCNP. The regression equation is -DVCNP = 6.67 lgC+110, where

C is the concentration of miRNA21, and the correlation coefficient R2 is 0.991. Based on a signal that is

3-fold higher than the baseline, the LOD was calculated to be 2.04 fM, which was about 2-fold magnitude

higher than that of the GPPR-FET sensor. The result shows that the GPPR-FET sensor has a higher sensitivity

than the PMO-functionalized FET sensor.

In order to better show the sensitivity of the sensor, we compared detection range and LOD of the

GPPR-FET sensor with those of sensors (Caputo et al., 2019; Cogal et al., 2021; Gao et al., 2020; Huang

et al., 2021; Kim et al., 2021; Li et al., 2021; Wang et al., 2021; Wu et al., 2021). As shown in Table S2, it

can be seen that the method established in this article is superior to other sensors in terms of detection

range and LOD. We believe that the high sensitivity of GPPR-FET comes from the following aspects: (1)

neutrally charged PMO probes have higher hybridization efficiency with miRNA (Zhang et al., 2010). (2)

GQDs enable more PMO to be immobilized on the chip surface than the planar substrate.

Specificity

In order to test the specificity of the GPPR-FET sensor, we successively investigated the response of the

GPPR-FET sensor to one-base mismatched (OM), three-base mismatched (TM), and random miRNA se-

quences (miRNA10b) and target miRNA21, respectively. In Figures 4C and 4D, the Dirac point shift (-DVCNP)

generated by OM was much smaller than that obtained by miRNA21. As seen in Figures 4C and 4D, the

Dirac point shift induced by TM and miRNA10b was much smaller than that obtained by miRNA21,

which clearly demonstrates the specificity of our GPPR-FET sensor. In short, the GPPR-FET biosensor

can effectively distinguish miRNA21 from OM, TM, and random miRNA sequences (miRNA10b), showing

good specificity for detecting exosomal miRNA21.

Stability

To prove the stability of PMO-GQDs RGO FET, we dropped 13PBS on the surface of the GPPR-FET sensor

andmeasured Id-Vg after incubation for 2 h, 4 h, 6 h, and 12 h (Figure S5). We recorded the rate of change of

its Dirac point of the Id-Vg curve after 2 h, 4 h, 6 h, and 12 h. We found that even after incubation after 12 h,

the sensor’s Dirac point still maintained above 95%. Meanwhile, we put the GPPR-FET sensor in a vacuum

oven and kept it for 7 days and tested the change of GPPR-FET every day. As shown in the Figure S6, the

current signal did not change much at the Dirac point after 7 days, maintaining more than 88% of the

original value. The results indicate that the device has good stability.

Exo-miRNA detection

In order to detect exosomal miRNA, we cultured MCF-7 and MCF-10A cancer cells and collected the exo-

somes ofMCF-7 andMCF-10A, respectively. Then, we used the kit to extract exosomal total RNA. In order to

prove the successful acquisition of exosomes, we used western blot, NTA, and TEM for characterization.

Western blot of CD63, EpCAM, and TSG101 shows the successful isolation and extraction of exosomes (Fig-

ure 5A). And the TEM image shows that the exosomes had a clear phospholipid bilayer structure (Figure 5B).

The NTA analysis in Figure 5C shows that the exosomes had a particle size between 50 and 150 nm, mainly

around 125 nm. Then, we further extracted total RNA from exosomes. The extracted total RNA was applied

to the GPPR-FET sensor. We dropped the total RNA of exosomes derived from MCF-10A onto the GPPR-

FET sensor, and the mean value of -DVCNP was 54.6 mV, which was lower than the total RNA extracted

from exosomes derived from MCF-7 (78 mV) (Figure 5D). The results show that the sensor can effectively

distinguish breast cancer from a normal control group. We further used qRT-PCR to detect the expression

level of miRNA21 in exosomes derived from MCF-7 and MCF-10A. And we compared the concentration of

exosomal miRNA21 detected by our sensor with the result of qRT-PCR and found that our sensor could

achieve a consistent result with gold standard (Figure 5D).
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Clinical sample assays

In order to verify the application potential of our GPPR-FET biosensor in clinical samples, we collected

plasma samples from 10 breast cancer patients and 10 normal patients. We used the GPPR-FET sensor

to detect miRNA21 from the exosomal RNA of human plasma samples. Themethod of extracting exosomal

miRNA from plasma samples was described in the supporting information. It can be seen from Figure 6A

that the signal change of breast cancer patients was higher than that of healthy people, proving that the

concentration of miRNA21 in the plasma exosomes carried by breast cancer patients was higher than

that of healthy people. The heatmap analysis of Figure 6B shows that the GPPR-FET sensor can distinguish

normal samples from cancer samples. The scatterplot analysis in Figure 6C shows that the levels of exoso-

mal miRNA21 in normal samples and cancer samples were different. The performance of our GPPR-FET

sensor was further evaluated by ROC (receiver operating characteristic) curve analysis in Figure 6D, which

further demonstrates the high accuracy (AUC = 0.99, p < 0.0001). These results reflect that our sensor can

distinguish breast cancer patients from healthy people by detecting Exo-miR21 level.

DISCUSSION

We have designed a GPPR-FET biosensor that enables ultrasensitive detection of exosomal miRNA21 in

clinical samples. This GPPR-FET biosensor holds several unique merits: (1) compared with the direct probe

modifications in previous reports, GQDs make more PMO probes attached to the sensing surface. (2)

GQDs provide a three-dimensional structure to enable high hybridization efficiency, ensuring GPPR-FET

sensor to have lower sensitivity. (3) Our sensor can distinguish the level of miRNA21 in the blood of breast

cancer patients and normal people, showing clinical application potential.

Limitations of the study

This study proves that the exosomal miRNA21 level of breast cancer patients is higher than that of healthy

people, but the accuracy of the approach needs to be verified in the real applications due to the interfer-

ence of other substances in blood.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

Figure 5. Characterization of exosome

(A) Western blotting of CD63, EpCAM, and TSG101 in exosomes derived from MCF-7 and MCF-10A cell lines.

(B) TEM image of exosomes. Scale bar, 100 nm.

(C) Characterize the particle size distribution of exosomes by NTA. Error bars represent the standard errors (n = 3).

(D) Using qRT-PCR and GPPR-FET to detect miRNA21 in exosomes derived from MCF-7 and MCF-10A cell lines.

Error bars represent the standard errors (n = 3).
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B Materials availability

B Data and code availability

d METHOD DETAILS

B Materials and chemicals

B Preparation of GQDs-PMO hybrid

B Fabrication of RGO-PLL FET sensors

B Fabrication of the GQDs-PMO hybrid functionalized RGO FET sensor

B Detection of exosomal miRNA

B Measurement

B Exosome purification

B TEM characterization of exosomes

B NTA analysis

B Western Blot

B RNA extraction

B qRT-PCR protocol

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104522.
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AUC: area under the curve. Error bars represent the standard errors (n = 3).
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METHOD DETAILS

Materials and chemicals

XFNANO (Nanjing, China) provided graphene oxide (GO, 99.99995%). Concentrated H2SO4, 35 wt % H2O2

was offered byGeneray Biotech Co. Ltd. (Shanghai, China). Hydrazine (98%) was provided fromAladdin Co.

Ltd. (Shanghai, China). Carboxylated GQDs used in this work was ordered from XFNANO (Nanjing, China).

Macklin (Shanghai, China) provided poly-L-lysine solution (PLL). Sigma-Aldrich (Shanghai, China) provided

1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide (EDC, 98%), N-hydroxysulfosuccinimide (sulfo-NHS,

98.5%), bovine serum (BSA), RNaseZap and 1-Pyrenebutanoic acid succinimidyl ester (PASE). PMO and

PMO-Cy5 used in this work were offered by Sangon Biotech (Shanghai, China). Takara Biotechnology (Da-

lian, China) provided all miRNAs. All the sequences are listed in Table S1. Antibodies were obtained by

Abcam (Cambridge, USA). The exoRNeasy Serum/Plasma Midi Kit was offered by QIAGEN (Germany).

All aqueous solutions were derived from ultrapure water (18.2 MU, Millipore Crop, Besford, MA). All sur-

faces were deRNase treated with RNaseZAP solution before use. Blood samples of breast cancer patients

and healthy people were provided by Hubei Provincial Hospital of Traditional Chinese Medicine (Wuhan,

China) and approved by the hospital Ethics Committee.

Preparation of GQDs-PMO hybrid

For the preparation of GQDs-PMO hybrid, GQDs were interacted with PMO in the presence of EDC and

NHS. In general, a mixture of EDC (50 mL, 50 mg/mL) and NHS (50 mL, 12.5 mg/mL) were added to a

GQDs solution (100 mL, 1 mg/mL) for 30 min. Then, the activated GQDs (200 mL, 500 mg/mL) were reacted

with the PMO (200 mL, 1 mM) for 1 h, forming GQDs-PMO hybrid.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

graphene oxide (GO, 99.99995%) XFNANO CAS:7440-44-0

poly-L-lysine solution Macklin CAS:25,988-63-0

bovine serum Sigma-Aldrich CAS:9048-46-8

1-ethyl-3-(3-dimethyllaminopropyl)

carbodiimide

Sigma-Aldrich CAS:25,952-53-8

N-hydroxysulfosuccinimide Sigma-Aldrich CAS:6066-82-6

Software and algorithms

Origin OriginLab Corporation https://www.originlab.com/
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Fabrication of RGO-PLL FET sensors

The FET chip was fabricated and the RGO-FET chip was also prepared according to the procedures pro-

duced in our laboratory. To make GQDs-PMO hybrid modified on the sensing surface better, 0.5 mL of

0.5 mg/mL PLL solution was drop-casted on the chip at 80 �C for 2 h. Next, the device was thoroughly rinsed

by DI water and dried with nitrogen.

Fabrication of the GQDs-PMO hybrid functionalized RGO FET sensor

10 mL of GQDs-PMO were dropped on the RGO-PLL chip. Then, the chip was stored at room temperature

for overnight. Via reaction of carboxyl groups on GQDs-PMO with amino groups on PLL, GQDs-PMO was

successfully assembled on the chip surface. Then, the chip was rinsed with ultrapure water, and dried with

nitrogen. In order to bind additional non-specific sites, a 10 mL of 1 mg/mL BSA solution was dropped on

the device for 1 h. And finally the chip was washed and dried with deionized water and nitrogen flow.

Detection of exosomal miRNA

Firstly, we used ultracentrifugation to extract exosomes. Then, the exoRNeasy serum/plasma Midi kit

(Qiagen) was used to further extract exosomal total RNA. The total RNA samples were extracted from

different cellular exosomes, and they were divided into two aliquots separately and measured by qRT-

PCR and the established sensor, respectively. For miRNA21 detection, the total RNAs (10 mL) were dropped

on the GQDs-PMO hybrid functionalized PLL-RGO-FET at 37 �C for 1 h. Then the chip was rinsed with

nuclease-free water, and dried with nitrogen.

Measurement

The semiconductor characterization system (Keithley 4200-SCS) and a probe station (EverBeing BD-6) were

used to conduct the electrical measurement of the chip, and record the Id-Vg curves. Throughout the exper-

iment, the drain current was measured in 0.013PBS as a liquid-gate and a bias of 0.1 V. Moreover, the value

of -DVCNP was used as the signal (VCNP is the gate voltage of Dirac point).

Exosome purification

MCF-7 was cultured with DMEMmedium, which contained 10% (v/v) FBS, 1% (v/v) penicillin, and 100 mg/mL

streptomycin. MCF-10A was cultured with MCF-10A cell culture medium (procell), and maintained under a

humidified atmosphere of 5%CO2 at 37
�C. The cells were collected after being cultured for 48 h in a serum-

free medium. Subsequently, exosomes were purified according to the steps of standard overspeed

centrifugation. The centrifugation method was as follows: the sample was first centrifuged at 300 g for

15 min in order to remove impurities such as cell fragments, and then the supernatant was centrifuged

at 2000 g for 20 min to remove the cell debris. The filtrate was collected, filtered with a 0.22 mm filter mem-

brane (Millipore), and centrifuged at 1000 g for 30 min. Finally, the supernatant solution was centrifuged at

110000 g for 70min to precipitate exosomes. In order to obtain higher purity exosomes, the exosomes were

re-centrifuged after re-suspension (11000 g, 70 min). Finally, the exosome pellet was re-suspended in

400 mL of PBS and stored at �80�C for use.

TEM characterization of exosomes

Firstly, 15 mL of the exosome suspension was loaded in the 400 mesh carbon-coated copper grid and fixed

with 2% glutaraldehyde. The grid was stained with 2% phosphotungstic acid for 10 min and then washed

twice with PBS. After drying at room temperature, the grid was observed under a transmission electron

microscope (TEM) (JEM-2100, Japan) at 80 kV.

NTA analysis

Nanoparticle tracking analysis (NTA) can characterize exosomes suspended in liquids. 20 mL portion of

exosomes was diluted 100-fold with PBS and then filtered with a 0.22 mmfilter membrane. When the sample

was irradiated by the laser in NTA, scattered light signals caused by the Brownian motion of nanoparticles

were collected by an optical microscope and CMOS camera. The concentration and particle size distribu-

tion of exosomes were measured by NTA (Zeta view Ltd., Germany) under optimal parameter settings.
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Western Blot

Exosomes were lysed in a buffer containing protease inhibitors, and protein quantification was performed

with a BCA Protein Assay Kit (Beyotime Biotechnology Co. Ltd., Shanghai, China). Proteins were denatured

and separated by gel electrophoresis, transferred to a polyvinylidene fluoridemembrane (PVDF) after cool-

ing to room temperature, and then blocked with 5% (w/v) bovine albumin in TBST for 2 h. Blots were further

immune-blotted with primary antibodies against CD63 (Abcam, 1:5000 solution), EpCAM (Abcam, 1:1000

solution), TSG-101 (Abcam, 1:5000 solution) overnight at 4 �C. Then blots were incubated with shaking with

HRP-conjugated secondary antibody (Abcam, 1:5000 solution) for 2 h at room temperature. Finally,

GeneGnome XQR chemiluminescence imaging system (Synoptics Ltd, England) was used to visualize

protein bands.

RNA extraction

The cell derived exosomes were obtained by the overspeed centrifugation. The plasma exosomes were

isolated according to the recommended protocol of the exoRNeasy Serum/Plasma Midi Kit (Qiagen). Sub-

sequently, exosomal total RNA was further extracted by the exoRNeasy Serum/Plasma Midi Kit (Qiagen).

The extracted total RNA samples from different cellular exosomes were divided into two aliquots sepa-

rately measured by qRT-PCR and the established GPPR-FET sensor.

qRT-PCR protocol

Total RNA was extracted from exosomes using ExoRNeasy Serum/Plasma Midi Kit (QIAGEN). About 2 mg

total RNA was converted into cDNA (RT product) with the Super Script III reverse transcriptase (Invitrogen)

according to the manufacturers’ instructions, yielding 20 mL of cDNA solutions. The reverse transcription

program was 42�C for 60 min and 95�C for 3 min. The RT products were individually diluted 10-fold to

be used as templates for the subsequent RT-PCR analysis. Amplification reaction occurred with the partic-

ipation of 10 mL of 23miRNA Premix (SYBR&ROX) and 2 mL of RT products using 0.4 mL of designed forward

primer and 0.4 mL of reverse primer, in a total volume of 20 mL. PCR amplification were conducted at 95�C
for 15 min, followed by 40 cycles at 94�C for 20 s and 60�C for 34 s, and melting curve was then recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Origin software was used to compile and analyze data.
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