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ABSTRACT

A phage display library of variable domain of the heavy chain only antibody (VHH) or
nanobody (Nb) was constructed after immunizing a bactrian camel with testosterone. With the
smaller molecular size (15 kD), improved solubility, good stability, high affinity, specificity and
lower immunogenicity, nanobodies (Nbs) are a promising tool in the next generation of diagnosis
and medical applications. Testosterone is a reproductive hormone, playing an important role in
normal cardiac function and being the highly predictive marker for many diseases. Herein, a
simple and sensitive immunosensor based on electrochemical impedance spectroscopy (EIS) and
Nbs was successfully developed for the determination of testosterone. We have successfully
isolated the anti-testosterone Nbs from an immune phage display library. Moreover, one of the
Nbs was biotinylated according to in vivo BirA system, which showed the highest production yield
and the most stable case. Further, the EIS immunosensor was set up for testosterone detection by
applying the biotinylated anti-testosterone Nb. As a result, the biosensor exhibited a linear
working range from 0.05 to 5 ng mL™" with a detection limit of 0.045 ng mL™. In addition, the
proposed immunosensor was successfully applied in determining testosterone in serum samples.
In conclusion, the proposed immunosensor revealed high specificity of testosterone detection and

showed as a potential approach for sensitive and accurate diagnosis of testosterone.

KEYWORDS: nanobody; testosterone; —immunosensor; glassy carbon electrode,

electrochemical impedance spectroscopy
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1. INTRODUCTION

Testosterone was produced by both men and women with ten-fold higher levels of circulating
in men than that in women. It is significantly correlated with several physiological processes, such
as sperm production, energy, strength, sexual behavior, sleep, mood and the general well-being of
men'. Whatever, being fundamental for the development and maintenance of male characteristics
and male sexual organs, testosterone also has effects on most major organs, such as the brain,
muscle, kidney, bone, liver and skin 2, Therefore, testosterone is necessary and eventful for our
bodies. Recently, several studies have also revealed that testosterone also plays an important role
in normal cardiac function, and it has been opposing effect on cardiac remodeling and function
compared with estrogen ** In the past few years, great efforts have been devoted to revealing the
relationship between testosterone and physiological behaviors, and increasing evidences had
proven its important roles in human diseases.

Because of the important relationship between testosterone and many diseases, testosterone is
involved in regular six hormones diagnosis to assess the health condition of people accompanied
with follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), progesterone
(P) and Prolactin (PRL) °. Moreover, numerous studies have demonstrated that testosterone is a
promising biomarker to predict stroke in old men ® and it can be a better predictor to warn
intermittent claudication in older men than E2 ’. Furthermore, the low testosterone levels may be
associated with earlier all-cause and cardiovascular related mortality among men ¥ and basal
testosterone level can be functionalized as a symbol for the ovarian response %, Accordingly,
concentration determination of testosterone in serum is important to prognosis numerous diseases
with other additional clinical features or symptoms.

3
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Accurate and sensitive determination of testosterone becomes an important requirement to
meet physical examination and disease diagnosis. Until now, a wide range of analytical methods is
available for testosterone detection in biological fluids, including HPLC 1 GC-MS ""'* and
LC-MS "' However, these methods do need expensive instruments, specialized personnel and
much time to get the results that limit the routine use. Meanwhile, many immunological assays
were developed founded on the recognition of antigens by antibodies in clinical diagnosis. Various
immunoassays have been developed to detect testosterone such as enzyme-linked immunoassay

1819, Nevertheless, the

(EIA) , radioimmunoassay (RIA) 5 in plasma 16, serum '” and human urine
immunoassays mentioned above are often laborious, time-consuming and a major limited factor is
the large requirement of high-quality testosterone-specific antibodies, which have hindered their
further wide applications.

With the development of genetically engineered antibody and phage displays technology,
antibody production has moved from conventional antibodies (polyclonal and monoclonal) to
recombinant antibodies (Fab, Fv or scFv). Recently, an antibody fragment named VHH or
nanobody is derived from heavy-chain-only antibodies that obtained in sera of camelids, such as
camels, llamas and dromedaries 20 The molecular weight of VHH domain was only about 15 KD,
Nbs are potential reagents in the next generation of diagnosis and medical applications with the
small molecular size, high affinity and specificity, improved solubility, good stability,
well-performed acid-resistance, high yields with less cost and lower immunogenicity. In addition,
because of the location of the antigen biding site is opposite to the C-terminus, Nb provides a
of opportunities of modifications to make them powerful tools in research and application fields
Compared with conventional antibodies, Nb was proved of obvious advantages in molecular size,

4
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stability and specificity, which are the important properties of antibodies. These features of Nb
us a promising alternative to replacing conventional antibodies in diagnosis, medicine discovery
and more aggressive fields > In our previous studies, Nbs were successfully applied for detection
several clinical biomarkers, for example, apolipoprotein B-100 * NGAL * and procalcitonin %

Electrochemical immunosensors with lower sample consumption, less cost of
instrumentations, good sensitivity, accurate and visible results as the main reasons, have been
widely used in many markers detections. Electrochemical impedance spectroscopy (EIS) is useful
for evaluating the interfacial properties of biochemical and biophysical processes with high
specificity and sensitivity. Information can be collected from the signal alteration influenced by
the adsorbing of target analytes to the functionalized surface of the electrodes. EIS has been
widely applied for immunosensors fabrication, such as antigen—antibodies >/, DNA hybridization
2 according to the collection of charge transfer impedance variation.

A sample and sensitive immunosensor was established for testosterone determination
depended on anti-testosterone Nb applying EIS. As shown in Figure 1, an immune phage display
Nbs library against testosterone was constructed. After three rounds of bio-panning, three
anti-testosterone Nbs have been isolated and expressed efficiently. Moreover, the highest yield and
stability one of the obtained Nbs was selected to couple with biotin in vivo. Then, after
with H,SO4 and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and
N-hydro-xysuccinimide (NHS), the streptavidin (SA) was dropped onto the surface of glassy
electrode (GCE). Subsequently, biotinylated Nb was added to SA. Eventually, the electrochemical
immunosensor was successfully built up and for testosterone determination. The proposed
immunosensor may offer an advanced approach to combine the classic electrochemical method

5
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Nbs and generate a promising way for determination of testosterone.
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Figure 1. Workflow of the identification of anti-testosterone Nbs and Nbs-based

electrochemical immunosensor development.

2. EXPERIMENTAL SCETION

2.1 Materials and Instruments. Testosterone-BSA was purchased from Fitzgerald (Acton,

USA). Testosterone was achieved from Aladdin (Shanghai, China). Streptavidin (SA) was

obtained from Shanghai Ruiqi Biological Technology Co., Ltd. (Shanghai, China). Freund’s
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complete adjuvant, Freund’s incomplete adjuvant, anti-mouse IgG-alkaline phosphatase,
ampicillin, isopropyl B-D-1-thiogalactopyranoside (IPTG), Bis (p-nitrophenyl) phosphate,
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-hydro-xysuccinimide
(NHS) and Ethanolamine-HCl were purchased from Sigma-Aldrich (St. Louis., USA). Mouse
anti-HA tag antibody was obtained from Covance (Princeton, USA). Lymphocyte isolation sterile
solution was provided by GE healthcare (Piscataway, USA). Oligo (dT) primer and 96-well plates
were purchased from Thermo Fisher Scientific (Waltham, USA). Pst I, Not 1, Nco 1 and BstE 11
were obtained from NEB (Ipswich, USA). D-biotin was purchased from Bio Basic Inc (Markham,
Canada). Bovine serum albumin (BSA) was purchased from Sunshine Biotechnology Co., Ltd.
(Nanjing, China). Streptavidin Mutein Matrix was purchased from Roche (Vilvoorde, Belgium).
All aqueous solutions were prepared with deionized water (DI water, 18 mQ cm'l, Milli-Q,
Millipore, Billerica, USA). Absorbance determination was performed on Bio-Rad iMark™
(Bio-Rad, California, USA). Concentration measurements of mRNA, DNA and protein were
carried out with Nano Drop 2000 (Thermo Fisher Scientific, Waltham, USA). Affinity was
measured by Biacore T200 (GE, Piscataway, USA), EIS was performed on a CHI 660
electrochemical workstation (Chenhua Instruments Co., Shanghai, China) with a three-electrode.
The electrode system contained a modified GCE (3 mm in diameter), a Pt wire counter electrode,
and a KCl saturated Ag / AgCl reference electrode.

2.2 Bactrian Immunization. A young male bactrian camel was immunized with 400 pg
testosterone-BSA in phosphate buffered solution (PBS, 137 mM NaCl, 10 mM phosphate, and 2.7
mM KCl) with equal volume of Freund’s complete adjuvant (the first time) and Freund’s
incomplete adjuvant (next 5 times). The injections were conducted every week, after six times

7
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injections, lymphocytes cells were extracted from the peripheral blood of immunized camel for the
VHH library construction.

2.3 Phage Display Library Construction. After immunization the library was constructed.
Briefly, RNA was extracted from blood and transcribed to cDNA. We obtained the VHH regions
via two-step nest PCR, which fragment about 400 bp. The PCR outcomes and the vector of
PMECS phagemid were digested with Pst 1 and Not 1, subsequently, ligated to pMECS/Nb
recombinant. After ligation, the products were transformed into Escherichia coli (E. coli) TG1
cells by electroporation. Then, the transformants were enriched in growth medium, followed by
planted on plates. Finally, library size we constructed was estimated by counting colonies number.

2.4 Bio-panning, Expression and Purification of Soluble Nbs. Library bio-panning was
conducted to screen Nbs against testosterone after library construction. Firstly, testosterone-BSA
was diluted with coating buffer (100 mM NaHCO;, pH 8.2) to 100 pg mL™" and coated onto
microtiter plates at 4°C overnight. BSA protein in the coating buffer was used as control. 200 pL
of 0.1% casein (dissolved in 1xPBS) were added for 2 h incubation after washed by PBST (PBS
with 0.05% Tween-20) to block the residual antigen binding sites. After removing the blocking
buffer, the phages were added and incubated at room temperature for 1 h. The specific phages to
testosterone were eluted with 100 mM trimethylamine followed by neutralized with Tris-HCI (1.0
M, pH 7.4). The rest of the phages were infected with TGI1 cells, which have diluted at various
concentration before. After 2 rounds of panning, the testosterone-specific phages were amplified
enough to perform the following research. Afterwards, we obtained 15 positive colonies after the
process of library bio-panning and PE-ELISA. Testosterone-specific VHHs were confirmed by
sequencing of these positive colonies. Nbs were picked out according to the sequence. Then the

8
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plasmids were extracted and electroporated into E. coli WK6 electrocompetent cells. Briefly, when
the culture of WKG6 cells reached an ODggy value of 0.6 to 0.9, 1 mM IPTG was added, followed
by shaking overnight at 28°C. Protein was released by osmotic shock. Nbs specific to testosterone
containing 6xHis tag, therefore they were purified with nickel-nitrilotriacetic acid (Ni-NTA) metal
affinity chromatography. After eluting with PBS that containing 500 mM imidazole, we assessed
the purity and size of the Nbs using 15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), followed by staining with Coomassie Brilliant Blue.

2.5 The Thermofluor Experiment. The thermofluor experiment was used to detection the
T, value of Nb16. A 96-well microplate was used in the measurement, with the wells containing
19.5 pL of Nb16, which had diluted into 0.5 mg mL" with triplicate and 0.5 pL of SYPRO Orange.
A LightCycler® 96 Real-Time PCR system (Hoffmann-La Roche Ltd., Basel, Switzerland) was
chosen to control the temperature and record the fluorescence changes during T,, measurement.
Samples were placed at 25°C for 3 min, the temperature was set increased from 25°C to 95°C by
5°C increments, the equilibration time of each temperature was 10 s. The fluorescent properties of
the dye-protein complex with a maximal absorption at 470 nm and maximal emission at 569 nm,
minimize the interference with background fluorescence from small molecules. At last, the data
was analyzed by software LightCycler 96 230

2.6 Solvent Effect. We explored the tolerance to organic solvent of Nb16. Since EtOH,
isopropanol and trichlormethane are used in the extraction procedures of testosterone, we chose
these three organic solvents to our research. Firstly, testosterone-BSA was diluted with coating
buffer (100 mM NaHCOs, pH 8.2) to 5 ug mL™" and planted onto 96-well plates at 4°C overnight.
BSA protein as control. Next, 200 pL of 1% milk (dissolved in 1xPBS) were added to the wells

9
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after washed by PBST for blocking. After removed the blocking buffer, the Nb16, which diluted
with different organic solvents from 5 mg mL" to 10 ne mL™" was added and incubated for 1 h.
After washed with PBST, antibody mouse anti-HA and anti-mouse IgG were added, respectively.
The absorption of 405 nm was observed at last.

2.7 Surface Plasmon Resonance (SPR) Affinity Detection. The affinities of the obtained
Nbs were tested by Biacore T200 after getting the specific Nbs against testosterone. Firstly, Nbs
with the concentration of 20 g mL" were immobilized on the CM5 sensor chip. Then five
different concentrations of testosterone were added with a flow rate of 10 pL per minute 3
Afterwards, the binding sensorgrams signals were recorded and used to calculate the k, and ky
values which Kp.

2.8 Biotinylation of Nb in vivo. Vector pBAD has a biotin acceptor domain. VHH genes
were sub-cloned to the vector by both digested with Nco I and BstE II. Then the recombinant was
transformed into WK6 cells with pBirA plasmid. After cultured in supplemented with 50 pM
D-biotin and continued to induce with 1 mM IPTG overnight to produce proteins conjugated with
biotin, soluble Nbs coupled with biotin can be purified by Streptavidin Mutein Matrix. The
biotinylated Nbs were eluted by 6 mM D-Biotin.

2.9 Immunoseneor Preparation. The electrodes were polished with micro-cloth polishing
pads, using 0.3 and 0.05 pm alumina slurries for 5 min. Then carefully washed and sonicated in
Milli-Q water for 1 min. CV measurement was performed to assess the quality of these polished
electrodes. A conventional three-electrode configuration was applied: GCE as the working
electrode, Ag/AgCl (3 M KCI) as the reference electrode and Pt as the counter electrode.
Measuring conditions were as follows: minimum potential -0.2 V, maximum potential 0.6 V, scan
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rate 100 mV s in 0.1 M PBS containing 2 mM K;Fe(CN)g.

After getting the eligible GCEs, the electrodes were scanned in 0.5 M H,SO, from -1 V to 1
V at the scan rate of 100 mV s™' for 20 cycles. Finishing electrochemical pre-treatment, the surface
of GCE was equipped with carboxylic acid groups and immersed in water to avoid contaminating
by air.

2.10 CV and EIS Measurements. The GCE functionalized with carboxylic acid groups was
next immersed into the mixture of NHS and EDC with the concentration of 50 mM and 100 mM
respectively in 0.1 M PBS of pH 7.4 for 1 h. Then, the electrode was rinsed carefully by 0.1 M
PBS of pH 7.4 and 20 pL of SA (100 pg mL™") in 0.1 M PBS was dropped onto the surface. After
incubation at 4°C for 12 hours, the electrodes were rinsed with PBS (0.1 M, pH 7.4) and then
blocked with 0.5% BSA for 30 min. Then, 20 pL of BiNb16 (100 ng mL™) diluted in PBS were
added to the surface of the electrode for incubation for 1 h. Finally, the electrode was incubated
with different concentrations of testosterone (20 pL of droplet) for 1 h and rinsed carefully with
PBS. All the above experiments were performed at room temperature.

To monitor each step of the electrode modification, all procedures were evaluated by CV and
EIS. EIS was expected to monitor the electron transfer resistance in frequency range of 0.1
Hz-100 kHz at potential of 022 V and performed in PBS containing 1 mM
K;[Fe(CN)gl/K4[Fe(CN)g] (1:1). Obtained data was analyzed using the Zview software.

3. RESULTS AND DISCUSSION

3.1 Immune VHH Library Construction. VHHs can be derived from different libraries,
compared with the non-immune library and synthetic phage displays, VHHs derived from the
immune library, which has more advantages than the other two, especially in affinity and

11
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specificity. We resorted to immune VHH library, expecting to obtain the single domain antibodies
with high affinity and specificity. We immunized bactrian camel by injection of testosterone-BSA
antigen with high purity and immunogenic weekly. All camel experiments were conducted
according to guidelines approved by the Institutional Animal Care and Use Committee of
Shanghai Institute of Materia Medica. After six times immunization, blood was collected for
extracting RNA, which was reversely transcripted to cDNA. Then we began to amplify the heavy
chain antibody variable region, as shown in Figure 2A, the first PCR fragments have evident
bands around 700 bp. The products of first PCR were used as the template to enrich the VHH-only
region via a nested PCR. From Figure 2B, the second PCR outcomes are correct with 400 bp.
Then VHH fragments were ligated into pMECS vector and transformed in TG1 E. coli cells. The
cells were cultured for library generation. Library size and insertion rate represents the quality of
the library, the library size was estimated around 1x10° colony-forming units (CFU), which can be
expected to generate enough high specific and sequence diverse Nbs. The insertion rate of the
immune library against testosterone was evaluated by randomly selected 24 clones to perform
PCR (Figure 2C). A correct insertion rate of 95.8% revealed that we had successfully constructed
a VHHs library against testosterone. In conclusion, we achieved a high quality and diversity phage
display Nbs library against testosterone.

3.2 Phage Library Screening and Anti-testosterone Nbs Identification. Bio-panning was
started to isolate specific Nbs against testosterone after obtaining the good-quality phage display
library. Firstly, the library should be pre-amplified and approximately 2x10" phages were used in
each round bio-panning. As shown in Figure 2D and Figure 2E, after three rounds of bio-panning,
the enrichment fold had achieved from 75 (second round bio-panning) to 490. Based on the great
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diversity and large size of the phage library, we stopped phage library screening and planned to

pick out the positive colonies.
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Figure 2. Library construction and testosterone specific Nbs identification. (A) The first PCR
fragments with an event band of 700 bp. (B) The products of second PCR, which of an evident

band of 400 bp. (C) 24 colonies were randomly picked to determine the insertion rate of the

13

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

anti-testosterone library. (D) Enrichment of each round bio-panning shown by plate. (E) The
relative enrichment ratio of the total three consecutive rounds of bio-panning. (F) Different
anti-testosterone Nbs was identified by sequence alignment of VHH positive colonies.

95 randomly picked colonies were subjected to periplasmic extraction enzyme-linked
immunosorbent assay (PE-ELISA) aimed to acquire testosterone specific VHHs. Fortunately, 20
out of 95 were identified as the positive colonies binding to the coating testosterone antigen and
the binding ratio were more than 5 relative to blank control. The plasmids of these 20 positive
colonies were extracted and sequenced. According to the diversity of amino acid sequences in
complementarity determining region (CDR)3, these 20 VHHs were classified into the same family
which shared high similarity in sequence. Among these, we chose three Nbs whose sequences
shared tiny diversity (Figure 2F) to conduct the further research, namely Nb16, Nb21 and Nb27
respectively. They share the same CDR1 region, and only a few amino acids are different in CDR2
and CDR3 regions. We deduced that the small size and tiny structure of testosterone make the Nbs
unable to access more epitopes, thus the obtained Nbs are derived from the same family.

3.3 Expression and Purification of Soluble Nbs. For expression, the selected Nb plasmids
were transformed into WK6, which is a non-suppressor E. coli strain expressing the amber stop
codon between VHH and gene III. Therefore, the cells can express soluble Nbs without plII
protein. With the C-terminally hexahistidine (6xHis)-tag, the obtained Nbs were purified with
Ni—NTA affinity columns and detected with SDS—-PAGE. As shown in Figure 3A, the size of the
Nbs are about 15 kD, which is consistent with theoretical value and the results showed high
quality with >90% purity. The concentration of the Nbs was determined by Bradford method.
Nb16 had a yield of 3.9 mg L bacterial culture, Nb21 was 3.5 mg L', and Nb27 was 2.5 mg L.

14
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As solubility shown in Figure 2F, the characteristic substitutions in FR2 were positions 39, 46, 47

and 49, amino acids of regular antibodies in these four sites are V, G, L, W respectively, but they

are F, E, R, G in Nbs. That means four hydrophobic amino acids were replaced by four

hydrophilic amino acids, which leads to a significantly increase in Nbs solubility and explains

why Nbs have a good solubility.

3.4 Temperature Stability and Tm Value Determination. Temperature stability of these

isolated Nbs was also determined. They were incubated at 70°C and 90°C for 0.5, 1 and 3 hin a

thermo-controlled water-bath, respectively. Each sample was used to test the activity of direct

binding to the coated testosterone-BSA in a microtiter plate using ELISA (BSA protein acted as

control). As shown in Figure 3C, Nb16, Nb21, Nb27 all kept nearly 80% of activity after

incubated at 70°C from 0.5 h to 3 h. Under the treatment of 90°C (Figure 3D), compared with

Nb21 and Nb27, even incubated for 3 h, Nb16 also showed about 60% activity. The results above

demonstrate that Nb16 shows good thermostability. Besides, the thermofluor assay allows us to

distinguish a protein’s state of folded and unfolded. Based on the results, the T, value is

determined and at which temperature the hydrophobic areas of a protein become exposed.

Therefore, we conducted the thermofluor assay for Nb16 to detect the Ty, value. The result showed

the T,, value of Nb16 was 66.18°C, which indicated Nb16 (shows the best in temperature stability

analysis) a good thermostability (Figure 3B). This advantage can broaden the functional area of

the Nb, making it attractive for diagnosis, clinical application and immunoassay development

especially lacking low temperature storing condition.

3.5 Solvent Effect. Nanobody with high tolerance to organic solvent is meaningful during

real sample analysis, especially for lipophilic analytes. Testosterone is highly lipophilic. The use
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of organic solvent, such as ethanol (EtOH), isopropanol and trichlormethane, is inescapable and
necessary during extraction. We investigated the tolerance of Nb16, which is specific to
testosterone in the presence of EtOH, isopropanol and trichlormethane at concentrations of 20% to
80%. Nb16 was diluted in each organic solution with the final concentration of 10 pg mL", the
activity and the binding ability of testosterone was tested by ELISA compared with that in PBS.
The results were shown in Figure 3E. In general, the increase of the concentration of each organic
solvent lead to the decrease of signal, particularly in trichlormethane. However, Nb16 showed
good tolerance to most of organic reagents. Nb16 maintained over 80% activity in EtOH and
isopropanol of concentrations from 20% to 60%, even exposed to the concentration of 80% of
EtOH and isopropanol, the activity over 60%. In contrast, we can conclude that trichlormethane
had the significant effect on Nb16, the activity of Nb16 was badly influenced especially in high
concentration of trichlormethane. Therefore, the property of Nb16 showed us the advantages on
the development of extraction of testosterone by EtOH and isopropanol, nevertheless, the property
probably not available to that trichlormethane extracted samples.

3.6 SPR Binding Assay. The affinity shows the strength of binding of one epitope of antigen
to an antibody, and is expressed in terms of the association constant, Ka. Therefore, it is important
and compulsory to determine the affinity of testosterone-specific Nbs. According to the property
analysis, we chose Nb16 to perform Biacore assay for the affinity determination to testosterone.
Nb16 was used as ligand and captured, while testosterone was taken as analyte with 5 different
concentrations. As the results in Figure 3F, Nb16 showed high affinity and strong binding to
testosterone with equilibrium dissociation constant (Kp) of 0.95x107° M (k, of 3.9 x 10*M "' s
and kg of 0.037s™), which presented a good potential for further applications.
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Figure 3. (A) Nb16 was isolated and purified by NI-NTA Superflow Sepharose column and

detected by SDS-PAGE. (B) Sypro Orange thermal stability data. (C) Stability of Nbl6 after

incubation at 70°C, 90°C for 0.5 h, 1 h, 3 h. (D) Stability of Nb16 after incubation at 90°C for 0.5 h,

1 h, 3 h. (E) The activity of Nb16 in organic solvent. (F) Kp data between testosterone and Nb16

was obtained using Biacore T200 instruments. As Nbl6 was immobilized, testosterone was

injected at concentrations of 27, 81, 243, 729 and 2187 nM (CS to C1). The sensorgram shows

testosterone interacts with Nb16 from the concentration of 27 nM (bottom curve, C5) to the

concentration of 2187 nM (top curve, C1). All data were fitted to a 1:1 interaction model and

represented by black curves.
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3.7 Expression and Purification of Biotinylated Nbs. Electrochemical immunosensor was
designed by using of biotinylated Nb (BiNb) to accomplish the orientated and efficient diagnosis
of testosterone expecting to combine Nb with the traditional and classic electrochemical
immunosensor. Compared with unmodified Nbs, biotinylated Nbs conquer the disadvantage of
unoriginal, realizing the directional conjugation of Nbs to the surface of immunosensor. Based on
the high affinity of BiNb and streptavidin, one of the strongest affinity combination in nature, we
expect to develop a sample and sensitive immunosensor for the detection of testosterone.

According to the yield, stability and affinity, we chose Nb16 to conjugated with biotin in vivo
to conduct our further research. The biotinylated Nbs was generated as above descriptions. Finally,
the biotinylated Nb16 (BiNb16) were purified with Streptavidin-Mutein Matrix and with the yield
of 1.2 mg L™ culture.

3.8 Characterization of Immunosensor. Considering the excellent features of EIS, such as

conductivity, accuracy and rapidness 32 EIS was selected to have the testosterone determination

by monitoring the changes of electron transfer resistance in the surfaces of the GCEs with BiNb16.

The outline of immunosensor fabrication is demonstrated in Figure 1. Firstly, the GCE was

oxidated by 0.5 M H,SO, to produce carboxylic acid groups on the electrode surface. Then, the

electrode was immersed into the mixture of EDC and NHS. According to these amino linkages,

we can combine streptavidin to the surface of GCE. BSA was applied to block the unspecific

binding sites. Finally, BiNb16 was immobilized on the surface of the modified electrode by

streptavatin-biotin reaction.

Corresponding cyclic voltammograms (CV) (Figure 4A) and impedance spectra (Figure 4B)

were recorded in the presence of 1.0 mM Kj[Fe(CN)gl/Ky[Fe(CN)g] (1:1) to investigate each
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immobilization and binding step. In the Nyquist plots impedance spectroscopy, Z' and -Z"
represents the real variable and the negative value of imaginary variable of impedance,
respectively ¥ An equivalent circuit model (Inset in Figure 4C), including the electron transfer
resistance (R,;), the ohmic resistance of the electrolyte solution (R;) between the working electrode
and the reference electrode, constant phase element (Cdl) and the Warburg impedance resulting
from the diffusion of ions (W;), was applied to simulate the complex impedance plots obtained
from the EIS measurements. The curve (solid line in Figure 4C) fits well with the experimental
impedance data (solid dots in Figure 4C), indicating that the equivalent circuit used is accurate.
Typically, the diameter of the semicircle represents the electron-transfer resistance (R,;). For the
bare GCEs, there are no obvious obstacles affecting electron transfer, which results in peak
separation (AE,) of 69 mV in CV (Figure 4A, curve a). EIS in this procedure showed an almost
straight line (Figure 4B, curve a), suggesting the electrode reaction was only controlled by
diffusion. The immobilization of SA obviously increases the electron transfer resistance R,, (Figure
4B, curve b) and the peak separation AE, was increased to 182 mV (Figure 4A, curve b).
Subsequently, the deposition of BSA for blocking of remaining free COOH groups on the
electrode increased the R,, (Figure 4B, curve c) as well as the peak separation AE,to 330 mV
(Figure 4A, curve c). BiNb16 immobilization by streptavidin-biotin reaction with SA caused the
increase of peak separation to 400 mV in CV (Figure 4A, curve d) and impedance spectrum
(Figure 4B, curve d). After the testosterone immobilized, the value of R, occurred a sharp increase
(Figure 4B, curve e) and the CV peak separation evident increased to 440 mV (Figure 4A, curve e).
The immobilized of the protein layer resulting in the frequency increase of the diameter of the

24,34

semicircle in the impedance spectroscopy, which caused the increase of R,, value . Thus, we
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can find the EIS is a more sensitive technique than CV for the electrochemical detection.

Therefore, EIS detection model is more suitable for this work to achieve a high sensitivity.
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Figure 4. (A) Cyclic voltammograms of: (a) bare GCE; (b) SA/GCE; (c) BSA/SA/GCE; (d)
BiNb16/BSA/SA/GCE; (e) Testosterone/BiNb16/BSA/SA/GCE (Testosterone concentration: 0.5
ng mL™). (B) Nyquist plots of impedance spectra obtained in PBS (0.1 M, pH 7.4) containing 1
mM [Fe(CN)6]3’/4 ". (C) The equivalent circuit model applied to simulate the complex impedance
plots obtained from the EIS measurements. Nyquist plot was demonstrated both in fitted (solid
line) and experimental (scattered line) impedance spectra.

3.9 Determination of Testosterone. The SA/BSA/BiNb16 GCEs was exposed to various
concentrations of testosterone to evaluate the reaction between Nbs and testosterone. The
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corresponding Nyquist plots of impedance spectra are represented in Figure 5A, where the
diameter of the Nyquist circle increased with the increasing concentration of testosterone. The
reason is the higher concentrations of antigens leading to more testosterone bound to the deposited
Nbs, which hindered the definite kinetic for the electron transfer. The change in R, could be
defined as: AR, = R, (testosterone) - R (Blank). Therefore, AR, was used to evaluate the
response to different concentrations of testosterone. AR, was of the value of 1.57, 3.78, 8.76,
13.73 and 20.6 kQ, while the corresponding concentration of testosterone was 0.05, 0.1, 0.5, 1 and
5 ng mL™". As shown in Figure 5B, the R, responses showed a good linear correlation with the
concentration of testosterone from 0.05 to 5.0 ng mL™". The linear regression equation could
express as AR = 13330 + 9568 log Ciesiosterone (g mL'l) with a correlation coefficient of 0.9839
(n=3). The limit of detection (LOD) is 0.045 ng mL™, according to the equations: LOD = 3.3 ¢/S
(where o is the standard deviation of the response and S is the slope of the calibration curve) »
Therefore, we could detect testosterone quantitatively and efficiently accordingly. The EIS
immunosensor presented here displayed better sensitivity compared with LC-MS/MS method
(0.280 ng dL") ¢, gold nanowires-doped sol-gel film (0.1 ng mL") ¥, screen-printed electrode
system with Fab (90 pg mL™") * polyelectrolyte immunoassays (0.1 ng mL") *, liquid
chromatography/positive atmospheric pressure photoionization tandem mass spectrometry method
(LC/APPI-MS/MS) (10 pg mL™) %, offering an alternative way based on Nb to determinate the
testosterone.

The characters of Nbs encompass small molecular size, high solubility and thermostability,
good acid resistance, lower immunogenicity. In addition, they can recognize hinder epitope
because of the concave-shaped epitopes recognition“. The above advantages make them
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promising in many fields **. Besides, as the easy detection of slight changes in antigen binding,
EIS was used to represent the electrode surface modifications only by impedance curves s,
Therefore, it has been widely used in the detection of antibody-antigen, DNA-DNA recognition

and so on **. To sum up, Nb and EIS were used to testosterone determination, which offering

alternative methods for detection of testosterone.
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Figure 5. (A) Nyquist plots of EIS response of BiNb16/BSA/SA/GCE when the immobilization of
series concentrations of testosterone antigen: (a) 0; (b) 0.05; (c) 0.1; (d) 0.5; (e) 1.0; (f) 5 ng mL".
(B) Linear relationship between EIS response and the concentrations of testosterone.

3.10 Specificity, Reproducibility, Stability and Real Sample Analysis. Nonspecific
adsorption is a major problem in label-free immunosensor. To confirm the observed impedance
changes and test the binding selectivity, control experiments were conducted. The electrode was
exposed to 10 ng mL™" metandienone, which is an important testosterone derivative that is 10-fold
to testosterone. As shown in Figure 6, because of the structure and sequence similarity, it showed
there was little variation on the impedance with the determination of metandienone. In addition, it
is acceptable for such slight changes for nonspecific adsorption. The results indicated EIS
immunosensor also has good selectivity.
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The reproducibility of the immunosensor was evaluated by determining the electro transfer

resistance of the same testosterone concentration (1 ng mL™") at six different GCEs. The interassay

©CoO~NOUTA,WNPE

RSD of the six immunosensor is 6.8%, indicating an acceptable fabrication reproducibility. The
repeated results demonstrated the value of intraassay RSD was 5.2%, suggesting the system has a
14 good reproducibility. The stability of the modified electrodes was also estimated by storing
16 (BiNb16/BSA/SA) in PBS (10 mM, pH 7.4) at 4°C for four weeks. About 90% of the initial signal
19 was deserved, indicating a good stability of the system. To develop the potential practical
application, the proposed biosensor was used to the determination of testosterone in human serum
24 samples. As Table 1 showed, the recoveries of testosterone was from 90% to 112% in serum

samples, suggesting the developed method was reliable and accurate.
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50 Figure 6. Investigation of the immunosensor specificity. Testosterone with 1 ng mL" was selected

53 to the proposed immunosensor by comparing with 10 ng mL™' of derivative in the mixed sample.
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Testosterone concentration (ng mL'l)

Sample Added Found Recovery (%) RSD (%)
1 0.1 0.09 90 2.78
2 0.5 0.51 102 3.58
3 1 1.08 108 4.15
4 2 2.24 112 5.18
5 4 4.28 107 3.34

Table 1. EIS determination of testosterone in human serum samples.

4. CONCLUSIONS

A label-free electrochemical impedance immunosensor based on SA/BSA/BiNb and

modified GCEs was set up for the detection of testosterone. Firstly, an immune testosterone Nbs

library was constructed, after bio-panning, three anti-testosterone Nbs were obtained. Due to the

best stability as well as yield, Nb16 was selected to couple with biotin in vivo. Then, BiNb16 was

used in EIS immunosensor for determination of testosterone. The proposed EIS immunosensor

displayed high sensitivity and good precision with the limit of detection of 0.045 ng mL™". The

proposed method provided a potential application in the determination of testosterone for clinical

medical diagnosis.
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Figure 2. Library construction and testosterone specific Nbs identification. (A) The first PCR

fragments with an event band of 700 bp. (B) The products of second PCR, which of an evident band

of 400 bp. (C) 24 colonies were randomly picked to determine the insertion rate of the anti-

testosterone library. (D) Enrichment of each round bio-panning shown by plate. (E) The relative

enrichment ratio of the total three consecutive rounds of bio-panning. (F) Different anti-testosterone

Nbs was identified by sequence alignment of VHH positive colonies.
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Figure 3. (A) Nb16 was isolated and purified by NI-NTA Superflow Sepharose column and detected
by SDS-PAGE. (B) Sypro Orange thermal stability data. (C) Stability of Nb16 after incubation at
70°C, 90°C for 0.5 h, 1 h, 3 h. (D) Stability of Nb16 after incubation at 90°C for 0.5 h, 1 h, 3 h. (E)
The activity of Nb16 in organic solvent. (F) Kp data between testosterone and Nb16 was obtained
using Biacore T200 instruments. As Nbl6 was immobilized, testosterone was injected at
concentrations of 27, 81, 243, 729 and 2187 nM (C5 to C1). The sensorgram shows testosterone
interacts with Nb16 from the concentration of 27 nM (bottom curve, C5) to the concentration of

2187 nM (top curve, C1). All data were fitted to a 1:1 interaction model and represented by black

curves.
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Figure 4. (A) Cyclic voltammograms of: (a) bare GCE; (b) SA/GCE; (c) BSA/SA/GCE; (d)

BiNb16/BSA/SA/GCE; (e) Testosterone/BiNb16/BSA/SA/GCE (Testosterone concentration: 0.5

ng mL). (B) Nyquist plots of impedance spectra obtained in PBS (0.1 M, pH 7.4) containing 1 mM

[Fe(CN)s]*/*. (C) The equivalent circuit model applied to simulate the complex impedance plots

obtained from the EIS measurements. Nyquist plot was demonstrated both in fitted (solid line) and

experimental (scattered line) impedance spectra.
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Figure 5. (A) Nyquist plots of EIS response of BiNb16/BSA/SA/GCE when the immobilization of
series concentrations of testosterone antigen: (a) 0; (b) 0.05; (¢) 0.1; (d) 0.5; (e) 1.0; (f) 5 ng mL"".

(B) Linear relationship between EIS response and the concentrations of testosterone.
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30 to the proposed immunosensor by comparing with 10 ng mL"! of derivative in the mixed sample.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

TOC

ACS Applied Materials & Interfaces

-Z" (kQ)
s m & @ =

NG

. Nanobody

GCE
|

0 0%00%0

zH zH zH
2%

o

ACS Paragon Plus Environment

Page 40 of 40



