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SUMMARY

Flexible biosensors have received intensive attention for real-time, non-invasive
monitoring of cancer biomarkers. Highly sensitive tyrosinase biosensors, which
are important for melanoma screening, remained a hurdle. Herein, high-perfor-
mance tyrosinase-sensing field-effect transistor-based biosensors (bio-FETs)
have been successfully achieved by self-assembling nanostructured tetrapeptide
tryptophan–valine–phenylalanine–tyrosine (WVFY) on n-typemetal oxide transis-
tors. In the presence of target tyrosinase, the phenolic hydroxyl groups in WVFY
are rapidly converted to benzoquinone with the consumption of protons, which
could be detected potentiometrically by bio-FETs. As a result, the WVFY-modi-
fied bio-FETs exhibited an ultra-low detection limit of 1.9 fM and an optimal
detection range of 10 fM to 1 nM toward tyrosinase sensing. Furthermore, flex-
ible devices fabricated on �2.9-mm-thick polyimide (PI) substrates illustrated
robust mechanical flexibility, which could be attached to human skin conformally.
These achievements hold promise for wearable melanoma screening and provide
designing guidelines for detecting other important cancer biomarkers with bio-
FETs.

INTRODUCTION

As a type of malignant skin cancer along with high metastasis, recurrence, and mortality, melanoma has

become a severe health-threatening problem worldwide (Huang et al., 2013; Sauer et al., 2017; Jang

and Atkins, 2013). The incidence of cutaneous melanoma has risen rapidly over past several decades (Scha-

dendorf et al., 2018; Leiter et al., 2020). Once tumors have spread to other organs, such skin cancer will

quickly become lethal, owing to few treatment options and unsuccessful clinical trials (Schadendorf

et al., 2018). Therefore, it is imperative to diagnose cancer in its early stages considering the rapid metas-

tasis and evolution of melanoma.

To detect reliable melanoma biomarkers is one of the most effective strategies for the early diagnosis of

cancer. Tyrosinase (TYR) has been proposed as a potential melanoma biomarker, because it overexpresses

melanoma cells and accumulates in skin cells, closely related to the degree of malignancy (Welsh and

Corrie, 2015; Robert et al., 2015). For example, high tyrosinase rate was observed in many patients with un-

treated melanoma at the late stage, while intervention treatment could decrease tyrosinase concentration,

demonstrating that monitoring the dynamic change of tyrosinase concentration could provide a method of

therapy prognosis to patients and a predictive factor for cancer evolution (Osella-Abate et al., 2003). The

detection of tyrosinase is, therefore, crucial for practical clinical diagnosis and prognosis. Several labora-

tory-based methodologies have been developed for detecting tyrosinase activity, including fluorometry,

colorimetry, spectrophotometry, electrochemistry (Zhan et al., 2018; Liu et al., 2013, 2017; Ciui et al.,

2018; Fan et al., 2021).

Among them, field-effect transistor-based biosensor (bio-FET) has risen as a promising biosensing technol-

ogy due to its point-of-care testing capabilities with high sensitivity and accuracy, intrinsic amplification,

rapid and real-time feedback, and easy integration with complementary metal-oxide-semiconductor

(CMOS) processors (Liu et al., 2017; Allen et al., 2007; Kim et al., 2020b). The specific interactions between
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target molecules and receptors modified on bio-FETs could alternate the potentials at the liquid/solid

interface, resulting in variations in channel conductance. Also, the channel conductance can be modulated

by conformational changes after receptors recognition or depended on alterations in surrounding environ-

mental charges when exposure to target molecules (Bay et al., 2019). In addition, flexible and biocompat-

ible bio-FETs could provide a new platform for continuously monitoring individuals’ health in a wearable

and continuous way, attracting widespread attention in recent years (Gao et al., 2016; Bariya et al., 2020;

Tai et al., 2018; Li et al., 2020, 2021; Kim et al., 2020a). However, wearable bio-FETs capable of detecting

early-stage melanoma remained a challenge (Emaminejad et al., 2017; Koh et al., 2016; Lee et al., 2016).

Considering high mortality in the cancer stage and the colossal challenge of direct detection, it is signifi-

cant to screen them in the early stage by monitoring biomarkers.

Here, we present a wearable tyrosinase-sensing bio-FET based on biocompatible self-assembled nano-

structured peptides and n-type metal oxide FETs. The bio-FETs were achieved by solution-processed

In2O3/Al2O3 semiconductor/dielectric interfaces, where In2O3 worked as the active channel and Al2O3

served as a passivation layer for preventing ion and water diffusion (Ren et al., 2021). By modifying a

biocompatible tetrapeptide of tryptophan–valine–phenylalanine–tyrosine (WVFY) onto the In2O3/Al2O3 in-

terfaces via self-assembly, the peptide-modified bio-FETs could successfully detect tyrosinase with high

sensitivity, exhibiting an ultra-low detection limit of 1.9 fM and an optimal detection range of 10 fM to

1 nM. Furthermore, by fabricating Al2O3/In2O3 bio-FETs on ultrathin polyimide (PI) substrate (�2.9 mm

thick), the devices could be attached to the skin conformally for wearable sensing applications. The results

provide a flexible and biocompatible tyrosinase-sensing platform, promising for future melanoma

screening applications.
RESULTS

The flexible Al2O3/In2O3-based bio-FETs with self-assembled nanostructured peptides were fabricated on

ultrathin PI substrates (Figure S1). Figure 1A depicts the schematic illustration of the fabrication process

(see Method details section). Typically, the ultrathin PI substrates were prepared via spin-coating PI solu-

tion on a carrier glass and subsequent annealing. Next, a thin layer of Al2O3 was spin-coated on PI film to

serve as the barrier layer. Then, In2O3 precursor solution was spin-coated and annealed in air. Ni/Au elec-

trodes were thermally evaporated to form source/drain (S/D) electrodes. The interdigitated S/D electrodes

were utilized to generate strong electric fields and improve the active sensing region, which depicted low

current crowding effects (Rim et al., 2015). Subsequently, another Al2O3 layer was spin-coated to serve as

an effective barrier preventing ion and water diffusion to the underneath In2O3 channel. The as-fabricated

bio-FETs were then mechanically delaminated from the carrier glass and could be transferred to other soft

substrates, for example, polydimethylsiloxane (PDMS), to facilitate operation. Also, the ultrathin devices

could be conformably attached to human skin at both flat and stretched states via van der Waals forces

(Figure 1B).

Figures 1C and 1D depict the electrical performance of Al2O3/In2O3 bio-FETs before and after delamina-

tion from carrier glass and being transferred to a PDMS film, which was characterized in 0.13 phosphate-

buffered saline (PBS) solution with a standard Ag/AgCl reference electrode as the gate electrode.

Compared to the rigid substrates, the transfer characteristics (Ids-Vgs, solid lines, Figure 1C) of the devices

exhibited only tiny degradation when transferred to soft PDMS substrates. The corresponding threshold

voltage (Vth) shift, current on/off (Ion/off) ratio, mobility (m), and subthreshold swing (SS) change before

and after transfer to PDMS are extracted in Table S1. Furthermore, the liquid-gated Al2O3/In2O3 bio-

FETs demonstrated fast saturation behaviors and stable output currents with distinctive pinch-off charac-

teristics, as shown in Figure 1D. The low operation voltage (<0.5 V) with small leakage current (Igs, open

circles, Figure 1C) benefits to avoid the redox reactions between the electrodes and biomolecules in the

liquid environment, improving stability in long-term biomonitoring applications.

To characterize themechanical flexibility and durability of flexible Al2O3/In2O3 bio-FETs, electrical bending

tests under different bending radii and bending strain cycles were carried out. The device structure of an

individual flexible bio-FET is shown in Figure 2A. Figure 2B shows a digital photo of the Al2O3/In2O3 bio-

FET under the bending state, where a flexible polyethylene terephthalate (PET,�50 mm thick) substrate was

used to support the device to facilitate the bending test. The transfer curves of flexible Al2O3/In2O3 bio-

FETs at the initial state and bending states with radii of �2 and 1 cm are illustrated in Figure 2C, where

almost no perceptible changes in electrical performance could be observed. To investigate mechanical
2 iScience 25, 103673, January 21, 2022



Figure 1. Process flow of flexible Al2O3/In2O3 FET-based conformal biosensors and their electrical characteristics

(A) Schematic showing the fabrication process of flexible bio-FETs. First, each glass substrate was coated with an ultrathin PI film, and a thin Al2O3 buffer layer

was coated on the PI substrate. Next, In2O3 channel layer was spin-coated on PI film and baked at 300�C. Interdigitated source/drain electrodes of Ni/Au

were patterned by shadow masks. Then Al2O3 precursor was spin coated on the UV-O3 treated In2O3 devices to serve as the passivation layer. The PI films

with Al2O3/In2O3 bio-FET arrays were then delaminated from the rigid glass substrate and transferred to PDMS. The thin PI films with Al2O3/In2O3 bio-FET

arrays could conformally attached to PDMS.

(B) Digital photos of flexible Al2O3/In2O3 bio-FET arrays conformally attached to human neck skin in flat (i) and stretched (ii) states. (iii-iv) Magnified views of

the black dashed regions in (i) and (ii), respectively. Scale bars: 50 mm.

(C) Transfer characteristics of Al2O3/In2O3 bio-FETs on rigid glasses and soft PDMS substrates measured in 0.13 PBS solution, illustrating similar electrical

performance before and after being transferred to PDMS substrates. Solid lines: Ids curves in logarithmic scales; solid circles: Ids curves in linear scales; open

circles: Igs curves.

(D) Output curves of Al2O3/In2O3 bio-FETs on rigid glasses and flexible PDMS substrates, after transfer to soft PDMS substrates, the devices illustrated

similar pinch-off characteristics under the Ag/AgCl liquid gating.
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robustness, the devices were bent/released up to 1000 cycles with a bending radius of 1 cm, and no signif-

icant performance degradation was observed (Figure 2D). The corresponding Vth and SS values at different

cycles are extracted in Figure 2E. Both SS and Vth showed minor variations from 70.9 G 0.22 to 72.8 G

1.4 mV dec�1 and from 0.38 G 0.004 to 0.39 G 0.005 V, respectively. Also, the corresponding variation

of m and Ion/off ratio were illustrated in Figure S2, showing minor performance degradation from 0.66 G

0.02 to 0.69 G 0.02 cm2V�1s�1 and from (6.5 G 0.28) 3 101 to (7.4 G 0.33) 3 101, respectively. Importantly,

the devices exhibited high environmental stability. Figure 2F illustrates the electrical characteristics of flex-

ible Al2O3/In2O3 bio-FETs measured at different times. The devices showed no obvious performance

degradation up to 7 days. Hence, the robust mechanical flexibility and stable electrical performance render

the Al2O3/In2O3 bio-FETs suitable for wearable and portable biosensing applications.

To enable the bio-FETs to detect tyrosinase, a significant biomarker for melanoma screening applications,

we designed a tetrapeptide of WVFY with excellent self-assembly properties through p-p stacking (Adler-

Abramovich et al., 2009; Wang et al., 2021) (Figure 3A). TheWVFY was synthesized by standard Fmoc solid-

phase peptide synthesis (SPPS) and purified by reverse-phase high-performance liquid chromatography
iScience 25, 103673, January 21, 2022 3



Figure 2. Electrical performance of flexible Al2O3/In2O3 bio-FETs

(A) Schematic illustration of the structure of a flexible Al2O3/In2O3 bio-FET

(B) A digital photo of the flexible device under bending. Scale bar: 1 cm.

(C) Transfer characteristics of the flexible Al2O3/In2O3 FETs at flat states (black) and under bending with bending radii of 2 (blue) and 1 cm (red). Solid lines: Ids
curves in logarithmic scales; solid circles: Ids curves in linear scales; open circles: Igs curves.

(D) Transfer characteristics of flexible Al2O3/In2O3 device after different bending test cycles with the bending radius of 1 cm. Solid lines: Ids curves in

logarithmic scales; solid circles: Ids curves in linear scales; open circles: Igs curves.

(E) Corresponding threshold voltage (Vth) and subthreshold swing (SS) values extracted from transfer curves as a function of bending test cycle number. Error

bar stands for standard deviations of three tests.

(F) Transfer curves of the flexible device measured at different days. Solid lines: Ids curves in logarithmic scales; solid circles: Ids curves in linear scales; open

circles: Igs curves.
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(HPLC) (Figures S3, S4, and S5). Typically, the WVFY film was prepared by dropping peptide solution in

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) on the bio-FET surface in air. When the peptide film was exposed

to water vapor at 60�C for 12 h, the assembled nanostructures spontaneously grew on the film under the

interaction of hydrogen bonds (peptide bonds and water molecules) and p-p stacking (between aromatic

rings) (Figure S6). Figure 3B shows a top-view scanning electron microscopy (SEM) image of the assembled

peptide film, indicating twisted fiber bundles. Next, we used circular dichroism spectra (CD) to characterize

the structure of peptide film before and after water vapor treatment. As shown in Figure 1C, no obvious

signal peak was found in the reference WVFY film, indicating no assembly occurred. In comparison, with

water vapor treatment, the WVFY film showed a significant positive peak at around 202 nm and two nega-

tive peaks at around 222 and 235 nm, indicating the b-sheet-like arrangement (Figure 3C). Because the

phenolic hydroxyl groups on WVFY could be oxidized by tyrosinase into melanin analogs, the WVFY film

modified on bio-FETs could serve as the sensitive layer for tyrosinase detection (Lampel et al., 2017)

(Figure S7).

Figures 4A and S8 illustrate the tyrosinase sensing setup and mechanism. The WVFY peptide film was self-

assembled atop the Al2O3/In2O3 bio-FETs, forming a nanostructured film of �6.6 mm thick (Figure S9).

When the WVFY-modified bio-FETs were exposed to tyrosinase, the phenolic hydroxyl groups in WVFY

would be oxidized to catechol and finally transferred to benzoquinone with the consumption of protons.

The deprotonation of terminal groups on the bio-FETs would cause surface potential changes and result

in channel conductance decrease due to electrostatic repulsion, which could be reflected by Vth shifts of

bio-FETs. In this way, the concentration of tyrosinase could be quantified potentiometrically.

To verify the feasibility, we first quantified tyrosinase sensing performance of WVFY-modified Al2O3/In2O3

bio-FETs fabricated on rigid silicon substrates. As shown in Figure S10A, the transfer curves illustrate
4 iScience 25, 103673, January 21, 2022



Figure 3. The characteristics of tetrapeptide tryptophan–valine–phenylalanine–tyrosine (WVFY) peptides

(A) The chemical structure of WVFY tetrapeptide.

(B) Top-view SEM image of the self-assembled WVFY nanostructured film by water vapor treatment at 60�C for 12 h. Scale bar: 10 mm.

(C) Circular dichroism spectra of WVFY films with (red) and without (black) assemblies.
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characteristic positive shifts with an increase in the concentrations of tyrosinase (CTYR) from 10 fM to 1 nM.

As a result, the device showed a linear relationship (n = 3) between the DVth and CTYR on the logarithmic

scale (Figure S10B). In comparison, the bio-FETs without self-assembled WVFY peptides were also inves-

tigated using the same sensing procedure, which showed no obvious Vth shifts but only with minor random

variations (Figures S11A and S11B). Figure S12 illustrates the output characteristics of WVFY-modified bio-

FETs when exposed to various CTYR, where the saturation current decreases with the improvement of CTYR

corresponding to the depletion of protons. According to the equation of LOD (limit of detection) = 3.3 3

SD of intercept/slop (Wang et al., 2017), where SD is the standard deviation of intercept, an outstanding

LOD of 1.9 fM was extracted (Figures S13A and S13B). A comparison of the sensing performance of tyros-

inase activity between our bio-FETs and documented methods (Ciui et al., 2018; Ding et al., 2021; Li et al.,

2012, 2018; Liu et al., 2017; Wang et al., 2019; Yan et al., 2019; Yarman, 2018; Zhou et al., 2016) is shown in

Table S2. Compared to previously reported methods for tyrosinase sensing, our bio-FETs are more advan-

tageous in LOD with an acceptable linear range, which could be used as an accurate screening approach to

monitor the tyrosinase level.

To explore the tyrosinase sensing performance of flexible devices, we further modified nanostructured

WVFY peptides on bio-FETs fabricated on PI substrates with the same process. The typical transfer char-

acteristics (Ids-Vgs) of flexible devices at various CTYR from 10 fM to 1 nM at a low drain bias (Vds) of

0.05 V were plotted in Figure 4B. Still, the transfer curves shifted positively with the increase ofCTYR. In addi-

tion, the control devices whose surfaces were not functionalized withWVFY peptides were also studied with

the same procedure for comparison. In the absence of WVFY peptides, tyrosinase itself was not puissant

enough to influence electrostatic interaction on the surface of bio-FETs. Therefore, only minute and

random fluctuations in the family of transfer curves were observed (Figure 4C). The linear relationships be-

tween DVth and CTYR of the flexible bio-FETs with/without WVFY peptides are depicted in Figure 4D.

Furthermore, the flexible WVFY-modified bio-FETs exhibited stable and fast saturation with distinctive

pinch-off behaviors as shown in Figure 4E. Also, the saturation current decreased gradually with the

improvement of CTYR from 10 fM to 1 nM. The result was consistent with the transfer characteristics (Fig-

ure 4B), owing to the depletion of electrons and decreased channel conductivity.

Reproducibility is one of the most significant parameters of sensor response, which is strongly related to

sensor reliability and consistency (Najafi et al., 2019). It could be indexed by the coefficient of vibration

(CV) using the following equations (Chen et al., 2020):

Coefficient of variation ðCVÞ =
Standard deviation

Average of detection value
3 100% (Equation 1)

Reproducibility = 100% � CV (Equation 2)
iScience 25, 103673, January 21, 2022 5



Figure 4. Tyrosinase-sensing performance of nanostructured WVFY peptides-modified flexible Al2O3/In2O3 bio-FETs

(A) Schematic illustration of the flexible Al2O3/In2O3 bio-FETs functionalized with WVFY peptides in response to tyrosinase and sensing mechanism. In the

presence of tyrosinase, the phenolic hydroxyl group in WVFY will be oxidized to catechol and finally transferred to benzoquinone with the consumption of

protons. This could be detected potentiometrically by measuring the channel conductivity.

(B) Family of typical transfer curves of WVFY-modified bio-FETs measured in 0.13 PBS solution with various concentrations of tyrosinase: baseline (black),

10�14 M (red), 10�13 M (deep blue), 10�12 M (green), 10�11 M (purple), 10�10 M (ginger), and 10�9 M (sky blue). The Vth shifted positively with increased

tyrosinase concentration (CTYR).

(C) A family of transfer curves of Al2O3/In2O3 bio-FETs without WVFY peptides when exposed to different CTYR, illustrating minor response.

(D) Linear relationships between the DVth and CTYR in logarithmic scale. Error bars indicate the standard deviations of three repeated tests with p < 0.05.

(E) Output characteristics of flexible WVFY-modified bio-FETs configured by varying CTYR. The Ids decreased with the improvement of CTYR, which was in line

with the transfer performance. The applied gate bias was 0.3 V.

(F) Real-time sensing response of flexible WVFY-modified bio-FETs with tyrosinase. The drain and gate voltage (Vds and Vgs) were 0.1 and 0.2 V, respectively.

(G) Relationships between the sensing response (1 - I/I0) and CTYR.
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The average reproducibility of about 82% was obtained with the WVFY-modified bio-FET for monitoring

various concentrations of tyrosinase (Figure S14).

In addition, we also carried out additional experiments to evaluate the durability. The sensitivity of the

WVFY-modified bio-FET was tested after the device was stored in air for one week. As shown in Figure S15,

the bio-FET showed the same detection range of 10 fM to 1 nM, when compared to the original device (Fig-

ures 4B and 4D), which demonstrated high durability and environmental stability.
6 iScience 25, 103673, January 21, 2022
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To further investigate the electrical performance of flexible devices, real-time sensing response was char-

acterized. As shown in Figure 4F, the drain current (Ids) decreases with the accumulation of tyrosinase from

10 fM to 1 nM. The Ids-time curve was also measured for referenced bio-FETs without WVFY, showing no

obvious response (Figure S16). The relationship of the sensing response (1 - I/I0) as a function of CTYR of

flexible devices with/without WVFY was illustrated in Figure 4G. The WVFY-modified bio-FETs exhibited

a much higher response than the control devices, illustrating the importance of WVFY in tyrosinase detec-

tion. In contrast, the increased sensing response in control devices may originate from the current drift.

It was reported that the sensitivity is closed related to the transconductance when the Vgs was fixed (Kang

et al., 2021; Rim, 2020; Chen et al., 2017). Figure S17A shows the Ids and gm increased with the improvement

of Vgs, where the maximum gm of 70.0 mS was achieved at Vgs = 0.3 V and Vds = 0.05 V. Subsequently, time-

resolved response (time-I/I0) of the bio-FETs with or without WVFYmodification was characterized in PBS at

Vgs = 0.3 V and Vds = 0.05 V. As depicted in Figure S17B, an increased I/I0 response of WVFY-modified bio-

FETs was obtained upon 10 fM to 1 nM tyrosinase. In comparison, the bare devices (without WVFY) only

exhibited a small current vibration without obvious response (Figure S17C). Figure S17D shows the rela-

tionship between the sensing response (1 - I/I0) and the tyrosinase concentration on the logarithm scale.

It is noted that the devices with WVFY have a maximum sensing response of 0.82 approximately, much

higher than the control group (0.09), when the Vds and Vgs were fixed at 0.05 and 0.3 V, respectively.

As shown in Figure S18 (Figure S18 is the time extension of Figure S17B), after the addition of 1 3 10�9 M

tyrosinase, certain amount of PBS solution was injected (at �660 s) to dilute the tyrosinase concentration

from 1 3 10�9 to 1 3 10�10 M again. The normalized current (I/I0) did not return to the previous value

with 1 3 10�10 M. On the contrary, after dilution from 1 3 10�9 to 1 3 10�10 M with PBS, the sensing

response didn’t change much (saturated), owing to the non-reversible reaction between the phenolic hy-

droxyl groups and catechol in WVFY.

We further demonstrate the application of WVFY peptide-modified bio-FET for living cells detection. Two

different kinds of cell lines, B16F10 and HeLa cells were chosen to regard melanoma cells with overex-

pressed tyrosinase and non-melanoma cancer cells with low tyrosinase expression, respectively (Suzuki

et al., 1994; White and Hu, 1977). Therefore, B16F10 and HeLa cells were selected as the model cell line

and the negative control group, respectively. As shown in Figures S19A and S19B, the normalized current

(I/I0) decreases with the density of B16F10 cells accumulated from 0.5 3 104 to 2 3 105 cells mL�1, owing to

the increase of tyrosinase concentration. The real-time sensing response was also measured in HeLa cell

lysates, demonstrating no significant sensing signals. The sensing response (1 - I/I0) as a function of cell

densities was depicted in Figure S19C, illustrating the feasibility of the bio-FETs in distinguishing these

two kinds of cells.

DISCUSSION

We have described flexible tyrosinase-sensing bio-FETs based on biocompatible self-assembled WVFY

peptide nanostructures. The devices exhibited outstandingmechanical flexibility and could be conformally

attached to the skin for future wearable sensing applications. The sensing response of the devices origi-

nated from the specific reactions between tyrosinase and phenolic hydroxyl groups in WVFY, which

consume protons and cause the surface potential change on the bio-FET. As a result, the channel conduc-

tivity decreased, and Vth shifted positively with elevated tyrosinase concentration. Notably, the devices

showed an ultralow detection limit of 1.9 fM with a detection range of 10 fM to 1 nM by virtue of the intrinsic

amplification of bio-FETs. Taking full advantages of high sensitivity, excellent mechanical flexibility, and

low-cost solution-based processibility, the self-assembled peptide-modified bio-FETs offer considerable

promise for tyrosinase detection and melanoma screening. In addition, the flexible and biocompatible

bio-FETs open new opportunities for future health monitoring in a wearable manner. Still, our strategy

of applying peptide-modified bio-FETs could be extended to the detection of other important cancer bio-

markers by the exquisite design of functional peptides and FETs, promising for obviating invasive biopsy

and delays in related diseases.

Limitations of the study

Our method provides a FET-based sensor platform capable of detecting tyrosinase levels. However, large-

scale quantitative investigations aimed at tyrosinase detection at different stages of cancer are required to

utilize the bio-FETs for the future real-world practice of melanoma detection, as tyrosinase shows different
iScience 25, 103673, January 21, 2022 7
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activity levels when patients are at different cancer stages. In addition, the accuracy of this approach after

extensive melanoma screening needed to be further verified.
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Biological samples

Tyrosinase MERCK T3824-25KU; CAS:9002-10-2

Chemicals, peptides, and recombinant proteins

Indium (III) nitrate hydrate (99.999%) Sigma-Aldrich CAS: 207398-97-8

Aluminum (III) nitrate nonahydrate (99.997%) Sigma-Aldrich CAS: 7784-27-2

Poly(pyromellitic dianhydride-co-4,4’-

oxydianiline), amic acid solution (12 wt.%)

Sigma-Aldrich SKU: 575771

Polydimethylsiloxane

(Sylgard 184) curing agent and base

Dow Corning Corporation Sylgard 184

Fmoc-Trp (Boc)-OH GL Biochem CAS:143824-78-6

Fmoc-Val-OH GL Biochem CAS:68858-20-8

Fmoc-Phe-OH GL Biochem CAS:35661-40-6

Fmoc-Tyr(tBu)-OH GL Biochem CAS:71989-38-3

Hexafluoroisopropanol MERYER CO., LTD

Experimental models: Cell lines

HeLa cells Cellcook Biotech Co.,Ltd. CC1101

B16F10 cells Cellcook Biotech Co.,Ltd. CC9016

Software and algorithms

Origin Headquartered in Northampton,

Massachusetts, USA

www.originlab.com

Keysight EasyEXPERT Keysight Technologies www.keysight.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Bowen Zhu (zhubowen@westlake.edu.cn).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This study did not generate/

analyze code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

METHOD DETAILS

Materials

Indium (III) nitrate hydrate (In(NO3)3$xH2O, 99.999%), aluminum (III) nitrate nonahydrate (Al(NO3)3$9H2O,

99.997%) and poly(pyromellitic dianhydride-co-4,40-oxydianiline), amic acid solution (PI, 12 wt.%) were pur-

chased from Sigma-Aldrich. 2-methoxyethanol (2-ME, 99.3%, Alfa Aesar), acetylacetone (AcAc, 99%, Alfa

Aesar), and ammonium hydroxide (NH3$H2O, 28%, Alfa Aesar) were used as received. Fmoc-amino acids

were obtained from GL Biochem (Shanghai). 2-Cl-trityl chloride resin was obtained from Nankai Resin

Co. Ltd. (Tianjin). Polydimethylsiloxane (PDMS, Sylgard 184) curing agent and base were obtained from

Dow Corning Corporation. Silicon wafer with 100 nm thick SiO2 layer was obtained from Silicon Valley
iScience 25, 103673, January 21, 2022 11
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Microelectronics, Inc. Commercially available reagents were used without further purification unless noted

otherwise.

Preparation of precursor solution

The In2O3 (0.1 M) and Al2O3 (0.1 M) precursor solutions were prepared via dissolving 0.30 g In(NO3)3$xH2O

and 0.38 g Al(NO3)3$9H2O in 10 mL 2-ME mixed with 100 mL AcAc and 35 mL NH3$H2O, respectively. AcAc

and NH3$H2Owere used as additives to improve electrical performance, owing to the combustion reaction

(Kim et al., 2011). The prepared precursor solutions were stirred vigorously at room temperature for 24 h,

then filtered via a 0.2 mm organic syringe filter prior to use.

Flexible Al2O3/In2O3 devices fabrication

Ultrathin (�2.9 mm thick) polyimide (PI) substrates were prepared by spin coating PI solution on cleaned glasses

at 1000 rpm/min for 60 s, and then baked at elevated temperatures of 150, 200, and 250�C, each for 30min, and

finally annealed at 300�C for 1 hour at a nitrogen-filled glove box. 0.2 M Al2O3 precursor solution was spin-

coatedon ultraviolet-ozone (UV-O3) treated PI films and then annealed at 300�C for 1 h to form thin buffer layers.

A thin In2O3 channel layer was deposited on UV-O3 treated PI substrates by spin-coating 0.1 M In2O3 precursor

solution at 3000 rpm/min for 30 s, followed by annealing at 300�C for 1 h in air. After that, the source and drain

electrodes of Ni/Au (8/30 nm) were deposited by thermal evaporation with shadow masks, forming a channel

width/length (W/L) of 7500 mm/200 mm, respectively. To prepare Al2O3/In2O3 devices, 0.1 M Al2O3 precursor

was spin-coated on the UV-O3 treated In2O3 devices to serve as the passivation layer and annealed at 300�C
for 1 h, protecting the semiconductor layer from ion diffusion and water diffusion.

Peptide synthesis

WVFY was synthesized by solid phase peptide synthesis (SPPS) using 2-chlorotrityl chloride resin, and the side

chains of the corresponding N-Fmoc protected amino acids are appropriately protected by different groups.

Firstly, the C-terminal of the first amino acid was conjugated on the resin. AnhydrousN,N’-dimethyl formamide

(DMF) containing 20% piperidine was used to remove Fmoc protected group. To couple the next amino acid to

the free amino group, O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) was

used as coupling reagent. The growth of the peptide chain was according to the established Fmoc SPPS pro-

tocol. After the last coupling step, the sample was washed with DMF for 1 minute (5 mL per gram of resin) for 3

times to remove excess reagents, then washed with DCM for 1 minute (5 mL per gram of resin) for another 3

times. The peptide was cleaved using 95% of trifluoroacetic acid (TFA) with 2.5% of triisopropylsilane (TIS)

and 2.5%of H2O for 60minutes. 20mL per gramof resin of ice-cold diethyl ether was then added to the concen-

trated cleavage reagent. The resulting precipitate was centrifuged for 10 min at 4�C at 5000 rpm. Afterward the

supernatant was decanted, and the resulting solid was dissolved in H2O/CH3CN (1:1) for HPLC separation using

CH3CN and H2O containing 0.1% of TFA as eluents.

Formation of WVFY assemblies

WVFYwas first dissolved in hexafluoroisopropanol (HFIP) at a concentration of 160mM at 25�C. After vortex
for 1.5 min, themixtures were allowed to stand for 30minutes. Then, 20 mL of the solutions were dropped on

the surface of FETs. The samples were placed in a vacuum desiccator and vacuumed for 2 minutes to form

the peptide film. Finally, the FET was stuck on the top of a chromatographic bottle, then put the bottle in a

screw-cap vial involving 3 ml H2O. Then, the vial was put into an oven installed with designed temperature

(60�C) during the growth of the assemblies.

Tyrosinase detection in cell lysate

Cells (B16F10 and HeLa) were seeded in cell culture dish with MEM (Minimum Essential Medium)/RPMI

(Roswell Park Memorial Institute) 1640 culture medium containing 10% fetal bovine serum and 1% peni-

cillin-streptomycin. After incubation for 24 h, the upper solution was removed and then washed three times

with PBS buffer. The remaining cells were ultrasonically cleaved in PBS buffer at 0�C, then the lysates were

collected and centrifuged at 14,000 rpm for 15 min at 4�C. The supernatants were collected to detect tyros-

inase activities inside of cells.

Characterization

The synthesized compounds were characterized using 1H NMR (Bruker AVANCE NEO 500 MHz). HPLC was

conducted at Agilent 1260 Infinity II Manual Preparative Liquid Chromatography system using a C18 RP
12 iScience 25, 103673, January 21, 2022
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column with CH3CN (0.1% of TFA) and water (0.1% of TFA) as the eluents. LC-MS was conducted at the Agi-

lent Infinity Lab LC/MSD system. Circular dichroism (CD) spectra were measured by an Applied Photophy-

sics Ltd (Chirascan V100) system. All the samples were placed into quartz spectrophotometer cell and the

wavelength range was from 185 to 300 nm and the step was 1 nm. The resultant CD spectrum was acquired

after subtracting the solvent background. The samples for SEM analysis were coated with platinum on a

High VacuumCoating instrument (Leica, EMACE600), and then characterized by a Regulus 8230 field emis-

sion SEM (Hitachi High-tech Corp., Japan) at the acceleration voltage of 3.0 kV. The thickness of PI film was

obtained by a surface profile measuring system (Bruker, Dektak XT). Electrical characteristics were per-

formed in dry and liquid environments by a semiconductor parameter analyzer (4200A-SCS, Keithley)

and/or source meter (Agilent B2912A). The mobility (m) and subthreshold swing (SS) were extracted from

the transfer curves using the equation of

m =
L

WCEDLVds

�
vIds
vVgs

�
(Equation 3)

, and

SS =
vVgs

vðlog 10IdsÞ (Equation 4)

, where CEDL is the electrical double layer capacitance in 0.1 M ionic strength solution (25.52 mF$cm�2) (Park

et al., 2015). Vds, Vgs, and Ids stand for drain voltage, gate voltage, and drain current, respectively. W and L

are channel width and length of the transistors.
QUANTIFICATION AND STATISTICAL ANALYSIS

Origin software were used to compile and analyze data. Error bars stood for means G SD. p < 0.05 was

considered to be statistically significant. The details of statistical methods could be found in Fig-

ure Legends and results.
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