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c Department of Pharmacy and Guangdong Province Key Laboratory of Pharmacodynamic Constituents of Traditional Chinese Medicine & New Drug Research, Jinan 
University, Guangzhou, 510632, China   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A bioanalytical platform was developed 
using mimotope peptide modified ma
terial and LC-QTOF-MS. 

• HER2 mimotope peptide can precisely 
recognize trastuzumab from serum 
samples. 

• Dynamic monitoring of modifications of 
trastuzumab was realized using the 
platform. 

• Deamidation, isomerization, oxidation 
or cyclization of key sites were verified. 

• This platform exhibited superior speci
ficity than Protein A based methods.  
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A B S T R A C T   

Degradation analysis of therapeutic mAb is of high interest for critical quality attributes assessment and 
biotransformation studies. However, some obstacles, including low in vivo concentrations of mAb and complex 
biological matrices containing IgGs, could seriously interfere with mAb bioanalysis. In this study, a bioanalytical 
platform was developed for studying in vitro/in vivo modifications of trastuzumab, in which specific capture on 
mimotope peptide modified material was combined with trypsin digestion and LC-QTOF-MS analysis. It is worth 
noting that this material exhibits high specificity, suitable dynamic binding capacity, very little non-specific 
protein adsorption, and thus provides good enrichment and quantification performances for trastuzumab from 
patient serums. In particular, this bioanalytical platform was successfully applied to the dynamic monitoring of 
modifications of trastuzumab, such as deamidation, isomerization, oxidation and cyclization. Except for the 
faster deamidation of LC-Asn-30 and HC-Asn-387/392/393 under serum incubation, similar degradation trends 
for other sites were observed in phosphate buffer and spiked serum. Differences of peptide modification degrees 
of trastuzumab in patient serums were also observed. The novel platform exhibited superior specificity than 
Protein A/G/L based analytical methods, lower cost and higher stability than antigen or anti-idiotypic antibody 
based analytical methods, ensuring the evaluation of modification sites.  
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1. Introduction 

Therapeutic monoclonal antibodies (mAbs) are now one of the most 
successful and important treatment for patients with hematological 
malignancies and solid tumors [1–4]. Recently, the biotransformation 
study of therapeutic mAbs after in vivo administration has gained great 
attention due to the fact that some modifications could decrease the 
biological activity, impact the pharmacokinetics, or increase immuno
genicity of the target drug [5,6]. For instance, it has been demonstrated 
in several studies that asparagine (Asn) deamidation and aspartic acid 
(Asp) isomerization to iso-aspartic acid cause decreased antigen-binding 
affinity, including modifications in heavy chain complementarity 
determining regions 1 and 2 (CDR1 and CDR2), and light chain CDR1 
and CDR3 [7–10]. Unlike deamidation and isomerization, methionine 
(Met) oxidation usually happened at the interface of the CH2 and CH3 
domains of the constant region, which has been reported to decrease the 
FcRn binding affinity and circulation half-life of mAbs [10], but could 
also happen in the CDRs and impact antigen-binding affinity [11]. In 
addition, pyroglutamate (pGlu) formation may also influence target 
binding due to the fact that the N-termini of both the heavy and light 
chains of mAbs are in the variable region near the CDR [12]. Therefore, 
the monitoring of in vivo mAb degradation is crucial for the efficacy and 
risk assessment in early drug development, and the understanding of the 
metabolism and elimination of mAbs in clinical studies. 

However, in vivo degradation study of mAbs is not widely performed 
because of the limited sample supply, low drug concentrations, complex 
biological matrices containing high levels of endogenous IgGs (7–18 
mg/mL) [13], and in particular the use of traditional ligand-binding 
assays without structural characterization ability [14]. To meet these 
challenges, hybrid immunoaffinity LC-MS platforms based on antigens 
or anti-idiotypic antibodies were recently established to assess the key 
amino acid modifications of mAbs in humans [13–17]. Although hybrid 
immunoaffinity LC-MS offers unparalleled specificity and unambiguous 
identification, the drawbacks of antigen or anti-idiotypic anti
body-based affinity materials cannot be neglected, including long dis
covery time of affinity ligands, high manufacturing and processing costs, 
ligand instability, and risk of ligand leakage from support matrices 
[18–20]. Moreover, traditional support materials (sepharose and 
agarose) present certain disadvantages, such as gel compressibility, poor 
pore diffusion, mass transfer limitations, and some non-specific 
adsorption [21,22]. Therefore, a novel platform based on an affinity 
material with excellent specificity and stability is requested. 

Thanks to their wide diversity, better chemical stability, moderate 
affinity for the target protein, lower cost and immunogenicity than 
biomacromolecules [23–26], small peptides showed fascinating pros
pects for a broad range of applications, such as medicines [27], bio
materials [28], biosensors [29], and separation science [30–32]. In 
particular, mimotope peptides can mimic an epitope of a specific antigen 
and thus bind to the antigen-binding (Fab) region or paratope of the 
corresponding antibody [33,34]. To date, few mimotope peptide-based 
affinity membranes were reported to specifically capture the target mAb 
from biological fluids containing IgGs [35,36]. However, except for the 
inherent drawbacks (poor mechanical strength and easy clogging) of 
membrane, non-specific serum protein adsorption [35], too strong af
finity (nM level) of ligand, requirement of denaturating elution condi
tions (2% sodium dodecyl sulfate, 100 mM dithiothreitol) [35,36] were 
also observed on these mimotope peptide-based affinity membranes, 
which will result in antibody inactivation and incompatibility with 
downstream LC-QTOF-MS analysis [37]. Cumbersome method for the 
sodium dodecyl sulfate (SDS) removal such as dialysis often result in 
significant loss of the target protein [37], therefore affect their appli
cation to in vivo degradation analysis of the target mAb. 

Some studies reported that a histidine tag may induce particular 
folding patterns of the peptide in the presence of metal ions [38] or 
interfere the interaction between protein and ligand [39], which would 
regulate the affinity behavior of the peptide ligand towards the target 

protein. Moreover, porous polymeric materials can overcome the 
drawbacks of sepharose, agarose, and membrane because of their high 
mechanical strength and permeability, good biocompatibility, and 
negligible non-specific protein adsorption [40]. Therefore, to mimic the 
affinity interactions between human epidermal growth factor receptor 2 
(HER2) and trastuzumab, a mimotope peptide (HHHH 
HHGSGSGSQLGPYELWELSH, HH24) functionalized polymeric material 
was developed in this study. The rationally designed peptide ligand 
HH24 exhibited affinity to trastuzumab at μM level and thus could 
overcome the shortcoming of denaturating elution conditions needed for 
traditional enrichment materials. In particular, a novel bioanalytical 
platform was proposed for in vitro/in vivo degradation analysis of 
trastuzumab in biological fluids by combining HH24 modified poly
meric material, trypsin digestion, and LC-QTOF-MS. After optimization 
of the operating conditions, the feasibility of the platform was assessed 
by monitoring the in vitro degradation of trastuzumab in time-course 
studies. The peptide modification trends and sites for trastuzumab in 
pH 7.4 phosphate buffer (PB) and spiked human serum were compared. 
Finally, in vivo modification analyses of trastuzumab in HER2 positive 
breast cancer patients treated with this mAb were carried out using the 
platform to verify its practical application potential. 

2. Experimental section 

2.1. Evaluation of specific interactions between HH24 peptide and 
trastuzumab by microscale thermophoresis (MST) and computational 
analysis 

Firstly, trastuzumab was labeled using the Protein Labeling Kit 
Monolith™ RED-NHS (MO-L011, Nano Temper, Beijing, China). Ac
cording to the manufacturer’s protocol, the labeling reaction was per
formed by employing a concentration of 10 μM trastuzumab (molar ratio 
dye: protein = 1:1) at room temperature for 30 min. The supplied dye 
removal column used to eliminate the unreacted dye was equilibrated 
with 1 mL MST buffer (20 mM PB, 0.05% Tween-20). The degree of 
labeling was evaluated by UV spectrophotometry at 650 and 280 nm. 

The labeled trastuzumab concentration was then adjusted to 320 nM 
with MST buffer. The HH24 peptide was dissolved in MST buffer and a 
series of 1:1 dilutions were prepared using the same buffer, resulting in 
concentrations ranging from 0.152 to 5040 μM for HH24. For the 
measurements, 10 μL of each peptide solution were mixed with 10 μL 
labeled trastuzumab, which led to a final concentration of trastuzumab 
of 160 nM. After 10 min incubation, the mixed sample was transferred 
into standard Monolith NT.115 Capillaries for MST. MST measurements 
were performed using a Monolith NT.115 instrument (Nano Temper, 
Beijing, China) at a temperature of 25 ◦C. Instrument parameters were 
adjusted to 20% LED power and medium MST power. 

Molecular docking and molecular dynamics simulation analyses 
(details are shown in Supporting Information S1.3) were further used to 
evaluate the specific interactions between HH24 peptide and 
trastuzumab. 

2.2. Fabrication and evaluation of the HH24 modified affinity material 

The preparation of Ni2+ based immobilized metal-affinity chroma
tography (IMAC) material was performed in pipettes according to a 
previously described method [32]. HH24 peptide was then immobilized 
on the material surface via a metal ion chelation reaction between the 
histidine tag of the peptide (0.5 mg/mL, 200 μL) and Ni2+. The affinity 
material was also prepared in capillaries, rinsed with methanol to 
remove unreacted reagents and fully dried. Capillaries were cut into 3 
mm sections for scanning electron microscopy (SEM) and 
energy-dispersive spectroscopy (EDS) analysis. The material in the pi
pettes was used for thermogravimetric analysis (TGA), Fourier trans
form infrared spectroscopy (FT-IR), water contact angle, and pore size 
distribution analysis. 
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The target recognition ability of the affinity material was verified by 
testing protein mixture (including trastuzumab, HSA, lactoferrin, 
thrombin, or hIgG). The affinity material was first equilibrated with 1 
mL, 20 mM phosphate buffer containing 150 mM NaCl, 0.05% Tween- 
20, pH 7.4 (buffer A). Then, 100 μL protein mixture were loaded and 
the unretained proteins were washed with 500 μL buffer A. The retained 
proteins were eluted using 400 μL buffer B (10 mM HCOONa, 100 mM 
NaCl, pH 3.1). All fractions were collected for SDS-PAGE and purity 
analysis. Purity was calculated based on the SDS-PAGE images using the 
Image J software. 

2.3. Incubation of trastuzumab in PB and human serum 

To simulate antibody degradation trends in vivo, trastuzumab was 
spiked to a final concentration of 0.5 mg/mL in PB (pH 7.4, 20 mM PB) 
and 0.2/0.5 mg/mL in human serum at 37 ◦C. The solutions were 
incubated and sampled over time (0, 4, 7, 14, and 21 days). 0.1% sodium 
azide was added to prevent bacterial growth. Following incubation, the 
samples were stored at − 80 ◦C before enrichment and analysis. 

2.4. Enrichment of trastuzumab in complex biological samples 

The HH24 peptide modified affinity material was employed for the 
enrichment of trastuzumab from spiked PB, spiked human serum, or 
patient serum samples. For example, patient serum samples were diluted 
3 times with loading buffer (20 mM PB, pH7.4, 150 mM NaCl) and then 
the diluted samples (200 μL) were loaded onto a pipette containing the 
affinity material. After equilibration with loading buffer (four column 
volumes), 10 mL of the buffer A were pumped through the pipette at a 
flow rate of 8 mL/h to remove the unretained compounds. The 
remaining proteins were eluted with 400 μL buffer B. All solutions were 
collected for the peptide mapping analysis. Before digestion, the eluates 
containing the enriched trastuzumab were desalted using a 10 kDa 
MWCO filter (Amicon, 0.5 mL, cellulose, Millipore Sigma) and buffer 
exchange was performed using 10 M urea (pH 8, 100 mM Tris-HCl). 

2.5. Peptide mapping analysis 

The extent of degradation or biotransformation of the target mAb 
was estimated by peptide mapping analysis. The enriched trastuzumab 
was firstly denatured using 10 M urea (pH 8.0, 100 mM Tris-HCl), and 
the disulfide bonds were reduced with 10 mM dithiothreitol (DTT) at 
50 ◦C for 30 min. To prevent reformation of the disulfide bonds, the free 
sulfhydryl groups on the cysteine residues were alkylated using 20 mM 
iodoacetamide (30 min, at room temperature, kept from light) to yield S- 
acetyl cysteine. Then the buffer of the samples was changed to 100 mM 
tris-HCl (pH 8.0) by ultrafiltration for digestion with trypsin (protein: 
trypsin ratio: 25: 1, 3 h) and the digestion was terminated by addition of 
0.5% formic acid (FA). The digests were analyzed using an AB Sciex 
ExionLC system connected to a SCIEX X500R QTOF mass spectrometer, 
using an Acquity BEH C18 column (Waters, ACQUITY UPLC®BEH C18 
1.7 μm, 2.1 × 150 mm) at 60 ◦C with 0.1% FA in water as mobile phase A 
and 0.1% FA in acetonitrile as mobile phase B. The gradient started with 
a 2-min hold at 2% B, followed by an increase to 40% B over 100 min 
and then an increase to 90% B for 10 min, at a flow rate of 0.2 mL/min. 
MS and MS/MS analyses were performed in the positive ESI mode with a 
high-resolution full scan, followed by tandem MS scans of the fifteen 
most abundant precursor ions. BioPharma view and SCIEX OS software 
were employed for qualitative and semiquantitative analysis. Modified 
peptides (by oxidation, deamidation, etc.) were quantitated using inte
grated peak areas from the extracted ion chromatograms, and results 
were presented as percentages of total peptide (unmodified and modi
fied) peak areas. 

2.6. Patient serum analysis 

Ten blood samples were collected from trastuzumab-treated patients 
with HER2-positive breast cancer (The First Affiliated Hospital of Jinan 
University). Samples were collected under appropriate ethical approval 
and after written informed consent of patients. Patient serum samples 
were prepared immediately after blood collection and stored at − 80 ◦C. 
The trastuzumab biotransformation analyses in five patient serum 
samples were performed using the described LC-QTOF-MS method after 
specific capture on the HH24 peptide modified affinity material. 

3. Results and discussion 

3.1. Evaluation of HER2 mimotope peptide binding behavior 

Firstly, the affinity of HH24 peptide for trastuzumab was evaluated 
by MST. For comparison, the HER2 mimotope peptides QLGPYEL
WELSH (QH12) and GSGSGSQLGPYELWELSH (GH18) were also syn
thesized and investigated. As shown in Fig. 1a and Fig. S1, according to 
the binding curves, the affinity (Kd value) of QH12, GH18, and HH24 for 
trastuzumab were 11.2 ± 9.7 μM, 12.7 ± 8.4 μM, and 26.4 ± 16.1 μМ, 
respectively, which are within the normal range (10− 5-10− 7 M) for an 
affinity peptide towards a protein [23]. These results indicate that the 
HH24 peptide could recognize trastuzumab with moderate binding 
strength. A computational analysis was subsequently carried out to 
identify the potential HH24-trastuzumab interaction sites and the spe
cific residues involved in the binding (Fig. S2). The binding mode of the 
HH24-trastuzumab complex is illustrated in Fig. 1b. The benzene ring of 
residue Tyr17 can form π-π conjugated interactions with Tyr33, Tyr105, 
and Trp99 in the heavy chain. The carboxylic acid group of Glu18 can 
form a salt bridge with the positively charged residues Arg50 and Arg59 
in the heavy chain. Glu21 can form hydrogen bonding interactions with 
Thr93 and Thr94 in the light chain. The total binding free energy for the 
HH24 peptide was calculated and a value of − 56.12 kcal/mol was found 
(Table S1), which further confirms that this peptide has good binding 
affinity to trastuzumab. In particular, the absolute value of electrostatic 
energy (EEL) is much higher than the van der Waals contribution 
(VDWAALS), which indicates that electrostatic interaction could domi
nate the binding between HH24 peptide and trastuzumab. Energy 
composition analysis further suggests that Ala32, His91, Tyr92, Thr93, 
and Thr94 in the light chain and Arg50, Trp99, Tyr105, Tyr33 in the 
heavy chain contribute most to the binding. It is worth noting that these 
residues belong to the CDR of trastuzumab (Fig. 1c and e). Moreover, the 
energy composition analysis of the HH24 peptide indicates that besides 
the recognition domain (QLGPYELWELSH), His6, Gly7, Gly9, and Ser10 
also contribute to trastuzumab binding, which may impact the affinity 
between the mAb’s recognition domain and HH24 (Fig. 1d). Overall, 
MST, docking and molecular dynamics simulation results showed that 
the HH24 peptide could have multiple interactions with the CDR in the 
Fab region, which can lead to moderate binding to trastuzumab. 

3.2. Fabrication and characterization of the HH24 based affinity material 

Inspired by the binding interactions between HER2 and trastuzumab 
(Fig. 2), the HH24 based biomimetic affinity material was fabricated in 
pipettes through a metal ion chelation reaction between Ni2+ based 
IMAC material and HH24 containing the histidine tag (Fig. S3). More
over, to meet the high-throughput needs for clinical sample processing, 
multi-channel syringe pumps combined with this material in pipettes 
were used to simultaneously process a series of serum samples (Fig. 2). 
The resultant material was characterized by TGA, EDS, FT-IR, and SEM 
analyses. According to the TGA results, all material backbones were 
completely decomposed at 600 ◦C. A weight-loss difference of 1.043% 
was observed between the Ni2+ based IMAC material and poly(GMA-co- 
EDMA)-NTA, which indicated the successful immobilization of Ni2+

(Fig. 3a). EDS results revealed the existence of the Ni element in the 
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Fig. 1. MST and computational analysis results. (a) 
Binding curve for HH24 peptide with trastuzumab 
obtained by MST. Error bars represent standard de
viations of three independent measurements. (b) 
Binding mode of HH24 peptide to trastuzumab. The 
interface of trastuzumab chain A (light chain) is 
shown as a grey surface, whereas the chain B (heavy 
chain) is shown as a yellow surface. HH24 peptide is 
shown as cyan cartoon, and key residues are depicted 
with sticks. (c) Energy decomposition of key residues 
of trastuzumab and (d) HH24 peptide. (e) CDR re
gions of trastuzumab in light and heavy chains. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 2. Enrichment strategy based on the HH24 modified affinity material for the targeted purification of trastuzumab from biological fluids.  
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HH24 modified material, which further confirmed that Ni2+ was suc
cessfully attached to the polymeric matrix (Fig. 3b). The immobilization 
of HH24 was evidenced by FT-IR: the characteristic peak of the amide 
bonds of HH24 at 1637 cm− 1 was observed in the FT-IR spectrum of the 
biomimetic material (Fig. 3c). The immobilized amount of HH24 was 
estimated by comparing the amount of HH24 loaded with that found in 
the effluent, and the results obtained by the BCA method indicated that 
11 mg peptide ligand per mL of material were immobilized. SEM images 
show that the material possesses a porous structure and spherical units 
agglomerated into large clusters interdispersed by large-pore channels 
(Fig. 3d). The macropore size and porosity of the resulting material were 
measured to be 3.7 μm and 62.63%, respectively, using the mercury 
injection method (Fig. 3e). The hydrophilicity of the novel material was 
finally studied via water contact angle measurements. As depicted in 
Fig. 3f, water droplets spread very quickly on the surface of the material 
with a final contact angle of 21.9◦. These observed features (high 
porosity and good hydrophilicity) of the novel material overcome the 
shortcomings of traditional support materials and were found beneficial 
for an efficient binding between the HH24 ligand on the material surface 
and the target protein. 

3.3. Specificity, dynamic binding capacity, and anti-fouling ability of 
affinity material 

To check the recognition ability of this material for the target mAb, 
various proteins including trastuzumab, HSA, lactoferrin, and thrombin 

(each protein concentration is 0.5 mg/mL), were chosen as test com
pounds. As shown in Fig. 4a, after enrichment, the SDS-PAGE analysis of 
each fraction indicated that no interference from other proteins was 
detected in the elution fractions. To further evaluate the specific 
recognition ability of the novel material for trastuzumab, the retention 
behavior of a protein mixture containing hIgG was also investigated 
(Fig. 4b). After treatment with the novel material, hIgG was only 
detected in the loading and washing fractions (Fig. 4b) while trastuzu
mab was only observed in the elution fractions (Fig. 4a), which indicated 
that the novel material could effectively discriminate between trastu
zumab and hIgG. The excellent specificity was further verified by 
examining the retention of different proteins on a capillary column 
containing the material. As can be seen in Fig. 4c, only trastuzumab was 
specifically retained on the material, while the other four proteins 
(including hIgG) were fast eluted out of the column after injection. 
Therefore, the HH24 based affinity material exhibited good potential for 
targeted recognition of trastuzumab in complex samples containing 
hIgG, which is significantly superior to classical Protein A/G/L or 
fragment crystallizable (Fc)-specific peptide based affinity materials 
[32,41]. 

The dynamic binding capacity (DBC) of the novel material for tras
tuzumab was then determined (Details in Supporting information S1.4). 
The dynamic binding data were fitted to the Langmuir equation by the 
least-squares regression method (Fig. 4d). The maximum DBC and the 
dissociation constant Kd were calculated and found to be 16.4 mg/g of 
material and 2.6 μM, respectively. Interestingly, an affinity between 

Fig. 3. TGA (a), EDS (b), FT-IR (c), SEM (d), pore size distribution (e) and water contact angle (f) analyses of the HH24 modified affinity material.  
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HH24 peptide and trastuzumab in the low μM range makes elution 
milder. Moreover, the breakthrough curve of the new material was also 
determined at a flow rate of 1 mL/h and the binding capacity was ob
tained from the 10% point (Fig. S4). The binding capacity at 10% 
breakthrough was found to be 11.3 mg/mL, which is comparable to that 
previously reported for a Fc-specific peptide based polymer towards 
hIgG (9.0 mg/mL) [42]. The density (4.0 μmol/mL or 11 mg/mL) and 
affinity (Kd = 2.6 μM) of HH24 in the new material are lower than the 
peptide ligand density (12.3 μmol/mL or 25 mg/mL) and affinity (Kd =

345 nM) of the KH19 immobilized membrane towards trastuzumab. 
However, the binding capacity of the novel material is two times higher 
than that of the KH19 immobilized membrane (almost 5 mg/mL at 10% 
breakthrough) [35]. This may be attributed to the fact that a higher 
peptide density could cause a stronger steric shielding effect, so that the 
specific binding sites in the small peptide ligand may be less exposed to 
the target mAb. 

Finally, the anti-nonspecific protein adsorption ability of the novel 
material was evaluated via FITC-labeled BSA fluorescence assay. As 
depicted in Fig. 4e and f, the fluorescence intensity of the FITC-labeled 
BSA in a capillary containing the material can be considered as almost 
negligible after flushing it with buffer A, which indicates that the ma
terial exhibits strong anti-fouling ability. Based on these results, it can be 
concluded that the HH24 modified material exhibits outstanding 
recognition ability for trastuzumab, suitable binding capacity, and good 
resistance to nontarget protein adsorption. 

3.4. Highly specific capture and quantification of trastuzumab in serum 
samples 

To evaluate the practical application potential of the novel material, 
human serum was diluted with buffer A and then spiked with trastu
zumab (0.5 mg/mL final concentration). The influence of the pH of the 
elution buffer (10 mM HCOONa, 100 mM NaCl) on the purity and re
covery of the enriched mAb was evaluated. As depicted in Fig. S5, after 
flushing with elution buffers at different pH values, only heavy (50 kDa) 

and light (25 kDa) chains of trastuzumab were observed on the SDS- 
PAGE image in the corresponding elution fractions. Moreover, the re
covery of trastuzumab was enhanced with decreasing pH and then 
almost levelled off at pH 2.5–3.1 (90%). 

Fig. 5a depicts representative SDS-PAGE results of spiked and blank 
1:3 diluted serum samples under the optimal conditions. Good purity 
(98%) and recovery (90%) were achieved on the novel material with 20 
mM PB, 150 mM NaCl, pH 7.4, 0.05% Tween-20 as the washing buffer 
(A) and 10 mM HCOONa, 100 mM NaCl, pH 3.1 as the elution buffer (B). 
The purity of the enriched protein was further verified by MALDI-TOF- 
MS (Fig. 5b and c). No protein was observed in the elution fraction of the 
blank serum, however two characteristic peaks were observed in the MS 
spectrum of the elution fraction of the spiked serum and assigned to 
trastuzumab (m/z: 148281 for z = 1 and m/z: 74564 for z = 2). These 
results indicate that the HH24 based affinity material possesses excellent 
specificity for trastuzumab and good antifouling ability towards serum 
proteins, allowing it to overcome the drawbacks of nonspecific adsorp
tion observed with the previously reported Protein A/G/L [43] and 
KH19 based affinity materials [35]. In particular, the elution conditions 
are much milder than those used with the KH19 based affinity material 
(2% SDS, 100 mM DTT), so that they are not denaturating the target 
mAb (it was evidenced by the bioactivity evaluation of the enriched 
protein, showing in Supporting information S1.7 and Fig. S6). These 
advantages will be useful in the context of the investigation of trastu
zumab biotransformation, but will also benefit to further study the 
impact of these biotransformation on antibody function (including an
tigen binding affinity, antibody-dependent cellular cytotoxicity, and 
complement-dependent cytotoxicity). Finally, the reusability of the 
resultant material was investigated. After 7 cycles of loading, washing, 
and elution, the material still showed relatively high specificity and 
recovery (Fig. 5d). 

Based on the above results, the mAb was obtained with high purity 
from serum, and its quantification was easy achieved by fluorimetry. For 
these experiments, 1:3 diluted sera spiked with different concentrations 
of trastuzumab (0, 10, 30, 60, 80, 120 μg/mL) were firstly purified on 

Fig. 4. Recognition ability of the HH24 peptide 
modified material for trastuzumab. (a) SDS-PAGE 
analysis (reducing conditions) of a protein mixture 
containing trastuzumab. Lanes: M, protein marker; S1, 
standard protein mixture, S2, standard trastuzumab; 
LF, loading fraction; WF, washing fractions; EF, 
elution fractions. (b) SDS-PAGE analysis (reducing 
conditions) of a protein mixture containing hIgG. (c) 
Retention of trastuzumab and other proteins on the 
novel material. Conditions: column dimensions: 150 
mm × 100 μm I.D; mobile phase A, 20 mM PB, 150 
mM NaCl, 0.05% Tween-20, pH 7.4; mobile phase B, 
10 mM HCOONa, 100 mM NaCl, pH 3.1; switching 
point (mobile phase A to B): 10 min; UV detection 
wavelength: 280 nm; flow rate: 1 μL/min; injection 
volume: 1 μL. (d) Binding isotherm for trastuzumab 
on the HH24 peptide modified material. Fluorescence 
intensity of FITC-label BSA retained on the novel 
material (e) before washing and (f) after washing 
with buffer A.   
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the HH24 based affinity material. The fluorescence intensity of the ob
tained eluates was measured and a standard curve was established by 
using solutions of trastuzumab standards in buffer B with concentrations 
ranging from 0 to 120 μg/mL. Fig. 5e showed that a good linear corre
lation was obtained between the total protein content in the eluates of 
spiked 1:3 diluted sera and the corresponding trastuzumab standards. 
Finally, the concentrations of trastuzumab in five patient sera were also 
tested and ranged from 50 to 110 μg/mL (Fig. 5f). These detected values 
were similar to those obtained with a commercial ELISA kit, which 
confirms the highly specific capture ability of the novel affinity material. 

3.5. Evaluation of the reliability of the bioanalytical platform 

For degradation study of trastuzumab, a specific platform was 
established by combining specific capture on the HH24 based affinity 
material, trypsin digestion, and LC-QTOF-MS using peptide mapping 
analysis. Some possible peptide modification sites are summarized in 
Table S2. To ensure the reliability of the platform, the influence of the 
enrichment process on the modification ratios of key peptide sequences 
was first investigated. As can be seen in Fig. S7, no obvious serum 
protein interference was observed by comparing blank and trastuzumab- 
spiked serum samples (all samples were analyzed after treatment with 
the affinity material), which further verifies the excellent specificity of 
the HH24 based affinity material. Moreover, we compared the modifi
cation ratios of key peptide sequences of trastuzumab obtained via direct 
digestion and after sample pretreatment (trastuzumab-spiked phosphate 

buffer was enriched using the HH24 based material and then digested). 
As shown in Fig. S8, no significant changes in modification ratios (such 
as deamidation, isomerization, oxidation, and glutamic acid cyclization) 
were found in these spiked PB samples, which indicates that the total 
pretreatment process has not induced significant artifacts. Therefore, 
the platform could exhibit good application potential for the in vitro/in 
vivo degradation analysis of trastuzumab in biological fluids. 

3.6. In vitro degradation analysis of trastuzumab in time-course studies 

To further evaluate the platform’s capabilities, the analysis of the 
modification sites and rates was performed in PB and serum samples 
spiked with trastuzumab over an extended period of time (0, 4, 7, 14, 21 
days). As depicted in Fig. 6, after incubation in PB for 21 days, the acidic 
charge variants were increased with a corresponding decrease in the 
main peak, but almost no change in the basic charge variants was 
observed. Some modifications could lead to antibody charge variants, 
such as asparagine deamidation, aspartic acid isomerization, methio
nine oxidation, and N-terminal glutamic acid cyclization [44]. To study 
the possible effect of trastuzumab modifications on the binding to the 
affinity material, the degradation analysis of all incubated PB samples 
was performed after enrichment on the affinity material. For compari
son, these incubated samples were also directly digested and analyzed 
by LC-QTOF-MS. As shown in Fig. 7, the level of deamidation of 
LC-Asn-30 to aspartic acid (located in the CDR1 of the light chain) was 
found to be greatly increased from 9% to 62% (direct digestion) and 

Fig. 5. Highly specific capture of trastuzumab from 
complex biological fluids. (a) Specificity of the novel 
material for trastuzumab in spiked human serum 
using SDS-PAGE analysis (reducing conditions). 
Lanes: LF, loading fraction; WF, washing fraction; EF, 
elution fractions; S, standard trastuzumab; M, protein 
marker. Left: blank serum, right: spiked serum. 
MALDI-TOF MS spectra of the elution fractions 
collected from (b) blank and (c) spiked human serum. 
(d) Reusability of the affinity material. (e) Correla
tion between the total protein content in eluted 
fractions purified on the HH24 based affinity material 
and trastuzumab standards using fluorescence spec
trophotometry. Error bars represent standard de
viations of experiments carried out with three 
replicate pipettes. (f) Comparison of results obtained 
with the fluorescence analysis and a commercial 
ELISA kit for the analysis of trastuzumab in breast 
cancer patient sera.   
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61% (after enrichment) over the studied period, whereas the extent of 

deamidation of HC-Asn-55 and isomerization to isoaspartic acid (located 
in the CDR2 of the heavy chain) was only moderately affected, such as 
from 7.43% to 17.18% (direct digestion) and 20.48% (after enrichment) 
for isomerization. However, the conversion of Asn55 to aspartic acid 
(Asp55) and the concomitant isomerization to isoaspartic acid (iso
Asp55) could lead to a significant decrease (>70%) of bioactivity due to 
a reduction in receptor binding affinity [17,45]. Moreover, the deami
dation of HC-Asn-387/392/393 in the constant CH3 region of the heavy 
chain was also observed and dramatically increased over time. In 
addition, the oxidation of methionine residues was found in some key 
peptide sequences, such as LC-Met-4, HC-Met-83, HC-Met-107 (located 
in the variable region of the light or heavy chain), HC-Met-255, and 
HC-Met-431 (located in the constant region of the heavy chain), which 
could impact the binding to the antigen or the neonatal Fc receptor 
(FcRn) [11]. Slight changes in glutamic acid (HC-E-1) cyclization 
(located in the variable region, near the CDR of the target mAb) were 
also observed with increasing incubation time [12]. It is worth noting 
that the in vitro degradation trends and sites in the target mAb observed 
after pretreatment on the affinity material were consistent with those 
obtained by direct digestion, which verifies the reliability of the pro
posed platform for peptide modification analysis. 

Compared to PB, more physiologically relevant in vitro studies can 

Fig. 6. CZE analysis of trastuzumab in spiked PB samples after incubation 
at 37 ◦C. 

Fig. 7. Degradation analysis of trastuzumab in spiked PB samples after incubation at 37 ◦C (direct digestion: a, c, e; after pretreatment: b, d, f).  
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be conducted in biological fluids like serum since they provide a rich 
source of proteins and metabolites [13]. Therefore, the degradation of 
trastuzumab at different concentrations (0.2 mg/mL and 0.5 mg/mL) in 
spiked human serum was also investigated using this platform. As shown 
in Fig. S9, the degradation rates for the target mAb were slightly 
increased at higher drug concentration. Moreover, due to a catalytic 
effect of plasma proteins, the deamidation rate of proteins in plasma was 
faster than in PB buffer at same pH7.4 [46]. Therefore, deamidation of 
LC-Asn-30 and HC-Asn-387/392/393 during serum incubation 
(Figs. S9b and S9f) occurs at least 1.5-fold faster than that of in PB buffer 
(Fig. 7b and f). The degradation trends for other studied peptides in 
serum were similar to those observed in PB at the same drug concen
tration (0.5 mg/mL). These results further demonstrate that the platform 
has a good potential for studying the degradation of the target mAb in 
complex biological fluids. In the early stages of drug development, in 
vitro study with spiked serum sample could be used to support risk 
assessment by understanding and predicting in vivo results. 

3.7. Biotransformation analysis of trastuzumab in patient serum samples 

Although several major degradation pathways could be examined 
using in vitro models, peptide modifications for the target mAb may still 
have different dynamics in vivo because of differences in multiple fac
tors, such as the Ig subclass, mechanism of action, affinity to target, 
nonspecific affinity, drug delivery system, antibody engineering, as well 
as the clinical indication, dosage and administration regimen, and in
dividual variations [13,47]. Therefore, the applicability of the proposed 
platform was further investigated by studying the in vivo biotransfor
mation of trastuzumab in a series of HER2-positive breast cancer patient 
serum samples. Compared to the spiked PB samples (Fig. 7), moderate 
Asn deamidation or Asp isomerization, were observed on the key CDR 

sites (LC-Asn-30, HC-Asn-55), variable region sites (HC-Asn-77/84), and 
constant region sites (HC-Asn-318, HC-Asn-364, HC-Asn-387/392/393) 
of the antibody (Fig. 8). Moreover, the oxidation levels of 
HC-Met-107/255/431 for the target mAb in some patient sera were 
slightly higher than those observed in the spiked PB and serum samples 
incubated in vitro. Differences in modification degrees were also 
observed between patients. Compared to previously reported methods 
for in vivo analysis, the novel platform based on trastuzumab capture on 
the HH24 modified affinity material exhibited superior specificity for 
the target mAb than classical Protein A/G/L based analytical methods 
[43,48], lower cost and higher stability than antigen or anti-idiotypic 
antibody based analytical methods [13,49], and enabled comprehen
sive evaluation of modification sites. Thus, the novel platform has a 
great application potential for studying the biotransformation of the 
target mAb in patients. 

4. Conclusions 

In this study, a novel bioanalytical platform was successfully con
structed by combining specific capture on HER2 mimotope peptide 
HH24 based affinity material, trypsin digestion, and LC-QTOF-MS for in 
vitro/in vivo degradation analysis of trastuzumab. Due to the high 
specificity of the HH24 ligand to the CDR of trastuzumab and good anti- 
fouling ability of the polymeric matrix, the novel material exhibited 
outstanding enrichment performances for trastuzumab in serum samples 
and thus overcame the shortcomings of traditional Protein A/G/L, an
tigen, and mimotope peptide based materials. Based on its superior 
enrichment performance, some key modification sites, which could 
affect the binding activity of the target mAb to the antigen or FcRn, were 
detected and their modification degrees were determined by this plat
form. Moreover, similar modification sites were also found by studying 

Fig. 8. Biotransformation analysis of trastuzumab in patient serum samples.  
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the biotransformation of trastuzumab in a series of HER2-positive breast 
cancer patient serum samples. These key amino acids that get modified 
rapidly may need to be controlled more tightly during the 
manufacturing process to preserve product efficacy. In the near future, 
the application potential of this bioanalytical platform will be further 
investigated by studying the degradation or biotransformation of 
trastuzumab-related products. 
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