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Abstract 

As a prominent human therapeutic, therapeutic monoclonal antibodies (mAbs) have attracted 

increasing attention in the past decade due to their high targeting specificity, low toxicity, and 

prolonged efficacy. Systematic pharmacokinetic analysis of mAbs not only largely facilitates the 

understanding of their biological functions but also promotes the development of therapeutic 

drug discovery, early clinical trial implementation and therapeutic monitoring. However, the 

extremely complex nature of biomatrices and the especially low dosages of mAbs make their 

detection in biomatrices and further pharmacokinetic analysis highly challenging. Therefore, a 

method capable of reliably, quickly and sensitively quantifying mAbs in biomatrices is urgently 

needed. Herein, we developed and evaluated an Au NP-functionalized surface plasmon 

resonance (SPR) assay for C225 (cetuximab) detection and pharmacokinetic analysis in rhesus 

monkeys. Combining its advantages of label-free pretreatment and amplified signal response, the 

lower limit of quantitation (LLOQ) of C225 in monkey serum was reduced to 0.0125 μg/mL, and 

the linear range had an order of magnitude comparable to that of an ELISA-based method. 

Furthermore, the pharmacokinetics of C225 in rhesus monkeys were studied after intravenous 

infusions of single doses at 7.5, 24 and 75 mg/kg. The concentration of C225 in monkey serum 

was detectable after dosing for 720 h. We believe that this new strategy will be applicable as a 

general protocol for mAb quantification, pharmacokinetic characteristic determination, and 

toxicokinetic analysis during drug development. 
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Introduction 

Currently, nearly 350 monoclonal antibodies (mAbs) are being investigated in clinical 

trials of different stages (Wang et al., 2016; Singh et al., 2018). Despite remarkable advances, the 

absorption, distribution, metabolism, and elimination of mAbs, early clinical trial development 

and therapeutic monitoring, have not been completely elucidated. For example, considerable 

controversy exists regarding whether the Fc receptor is the main factor for tuning mAb 

pharmacokinetics (Gurbaxani et al., 2013). The pharmacokinetics (PK) of immunoglobulin G 

(IgG) molecules are complex, involving protective and clearance pathways related to neonatal Fc 

receptor (FcRn)-dependent recycling, target-mediated drug disposition (TMDD), nonspecific or 

off-target binding-mediated clearance (CL), and sometimes immunogenicity (Piche-Nicholas et 

al., 2018).To obtain parameters to further elucidate the pharmacokinetic, toxicokinetic and 

clinical properties of mAbs, a method capable of reliable, fast and sensitive mAb quantification 

is urgently needed (Fischer et al., 2012; Li et al., 2016; Hage et al., 2018). 

ELISA is currently one of the most prominent platforms for mAb quantification (Wolf et 

al., 2011; Salomon and Singh, 2015; Passot et al., 2017). ELISA pretreatment includes coating 

capture antibody, washing, and addition of sample, detection antibody, TMB and stop solution. 

This process generally takes 12-16 hours. The time-consuming ELISA pretreatment steps are 

major disadvantages and disrupt the fast and sensitive monitoring of mAbs in real time from 

early to late stages of drug development (Neill et al., 2015; Legeron et al., 2017). SPR is based 

on the principle that variation in the concentration of molecules in the solution may alter the 
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refractive index of the solution close to the senor surface (Hamilton et al., 2012; Then et al., 

2017; Jung et al., 2018). Biomolecular interaction analysis from Biacore using the optical SPR 

phenomenon can measure biomolecules in real time without requiring labeling or pretreatment 

(Fee, 2013; Olaru et al., 2015). Our group first reported a method for the quantification of C255 

(cetuximab), a mAb (IgG1) directed at the extracellular domain of the receptor and further 

pharmacokinetic analysis of monkey serum using the Biacore system (Che et al., 2009). 

Although automated and accurate analysis was achieved, the relatively low detection sensitivity 

remained a major disadvantage of the method. The high-throughput detection and precise 

pharmacokinetic analysis of mAbs in complex biological samples are prevented because mAbs 

generally exist in extremely low amounts and remain undetectable at specific time points after 

dosing (Li et al., 2012). 

Various methods have been developed to enhance the sensitivity of SPR biosensors 

(Jazayeri et al., 2016; Chen et al., 2018; Hong et al., 2018; Hossain and Maragos, 2018). One of 

the frequently adopted procedures is to improve the signal intensity of the analyst by changing 

the refractive index at the sensor surface by introducing other chemical or nanoparticle (NP) 

agents, including secondary antibodies, antibody-enzyme conjugates, and metal NPs (Jazayeri et 

al., 2016; Chen et al., 2018; Hossain and Maragos, 2018). Gold nanoparticles (Au NPs), have 

been widely used to amplify the responses of SPR biosensors due to the large shift in the 

plasmon angle, the broadened plasmon resonance, and the extremely high biocompatibility. 

Zhang et al. (2016) enhanced the bipyramidal Au NP-containing sensor compared with the 
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NP-free system in the label-free detection of the analyte IgG. Ben et al. (2017) developed a stable 

Au NP bioconjugate for the detection of staphylococcal enterotoxin A using localized SPR, and 

the limit of detection was estimated to be 5 ng/mL, which was substantially lower than that 

obtained using a quartz crystal microbalance. Few reports on mAb quantification in complex 

biomatrices for pharmacokinetic analysis using Au NP-functionalized SPR exist to the best of 

our knowledge. 

We elucidated the preclinical pharmacokinetic parameters of C225 in rhesus monkeys 

after intravenous infusion for the first time using an SPR biosensor-based method (Che et al., 

2009). However, the lower of limit of quantification (LLOQ) of the method was 0.05 μg/mL. In 

this study, we further developed and evaluated an Au NP-functionalized SPR assay for C225 

detection and pharmacokinetic analysis in rhesus monkeys. Combining the advantages of 

label-free pretreatment and amplified signal response, the LLOQ was lowered to 0.0125 μg/mL, 

and the linear range had an order of magnitude comparable to that of an ELISA-based method. 

Therefore, the concentration of C225 in monkey serum after intravenous injection for longer 

time was detectable. Furthermore, accurate pharmacokinetic parameters of C225 in rhesus 

monkeys were obtained . As a result, we believe that this new strategy will be applicable as a 

general protocol for mAb quantification, elucidating pharmacokinetic and toxicokinetic analysis 

during drug development. 

Materials and Methods 

Chemicals and Reagents 
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C225, Erbitux and EGFR were provided by Huabei Pharmaceutical Factory (Hebei 

Province, China). Goat anti-human IgG and bovine serum albumin (BSA) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Proclin 300, 3,3’,5,5’-Tetramethylbenzidine (TMB) and 

3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate (CHAPS) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). HRP conjugated anti-goat IgG antibody were acquired 

from Bethyl (Montgomery, USA). The Biacore T200 biosensor, amine coupling kit, CM5 sensor 

chip, 10 mM acetate, 50 mM NaOH, glycine-HCl (pH 2.0), ethanolamine, and ethanolamine-HCl 

were purchased from Biacore AB (Uppsala, Sweden). N-hydroxysuccinimide (NHS) and 

N-ethyl-N’-(3-diethylaminopropyl) carbodiimide (EDC) were purchased from Pierce (Rockford, 

IL, USA). The deionized water (with resistance > 18 MΩ. cm) used in this experiment was 

prepared using a Millipore purification system (Billerica, MA, USA). 

 

Synthesis of Goat Anti-human IgG-Au NP Conjugates  

Briefly, 0.75, 1 and 3 mL of 1% trisodium citrate solution was added to 100 mL of 0.01% 

HAuCl4 solution, and the mixture was allowed to react at 100 °C for 5-30 min with vigorous 

stirring to obtain the Au NPs with the desired diameters. 

Then, 20 mL of 15 μg/mL goat anti-human IgG (pH 9.0) was added to 20 mL of the 

obtained Au NP solution (pH 9.0), and the mixture was stirred for 10 min at ambient temperature. 

Finally, 200 mg of BSA was added, and the solution was centrifuged at 12,000× g for 60 min to 

remove any unbound molecules. The obtained goat anti-human IgG-Au NP conjugates were 
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stored at 4 °C for further use. 

 

Au NP-functionalized SPR Assay for C225 Quantification in Monkey Serum  

All SPR measurements were performed on a Biacore T200 instrument (Biacore AB, 

Uppsala, Sweden) using HBS-EP buffer (0.01 M HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 

0.005% Tween 20) as the running buffer at a flow rate of 10 μL/min. The Fc1 of the CM 5 

sensor chip was used for EGFR immobilization using the amine coupling kit according to the 

manufacturer’s protocol, and Fc2 served as the reference. Next, 30 μL of EGFR (100 μg/mL 

dissolved in 10 mM NaOAc (pH 4.5)) was injected and allowed to covalently couple to the 

sensor surface. Then, the unreacted sites were blocked by the injection of 35 μL of 1 M 

ethanolamine (pH 8.5). For quantitative analysis, 20 μL of C225 at different concentrations in 

20% monkey serum and 60 μL of goat anti-human IgG-Au NP conjugates were injected and 

allowed to flow over the immobilized EGFR sensor surface and the reference flow cell at room 

temperature sequentially. The unbound goat anti-human IgG-Au NPs were removed by HBS-EP 

buffer. Data from the reference flow cell were subtracted to correct for nonspecific binding. The 

sensor surface was regenerated by injecting 10 μL of 10 mM HCl (pH 2.0), followed by a return 

to HBS-EP buffer. 

 

Method Validation 

The established method was validated for a calibration curve, sensitivity, matrix effects, 
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precision, accuracy and stability according to the Food and Drug Administration (FDA) 

guidelines for bioanalytical method validation. The calibration curve for C225 ranging from 

0.0125 to 3.2 μg/mL in 20% monkey serum was generated by plotting the Biacore response of 

the analyte versus the nominal concentration and fitted by a four-parameter sigmoidal model as 

described in our previous work (Che et al., 2009). C225 at concentrations of 0.025, 0.4 and 1.6 

μg/mL were set as the low, middle and high quality control (QC) samples, respectively. The 

three QC samples were assayed at the beginning and end of 100 cycles to evaluate the changes in 

the coherence of the CM 5 sensor chip surface after multiple regenerations. The sensitivity of the 

method was evaluated in terms of LLOQ, which was determined by the criteria that the Biacore 

response of C225 at the LLOQ was at least 5 times that of the blank and the accuracy (relative 

error) of five replications was within the scope of 80-120%. Intraday precision and accuracy 

were employed to study the repeatability and reproducibility of the developed method. For 

intraday variability assessment, three QC samples were analyzed in sextuplicate during a single 

day; for the interday test, three QC samples were analyzed over five consecutive days. The 

precision was expressed as the coefficient of variation (CV) relative to the overall mean observed 

concentration for all analytical runs at each concentration, and the accuracy was determined as 

the percentage of the overall mean measured concentrations versus the corresponding nominal 

concentration. The specificity of the assay was validated by adding C225 at a final concentration 

of 0.4 µg/mL to 50% human serum, 50% Sprague Dawley rat serum, and 20% pooled monkey 

serum containing the chimeric recombinant anti-CD20 monoclonal antibody (0.4 μg/mL), human 
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γ-globulin (0.4 μg/mL) and chimeric recombinant her 2 antibody (0.4 μg/mL), respectively. Each 

sample was measured in triplicate, and the accuracy was calculated to evaluate the influence of 

the investigated matrix on the quantitative analysis of C225. 

ELISA based assay for C225 quantification in monkey serum 

A 96-well plate was coated with the EGFR diluted with 0.05 M carbonate-bicarbonate buffer 

(pH 9.6) at a protein weight of 2µg/ well. Wells without antigen were prepared as the blank 

controls. The plates were incubated at 4°C overnight for antigen adsorption. After removal of the 

antigen solution by washing with PBST for three times, the wells were treated with 200 µL PBS 

containing 10% bovine serum for blocking and incubated at room temperature for 2 h. After 

washed times with PBST, different concentration of C225 diluted by 10% monkey serum were 

added to the wells (100 µL/well) and incubated at room temperature for 1 h. The wells were 

continued washed with PBST for six times and HRP-conjugated goat anti-human IgG diluted by 

1:20000 (100 µL/well) were added as the secondary antibody for incubation at room temperature 

for 1 h. Color development was performed with TMB peroxidase substrate (100 µL/well) for 

15min, followed by addition of a stopping solution (0.25N H2SO4, 100 µL/well). The optical 

density (OD) values at 450 nm were measured and the final OD values were derived by 

subtracting the values for wells without antigen from those for wells with antigen. 

 

Application to Pharmacokinetic Analysis in Rhesus Monkeys 

Rhesus monkeys were obtained from the Laboratory Animal Center of the Academy of 
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Military Medical Sciences. The animal room was set at a controlled temperature (25 ± 1 °C) and 

humidity (55 ± 5%) and a 12 h light/dark cycle. The animals were fed a standard diet and had 

free access to water. All experiments were approved by the Institutional Ethical Committee for 

Care and Use of Laboratory Animals of Academy of Military Medical Sciences and performed in 

accordance with the Guide for the Care and Use of Laboratory Animals. Nine rhesus monkeys 

(weighing 4.3 ± 0.7 kg) were divided into three equal groups (2 males and 1 female in each 

group) by a randomization method and received doses of C225 (7.5, 24, or 75 mg/kg) via a 30 

min intravenous infusion. The blood samples were collected from the femoral veins of the 

animals using a puncture needle at 0, 0.167, 0.333, 0.5 h during the intravenous infusion and at 1, 

4, 8, 12, 24, 72, 120, 168, 216, 264, 312, 360, 456, 504, 552, 648 and 720 h after dosing. Freshly 

collected whole blood (approximately 2 mL) at each time point was collected in a tube and 

immediately centrifuged (4500 × g for 10 min at 4 °C) for serum separation. All the serum 

samples were kept at -80 °C before analysis. The pharmacokinetic parameters of C225 were 

fitted using noncompartmental models by WinNonlin. 

 

Results and Discussion 

 

Construction of the Au NP-functionalized SPR Assay for mAb Detection 

SPR sensors have gained increasing attention in the past decade due to the urgent need 

for fast, reliable and label-free methods for mAb detection and quantification in the fields of 
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molecular biology, pharmacology and other life sciences. However, a major challenge preventing 

the technology from being successfully translated to pharmacokinetic analysis is its relatively 

high LLOQ. Au NPs can amplify the SPR signal by altering the SPR angle due to resonance 

coupling between the surface plasma wave of the Au NP itself and the Au film on the chip, which 

further changes the refraction rate on the surface of the chip. Therefore, an Au NP-functionalized 

SPR assay was developed for the sensitive detection of mAbs, and the procedure is illustrated in 

Scheme 1. The successful synthesis of Au NPs and goat anti-human IgG-Au NP conjugates was 

evaluated by transmission electron microscopy (TEM) and ultraviolet (UV) spectrophotometry, 

respectively. The morphologies of the three prepared Au NP baths were spherically uniform in 

shape with average diameters of 11.2 nm, 38.7 nm and 53.1 nm, and no obvious cluster 

phenomena were observed. After coupling with goat anti-human IgG via electrostatic 

interactions between the Au NPs and antibodies, the maximum UV absorption wavelengths of 

the 10 nm, 30 nm and 50 nm colloidal Au solutions were shifted from 518 nm to 527 nm, from 

522 nm to 532 nm and from 531 nm to 540 nm due to protein absorption on the surface of the Au 

NPs. The results of our work have been published (Shi et al., 2012). 

The particle diameter of Au NPs, which is crucial for enhancing the signal responses of 

C225 in the SPR sensor, was also investigated by injecting goat anti-human IgG-Au NP 

conjugates prepared with 10 nm, 30 nm and 50 nm colloidal Au particles in the manual injection 

mode.The Au NP-functionalized SPR sensor with 10 nm colloidal Au particles yielded the 

highest signal amplification and the lowest background signal compared with the 30 nm and 50 
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nm colloidal Au particle-based assays. The results of our work have been published (Shi et al., 

2012). 

Au NPs of different sizes resulted in various levels of signal enhancement, as the 

recognition sites on the antibody were limited, and small Au NPs possessed the advantage of 

better surface diffusion (Li et al., 2013). Furthermore, Fernandez et al. (2012) reported that small 

Au NPs have better diffusion kinetics, favoring their access to the surface (Yuan et al., 2008). 

The authors also reported that signal enhancement was due to not only Au NPs but also to IgG 

molecules around the NPs, since more IgG molecules around the NPs increased the overall size. 

Moreover, IgG molecules around the NPs may also increase the chances of NPs binding to the 

surface, contributing to the signal enhancement observed. In our study, the number of IgG 

molecules bound to Au NPs was estimated by the amount of color remaining in the supernatant, 

as the supernatant was red, while the aggregation of NPs was blue. The 10 nm Au NPs absorbed 

the most IgG molecules in our study (Shi et al., 2012), which was consistent with the report that 

NP aggregation results in a significant red shift, changing the solution color from red to blue due 

to interparticle plasmon coupling (Su et al., 2003; Srivastava et al., 2005). 

Therefore, 10 nm colloidal Au particles were adopted for functionalization of the SPR 

sensor and the sensitive detection of trace amounts of mAbs. 

 

Validation of the Au NP-functionalized SPR Quantitative Assay for C225 in Monkey Serum 
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Calibration curve and LLOQ 

In our study, calibration standards were prepared and analyzed at nine different 

concentrations ranging from 0.0125 to 3.2 μg/mL. The calibration curve was constructed by 

plotting the signals of the Biacore instrument (RU) against the log of the analyte concentrations 

and then fitted to a four-parameter sigmoid model (Fig. 1). The model fit well to the C225 

standard curve over the concentration range. However, the C225 calibration curve ranged from 

0.0125-0.4 μg/mL for only the ELISA-based method (Fig. 1).  

To determine the LLOQ of the developed assay, C225 at the concentration of 0.0125 

μg/mL was assayed five times, and the results are listed in Table 1. The precision and accuracy 

of the assay were calculated as 12.60% and 108.80%, respectively. However, three of the five 

samples were undetectable at the concentration of 0.00625 μg/mL. Therefore, the LLOQ of the 

assay developed for C225 was defined as 0.0125 μg/mL according to the validation criteria for 

analytical methods. The LLOQ was four times lower than that of the nanoparticle-free 

SPR-based assay developed in our previous study (0.05 μg/mL).  

Depending on the SPR system, the sensitivity and curve dynamic range reached can be 

lower than those of microplate-based ELISA methods. In previous works, we proved that the 

LLOQ of the NP-free SPR-based assay was only 0.05 μg/mL (Che et al., 2009). Improvement of 

the SPR sensitivity and curve dynamic range can be accomplished by different strategies. For 

example, the LLOQ can be improved using secondary antibodies (Gobi, 2007; Yuan et al., 2007; 

Mizuta et al., 2008), and immunoreagents can also be coupled to other elements that increase 
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their mass and refractive index, such as liposomes (Wink et al., 1998), enzymes (Yang and Kang, 

2008; Mitchell and Lowe, 2009), polystyrene NPs (He et al., 2004), magnetic NPs (Teramura et 

al., 2006), and Au NPs (Lyon et al., 1998; Mitchell et al., 2005; Cao and Sim, 2007). The use of 

Au NPs has generated substantial interest due to the possibility of controlling their size (Daniel 

and Astruc, 2004; Boisselier and Astruc, 2009; Li-Na et al., 2010). It has also been postulated 

that Au NPs may enhance the sensitivity and curve dynamic range via their own SPR properties 

(LSPR, localized surface plasmon resonance) reinforcing the signal by means of electronic 

coupling of the surface and NP plasmons (Lyon et al., 1998, 1999; Chah et al., 2001). 

Methods with better sensitivity and a standard curve dynamic range are good for accurate 

quantification, as they can detect lower concentrations and require a lower dilution factor. 

Therefore, the pharmacokinetic parameters from our method were more reliable than SPR 

without gold nanoparticle. 

Baseline Stability 

Three QC samples at a high concentration (1.6 μg/mL), a medium concentration (0.4 

μg/mL) and a low concentration (0.025 μg/mL) were freshly prepared with 20% rhesus monkey 

serum and tested in the first and 100th cycles to evaluate alterations in the binding abilities of the 

CM5 chip to EGFR. Fig. 2 (a) shows that EGFR immobilized onto the sensor chip could 

withstand at least 100 regeneration cycles without significantly changing the baseline (less than 

7.8%) using 10 mM glycine-HCl (pH 2.5), and the changes in the binding capacities of the three 

different concentrations of C225 were less than 12% from the beginning to the completion of the 
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100 regenerations (Fig. 2(b)). 

 

Precision and Accuracy 

Three QC samples at a high concentration (1.6 μg/mL), medium concentration (0.4 

μg/mL) and low concentration (0.025 μg/mL) were used to investigate the intraday and interday 

precision and accuracy of the developed assay. As shown in Tables 2 and 3, the precision 

evaluations with CV ranged from 4.31% to 13.20% (intraday, n=6) and from 6.75% to 9.77% 

(interday, n=5). The accuracy ranged from 96.67% to 104.83% (intraday, n=6) and from 96.0% 

to 109.26% (interday, n=5). These results demonstrate that the developed assay possesses good 

accuracy and precision for C225 detection in monkey serum. 

 

Specificity of the assay 

The specificity of the assay was determined by comparing the calculated concentrations 

of C225 in five different matrices with the nominal values. The precision values ranged from 

6.25% to 14.47%, and the accuracy values ranged from 106.0% to 114.5% (n=3) in the listed 

matrix (Table 4). These results indicate that this assay has good specificity and little interference 

for C225 detection in several types of matrices, which is especially beneficial for quantitatively 

analyzing C225 in different biological samples. 

In summary, the above results indicate that the newly developed Au NP-functionalized 

SPR assay displays a wider calibration curve and a higher sensitivity. Therefore, the assay is 
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more suitable for C225 detection in complex matrices. To the best of our knowledge, this is the 

first study to report an Au NP-functionalized SPR sensor for mAb quantification using a 

validated method. Validation experiments show this method to be sensitive, accurate, 

reproducible and specific.  

 

Pharmacokinetic Study in Rhesus Monkeys 

Pharmacokinetically analyzing mAbs is challenging because they are usually 

administered at small dosages during target therapy and need to be monitored for an extended 

period after dosing. Inspired by the sensitive detection of C225 with the Au NP-functionalized 

SPR assay, the method was further applied to the pharmacokinetic analysis of C225 in rhesus 

monkeys following single intravenous infusions of low (7.5 mg/kg), medium (24 mg/kg) and 

high doses (75 mg/kg). The serum concentration-time profiles are shown in Fig. 3. The 

concentrations of C225 in monkey serum after intravenous injection for 504 h in the low-dose 

group (7.5 mg/kg) and for 720 h in the high-dose group (75 mg/kg) were detected as 0.12 ± 0.01 

μg/mL and 4.50 ± 0.28 μg/mL (n=3), respectively. However, the concentration of C225 was 

detected at only 456 h after dosing by our previously established NP-free SPR system ((Che et 

al., 2009). The prolonged monitoring time of C225 in the sera of rhesus monkeys after dosing 

could contribute to the improved sensitivity of the Au NP-functionalized SPR due to the 

introduction of Au NPs in the sensor. Therefore, the pharmacokinetic parameters were more 

reliable than SPR without gold nanoparticle .  
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Next, the major pharmacokinetic parameters were calculated based on weighted 

regression analysis. The concentrations of C225 at the same time point increased as the dose 

increased. The terminal phase elimination half-life values (t1/2) were 33.15 ± 1.82 h, 48.03 ± 0.69 

h, and 55.72 ± 0.73 h for the three doses, respectively. The T1/2 was significantly prolonged as 

the dosage increased. The mean residence time (MRT) was improved from 105.11±4.78 h to 

152.84±6.83 h, and the area under the curve (AUC (0-t)) was enhanced from 16390±1201.8 

μg·h·mL-1 to 263091±30698μg·h·mL-1 as the dosage increased. However, the clearance (CL) 

values were 0.459±0.03 mL·h-1·kg-1, 0.466 ±0.01 mL·h-1·kg-1 and 0.29 ± 0.03 mL·h-1·kg-1 for the 

low-, medium-, and high-dose groups, which decreased as the dosage increased. Therefore, the 

pharmacokinetics of C225 were in accordance with the nonlinear model in the investigated 

dosage range in rhesus monkeys (7.5-75 mg/kg). 

While there are some reports (Skottrup et al., 2007) on the clinical pharmacokinetic 

profile of Erbitux (originator of C225), there are no reports on the quantitation of Erbitux in 

monkey serum or on its preclinical pharmacokinetic parameters. 

In our study, use of the ELISA and Au NP SPR methods for the quantitation of C225 in 

rhesus monkeys serum was validated in accordance with guidelines established by the 

Bioanalytical Method Validation Guidance for Industry by the FDA and included analyses of the 

calibration curves, sensitivity, matrix effects, precision, accuracy and stability. According to the 

guidelines, SPR, except for ELISA, is the method recommended for ligand binding analysis. 

While both methods were shown to be capable of analyzing the pharmacokinetics of C225 in 
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rhesus monkeys, the calibration curve of C225 ranged from 0.0125 to 0.4 μg/mL by the ELISA 

method and from 0.0125 to 3.2 μg/mL by the Au NP SPR method.  

The Au NP-functionalized SPR assay was further applied to the pharmacokinetic analysis of 

C225 in rhesus monkeys following single intravenous infusions of low (7.5 mg/kg), medium (24 

mg/kg) and high doses (75 mg/kg), and the major pharmacokinetic parameters were compared to 

those of the NP-free SPR method (Che et al., 2009). Due to the more sensitive LLOQ of the Au 

NP-functionalized SPR assay, the time point for detecting C225 in rhesus monkey serum after 

dosing was prolonged to 504 h in the medium-dose group (24 mg/kg) and to 720 h in the 

high-dose group (75 mg/kg); the detectable time point in the low-dose group (7.5 mg/kg) was 

456 h for both methods. However, the concentration of C225 was detected at only 456 h after 

dosing (low, medium, high dose) by our previously established NP-free SPR system. As a result, 

the t1/2 values of C225 in rhesus monkeys obtained by the two methods were not significantly 

different at the dosage of 7.5 mg/kg (p>0.05) but were significantly different at dosages of 24 

mg/kg and 75 mg/kg (p<0.05) due to the higher sensitivity of the Au NP-functionalized SPR 

assay and the prolonged detection times. 

The fact that the NP-free SPR-based assay was applied to the pharmacokinetic analysis of 

Erbitux as well as C225 and that the pharmacokinetic parameters of the two mAbs were not 

statistically different (Supplemental Fig. 1) prove that the SPR method can be applied to 

different antibodies. Currently, studies on use of the Au NP-functionalized SPR assay for 

analyses of Erbitux as well as other mAbs are ongoing. 

Conclusions 
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An Au NP-functionalized SPR quantitative assay for the sensitive detection of C225 was 

developed and validated. The assay displayed a wider calibration curve than the ELISA-based 

method and had a higher sensitivity than the nanoparticle-free SPR sensor due to the introduction 

of Au NPs to the SPR sensor, which altered the SPR angle and refraction rate on the surface of 

the chip via resonance coupling between the surface plasma wave of the Au NP itself and the Au 

film on the chip. The method was further applied for the pharmacokinetic analysis of C225 in 

rhesus monkeys in the low- (7.5 mg/kg), middle- (24 mg/kg), and high-dose groups (75 mg/kg). 

The concentration of C225 in monkey serum after intravenous injection for 504 h in the 

low-dose group was detectable, and the pharmacokinetics of C225 obtained from weighted 

regression analysis was accordant with the nonlinear model in the investigated dosage range in 

rhesus monkeys (7.5-75 mg/kg). These results indicate that the established method is sensitive, 

accurate, reproducible and specific for the detection of mAbs and may have more applications in 

pharmaco- and toxicokinetic characteristic analyses and clinical evaluations in the future. 
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 Legends for Figures 

Figure 1. Standard curve of C225 quantified by the gold nanoparticle-functionalized surface  

plasmon resonance assay and ELISA-based method in 20% monkey serum. The fitted curve was 

based on the four-parameter sigmoid model (mean ± SD, n=6). 

Figure 2. Signal responses of the baseline after each regeneration (a) and signal response of 

C225 at the first and 100th regeneration cycles at three different concentrations (b). 

Figure 3. Serum concentration-time profiles of C225 in rhesus monkeys during and after 

intravenous infusion administration at 7.5, 24 and 75 mg/kg. The symbols represent the observed 

data (mean ± SD, n=3). 
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Table 1. LLOQ evaluation 

Nominal Concentration (μg/mL) Observed Concentration (μg/mL) CV (%) Accuracy (%) 

 

0.0125 

 

0.0117 

0.0132 

0.0125 

0.0146 

0.0160 

12.60 

 

108.80 
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Table 2. Determination of the precision and accuracy of the intraday assay 

Intr aday assay 

Nominal Concentration 

of C225 

0.025 0.4 1.6 

(μg/mL) (μg/mL) (μg/mL) 

Observed Concentration 

of C225 

0.020 0.413 1.801 

0.028 0.392 1.862 

0.024 0.392 1.671 

0.021 0.397 1.586 

0.025 0.428 1.603 

0.027 0.380 1.541 

Mean 0.024 0.400 1.677 

SD 0.003 0.017 0.128 

Precision (%) 13.20 4.31 7.63 

Accuracy (%) 96.67 100.08 104.83 
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Table 3. Determination of the precision and accuracy of the interday assay 

Interday assay 

Nominal Concentration 

of C225 

0.025 0.4 1.6 

(μg/mL) (μg/mL) (μg/mL) 

Observed Concentration  

of C225 

0.023 0.406 1.816 

0.022 0.358 1.621 

0.028 0.411 1.909 

0.023 0.408 1.653 

0.024 0.413 1.742 

Mean 0.024 0.399 1.748 

SD 0.002 0.023 0.118 

Precision (%) 9.77 5.81 6.75 

Accuracy (%) 96.0 99.8 109.26 
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Table 4. Effects of different matrices on the binding of C225 to the sensor surface 

(mean ± SD, n=3) 

Concentration of C225  

(0.4 µg/mL) 

Observed Concentration 

(µg/mL, mean ± SD) 

Precision 

(%) 

Accuracy 

(%) 

50% human serum 0.432 ± 0.027 6.25 108.0 

50% Sprague Dawley rat serum 0.442 ± 0.057 12.93 110.5 

20% monkey serum containing 0.4 μg/mL chimeric recombinant 

anti-CD20 monoclonal antibody 

0.424 ± 0.021 4.84 106.0 

20% monkey serum containing 0.4 μg/mL human γ-globulin 0.439 ± 0.064 14.47 109.8 

20% monkey serum containing 0.4 μg/mL chimeric recombinant 

her 2 antibody 

0.458 ± 0.040 8.64 114.5 
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Table 5. Pharmacokinetic parameters of C225 in rhesus monkeys after intravenous infusion 

(n=3) 

  

Low dose  

7.5 mg/kg 

Middle dose  

24 mg/kg 

High dose  

75 mg/kg 

AUC(0-t) (μg·h·mL-1) 16390 ± 1201.8 51453 ± 1199.8 263091 ± 30698 

AUC(0-inf) (μg·h·mL-1) 16396± 1202.7 51526 ± 1198.8 26345 ± 30673 

MRT (h) 105.11 ± 4.78 118.89 ± 1.19 152.84 ± 6.83 

CL (mL·h-1·kg-1) 0.459± 0.03 0.466 ± 0.01 0.29 ± 0.03 

Vss (mL·kg-1) 48.26 ± 4.31 55.39 ± 0.94 43.85 ± 4.61 

t1/2 (h) 33.15 ± 1.82 48.03 ± 0.69 55.72 ± 0.73 

Cmax (μg·mL-1) 160.57 ± 25.66 1459.5 ± 52.27 3750.0±138.42 
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Figures 

 

 

 

Fig.1
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Fig. 2 
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Fig. 3 
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