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Nano-BioFETs have signifi cant advantages 
over conventional optical methods due to 
their high sensitivity, minimum sample 
consumption, high throughput, and real-
time detection without the need for labe-
ling. [ 2 ]  Nanotubes, [ 3 ]  1D semiconductor 
nanowires, [ 4 ]  conductive polymer wires, [ 5 ]  
graphene, [ 6 ]  and other 2D nanomaterials [ 7 ]  
have been used as the active channel 
in nano-BioFETs through bottom-up 
approaches. [ 8 ]  Wafer scale nano-BioFETs 
have been successfully fabricated through 
complementary metal oxide semiconductor 
(CMOS) compatible top-down microfabri-
cation process which facilitates the mass 
production of such devices. [ 9 ]  In any case, 
nano-BioFETs share the same sensing 
principle by affi nity-based detection, 
whereby the (bio)receptors are immobi-
lized on the device surface. When analytes 
bind to these receptors, they produce varia-
tions in the surface potential, which can be 
detected as a shift in the threshold voltage 
or a change in the sub-threshold swing of 
the transistor characteristics. [ 10 ]  

 Surface functionalization of the nano-BioFETs with (bio)
receptors plays a vital role in their biosensing performance. [ 11 ]  
The orientation, stability, accessibility, and functionality of the 
receptor molecules (antibodies, enzymes, DNA, etc.) greatly 
infl uence the overall performance of the sensor (the meas-
urement reproducibility, sensor sensitivity, specifi city, and 
reusability etc.). [ 12 ]  Currently, silane chemistry (i.e., the reac-
tion between hydroxyl terminated surfaces, such as SiO 2 , and 
organosilanes) followed by the attachment of the (bio)recep-
tors (i.e., via amine coupling) are largely applied to function-
alize nano-BioFETs. [ 13 ]  Despite the relatively easy modifi cation 
process, disadvantages of silanization include: 1) silane tends 
to react with each other via cross-linking of the alkoxy units, 
resulting in rough, defective and unordered multilayers; [ 14 ]  
2) silanization of metal oxide are very unstable in aqueous solu-
tions due to the aqueous hydrolysis of the alkoxysilanes thus 
suffering degradation over time; [ 15 ]  3) proteins can nonspecifi -
cally adsorb to silanized surfaces, thus additional blocking steps 
are often needed post-functionalization to reduce background 
signals; [ 16 ]  4) covalent silanization is irreversible and function-
alized devices can be (practically) used only once. [ 12 ]  In addi-
tion, silane chemistry suffers from poor control of the loading 
effi ciency, layer density, accessibility, stability, and orientation of 
the receptors. [ 17 ]  These surface effects result in sensor baseline 
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  1.     Introduction 

 Nano-BioFETs are fi eld-effect transistor-based biosensors 
which have at least one dimension at nanoscale. [ 1 ]  Due to their 
high surface to volume ratios and unique properties derived 
from spatial confi nement, nano-BioFETs have shown great 
promise in electrical detection of (bio)molecular interactions. 
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drift, false positives, irreproducible sensing, and other malfunc-
tions of the nano-BioFETs. [ 18 ]  

 Apart from covalent functionalization, physical adsorption 
of polyelectrolytes (PETs) to the sensor surface has been dem-
onstrated as an effi cient approach for surface (bio)modifi ca-
tions. [ 19 ]  Grafted copolymers PLL- g -PEG synthesized by grafting 
Poly-ethylene glycol (PEG) onto Poly- L -Lysine (PLL) backbones 
have been applied as the blocking layer to prevent protein non-
specifi c adsorption. [ 20 ]  Since PLL is cationic at physiological pH, 
it can be electrostatically adsorbed to negatively charged sur-
faces, while the grafted hydrophilic PEG chains act as a barrier 
to prevent nonspecifi c protein adsorption. Though PLL- g -PEGs 
are only physically attached to the surface, their assembly is 
very stable due to the multivalent character of the interaction. [ 21 ]  
In addition, some of the PEG chains in PLL- g -PEG can be end 
functionalized with receptors. [ 22 ]  This allows critical control 
over the biosensing interfaces by creating mixed monolayers 
with different functionalities. [ 23 ]  In principle, PLL -g -PEG can 
be applied to nano-BioFETs, since most of the FET channels 
are covered with negatively charged metal oxides as dielectric. 
However, the rather long and large distributed PEG side chain 
(usually Mw  > 2000 Da, length > 9 nm [ 24 ]  is not an optimal 
choice for nano-BioFET applications. The long PEG chain put 
bioreceptors far away from the surface, thus increasing the risk 
of charge screening during FET detection. In addition, the dis-
tribution character inherent in PEG’s Mw  is not benefi cial to 
acquire uniform molecular layer and repeatable biosensing. [ 25 ]  

 In this work, we propose that the structurally similar PLL-
 g -PEG copolymers comprised of shorter PEG grafts-oligo eth-
ylene glycol (OEG) can be assembled on the nano-BioFETs as 
a (bio)functionalized nanothin fi lm, while simultaneously pre-
serving the advantages of PLL- g -PEG. Since OEGs are small 
and have no molecular weight distribution in comparison 
with PEGs, they allow grafting to PLL with higher yields and 
better uniformity, thus producing better defi ned and more 
uniform layers after assembly on the sensor surface. [ 26 ]  Both 
solution synthesis and surface grafting were used to prepare 
PLL- g -OEG with different compositions of OEGs. Their surface 
stability and protein-blocking capacity were studied by electrical 
measurement with CMOS compatible Silicon Nanowire FETs 
(Si-NW FETs). To demonstrate the use of this class of copoly-
mers in protein sensing, biotin was attached to the end of the 
OEG to form functional PLL- g -OEG-Biotin copolymers. Such 
graft copolymers were assembled on Si-NW FETs to detect 
streptavidin (SAv). Different graft ratios of biotin groups on 
PLL- g -OEG-Biotin have been synthesized and compared for 
their detection limits. In addition, surface regeneration of PLL-
 g -OEG-Biotin functionalized Si-NW FETs was tested by removal 
of assembled PETs through pH stimulations.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterizations of PLL- g -OEG and 
PLL- g -OEG-Biotin Copolymers 

 In this work, two sets of graft copolymers PLL- g -OEG and 
PLL- g -OEG-Biotin were prepared. The general architecture 
of polymers ( Figure    1  a,b) used in this work was based on a 

PLL backbone of approximately 150  L -lysine units (average 
value in view of the poly dispersity of the polymer), and an 
OEG side chain of 4 ethylene glycol units with one end func-
tionalized with either methoxy or biotin group. The polymers 
were prepared by reaction of NHS-OEG4 or NHS-OEG4-
Biotin with PLL (15–30 kDa) (see also the Supporting Infor-
mation). In slightly basic conditions (pH = 7–9), NHS reacts 
effi ciently with primary amino groups (–NH 2 ) of the lysine 
residues by nucleophilic attack, forming an amide bond and 
releasing the NHS group. Five PLL- g -OEG copolymers with 
different OEG graft ratios (the ratio of OEG grafted PLL to 
the total PLL units, referred to as PLL- g -OEG- x %) were syn-
thesized with OEG contents corresponding to  x  (%) = 10, 20, 
30, 40, and 50 ( Table    1  ). Eight PLL-g-OEG-Biotin copolymers 
with different OEG and OEG-Biotin graft ratios (referred to 
as PLL-g-OEG- x %-Biotin- y %) were synthesized with OEG con-
tents corresponding to  x (%) = 0, 5, 10, 15, 20, 25, 30, and 35, 
and OEG-Biotin contents represented by  y (%) = 40, 35, 30, 
25, 20, 15, 10, and 5. The total number of OEG side chains 
(whether biotin- or methoxy-terminated) is kept constant at 
40% of all lysine residues, and the number of biotin-termi-
nated OEG side chains is then a fraction of the total number 
of OEG chains.  1 H NMR was used to characterize the forma-
tion of such copolymers (see also the Supporting Informa-
tion). The fi nal grafting ratio (the percentage of the OEG or 
OEG-Biotin chains) was determined from the relative areas 
of the lysine side-chain peak (–N–CH 2 ) at 2.96 ppm and the 
OEG peak (CH 2 –O–) at 3.65 ppm in  1 H NMR. Table  1  shows 
the real graft ratios of all the copolymers. It clearly proved 
the formation of such copolymers and the content of OEG or 
OEG-Biotin side chains were in agreement with the desired 
stoichiometric ratio. To allow us to easily refer to individual 
samples, we named the copolymers by their OEG or Biotin 
content (Polymer code, Table  1 ). 

   Under neutral pH condition, the PLL- g -OEG and PLL- g -
OEG-Biotin are polycationic copolymers because of the non-
reacted positively charged primary amine in the PLL back-
bone, and thus absorb spontaneously to negatively charged 
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 Figure 1.    Chemical structure of a) PLL- g -OEG and b) PLL- g -OEG-Biotin.
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substrate. In this work, water contact angle, ellipsometer, and 
AFM were used to characterize the copolymer thin fi lms on 
fl at silicon (Si/SiO  x  ) substrate. Table  1  shows the water con-
tact angles of the copolymers coated fl at silicon substrates. 
Both PLL- g -OEG and PLL- g -OEG-Biotin thin fi lms showed 
hydrophilic properties. The corresponding contact angles 
of PLL- g -OEG decreased by increasing the OEG content and 
reached <40° after 40% PLL coupled with OEG. PLL- g -OEG-
Biotin showed slightly higher contact angle due to the ended 
biotin group. However, there was no clear trend of the con-
tact angle changes by increasing the biotin content. The thick-
ness of the dry fi lms was measured by ellipsometer (Table  1 ). 
This analysis resulted in an average thickness value of 2.02 ± 
0.26 nm for PLL- g -OEGs and 2.18 ± 0.45 nm for PLL- g -OEG-
Biotins which both indicated a monolayer formation on each 
substrate. AFM was applied to measure the fi lm roughness 
of PLL-Biotin_40 coated silicon substrate ( Figure    2  ). It clearly 
shows a uniform coating of PLL-Biotin_40 and the roughness 
is below 0.3 nm which is important in biosensing applications 
for BioFETs .  

    2.2.     Nonspecifi c Protein-Blocking Capacity of PLL- g -OEG 
Copolymers 

 The main concern regarding biosensor surface modifi cations 
is the protein nonspecifi c binding (NSB), which means that any 
protein present in solution will tend to bind to the biosensor’s 
surface, thus leading to high background signals that cannot be 
differentiated from the intended specifi c binding. [ 27 ]  Here, we 
fi rst investigated the nonspecifi c protein blocking characteristics 
of PLL- g -OEG monolayers with different OEG side chain com-
positions using Si-NW FETs. Bovine serum albumin (BSA) was 
applied as a test protein since it is an abundant protein that is 
commonly used as a model protein and strongly adsorbs to non-
modifi ed substrates. [ 28 ]  Si-NWFETs were coated with pure PLL or 
PLL- g -OEG with different OEG content (1 mg mL −1 ), followed by 
incubation in BSA solutions (10 × 10 −6   M , 0.01 × PBS, pH 7.4) for 
15 min. The static  I – V  curve ( Id _ V g   scan) of the transistors was 
measured before and after BSA incubation. The threshold voltage 
shift of the devices was determined from the  I – V  curve and plotted 
against the compositions of the OEG side chains ( Figure    3  ). 

  It clearly shows that the BSA adsorbs to 
the PLL coated Si-NWFETs resulting in a 
negative voltage shift (Δ V T   = –43.8 mV) of 
Si-NWFETs, which is due to the electrostatic 
interaction between negatively charged BSA 
and positively charged PLL. However, as soon 
as the device is modifi ed with the PLL- g -OEG 
monolayer, the threshold voltage shift is 
reduced, indicating the amount of BSA that 
binds nonspecifi cally is decreased. After 40% 
PLL grafted with OEGs, the BSA nonspe-
cifi c binding becomes insignifi cant (within 
the detection limit of Si-NWFETs). This con-
fi rms that the BSA is repelled by the PLL-g-
OEG monolayers and the copolymer protein-
blocking capacity increased with increasing 
OEG content. Additional fl uorescent test 
of FITC labeled streptavidin (FITC-SAv, 
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  Table 1.    The copolymers used in this work and their selected physical properties after adsorption on Si/SiO 2  substrate (the water contact angle and 
fi lm thickness data were averaged by three measurements using the same type of coating on different substrates). 

Polymer type Polymer name Polymer code OEG content [%] Biotin content [%] Thickness [nm] Water contact angle [°]

PLL- g -OEG PLL- g -OEG-10% PLL-OEG_10 9.2 … 1.7 ± 0.7 45.2 ± 4.5

PLL- g -OEG-20% PLL-OEG_20 17.6 … 2.2 ± 0.5 48.4 ± 4.9

PLL- g -OEG-30% PLL-OEG_30 29.5 … 1.8 ± 0.4 42.7 ± 5.3

PLL- g -OEG-40% PLL-OEG_40 46.5 … 2.3 ± 0.8 37.3 ± 3.8

PLL- g -OEG-50% PLL-OEG_50 57.2 … 2.1 ± 0.7 38.6 ± 4.2

PLL- g -OEG-Biotin PLL- g -OEG-35%-Biotin-5% PLL-Biotin_5 41.8 3.2 1.8 ± 0.3 39.1 ± 5.1

PLL- g -OEG-30%-Biotin-10% PLL-Biotin_10 36.2 7.8 1.9 ± 0.3 41.8 ± 3.9

PLL- g -OEG-25%-Biotin-15% PLL-Biotin_15 29.3 16.2 2.5 ± 0.7 39.9 ± 4.8

PLL- g -OEG-20%-Biotin-20% PLL-Biotin_20 22.5 18.7 2.7 ± 0.9 44.2 ± 5.6

PLL- g -OEG-15%-Biotin-25% PLL-Biotin_25 26.3 22.7 1.7 ± 0.8 45.4 ± 4.3

PLL- g -OEG-10%-Biotin-30% PLL-Biotin_30 13.6 28.4 2.9 ± 0.3 34.6 ± 3.5

PLL- g -OEG-5%-Biotin-35% PLL-Biotin_35 4.2 33.8 2.1 ± 0.6 41.8 ± 5.3

PLL- g -Biotin-40% PLL-Biotin_40 … 46.4 1.9 ± 0.3 46.3 ± 5.6

 Figure 2.    AFM image of PLL-Biotin_40 coated silicon substrate and surface roughness analysis.
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0.1 mg mL −1 , 1 × PBS, pH 7.4) nonspecifi c adsorption on PLL-
g-OEG x  coated silicon substrate were measured by fl uorescent 
microscopy which shows similar blocking capacity of PLL-g-
OEG copolymers (see the Supporting Information, Figure S3). 
Such blocking capacity is likely due to the oligo (ethylene glycol) 
coating which is closely mimicking an aqueous solution, thus 
minimizing the possibility of hydrophobic effect. In principle, 
more OEG grafting for PLL-g-OEG copolymers is preferred 
in order to minimize nonspecifi c adsorption. However, cova-
lent grafting of OEG groups consumes the quaternary amine 
groups from the lysine residues on the PLL, reducing the posi-
tive charge on the molecule. Since their positive charge plays 
a key role in their immobilization on negatively charged sub-
strates, PLL-g-OEG layers tend to lose their adhesive properties 
with increased grafting of OEG. Therefore, we optimized the 
OEG graft ratio as 40% for PLL-g-OEGs in the rest of the work 
to balance their ability to prevent protein nonspecifi c adsorp-
tion and their ability to bind to the substrate.  

  2.3.     Streptavidin Sensing 

 To demonstrate specifi c protein sensing using the OEG 
grafted copolymer, biotinylated PLL- g -OEG (PLL- g -OEG-Biotin) 
were used to functionalize the sensor and detect the target 
of Streptavidin (SAv). PLL- g -OEG-Biotin adsorb to surfaces 
through columbic interactions between positively charged 
PLL backbone and negatively charged Si/SiO 2 , causing OEG 
chains terminated with biotin to extend into solution and act 
as specifi c reorganization sites for SAv binding . A series of 
copolymers of PLL- g -OEG-Biotin were prepared by a one-step 
solution phase reaction between NHS-OEG biotin and PLL 
at the desired stoichiometric ratio, followed by adsorption of 
the PLL- g -OEG-Biotin onto the sensor surface (Table  1 ). The 
intended control over the composition of PLL- g -OEG-Biotin 
presents a straightforward method at molecular-level to 
manipulate the biotin surface density and surface properties of 
the sensor surface which is rather important for surface based 
biodetection. 

 Here we fi rst examined Si-NW FETs coated with a series of 
PLL- g -OEG-Biotin with different biotin compositions in terms 
of biotin surface density effects on SAv detection. As compari-
sons for Si-NWFETs, the patterned silicon substrates coated 
with the same copolymers were incubated in fl uorescent-labeled 
SAv solution FITC-SAv and then investigated by fl uorescent 
microscope.  Figure    4  a shows the real time electrical measure-
ment of SAv by different biotin compositions of PLL- g -OEG-
Biotin coated Si-NWFETs. After the biotinylation, 10 × 10 −9   M  
of SAv (1 × 10 −3   M  HEPES) was introduced. The initial fl at part 
in Figure  4 a after adding the SAv indicates the fl ow reached 
the sensor. Then, the current increased quickly after contacted 
with SAvs which indicates the adsorption of SAv due to their 
negatively charged at pH 7.4 (PI ≈ 5.6). Figure  4 b shows the 
fl uorescent microscope images of the same copolymer coated 
silicon substrate after incubation with FITC-SAv (0.1 mg mL −1 ). 
Exposure time is kept constantly at 500 ms. Fluorescent inten-
sity of PLL-biotin-SAv (FITC) along the gold-silicon patterns 
of each image is analyzed by Image-Pro Plus and plotted in 
Figure  4 c. Figure  4 d plots the calibrated responses from Si-NW 
FETs (current changes divided by the device transconductance 
(Δ I / g m  )) and the fl uorescent intensity, using these two methods 
to confi rm the amount of the absorbed SAv versus the per-
cent biotinylation of the lysine residues of the functionalized 
PLL- g -OEG-Biotin. 

  As seen from Figure  4 d, the SAv surface coverage increased 
with higher biotin surface density, and there is no further 
increase after 30% of biotinylation of lysine residues (PLL-
Biotin_30), indicating a complete SAv monolayers (satura-
tion) coverage is reached. It is also noticed that the SAv cov-
erage is not a linear function of the biotin composition. If all 
of the biotin moieties in the PLL- g -OEG-Biotin monolayer 
were available for binding with SAv, the SAv coverage should 
increase linearly with the biotin surface density as seen in the 
case of PLL-PEG-Biotin. SAv is a homotetrameric protein with 
four identical biotin-binding sites, thus, steric effects have to 
be considered. Once the PLL-Biotin surface is covered with a 
signifi cant amount of SAv, SAv molecules from solution have 
a diffi cult time fi nding an adsorption site that is not partially 
blocked. Nonetheless, at higher biotin density (graft ratio > 
20%), a large excess of specifi c adsorption sites is provided, 
the steric hindrance problem is overcome, and a complete 
monolayer of SAv is formed at biotin graft ratio around 30%. 
This result also agrees with the previous studies using surface 
plasmon resonance (SPR) coated with mixed biotin-containing 
alkylthiolate monolayers which indicates a complete SAv layer 
forms at 34% of biotin coverage. [ 29 ]  Control experiments were 
performed to verify that the SAv was specifi cally adsorbed onto 
the biotin sites present on the SiO 2  surface. No current change 
was observed when the PLL- g -OEG-Biotin surface was exposed 
to a solution of SAv that had been conjugated with D-biotin. 
Here PLL- g -OEG-Biotin also functions as a barrier to prevent 
the nonspecifi c adsorption of conjugated SAv. 

 We studied PETs coating of Si-NW FETs from two different 
approaches. One approach is referred as solution synthesis 
as mentioned above and the other is surface grafting. In the 
surface grafting, we attached PLL to the NW surface at fi rst 
and then introduced NHS-OEG-biotin for grafting to the just 
attached PLL. The former approach is advantageous in the 
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 Figure 3.    The sensor response of PLL- g -OEG coated Si-NW FETs to resist 
the BSA nonspecifi c binding.
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consideration of reproducibility, since it could provide pre-
cise control over the amount of biotin on the sensor surface 
and consequent SAv coverage (Figure  4 d). In comparison, 
the latter, surface grafting, offer little control over biotinyla-
tion percentage of the PLL on the sensor surface (data not 
shown). 

 The SAv sensing with different compositions of biotin by 
PLL-g-OEG-Biotin coatings indicates a success in single molec-
ular-layer control over the surface properties of the Si-NW FETs. 
Signifi cantly, this work provides novel strategy to engineer 
sensor surface functional group densities and can be applied to 
all surface based sensors. 

 To further demonstrate the detection limit of PLL- g -OEG-
Biotin coated Si-NW FETs, we functionalized the device with 
PLL-Biotin_35, followed by the detection of serially diluted SAv. 
 Figure    5   shows the real time sensor responses of SAv adsorp-
tion on PLL-Biotin_35 coated Si-NW FETs. The binding kinetics 
shows a consistent increase in the rate of association with 
higher concentration of streptavidin. Above picomolar range, 
the normalized sensor responses (Δ I / g m  ) at their equilibrium 
state reaches the same value (≈19 mV), suggesting the similar 
surface coverage of bound SAv is reached and the sensor is sat-
urated at those concentrations. The sensor response at 500 × 
10 −15   M  did not saturate within our measurement time (2 h), 
thus the binding is still in the linear regime of the exponential 
apparent. Nevertheless, the detection limit of the PLL- g -OEG-
Biotin coated Si-NW FETs are comparable with the conven-
tional silane monolayer coated devices. [ 30 ]  

    2.4.     Sensor Regeneration 

 For charge sensing with nano-BioFETs, the reusability of the 
sensor often poses an issue, as high quality devices incur sig-
nifi cant fabrication cost, and therefore cannot serve as one-
time use sensors. Besides, due to the nanofabrication limits, 
variations in device characteristics from one sensor to another 
require calibrations for every device separately before their 
deployment in a real sensing application which largely hinder 
the practical applications of nano-BioFETs. [ 31 ]  Strategies to 
overcome the issue involve developing specifi c chemistries to 
regenerate the BioFETs which means removing the absorbed 
analyte from the sensor surface with an active method after 
each measurement without sacrifi cing device performance. 
Supramolecular approach through cyclodextrin chemistry has 
been applied to regenerate the Si-NW FETs surface. However, 
such strategy requires multistep chemical synthesis and the 
orthogonal linker is diffi cult to fully remove from the sensor 
surface due to the multivalent interactions. [ 12 ]  

 Compared with the supramolecular approach, surface regen-
eration of physical absorbed PETs is rather straightforward. 
PLL- g -OEG adsorption relied on the columbic interaction 
between the positively charged PLL backbones and negatively 
charged Si/SiO 2  substrate. By changing the solution pH below 
the point of zero charge of Si/SiO 2  surface (PZC of Si/SiO 2  is 
around pH = 3), the surface is no longer negatively charged 
thus repelling the positively charged PLL and releasing the 
copolymers from the surface. In this work, we demonstrated the 
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 Figure 4.    a) Sensor response of SAv sensing by Si-NW FETs coated with different biotin compositions of PLL- g -OEG-Biotin; b) fl uorescent images; 
c) corresponding intensities along the gold–silicon patterns of different biotin compositions of PLL- g -OEG-Biotin coated silicon substrates for FITC-
SAv detection; d) normalized responses from Si-NW FETs and the fl uorescent intensity versus the percent biotinylation of the lysine residues of the 
functionalized PLL- g -OEG-Biotin. (The scale bar in (b) is 3 µm. The error bar of FET response is obtained by the average of the whole data points except 
the transition. The fl uorescent intensity error bar is obtained by the average of each pattern except of the edge part.)
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surface regeneration of PLL- g -OEG-Biotin coated Si/SiO 2  sub-
strate through pH controlled nanoparticle desorption and SAv 
sensing with Si-NW FETs.  Figure    6  a shows the SEM images 
of PLL-OEG_10 coated silicon nanowire after incubation in a 
solution containing 20 nm SiO 2  nanoparticles (NPs). Negatively 
charged SiO 2  NPs were uniformly adsorbed on the PLL-OEG 
coated device due to electrostatic interactions. After treatment 
with acidic buffer (pH = 2), the silica NPs are removed from the 
surface as shown in Figure  6 b, suggesting the removal of PLL-
OEG coating together with the adsorbed NPs. 

  As a direct proof for sensor regeneration, PLL-Biotin_35 
coated Si-NW FETs were used to reversibly detect SAv. SAv 
removal from the sensor surface is very diffi cult, as SAv-
biotin bond is considered as one of the strongest noncova-
lent interactions. Here, we demonstrated the detection of 
biotin-SAv using PLL- g -OEG-Biotin coated Si-NW FETs and 
subsequent removal of the entire SAv-bound PLL- g -OEG-
Biotin coating with pH stimulations. Figure  6 c shows the real 

time measurement of SAv detection on PLL-Biotin_35 coated 
Si-NW FET and surface regeneration with acidic buffer (pH 
= 2). After fi rst incubation of SAv (10 × 10 −15   M ), the sensor 
was treated with buffer (pH = 2) for half hour. After pH of 
the solution was switched back to neutral (pH = 7), the sensor 
base line came to the same level as before PLL-Biotin_35 
coating (dashed line in Figure  6 c) thus proved the removal of 
the PLL-Biotin_35 layer together with the adsorbed SAv and 
the successful regeneration of the device. The device was fur-
ther coated with PLL-Biotin_35 again and followed by second 
SAv detection. The sensor response is rather repeatable which 
indicates that the sensor characteristics are not infl uenced by 
our surface regeneration strategy. The demonstrated revers-
ible binding of SAv on PLL-g-OEG-Biotin functionalized 
Si-NW FETs will allow the reuse of the sensors for multiple 
detections and such approach can work with any binding 
affi nity system. Furthermore, the adsorbed SAv through PLL-
g-OEG-Biotin enables the free biotins to be directed toward 
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 Figure 6.    a) SEM images of silicon nanoparticles adsorbed on PLL- g -OEG coated Si-NWs, and b) after treatment of pH 2 buffer; c) real-time sensor 
responses of biotin–streptavidin binding and surface regeneration of PLL-Biotin_35 coated Si-NW FETs.

 Figure 5.    Real-time sensor responses of biotin–streptavidin binding with PLL-Biotin_35 coated Si-NW FETs.
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the solution, which could be used for binding of a variety of 
(bio)molecules through biotin-SAv chemistry to enable multi-
plexed protein detection. 

 Besides the reusability, the fi lm stability of PLL based coating 
is another advantage. Conventional surface functionalization 
of the nano-BioFETs with (bio)receptors is silanizations either 
in solution or by vapor phase. Aminosilane-derived layers are 
observed to hydrolysis upon extensively exposed in water. [ 32 ]  
Such degradation will induce the sensor current drifting. 
To test the amino coating stability, we measured the surface 
nitrogen contents of aminosilane and PLL coated silicon sub-
strate upon socking in water using ATR-FTIR (Supporting 
Information, Figure S5). It clearly shows that the fresh attached 
aminosilanes molecules are degraded completely upon socking 
in water for 48 h while the PLL coated substrate is rather stable 
under the same conditions. The rather stable PLL coating will 
allow the long-term storage of the functionalized sensors. We 
have used the same PLL-Biotin modifi ed chip for more than 3 
months without observing degradations of the chemical sur-
face, whereas unprotected aminosilane coated chips typically 
only last 1 week.   

  3.     Conclusion 

 In conclusion, we have demonstrated a new biosensing inter-
face based on polyelectrolytes coating for nano-bioFETs. A 
series of PLL- g -OEG and PLL- g -OEG-Biotin with different 
compositions of short oligo-ethylene glycol and biotins have 
been successfully synthesized and the structures were veri-
fi ed by NMR. Assembly of such copolymers on negatively 
charged Si substrate formed uniform monolayers, and the 
thin fi lms have been fully characterized by ellipsometer, 
water contact angle, optical microscopy, and AFM. Compared 
with conventional surface modifi cation of nano-bioFETS by 
silane-based chemistry, the PET physical adsorption coating 
has the advantages of direct solution coating from polymer 
aqueous solutions which is simple and reliable and can be 
applied on a wafer scale. The ability of the PLL- g -OEG sur-
faces to prevent protein nonspecifi c binding was tested 
against nonspecifi c adsorption of BSA and the OEG com-
position has been optimized between nonspecifi c protein 
blocking capacity and surface stability of the coating. Si-NW 
FETs were functionalized with biotinylated PLL- g -OEG 
copolymers (PLL- g -OEG-Biotin), which were used to detect 
the protein streptavidin. The demonstrated sensing of SAv 
with different compositions of biotin group from PLL- g -
OEG-Biotin coated devices represents a versatile, promising 
approach to precisely control the sensor surface functional 
group densities at the molecular level. Furthermore, the 
reversible sensing of SAv with pH controlled device regen-
eration represents a simple approach for surface regenera-
tion without sacrifi cing device performance, which is very 
attractive both from a device performance and economical 
point of view, since it permits accurate calibration prior to 
measurements, and repeated use of the same calibrated 
device. More important, the developed PLL- g -OEG based PET 
surface coating can be largely applied to other surface based 
biosensors.  

  4.     Experimental Section 

  Materials : All chemicals were of analytical grade and used as 
received without further purifi cation. Phosphate buffered saline tablets 
(PBS, pH 7.4), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), PLL (15–30 kDa), streptavidin labelled with fl uorescein 
isothiocyanate (Streptavidin-FITC), and Bovine serum albumin (BSA) 
were purchased from Sigma-Aldrich. EZ-Link  N -hydroxysuccinimidyl 
ester (NHS)-OEG4-Biotin and EZ-Link NHS-OEG4 were purchased from 
Thermo SCIENTIFIC. Streptavidin was purchased from ROCKLAND 
IMMUNOCHEMICAL. The lyophilized Streptavidin was restored with 
deionized water and diluted to the desired concentrations with buffers 
before using. 

  Synthesis of PLL-g-OEG and PLL-g-OEG-Biotin Copolymers : Synthesis 
of nonfunctionalized PLL- g -OEG graft copolymers was accomplished by 
reaction of NHS-OEG4 with PLL (15–30 kDa) (see also the Supporting 
Information). First, PLL was dissolved in 50 × 10 −3   M  sodium carbonate 
buffer (pH 8.5) at a concentration of 40 mg mL −1 . The solution was 
fi ltered through a 220 nm pore syringe fi lter. Solid n-hydroxysuccinimidyl 
ester of OEG4 was added to the dissolved PLL solution in the desired 
stoichiometric ratio under vigorous stirring. The reaction was allowed to 
proceed for 5 h at room temperature, after which the reaction mixture 
was dialyzed (molecular weight cut off 8 kDa; Spectrum, Rancho 
Dominguez, CA) against PBS at pH 7.4 for 24 h and subsequently 
against deionized water for 24 h. The dialyzed solution was lyophilized 
for 24 h and stored in freezer. The chemical structure of PLL-g-OEG 
was verifi ed by (NMR). ( 1 H NMR in D 2 O (see also the Supporting 
Information).  δ  [ppm] = 1.32–1.38 ((lysine  γ -CH 2 ), 1.43–1.85 (lysine 
 β ,  δ -CH 2 ), 2.50 (coupled OEG, –CH 2 –C(O)–NH), 2.96 (free lysine, 
–N–CH 2 ), 3.17 (OEG activated lysine, C(O)–NH–CH 2 –), 3.36 (OEG, 
–O–CH 3 ), 3.65 (OEG, CH 2 –O–), 4.28 (lysine, NH–CH–C(O)–)). Biotin-
functionalized PLL- g -OEG-Biotin copolymers were synthesized using the 
same method by reaction of NHS-OEG4-Biotin and NHS-OEG4 with the 
same PLL (15–30 kDa) in the desired stoichiometric ratio ( 1 H NMR in 
D 2 O (see also the Supporting Information).  δ  [ppm] = 1.37–1.43 (lysine 
 γ -CH 2 ), (biotin,  β -CH 2 –), 1.48–1.90 (lysine  β , δ -CH 2 ), (biotin,  γ -CH 2 ), 
2.23 (biotin, –CH 2 C(O)NH–), 2.40 (coupled OEG, –CH 2 –C(O)–N), 2.66 
(lysine,(–CH 2 –C(O)–N)), 2.85–2.89 (lysine, –CH 2 –NH–C(O)), (OEG, 
–CH 2 –NH–C(O)), 3.06 (biotin, –S–CH 2 –), 3.20 (biotin, –S–CH–), 3.27 
(free lysine, –N–CH 2 ), 3.56 (OEG, CH 2 –O–), 4.17 (lysine, N–CH–C(O)–), 
4.30 and 4.48 (biotin, 2 bridge head CH)). 

  Si Nanowire FET Biosensor Fabrications : The devices were fabricated 
from 4 in. silicon on insulator (SOI) wafers (Soitec). The silicon active 
layer (p-type doping = 10 15  cm −3 ) was fi rst thinned to about 45 nm by 
thermal oxidation and the silicon oxide was removed using wet etching 
(buffered oxide etch (BOE)). The source and drain regions as well as 
the back-gate were patterned by contact lithography and doped by BF 2+  
implantation. Following dopant activation in a furnace at 900 °C, the 
NWs were defi ned by optical lithography. The pattern was transferred to 
the active silicon layer using Cl 2  inductively coupled plasma etch (Oxford 
100), or a CF 4  reactive-ion etch (Oxford 80). Top-gate oxidation is then 
performed using thermal oxidation to generate 20–30 nm silicon oxide 
on top of the nanowire. The devices were then metallized by aluminum 
evaporation and patterned by lift off. The metal contacts were annealed 
in a rapid thermal processor at 450 °C for 1 min and devices were 
measured to ensure the ohmic contacts. The fi nal step was to passivate 
the devices with a 1 µm layer of SU8 photoresist with lithographically 
patterned openings at top of the devices, contact pads, and the solution 
gate electrode. The wafer was then hard-baked at 130 °C for 20 min. 

  Device Surface Functionalization : The Si-NW oxide surfaces were 
cleaned with UV ozone (UV/Ozone ProCleanerTM Plus, Bioforce 
Nanosciences) for 10 min before functionalization. PLL- g -OEG or PLL-
 g -OEG 4 -Biotin copolymers were dissolved in 5 × 10 −3   M  HEPES solution 
(1 mg mL −1 , pH 7.4). The devices were incubated in the copolymer 
solutions for 20 min followed by rinsing with copious amounts of 
millipore water and dried in a stream of nitrogen. The amino silanization 
is coated by vapor phase deposition of (3-Aminopropyl) triethoxysilane 
(APTES) under reduced pressure in a desiccator. 
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  Surface Characterizations : PLL copolymer coated fl at silicon substrate 
was characterized by Fourier transform infrared (FTIR) spectrometer 
(Vertex 70v, Bruker Optics, Germany); water contact angle measurement 
(JC2000DM, Zhongchen), and ellipsometer (EMPro, ElliTop Scientifi c 
Co. LTD). To facilitate the fl uorescence observation, micro gold–silicon 
patterns were fabricated to evaluation of the chemical functionalization 
by fl uorescence microscopy (Olympus BX53). The morphology of the 
deposited thin fi lms on silicon surface was characterized by Atom Force 
Microscopy (AFM) (Veeco, Nano Scope III) in tapping mode. 

  General Sensing Setup : The functionalized dies were packaged using 
28-pin ceramic headers (Spectrum Semiconductor Materials). A fl uid 
delivery system was then mounted on top of the dies and ensured fl uid 
containment over the devices and isolation from the chip perimeter and 
bonding region. The mixing cells (solution chamber) were created by 
epoxying thin-walled, ≈5 mm diameter polytetrafl uoroethylene (PTFE) 
tubing to the chip surface and by inserting thinner tubing (0.5 mm) 
to serve as the fl uid supply and return. The solution input tube was 
placed directly over the central region of the die. This system enabled 
continual mixing (equivalent to pippetting up-and-down) throughout 
the course of sensing measurements. A miniature Reference Electrodes 
(Harvard Apparatus) was integrated as well. Multiplexed  I – V  and DC 
time measurements were carried out by a custom made system using 
a National Instruments Data Acquisition Card and Keithley 2636 Dual 
Source Measure Unit. For all measurements,  I  ds  was measured at 0.5 s 
intervals, while  V  ds  and  V  g  were held constant;  V  ds  was set to 0.1 V and  V  g  
was set to ensure operation in the linear regime determined from  I  d – V  g  
measurement before sensing.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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