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A B S T R A C T   

Glial-fibrillary-acidic-protein (GFAP) has recently drawn significant attention from the clinical environment as a 
promising biomarker. The pathologies which can be linked to the presence of GFAP in blood severely affect the 
human central nervous system. These pathologies are glioblastoma multiforme (GBM), traumatic brain injuries 
(TBIs), multiple sclerosis (MS), intracerebral hemorrhage (ICH), and neuromyelitis optica (NMO). Here, we 
develop three different detection strategies for GFAP, among the most popular in the biosensing field and never 
examined side by side within the experimental frame. We compare their capability of detecting GFAP in a clean- 
buffer and serum-matrix by using gold-coated quartz-crystal-microbalance (QCM) sensors. All the three detection 
strategies are based on antibodies, and each of them focuses on a key aspect of the biosensing process. The first is 
based on a polyethylene glycol (PEG) chain for antifouling, the second on a protein-G linker for controlling 
antibody-orientation, and the third on antibody-splitting and direct surface immobilization for high-surface 
coverage. Then, we select the best-performing protocol and validate its detection performance with an ultra- 
high-frequency (UHF) surface-acoustic-wave (SAW) based lab-on-chip (LoC). GFAP successful detection is 
demonstrated in a clean-buffer and serum-matrix at a concentration of 35 pM. This GFAP level is compatible with 
clinical diagnostics. This result suggests the use of our technology for the realization of a point-of-care biosensing 
platform for the detection of multiple brain-pathology biomarkers.   

1. Introduction 

The glial-fibrillary-acidic-protein (GFAP) is a type III intermediate 
filament protein mainly expressed by astrocytes in the central nervous 
system (CNS). Together with other proteins, GFAP has a central role in 
the structure and function of the cell cytoskeleton, preserving its shape 
and mechanical properties (“UniProt database,” 2020). Indeed, it is one 
of the most popular markers for labeling astrocytes in biochemical 
procedures (Preston et al., 2019). In the last years, GFAP has been put 
under the spotlight of the clinical environment as a promising biomarker 
for severe brain-related pathologies in humans. The presence of GFAP in 
circulating blood has been linked to glioblastoma multiforme (GBM) 

(Jung et al., 2007; Tichy et al., 2016), traumatic brain injuries (TBIs) 
(Frankel et al., 2019; Nylén et al., 2006; Vos et al., 2004; Yue et al., 
2019), multiple sclerosis (MS) (Abdelhak et al., 2018; Axelsson et al., 
2011), intracerebral hemorrhage (ICH) (Zhang et al., 2013), and neu
romyelitis optica (NMO) (Takano et al., 2010). The interest in GFAP as a 
biomarker is related to two main aspects. First, the importance of the 
pathologies that could be addressed. TBIs, for example, affect several 
millions of people every year and are considered one of the heaviest 
burdens of national healthcare systems in developed countries (Hum
phreys et al., 2013; Taylor et al., 2017). Second, the possibility to detect 
this biomarker in circulating blood, avoiding invasive procedures such 
as cerebrospinal fluid collection. A serum biomarker could be critical for 
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establishing diagnosis and follow-up of CT-occult TBIs and ICHs (Wang 
et al., 2018; Zhang et al., 2013), for GBM monitoring and surveillance of 
recurrence (Jung et al., 2007), for improving MS diagnosis and predic
tion of disease progression (Axelsson et al., 2011; Abdelhak et al., 2018). 

In light of this, a growing number of works has been recently pub
lished involving the detection of GFAP. The common aim is to propose 
technologies suitable for point-of-care (PoC) diagnostics. Arya et al. 
(2013) in 2013 and Wang et al. (Wang, 2017) in 2017 proposed elec
trochemical sensors for GFAP. The first one was based on immobilized 
anti-GFAP antibodies, while the second one exploited the 
molecularly-imprinted-polymer (MIP) technology. The first work 
showed a limit of detection (LoD) of a few tens of fM, while the second of 
hundreds of pM, both using a solution of GFAP in clean-buffers. J. Song 
et al. (2017) in 2017 detected a few tens of pM of GFAP in clean-buffers 
by using an organic-field-effect-transistor (OFET) with polyethylene 
glycol (PEG) based functionalization. To the best of our knowledge, the 
only paper showing a device for the detection of GFAP in serum-matrix 
was published by Y. Ma et al. (2018) in 2018. Here, carbon dots (CDs) 
functionalized with antibodies were used to label GFAP; detection was 
achieved by fluorescence and reached an LoD of the order of pM. 

In the context of label-free methods with electrical readout and on- 

chip sample manipulation, the Rayleigh surface acoustic wave (SAW) 
technology represents a very promising mean. SAWs are acoustic waves 
that travel along a piezoelectric crystal surface, which can interact with 
materials (such as a fluid) placed on their path. The SAW-chips are 
planar devices with electrical feeding and readout which can be fabri
cated by standard complementary-metal-oxide-semiconductor (CMOS) 
processes. SAWs can be used as sensors for detecting adhesion of mol
ecules onto surfaces, and for manipulating fluids at the micrometer scale 
as well. Thus, these mechanical waves are ideal for realizing fully in
tegrated LoCs. SAWs can couple with fluids and activate several 
microfluidic phenomena, such as mixing (Friend and Yeo, 2011; Greco 
et al., 2017b; Shilton et al., 2014), droplet actuation (Franke et al., 2009; 
Shilton et al., 2015; Travagliati et al., 2012), microparticle manipulation 
(Destgeer and Sung, 2015; Travagliati et al., 2014), nebulization and 
micropumping (Cecchini et al., 2008; Friend and Yeo, 2011), dynamic 
cell culturing (Greco et al, 2017a, 2018). In our previous works, we also 
showed that ultra-high-frequency (UHF) SAW acoustic resonators can be 
configured for biosensing applications in liquids (Agostini et al., 2018; 
M. Agostini et al., 2019), outperforming standard commercial gravi
metric sensors in terms of LoD. In the last few years, we developed this 
ultrasensitive full-SAW LoC capable of manipulating fluids and detecting 

Fig. 1. The three functionalization strategies 
explored for GFAP detection with gold QCM sen
sors. F1 comprises an sPEG functionalization fol
lowed by the immobilization of the b-antiGFAP 
through the biotin-streptavidin binding. F2 com
prises a functionalization with prG followed by the 
immobilization of the antiGFAP by the prG binding 
immunoglobulins. F3 makes use of the thiol- 
bridges of the reduced anti-GFAP. On the right- 
hand side, the binding kinetics during the 
different steps are shown. The cross symbol cor
responds to solution injection, while the arrow to 
the rinsing with buffer.   
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sub-nM concentrations of proteins without signal amplification and la
beling. This device, being miniaturized, fabricated with highly paral
lelizable processes, passive, with electrical-readout, is an ideal platform 
for the realization of a PoC instrument for GFAP detection. 

In this work, we design and test three different and original func
tionalization strategies for GFAP detection. These functionalizations are 
based on the most popular methods in the biosensing field and never 
examined side by side within the experimental frame. All of them exploit 
anti-GFAP antibodies, differently linked to the sensor surface. The first 
strategy exploits a PEG layer for antifouling, the second the protein-G for 
antibody-orientation, and the third an antibody-splitting protocol for an 
enhanced surface-coverage. We first test these functionalizations both in 
clean-buffer and in serum-matrix with a quartz-crystal-microbalance 
(QCM). The QCM is a powerful tool for the investigation of surface 
chemistry, based on mass-detection with piezoelectric sensors. The ease 
of use of this instrument and its reliability are balanced by some limi
tations in terms of performance. Nonetheless, it allowed us to select the 
best-performing functionalization among the three strategies deployed 
before proceeding with a more sensitive detection platform. Indeed, we 
finally select the best performing strategy on QCM and apply it to the 
UHF-SAW LoC we previously developed. This very sensitive platform is 
used to validate the selected detection strategy with clinically relevant 
GFAP concentrations in clean-buffer and serum-matrix. 

2. Materials and methods 

2.1. Quartz-crystal-microbalance 

All the materials and reagents were purchased from Merck (Darm
stadt, Germany) if not otherwise stated. The QCM is an E4 Q-Sense in
strument (Biolin Scientific, Goteborg, Sweden) connected to a peristaltic 
pump (Ismatec, Wertheim, Germany) through Teflon tubes (Saint 
Gobain, Courbevoie, France). 5-MHz gold-coated AT-cut quartz sensors 
were used. The QCM was connected to a computer where the QSoft 
software acquired the real-time data from the sensors (2 s of acquisition 
rate). Every sensor was placed inside a chamber that contained a sample 
volume of about 200 μl. Frequency shifts of seven harmonics were 
recorded at the same time, the 5th or the 7th were used for the analysis. 
In every biosensing experiment 3 sensors where contemporary used, 
then the average shift and standard deviation (SD) were calculated. The 
frequency shifts were obtained by averaging the QCM signal over ≈5 
min in the steady-state, always in phosphate buffer saline (PBS) 1× . 
Drift, where present, was corrected by subtracting a straight baseline 
from the low-concentration samples not visible by the QCM (<10 nM). 
After every experiment, the sensors were cleaned following this pro
cedure: plasma oxygen (Diener Femto, Germany) treatment at 100 W for 
5 min; 5 min in a 5:1:1 mixture of milliQ water, ammonia (25%), and 
hydrogen peroxide (30%) heated at 75 ◦C; rinsing in milliQ water and 
ethanol; drying with nitrogen gas. 

2.2. Surface-acoustic-wave lab-on-chip 

The LoC fabrication process is here briefly described. For further 
details refer to (M. Agostini et al., 2019). The process consists of 
SAW-resonator and waveguide (WG) fabrication and poly
dimethylsiloxane (PDMS) microchannel bonding. The 128◦ X-rotated 
Y-cut lithium niobate (LN) wafers (Roditi International Ltd.) were diced 
in single substrates (2 cm × 2 cm) and cleaned in acetone (ACE), iso
propanol (IPA), and O2 plasma (Diener Femto, Germany) at 100 W for 5 
min. The substrates were metalized in a thermal evaporator (Kurt J. 
Lesker, Nano 32) with 15 nm of Ti as an adhesion layer and 150 nm of 
Au. The AR-300-80 (ALLRESIST GmbH) adhesion promoter was spun 
onto the metalized substrates at 4000 rpm for 1 min and baked at 110 ◦C 
for 5.5 min. Negative electron-beam resist (ma-N 2403, MicroChem 
GmbH) was then spun at 3000 rpm for 1 min and baked at 90 ◦C for 1 
min. The coated substrates subsequently underwent electron beam 
lithography (EBL) in a modified scanning electron microscope (SEM) 
(UltraPlus, Zeiss, with Raith GmbH lithography system), with an 
average area dose of 20 μC/cm2. The resonator geometry is described in 
detail in (Agostini et al., 2018): the designed resonance frequency of the 
device was ~1 GHz, corresponding to a SAW wavelength of 4 μm. Next, 
Au was etched with Ar sputtering for 9 min at 3.96 mBar, using a 
reactive ion etching (RIE) machine (RIE Sistec, Perugia, Italy). The 
remaining Ti layer was finally etched in HF:H2O (1:80) solution for 40 s. 
To correct for the differences among the chip sensitivities that normally 
arise from small variations in the fabrication outcome, the resonance 
frequency shift was normalized. The resonance frequency shifts of the 
biosensing experiments were calculated as δf/

⃒
⃒δfmax

⃒
⃒, where δf is the 

resonance frequency shift between the blank sample after the func
tionalization (buffer) and δfmaxis the maximum resonance frequency 
shift recorded for that chip. The fabricated LoC was then mounted on a 
printed circuit board (PCB), wire bonded, and finally, the PDMS (Syl
gard 184) microchannel was attached on its surface. The molds were 
made in UV-exposed negative photoresist (SU8-2100, MicroChem), 350 
μm thick, on silicon wafers. The microchannels were fabricated in PDMS 
by standard soft-lithography and then covalently bonded on the chip by 
using the epoxy-mediated procedure of (Matteo Agostini et al., 2019). In 
this work, two LoC were fabricated and used: one for the clean-buffer set 
of experiments and the other for the serum-matrix set of experiments. 

Fig. 2. Evaluation of the functionalization performance in a clean buffer. F1, 
F2, and F3 are the PEG-based, protein-G based, and split-antibody functional
ization, respectively. For each functionalization, the mean of 3 QCM sensor 
signal is reported. Error bars are the SD. ANOVA (Bonferroni post-hoc) test was 
used against the low-concentration (≤230 pM) measurements. 
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The LoC under test was connected to a vectorial network analyzer (VNA) 
(Agilent Technologies, E5071C) and a radiofrequency (RF) switch 
(Agilent Technologies, MSO6054A). The VNA and RF-switch commu
nicated with a LabView® custom software through Ethernet, for 
acquisition timing and further data processing. The signal was averaged 
for 5 min after 10 min of drying in nitrogen, following the biomolecule 
incubation and repeated DI-water washings. 

2.3. Recombinant GFAP 

The GFAP protein was produced from the BL21 E. coli strain. Briefly, 
BL21 bacterial cells were transformed with pET28c (+) plasmid vector 
in which we cloned the human sequence of GFAP with a C-terminal tag 
of six histidines. A large-scale culture was prepared and protein 
expression was induced with Isopropyl-β-D-1-tiogalattopiranoside 
(IPTG) overnight at 16 ◦C under vigorous shaking. GFAP expressed in 
bacterial cells is mainly stored inside inclusion bodies. For this reason, 
the purification was carried out in a two-step process: first, we purified 
the protein in the cytoplasm; then we extracted all the GFAP from in
clusion bodies. A pellet of cells was obtained by centrifugation and then 
resuspended in a lysis buffer. Next, the solution was sonicated on ice for 
5 min at 80% of power, and DNAse, MgCl2, and TritonX-100 were added 
to the solution to completely disrupt cell membranes, for 1 h under 
stirring. The suspension was centrifuged, the supernatant was kept in 
ice, and the pellet was used for the second step of purification. The 
extraction from inclusion bodies was performed following the same step 
used above but using buffers supplemented with a solution of urea 5 M. 
After centrifugation, the pellet was discarded and the solution was 
dialyzed to remove urea. Both supernatants with the extracted protein 
were purified using a Ni-NTA affinity resin (Qiagen) following 
manufacturing instructions. Purified protein was loaded on a poly
acrylamide gel and stained with Coomassie to check if the production 
and purification were correctly performed. Finally, GFAP was quantified 
and stored at − 80 ◦C until use. Quantification was performed on the 
final concentrated solution of GFAP by measuring the absorbance at 280 
nm. 

2.4. Functionalizations and biosensing experiment 

The sensors, QCM or LoC, followed the same functionalization pro
cedures. The surface functionalizations and the following experiments 
were all performed inside the instruments (QCM or LoC) by pumping the 
solutions through the tubing. Every concentration was incubated for 1 h 
before rinsing with buffer solution. For the F1 functionalization the 
sensors followed a two-steps process: i. treatment with streptavidin- 
polyethylene-glycol (2 kDa)-thiol (sPEG) (NANOCS, New York, USA) 
18 μM in PBS; ii. treatment with the biotinylated anti-GFAP (b-anti
GFAP) (173211BT, Synaptic Systems, Gottingen, Germany) 60 nM in 
PBS. For the F2 functionalization: i. treatment with thiol-protein-G (prG) 
(Protein Mods, Wisconsin, USA) 90 μM in PBS; ii. treatment with the 
pristine anti-GFAP (antiGFAP) (166481, Santa Cruz, Texas, USA) 100 
nM in PBS. For the F3 functionalization, the antibody of F2 was incu
bated with 5 mM of tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP) in PBS directly into the sensor chamber. For the clean-buffer 
experiments, GFAP was dissolved in PBS at 2.3 pM, 23 pM, 230 pM, 
2.3 nM, 23 nM, 230 nM and 2.3 μM. With serum-matrix, we refer to fetal 
bovine serum (FBS) in case of QCM experiments, or bovine serum al
bumin (BSA) at serum concentration (dissolved in PBS at 40 mg/ml) in 
case of UHF-SAW LoC. The sensing baseline was obtained by incubating 
the blank sample, which was the solution in which the analyte was 
dissolved. For the LoC experiments, a reference resonator was always 
monitored during the acquisition to subtract environmental and 
instrumental instabilities. 

3. Results and discussion 

3.1. Functionalization strategies 

We explored three different functionalization strategies for detecting 
GFAP, as illustrated in Fig. 1. These strategies were chosen among the 
most used in the biosensing field. Each of them focused on a particular 
aspect of the biosensing process: antifouling, antibody orientation, and 
probe surface density. The first strategy (F1) comprised a layer of sPEG, 
onto which the b-antiGFAP was immobilized by the biotin-streptavidin 
binding. With the presence of the PEG layer, F1 assured optimal anti
fouling properties (Lowe et al., 2015). PEG also allowed a certain degree 
of freedom for antibody motion, which is expected to improve the 
probability of antibody-antigen interaction (Zhao and Matsui, 2007). 
The second strategy (F2) was based on the prG layer for the 

Fig. 3. Evaluation of the functionalization performance in serum-matrix. F1, 
F2, and F3 are the PEG-based, protein-G based, and split-antibody functional
ization, respectively. For each functionalization, the mean of 3 QCM sensor 
signal is reported. Error bars are the SD. ANOVA (Bonferroni post-hoc) test was 
used against the low-concentration (≤230 pM) measurements. 
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immobilization of a pristine anti-GFAP antibody. Protein-G binds the 
constant fragment of the antibody (Vaisocherová et al., 2015), therefore 
blocking its orientation towards the solution to be analyzed. The third 
strategy (F3) took advantage of an h-antiGFAP immobilization on the 
sensor surface. By reducing the thiol-bridges naturally present in the 
antibody structure, we could create a highly-packed molecular layer 
directly on top of the sensor surface. Indeed, owing to the absence of 
other surface-immobilized molecules or proteins than the antibody 
fragments, this technique was expected to produce a sensing layer with a 
high-density of probes (Sharma and Mutharasan, 2013). With these 
three strategies, we covered the key aspects of the detection process. We 
tested their capability of detecting GFAP in clean buffers and in presence 
of biological noise (serum-matrix). We then chose the best-performing 
functionalization and demonstrated its use for detecting a clinically 
relevant concentration of GFAP with the UHF-SAW LoC. 

3.2. Functionalization characterization and selection 

To assess the performance in GFAP detection in terms of limit-of- 
detection and selectivity of the three different functionalization strate
gies (Fig. 1), we compared their performance by quartz-crystal- 
microbalance (QCM) experiments. To this end, GFAP at increasing 
concentrations was tested in clean buffers (PBS) and serum-matrix 
(FBS). The experiments were performed with gold-plated, 5-MHz 
fundamental frequency, QCM sensors. First, we verified the functional
ization protocols by following their kinetics with real-time QCM ac
quisitions. Fig. 1 shows the sensorgrams obtained during the 
functionalization in the F1, F2, and F3 cases. Each case reveals a red- 
shift of the resonance frequency following the expected trend for an 
effective molecule immobilization. F1 and F2 show a two-step process, 
which corresponds to the injection and further binding of sPEG and b- 
antiGFAP (F1), and prG and pristine anti-GFAP (F2). F3 shows a single 
decreasing trend corresponding to the immobilization of the h- 
antiGFAP. 

Following the functionalization, GFAP dissolved in PBS at 2.3 pM, 23 
pM, 230 pM, 2.3 nM, 23 nM, 230 nM, and 2.3 μM was injected on 
sensors. The experiment results in a clean buffer are shown in Fig. 2. 
Here, the steady-state resonance frequency shifts after GFAP incubation 
and further rinsing with PBS are shown. The net shifts are a direct 
measurement of the amount of protein captured by the probing layer. 
These data were fitted with the common Langmuir isotherm (Limousin 
et al., 2007). Functionalized QCM sensors could detect GFAP concen
trations starting from few tens of nM. These values might be ascribed by 
instrumental QCM sensitivity limitations and not constitute a limit 
determined by the probe layers (Agostini et al., 2018; De Simoni et al., 
2015). The differences between the functionalizations are highlighted 
by the lowest significant concentration (LSC) detected and by the in
tensity of the signal at the maximum GFAP concentration (2.3 μM). In 
terms of LSC, F2 was the best-performing, with a value of 23 nM. The 
signal at 2.3 μM was similar for F1 and F2 (− 54 Hz and − 53 Hz 
respectively) and lower for F3 (− 32 Hz). In light of this, F2 was the best 
performing functionalization in clean-buffers, followed by F1 and F3. 
Using the Sauerbrey equation (Vogt et al., 2004), it is possible to esti
mate the surface density of the molecules on the sensor plates. At the end 
of the functionalization procedure, the surface mass density of F1, F2, 
and F3 was 1093 ng/cm2, 5807 ng/cm2, and 2063 ng/cm2, respectively. 

Since streptavidin has four binding sites for the biotin linked to the 
constant fragment of the anti-GFAP, the estimated surface density of 
paratopes for F1, F2, and F3 are 2.1× 1013paratopes/cm2, 8.6×

1013paratopes/cm2, and 4.5× 1013paratopes/cm2. It emerges that the 
best performing functionalization in clean-buffer (F2) is the one that 
exhibits the highest paratope density on the sensor surface. As a remark, 
F2 is based on a thiolated protein-G, ensuring also the correct orienta
tion of the antibodies towards the solution with GFAP. Even though the 
paratopes density of F3 is higher than F1, the F1 functionalization could 
detect GFAP better than F3, probably owing to the increased mobility of 
the antibody provided by the PEG chain (Zhao and Matsui, 2007). 
Therefore, the optimal detection process in clean-buffer appears to be a 
trade-off between the paratope surface density, and the antibody 
mobility with correct orientation. 

We then proceeded to test the functionalizations in presence of bio- 
noise, namely by dissolving GFAP in a serum-matrix (FBS). The results 

Table 1 
Summary of the detection performance of the three functionalization strategies 
evaluated by QCM.   

Clean-buffer Serum-matrix 

LSC Signal @ 2.3 μM LSC Signal @ 2.3 μM 

F1 230 nM − 54 Hz 230 nM − 10 Hz 
F2 23 nM − 53 Hz / 0 Hz 
F3 230 nM − 32 Hz 2.3 μM − 2 Hz  

Fig. 4. Full-SAW biochip. a) Photo of a mounted device. Scale bar is 1 cm. b) 
Simplified illustration of the biochip, composed by an LN substrate, WGs, 
resonator-sensors, and mixing IDTs. The PDMS microfluidic channel is not 
shown for clarity of visualization. 
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are shown in Fig. 3. Here, F1 and F3 could significantly discriminate 
GFAP concentrations to the FBS baseline value. F1 reported similar 
detection characteristics to the PBS case, except for a reduction of the 
signal at the maximum concentration. While F3 suffered from a higher 
deterioration of the detection performance, F2 was strongly affected by 
non-specific binding of other proteins, which hindered the possibility of 
detecting any GFAP concentration in serum-matrix. 

Table 1 summarizes the GFAP detection performance obtained with 
the three functionalizations tested by QCM. All three functionalizations 
were effective in clean buffers, but only F1 and F3 could also signifi
cantly detect at least one concentration of GFAP in presence of FBS as a 
buffer. Among these, F1 was the best performing both in terms of LSC 
and specificity. FBS is the liquid fraction of clotted blood from fetal 
calves, depleted of cells, fibrin, and clotting factors. FBS contains a va
riety of small molecules like amino acids, sugars, lipids, and hormones, 
but bovine serum albumin (BSA) is its major component, present at 

several mg/ml (Soutar et al., 2019). We can, therefore, estimate the 
functionalization specificities to GFAP against BSA as ≈1/180 molecules 
for F1, and ≈1/18 molecules for F3. These experiments show that, in the 
presence of bio-noise (i.e., in serum-matrix), the use of a PEG-based 
linker can result in outperforming probing layers to protein-G and 
reduced antibody strategies. This can be attributed to the antifouling 
effect of PEG combined with its flexibility which is expected to improve 
the probability of antibody-antigen interaction (see Sec. 3.1). In light of 
the previous estimation of the paratope density, the results in presence 
of bio-noise highlight another key aspect of the detection: the anti
fouling properties of the functionalization. The capability of F2 to 
immobilize a large number of paratopes is not enough to ensure high 
detection performance of GFAP in serum-matrix. The PEG-based func
tionalization (F1), and the split-antibody functionalization (F2) to less 
extent, outperform F2 and provide significant signals also in presence of 
bio-noise. As a result, when the detection process is performed in buffers 

Fig. 5. GFAP detection with the UHF-SAW LoC. a) Experiments with GFAP in PBS at several concentrations. t-test with 23 pM as grouping threshold P < 0.001. b) 
Experiments with GFAP in serum-matrix, error bars are the SD of the signal resulting from repeated sensor washings. c) Reflected power spectrum (S11) of the 
resonator showing the resonance shift in the F1 and GFAP in the serum-matrix case. 
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similar to one of the real samples, the ideal functionalization appears to 
be a three-way optimization problem between the molecules’ surface 
density, mobility/orientation, and antifouling properties. 

3.3. Biomarker detection with the surface-acoustic-wave resonator 
biosensor 

Table 1 shows that our QCM setup could not detect GFAP concen
trations below a few tens of nM even in clean buffers. The GFAP con
centration to be revealed, relevant for clinical applications, is in the 
range of few fM up to the nM level. This is the case of several pathol
ogies, such as GBM (Jung et al., 2007; Tichy et al., 2016) and TBIs 
(Frankel et al., 2019; Nylén et al., 2006; Vos et al., 2004; Yue et al., 
2019). The detection limit can be improved by adding a signal ampli
fication step, as, for example, labeling analytes with heavy tags (e.g., 
nanoparticles) for increasing mass loading on QCM sensors (Ding et al., 
2013; Masdor et al., 2016). However, label-free techniques are prefer
able when priorities are ease of implementation and cost reduction, such 
as in the case of PoC diagnostics. 

In the last few years, we developed an capable of manipulating fluids 
and detecting sub-nM concentrations of proteins without signal ampli
fication and labeling (Agostini et al., 2018; M. Agostini et al., 2019). This 
device, being miniaturized, fabricated with highly parallelizable pro
cesses, passive, with electrical-readout, is an ideal platform for the 
realization of a PoC instrument for GFAP detection. The ultrasensitive 
full-SAW LoC biochip is shown in Fig. 4. The LoC can be described as the 
combination of four levels (bottom-up): substrate, waveguide (WG), 
resonator-biosensors, and mixing IDTs, microfluidic layer. The substrate 
and the single resonator design were the same as the ones presented in 
our previous works (Agostini et al., 2018; M. Agostini et al., 2019), with 
a resonance frequency at ~1 GHz. Resonators act as gravimetric sensors. 
Starting from the bottom layer of Fig. 4b, the substrate was an LN 
crystal, on top of which a coplanar WG was designed to have 50 Ω 
resistance for impedance matching. The third layer contained the reso
nators and IDTs for mixing. Four 2-port SAW resonators with positive 
and negative reflectors (PNRs) and two bidirectional single-finger IDTs 
(~50 MHz) were patterned and individually connected to the WG. 
Lastly, the topmost layer was the PDMS microchannel: it comprised four 
independent microchambers with inlets-outlets for liquid sample 
handling and two air-filled microchambers on top of the IDTs for 
avoiding SAW damping. The device was finally mounted and 
wire-bonded on a PCB. This LoC was designed such that four multi
plexed measurements were feasible–one for each sensor and micro
chamber–while liquid mixing could be realized by activating the two 
low-frequency IDTs. A reference resonator was always recorded dur
ing the experiments and subtracted from the functionalized sensor 
signal. This allowed for the removal of noise stemming from environ
mental and instrumental instabilities. Similarly to what was carried out 
with the QCM, this UHF-SAW LoC was functionalized with the F1 
probing layer and tested with several GFAP concentrations in different 
conditions. Fig. 5 shows the resonance frequency shifts of the resonator 
biosensors upon exposure to different GFAP concentrations. By dis
solving GFAP in a clean buffer, the two distributions of Fig. 5a become 
significantly separated, minimizing the P-value, for a GFAP concentra
tion threshold of 23 pM. This value, if compared with the LSC of the 
QCM experiments, reveals a 3-orders-of-magnitude increase of the 
detection performance in terms of limit of detection. To assess the 
specificity of this device, we repeated the same experiment with GFAP 
dissolved at 35 pM in BSA at serum-concentration (40 mg/ml). The re
sults are shown in Fig. 5b and c. The full-SAW LoC could detect the GFAP 
biomarker also in this case, showing a normalized signal ~1 order of 
magnitude larger than the negative control. The resonance-frequency 
shift of the serum-matrix experiment is reported in Fig. 5c. The net 
shift between the F1-functionalization and GFAP cases is ~1.7 MHz. 

4. Conclusion 

In this work, we designed and tested three different functionalization 
strategies for GFAP biomarker detection. These strategies were chosen 
among the most used in the biosensing field and never previously 
compared within the same experimental frame. The first (F1) was based 
on a PEG-chain for antifouling, the second (F2) on a protein-G linker for 
antibody-orientation, and the third (F3) on antibody-splitting and direct 
surface immobilization for high-surface coverage. We tested their 
capability of detecting GFAP in clean buffers and in presence of bio- 
noise (serum-matrix) with gold QCM sensors. We then chose the best- 
performing functionalization, F1, and demonstrated its use with the 
UHF-SAW LoC. The LoC here used exploited ~1 GHz SAW resonators as 
ultrasensitive mass-sensors, and a microfluidic network for precise fluid 
routing. GFAP was significantly detected at clinically-relevant concen
trations both in clean-buffers (>23 pM) and in serum-matrix (35 pM). As 
a comparison with previous works, Arya et al. (2013) and Wang et al. 
(Wang, 2017) proposed electrochemical sensors for GFAP detection in 
clean-buffers. The first work showed a limit of detection (LoD) of a few 
tens of fM, while the second of hundreds of pM. J. Song et al. (2017) 
detected few tens of pM of GFAP in clean-buffers by using an 
organic-field-effect-transistor (OFET) with polyethylene glycol (PEG) 
based functionalization. To the best of our knowledge, the only paper 
showing a device for the detection of GFAP in serum-matrix was pub
lished by Y. Ma et al. (2018). The authors, exploiting fluorescently 
labeled GFAP, reached an LoD of the order of pM. The UHF-SAW LoC 
here presented, combined with the non-labeling detection technique 
developed, showed clinically relevant results on the GFAP detection in 
serum-matrix. The device can be further developed and engineered with 
the aim of realizing a point-of-care biosensing platform for the detection 
of multiple brain-pathology biomarkers in serum or whole blood. In the 
light of this biosensing performance and the advantages of an 
all-electrical readout, this LoC has the potential to be further developed 
for other, non-CNS, relevant pathologies, where a PoC diagnosis could 
be a breakthrough, such as a virus and bacteria detection. 
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