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Abstract 2 

Small antibody fragments have recently been used as alternatives to full-length 3 

monoclonal antibodies in therapeutic applications. One of the most popular fragment 4 

antibodies is single-chain fragment variables (scFvs), consisting of variable heavy (VH) 5 

and variable light (VL) domains linked by a flexible peptide linker. scFvs have small 6 

molecular sizes, which enables good tissue penetration and low immunogenicity. 7 

Despite these advantages, the use of scFvs, especially for therapeutic purpose, is still 8 

limited because of the difficulty to regulate the binding activity and conformational 9 

stability. In this study, we constructed and analyzed 10 scFv fragments derived from 10 10 

representatives of FDA-approved mAbs to evaluate their physicochemical properties. 11 

Differential scanning calorimetry analysis showed that scFvs exhibited relatively high 12 

but varied thermostability, from 50 to 70 °C of melting temperatures, and different 13 

unfolding cooperativity. Surface plasmon resonance analysis revealed that scFvs 14 

fragments that exhibit high stability and cooperative unfolding likely tend to maintain 15 

antigen binding. This study demonstrated the comprehensive physicochemical 16 

properties of scFvs derived from FDA-approved antibodies, providing insights into 17 

antibody design and development. 18 

 19 

  20 
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Introduction 21 

During the last three decades, monoclonal antibodies (mAbs) have made a dramatic 22 

ascend from an experimental therapeutic tool to the most vigorously researched area in 23 

the pharmaceutical market (2; 28; 17). One of the drawbacks of mAbs, however, is that 24 

full-length antibodies are large (~150 kDa) and highly complex molecules, which have 25 

disadvantages for tissue penetration and manipulation. Therefore, recent trend is 26 

actively moving towards developing smaller recombinant antibody fragments, as a 27 

useful alternative to full-length monoclonal antibodies (9; 22). Among these 28 

recombinant antibodies, single-chain variable fragments (scFvs) are the most popular 29 

type. This is because they can easily be manipulated using molecular genetic tools. 30 

scFvs can be conjugated or produced as bi-specific or multivalent forms and can be 31 

produced in E. coli expression system (33). 32 

To understand physicochemical properties of mAbs which influence their stability 33 

and binding activity is remarkably important for designing highly stable antibodies with 34 

excellent affinity and specificity (24; 18; 25). Full-length antibodies comprise a 35 

fragment antigen binding (Fab) and a fragment crystallizable (Fc) segment, resulting in 36 

VH, VL, CL, CH1, CH2 and CH3 domains. The stability of intact antibodies depends on 37 

those of the component domains as well as those of their complexes with the respective 38 

interaction interfaces. In contrast to full-length antibodies, scFvs consist only of a 39 

variable heavy (VH) and variable light (VL) domains connected by a flexible linker. 40 

Essentially, a scFv maintains a complete antigen-binding site for an antibody, but with 41 

the omission of Fc parts. Many applications of scFv fragments under various situations 42 

may essentially benefit from an increase in the stability of fragments (34), however, 43 

comprehensive set of experimental data of scFvs was limited. Further investigation of 44 

the thermostability, ligand-binding affinity of scFvs and its determining factors are 45 

needed for the rational design and development of antibody derivatives for the practical 46 

use. 47 

In the present study, we selected, constructed and analyzed 10 scFv fragments 48 

corresponding to the antigen-binding domains of 10 FDA-approved mAbs, because 49 

these mAbs are assumed to possess optimal thermostability and binding properties. 50 

However, biophysical profiles of their fragment antibodies are not well studied, and 51 

therefore we focus on the thermostability and binding properties of the FDA approved 52 

scFvs. Surprisingly, the thermostability of scFvs varied although the thermal 53 

denaturation (Tm) range was relatively high, approximately 50–70 °C of melting 54 

temperatures (Tms). Our findings summarize the comprehensive thermostability and 55 

binding properties of a diverse set of scFvs and compare them to their parental FDA-56 
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approved antibodies, which provides insight into the rational design of fragmented 57 

antibodies. 58 

 59 

 60 

Results 61 

Initial analysis of VH and VL fragments and comparison to full-length antibodies 62 

VH and VL domains exhibit mutual stabilization due to their interaction, which depends 63 

on the intrinsic stability of each domain as well as the strength of their interface forces 64 

(35; 26). Many groups including Buhler et al., as well as our group, have previously 65 

reported that the domain orientation of scFv antibody had an impact on its biological 66 

and physicochemical properties, and production yield (1; 27). Thus, we first 67 

investigated one of the most commonly used FDA-approved mAbs, trastuzumab 68 

(Herceptin) (8; 14), for expression yield, thermal stability and antigen binding affinity 69 

of its VH-linker-VL (HL) and VL-linker-VH (LH) scFv forms. To this end, we designed 70 

HL-scFv and LH-scFv constructs (Fig. 1A), expressed in E. coli as inclusion bodies, 71 

refolded, and purified using gel filtration chromatography. The chromatograms and the 72 

SDS-PAGE are shown in Fig. 1B and 1C, respectively, indicating that the resultant 73 

proteins were highly pure. The LH construct yielded 11 mg from 1 L culture, whereas 74 

the HL one did 2.2 mg, indicating that the LH exhibited roughly 5 times higher yield.  75 

We sought to examine the binding affinities of LH and HL constructs to their target 76 

antigen, the extracellular domain of the HER2 receptor (HER2-ECD) (14). Binding 77 

analysis using surface plasmon resonance (SPR) showed that both LH and HL 78 

constructs exhibited comparable affinity to HER2-ECD, with a KD value of ~ 0.2 nM, 79 

with similar kinetic parameters (Fig. 2A and B, Table 1). 80 

Next, using differential scanning calorimetry (DSC), we compared the thermal stability 81 

of scFv-HL and scFv-LH fragments with the parental full-length IgG and Fab fragment 82 

of trastuzumab. The thermograms were analyzed with non-two-state model, showing 83 

that full-length trastuzumab exhibited two peaks, a small peak (Tm
1 = 72 °C) and a large 84 

major peak (Tm
2 = 82 °C) (Fig. 2C and Table 2), which is consistent with previous 85 

reports (12; 32). As expected, the trastuzumab Fab fragment showed a single peak at 86 

82 °C (Fig. 2D), which corresponded well with the 82 °C major peak on the full-length 87 

trastuzumab thermogram. It is also consistent with previous report (12). In contrast, the 88 

LH and HL constructs both unfolded in a similar manner, with a single peak at Tm of 89 

69 °C and 68 °C, respectively (Fig. 2E and F), suggesting that the stabilities of LH and 90 

HL were almost identical.  91 
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Taken together, the biophysical characteristics, target binding affinity and 92 

conformational stability were similar in both the LH and HL constructs for trastuzumab. 93 

On the other hand, since the yield was higher for the LH construct, we focused on the 94 

LH scFvs in all further experiments for other antibodies. 95 

 96 

Construction of scFvs of 10 FDA-approved antibodies  97 

We designed and produced scFvs of ten FDA-approved antibodies, as listed in Table 98 

3. To begin with, the design and production method were conducted essentially the 99 

same as for trastuzumab scFv. Although it is known that the domain orientation of scFv 100 

and linker profiles, such as sequence and length, sometimes impact on the scFv activity 101 

and production, here we focus more on the same design and preparation for comparison. 102 

Similar to trastuzumab scFv, all the scFvs of FDA-approved antibodies were expressed 103 

in E. coli as inclusion bodies, refolded, and purified using gel filtration chromatography. 104 

Representative chromatogram of the scFvs and the SDS-PAGE results were 105 

summarized in Supplementary Fig. 1. All the scFv proteins were eluted as a monomer 106 

(Supplementary Fig. 1) and the yield for each construct ranged from 0.1 to 10 mg of 1 107 

L culture. SDS-PAGE results indicated that all the recombinant scFvs are highly pure 108 

and thus we used the scFvs for the following experiments. 109 

We performed surface plasmon resonance (SPR) binding analyses using the following 110 

antigens: EGFR for cetuximab and panitumumab, HER2-ECD for trastuzumab and 111 

pertuzumab, CD52 for alemtuzumab, CD20 for rituximab, obinutuzumab and 112 

ofatumumab, and TNFα for infliximab and adalimumab. The SPR sensorgrams are 113 

shown in Fig. 3, and the kinetic parameters determined by SPR were summarized in 114 

Table 3. All the scFvs whose antigen binding affinity was examined retained affinity to 115 

their respective antigens, roughly nM to µM level of dissociation constant, KD (Fig. 3, 116 

Table 3), besides the ofatumumab scFv. Only ofatumumab scFv did not show an 117 

increase in response in a dose-dependent manner (Fig. 3H). Among the remaining 118 

scFvs, six scFvs showed slow dissociation characteristics, while the fast dissociation 119 

kinetics (~10−2 s−1) for obinutuzumab scFv resulted in a micromolar KD value. These 120 

scFvs also showed binding activities comparable to those of intact antibodies 121 

(Supplementary Table 1). 122 

 123 

DSC analysis of the scFv fragments 124 

Next, we performed differential scanning calorimetry (DSC) analysis of the 10 scFv 125 

fragments. The thermograms were analyzed with the non-two-state model assuming 126 

either one or two transitions (Fig. 4), as none of them could be analyzed with a simple 127 
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two-state model. The Tm range among the scFvs was approximately 50–70 °C (Table 128 

4), which is relatively high. The DSC curve results, however, showed significantly 129 

different thermostability profiles among the scFvs, which prompted us to divide the 130 

fragments into two groups (Fig. 4). Five scFvs (cetuximab, infliximab, 131 

mogamulizumab, obinutuzumab, ofatumumab) showed a single clear peak (Fig. 4B), 132 

whereas the other scFvs (rituximab, adalimumab, alemtuzumab, pertuzumab) showed 133 

multiple peaks with two relatively independent transitions (Fig. 4B).  134 

 135 

 136 

 137 

 138 

Discussion 139 

The stabilization of antibodies has been of great interest as one of the specific aspects 140 

of antibody engineering over the past few decades. Researchers put several efforts with 141 

different strategies, and the approaches can be classified as (a) knowledge-based, (b) 142 

statistical, and (c) structure-based methods (18; 28; 34). However, minimization of 143 

antibody-related molecules is required. scFvs and VHHs are expected candidates. To 144 

understand the factors influencing scFv stability in more detail, followed by developing 145 

appropriate rational design methods, further physicochemical understanding of protein 146 

stability and function, and correlation of structural and functional properties of scFv are 147 

still needed. In this study, we focused on the FDA-approved antibody drugs and 148 

compared thermal stability and antigen-binding activity of their scFv fragments. FDA-149 

approved antibodies can be assumed to be optimized in terms of parameters necessary 150 

for clinical use, including thermostability, However, it is unclear whether the fragment 151 

including scFv form exhibits similar biophysical properties, we therefore focus on the 152 

biophysical properties of scFv prepared by the same design and production methods. 153 

We have previously shown that the different linkers did not alter the binding affinity for 154 

the scFv measles neutralizing antibody (27), and thus we put the linker aside and 155 

consider other factors as priority. The overall stability of scFv fragments is not thought 156 

to show a simple two-state transition in the denaturing process but is thought to be due 157 

to the intrinsic stability of the VH and VL domains, as well as to the stability of the 158 

interdomain (34). Thus, we analyzed the DSC data with a non-two-state model. 159 

Unexpectedly, we found that approximately half of the antibodies tested in this study 160 

display DSC curves with multiple peaks, probably due to the large differences in the 161 

stability between VH and VL fragments. 162 
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According to our SPR analysis, most scFvs showed nM to µM KD levels against their 163 

antigens. To compare our results with published data, we summarized the reported 164 

kinetic parameters for antigen binding of FDA-approved antibodies examined in this 165 

study (Supplementary Table 1). Trastuzumab scFv showed similar binding affinity to 166 

that of full-length and Fab antibodies, whereas the KD value is quite different from the 167 

previously reported KD of scFv (8), about three hundred times higher affinity. It may be 168 

due to the difference in the experimental condition that used HER2 fragment and 169 

biotinylated samples as a ligand for SPR analysis (8). Rituximab scFv showed 170 

comparable affinity to those full-length and Fab antibodies as shown previously (5), 171 

suggesting that the fragmentation did not affect its binding property. Cetuximab scFv 172 

showed comparable affinity to the full-length and Fab antibodies, whereas the affinity is 173 

about 100 times stronger than previously reported data for scFv (4). It is probably 174 

because they used EGFR domain III as a ligand and determined the KD value by fitting 175 

with equilibrium binding model (4), while we used kinetic binding model. Infliximab 176 

scFv showed comparable affinity to that of Fab form, whereas the intact antibody 177 

previously showed about 100 times higher affinity. It may be due to the avidity effect 178 

for intact IgG (13). On the other hand, adalimumab scFv showed roughly 10 times 179 

lower affinity compared to Fab form. Pertuzumab scFv showed similar affinity to that 180 

of full-length. Our results showed that rituximab, alemtuzumab and obinutuzumab 181 

scFvs exhibited relatively weak binding activity, µM to sub µM of KD values, and 182 

former two scFvs showed multiple peaks in DSC analysis. As shown in Supplementary 183 

Table 1, most of the scFvs in this study exhibited comparable dissociation constants, 184 

KDs, for antigen binding with intact or Fab antibodies, besides obinutuzumab although 185 

the binding experiment was not SPR analysis. The result of obinutuzumab showed a 186 

higher affinity than our result of scFv, probably because of the avidity effect of intact 187 

IgG1 (20). In addition, infliximab scFv showed weaker binding activity to its intact IgG 188 

form, although the binding affinity (KD = 1.8 nM) remained strong enough. Because the 189 

ligand, TNF, is a trimeric protein, likely exhibiting avidity effect for its IgG.  190 

To further investigate the thermal stability of antibody fragments, we summarized the 191 

reported Tm values of intact IgG and Fab of the FDA-approved antibodies (Table 4). It 192 

is noted that, if reported Tm value corresponding to Fab in the parent IgG is relatively 193 

lower, the thermal stability of its scFv is likely lower, showing either lower Tm 194 

compared to its parental Fab or multiple transition in the DSC curve though the data 195 

was limited. For example, rituximab, adalimumab, and pertuzumab are reported to 196 

exhibit Tm of Fab, 76°C, 70°C, and 71°C (indicated by asterisk in Table 4), those scFvs 197 

resulted in the multiple peak thermograms. 198 
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Since a scFv is thought to start losing its function with the first transition in a series 199 

of multiple transitions during denaturation, it has been proposed to find and improve 200 

stability-limiting properties (35). It is necessary to consider separately in case that one 201 

domain is intrinsically stable than the other and that interdomain stability is largely 202 

different from individual domain stabilities. Antigen-binding activity may be lost in 203 

former case because either of the variable domain denature, whereas maintenance of 204 

folded variable domains may allow to interact with antigen regardless of the interface 205 

association in the latter case. Therefore, to maintain function, it is presumably important 206 

for scFv to maintain stability, such that it is observed as the temperature at the 207 

beginning of thermal denaturation and the temperature of the peak of the first transition. 208 

In this regard, ofatumumab scFv likely exhibited the lowest temperatures at the 209 

beginning and peak of first transition (Fig. 4). This may be one of the significant factors 210 

that ofatumumab scFv, resulting in the loss of binding activity. We also analyzed all the 211 

DSC curves with the non-two-state model assuming at least two transitions (see 212 

Supplementary Fig. 2, Supplementary Table 2). According to the analysis, we 213 

compared the differences between the two transition temperatures ΔTm, in this study. 214 

The ΔTm values for a single peak group (Fig. 4A) were 2.0 °C to 4.0 °C, while those for 215 

multiple peak group (Fig. 4B) were 6.0 to 17 °C, respectively. The results suggest that 216 

there may be a distinct decrease of cooperativity of the unfolding process when the 217 

difference between Tm
1 and Tm

2 is roughly more than 5-6 °C. 218 

The Fab of trastuzumab exhibited a single peak thermogram with a Tm of 82 °C, 219 

which is almost identical to the Tm of the major peak in intact trastuzumab. It is 220 

generally accepted that the denaturing of Fabs in full-length antibodies and Fab 221 

fragments occurs with a single transition. Thus, a comparison of thermostability of scFv 222 

and its Fab fragment or Fab domain in the intact form would be helpful to discuss about 223 

stability factors although it may be limited to fragments that exhibit single-peak 224 

thermograms. Assuming that the Tm
2 likely corresponds to the peak top of the 225 

thermograms as shown in Fig. 2E and 2F, the Tm
2 for scFvs of trastuzumab is relatively 226 

high, approximately 70 °C, as a mammalian globular protein, which differs by about 227 

10 °C lower than that for its Fab form or that for the original Fab domain in the intact 228 

form. This is reasonable, because scFv loses one of the two interdomain interactions and 229 

interchain disulfide bonds in CH1, which effectively stabilizes the Fab fragment. In 230 

contrast, the VH-VL interaction was stronger, and the thermostability and cooperativity 231 

were higher, which presumably contributed to the maintenance of binding activity. 232 

Similar to a general protein-protein interaction model, antibody-antigen binding is 233 

considered to follow either lock and key model and induced-fit model. For the induced-234 



9 
 

fit model, a little low cooperativity may be allowed only when the variable domains 235 

remain their fold enough to recognize antigen upon losing interdomain stability. 236 

According to the previous DSC analyses using intact IgGs, Tm values derived from Fab 237 

domain for intact rituximab, adalimumab and pertuzumab are available to be 76 °C, 238 

70 °C and 77 °C, respectively (Table 4) (15; 29; 23). Of the three antibodies, 239 

pertuzumab scFv showed multiple peak transition in DSC analysis with the Tm
1 and Tm

2 240 

are 62 °C and 70 °C, which differs by approximately 8 °C. When comparing the Tm
2 241 

value with reported Tm value of Fab in the intact form, 71 °C (Table 4), the difference is 242 

1.0 °C. Rituximab and adalimumab scFvs also showed multiple peaks in DSC curves, 243 

but the ∆Tm of adalimumab is relatively small and thus, comparing Tm
2, 59 °C, the 244 

difference with the Tm of Fab is 11 °C. On the other hand, rituximab showed a large ∆Tm 245 

of 17 °C, which may not be worth comparing in this way. We have previously shown 246 

that the measles neutralizing antibody 2F4 scFv is less stable at approximately 25 °C in 247 

Tm than its Fab, which resulted in approximately 300 times lower binding affinity of 248 

scFv than that of its Fab fragment (14). Taken together, loss of the stability derived 249 

from CH1 domain may be allowed to some extent, around 10 °C in Tm, upon developing 250 

scFv fragments. 251 

DSC analysis of intact trastuzumab showed two distinct peaks in the thermogram, 252 

with Tm values of 72 °C and 82 °C. IgG1 antibody typically has three peaks in DSC 253 

measurement, Tm
1, Tm

2 and Tm
3 presumably corresponding to the unfolding of CH2 254 

domain, Fab regions, and CH3 domain, respectively (7). Thus, thermal unfolding of the 255 

CH3 domain may occur simultaneously when the Fab domain of trastuzumab unfolds. 256 

Vermeer et al. studied the unfolding of the present IgG of isotype 2b, mainly by DSC 257 

and circular dichroism (CD) spectroscopy (30; 31). They showed that the unfolding of 258 

IgG is a complex process, and is characterized by the sum effect of mainly two 259 

transitions of Fab and Fc fragments and several, at least partly independent, 260 

intermediated state.  261 

In this study, all the scFv fragments were prepared by refolding method as described 262 

above. It is known that the refolding is a rather challenging method compared to the 263 

preparation from soluble fraction, and thus the refolded fraction sometimes contains 264 

misfolded species, which alter the biological activities as well as biophysical properties. 265 

Therefore, we conducted the experiment using a monomeric scFv fragment (Fig. 1 and 266 

Supplementary Fig. 1), which is prepared by size exclusion chromatography 267 

independently and repeatedly.  268 

To facilitate manufacturing and storage, as well as to promote long serum half-life, 269 

expanding the range of applications for practical use, biophysical properties such as 270 
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thermostability are often limited by antibody variable domains, that differ greatly in 271 

their intrinsic properties and are responsible for antigen specificity. In this study, we 272 

focused on the scFv from 10 FDA-approved antibodies, which are designed and 273 

produced in the same way, and their thermostability and antigen binding property were 274 

analyzed. Further investigation with structural aspect will shed light on the relationship 275 

between structure and function of scFv antibody. Our study provides insights into the 276 

rational design of stable antibody fragments suitable for clinical use.  277 

 278 

  279 



11 
 

Materials and Methods 280 

Preparation of trastuzumab Fab 281 

Trastuzumab was purchased from Roche. Trastuzumab Fab was prepared using Pierce 282 

Fab Preparation Kit (Thermo Fisher Scientific). The digestion and purification were 283 

performed following the manufacturer’s instruction. Briefly, 2 mg of intact trastuzumab 284 

was applied to a spin column containing papain-immobilized resin that was pre-285 

equilibrated with cysteine-containing digestion buffer. For the digestion reaction, the 286 

column was incubated at 37 °C for 4 h. The digestion product was separated from 287 

papain by centrifugation. Subsequently, the digest was applied to a PBS-equilibrated 288 

Protein A-immobilized agarose column to capture the Fc fragment and undigested full-289 

length trastuzumab. The Fab fragment was collected as a flow-through fraction. 290 

 291 

Recombinant scFv preparation 292 

DNA encoding 11 scFv fragments was chemically synthesized by Eurofins Scientific 293 

and was inserted into NdeI-HindIII site of pET22b vector. The resulting expression 294 

plasmids were introduced into the E. coli BL21(DE3)pLysS strain. The transformants 295 

were cultured in 2×YT medium 100 mg/L ampicillin (Nacalai Tesque) at 37 °C until the 296 

OD600 reached 0.4-0.6, and isopropyl β-d-thiogalactopyranoside (IPTG) (Nacalai 297 

Tesque) was then added at a final concentration of 1 mM. The bacteria were further 298 

cultivated for 4 h, and harvested by centrifugation at 5,000×g for 10 min. The pellet was 299 

resuspended in buffer (50 mM TrisHCl pH8.0, 100 mM NaCl), sonicated, and the 300 

resulting scFvs were washed repeatedly with Triton wash buffer (50 mM Tris-HCl pH 301 

8.0, 100 mM NaCl, 0.5% Triton X-100). Purified inclusion bodies were solubilized in 302 

denaturation buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 6 M guanidine HCl) and 303 

slowly diluted with the ice-cold refolding buffer (100 mM Tris-HCl, pH 8.0, 2 mM 304 

ethylenediaminetetraacetic acid (EDTA), 0.4 M L-Arginine, 3.73 mM cystamine, 6.37 305 

mM cystamine) to a final protein concentration of 1.5 μM. After incubation for 72 h at 306 

4 °C, the refolded protein was concentrated using a VIVAFLOW50 system (Sartorius). 307 

The concentrated sample was filtrated with 0.22 µm membrane filter. The soluble 308 

fraction was separated by centrifugation at 30,000×g for 30 min and subjected to size 309 

exclusion chromatography using a HiLoad26/60 Superdex75 column (GE Healthcare) 310 

with gel filtration buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl). Fractions containing 311 

scFv protein were pooled and concentrated to ~1.0 mg/mL. Protein concentration was 312 

determined using UV spectrophotometer and the purity was checked by SDS-PAGE. 313 

 314 

Preparation of the antigen proteins 315 
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EGFR, which is the antigen for cetuximab and panitumumab, were prepared with 316 

baculobvirus-silkworm expression system according to the previous report (6). A 317 

human erbB1 cDNA fragment encoding residues 1–618 of the mature sequence 318 

(extracellular domain (ECD) of EGFR), followed by a hexahistidine tag and stop codon, 319 

was subcloned into pFastBac1 purchased from Invitrogen and designated as pFastBac1-320 

EGFR-ECD. E. coli BmDH10Bac was previously constructed in our laboratory (21). E. 321 

coli BmDH10Bac were transformed with pFastBac1-EGFR-ECD. Positive 322 

transformants were chosen by blue-white selection and colony PCR. Appropriate 323 

colonies were grown and the recombinant bacmid DNA was extracted using the 324 

NucleoBond Xtra Midi plasmid purification kit (TAKARA). The fifth instar silkworm 325 

larvae, purchased from Ehime-Sanshu (Japan), were grown at 25 °C with moderate 326 

humidity in an incubator. Recombinant bacmid DNA was diluted in 50 µL of ultra-pure 327 

water, and mixed with 3 µL of DMRIE-C (Invitrogen). After incubation at room 328 

temperature for 45 min, the bacmid-DMRIE-C mixture was injected into the fifth instar 329 

silkworm larvae. Six days after the bacmid injection, silkworm hemolymph was 330 

collected and immediately mixed with sodium thiosulfate at final concentration of 0.5%. 331 

The hemolymph mixture was subsequently centrifuged at 10,000 x g for 10 min to 332 

remove hemolymph debris and filtered through a 0.45 µm PVDF membrane filter 333 

(Millipore). The filtered fraction was centrifuged at 45,000× g for 30 min.  334 

The resultant supernatant, containing the target protein, was precipitated at 80% 335 

saturation with ammonium sulfate to remove lipids and debris. The precipitates were 336 

collected by centrifugation at 20,000 ×g for 30 min, solubilized in Tris buffered saline 337 

(TBS) containing 25 mM imidazole (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 25 mM 338 

imidazole), and applied to Ni-NTA column (GE Healthcare) equilibrated with the same 339 

buffer. The protein was eluted from the column using elution buffer containing 300 mM 340 

imidazole. Fractions containing the target proteins were pooled, concentrated and 341 

applied to a Superose6 GL gel filtration column (GE Healthcare) equilibrated with gel 342 

filtration buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl). Fractions containing pure 343 

protein were pooled and used for subsequent analyses. 344 

Recombinant TNFαprotein for infliximab and adalimumab was purified previously 345 

(11). Recombinant human HER2-ECD Fc chimera protein for trastuzumab and 346 

pertuzumab, and CD52 protein for alemtuzumab were purchased from R&D systems, 347 

and recombinant human CD20 for rituximab, obinutuzumab and ofatumumab was 348 

purchased from Abcam.  349 

 350 
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Binding analysis using surface plasmon resonance Surface plasmon resonance 351 

(SPR) experiments were performed using a BIAcore 3000 (GE Healthcare) at 25°C, 352 

except for trastuzumab at 30°C. The ligand protein was immobilized on a CM5 sensor 353 

chip using amine coupling method. For kinetic binding analysis, analyte was dissolved 354 

in HBS-P buffer (0.01 m HEPES pH 7.4, 0.15 m NaCl, 0.005% (v/v) Surfactant P20) 355 

and indicated concentrations of scFv in the Figures were injected over an immobilized 356 

cognate antigen or BSA (control) at a flow rate of 25 μL·min−1. The amount of the 357 

immobilized antigen was indicated in Table 1 and 3. The binding response at each 358 

concentration of scFv was calculated by subtracting the equilibrium response measured 359 

in the control-flow cell from the response in each sample-flow cell. The kinetic 360 

parameters were calculated by using the curve-fitting facility of the BIAevaluation 361 

version 4.1.1 software (GE healthcare) and the simple 1:1 Langmuir binding model (A 362 

+ B ↔ AB). Experiments were performed at least two times using independently 363 

prepared samples for analyte. 364 

 365 

Differential scanning calorimetry (DSC) 366 

The thermal stability of the scFvs was measured using a Capillary VP-DSC system 367 

(Malvern) with a cell volume of 0.135 mL. The protein was dissolved in 20 mM sodium 368 

phosphate buffer pH 7.0 at 3.4~6.0 μM. Measurements were performed with a 369 

temperature range from 20 °C to 90 °C at a scan rate of 60 °C/hour. Data were analyzed 370 

using Origin software version 7.0 (OriginLab). DSC measurements were performed at 371 

least two times using independently prepared samples to confirm reproducibility. 372 

 373 

 374 

  375 
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Figure legends 404 

 405 

Figure 1. Construction and production of trastuzumab scFvs with VH and VL 406 

orientations. A. Schematic representation of the VH and VL constructs including the 407 

linker used in this study. B. Chromatograms of the size exclusion chromatography for 408 

HL- and LH-scFvs. C. SDS-PAGE of the purified HL- and LH-constructs. Elution 409 

positions of molecular size marker are indicated above chromatograms. 410 

 411 

Figure 2. Representative sensorgrams of the binding of trastuzumab scFv to HER2 412 

and differential scanning calorimetry analysis of trastuzumab and its fragments. 413 

A.  Sensorgrams for scFv-HL. B. Sensorgrams for the scFv-LH. These binding 414 

experiments were performed three times and the representative sensorgrams are shown. 415 

Representative thermograms of C. Full-length trastuzumab, D. Fab fragment of 416 

trastuzumab, C. trastuzumab scFv-LH and D. trastuzumab scFv-HL. Experimental 417 

curves of intact trastuzumab and its derivatives are indicated with black solid line, 418 

whereas the fitting curves of deconvolution results are indicated with red solid line for 419 

entire fitting and red broken line for each transition. The DSC measurements were 420 

performed at least three times and the representative thermograms are shown. 421 

 422 

Figure 3. SPR binding analysis of the FDA-approved antibody scFvs to their 423 

antigens. Representative sensorgrams are shown. The antibody and antigen pairs are as 424 

follows: A; rituximab vs CD20, B; cetuximab vs EGFR, C; infliximab vs TNFα D; 425 

adalimumab vs TNFα, E; alemtuzumab vs CD52, F; pertuzumab vs HER2, G; 426 

obinutuzumab vs CD20. The binding experiments were performed two times for each 427 

FDA-approved scFv and the representative sensorgrams are shown. 428 

 429 

Figure 4. Differential scanning calorimetry analysis of 10 scFv fragments. A. The 430 

first group of the fragments with a single sharp peak includes cetuximab (blue), 431 

infliximab (purple), mogamulizumab (green), obinutuzumab (red), and ofatumumab 432 

(yellow). Trastuzumab (black broken) is also included in this group. B. The second 433 

group of the fragments with blunted peaks includes rituximab (orange), adalimumab 434 

(cyan), alemtuzumab (light green), pertuzumab (brown). The experiments were repeated 435 

at least two times and the representative thermograms are shown.436 
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Table 1: Kinetic parameters of the trastuzumab scFv constructs for HER2 binding 

 KD (nM) kon (M-1 s-1) koff (s-1) 

scFv-HL 0.22 ± 0.04 3.1 ± 0.2 ×105 6.7 ± 0.5 ×10-4 
scFv-LH 0.16 ± 0.03 3.2 ± 0.4 ×105 5.1 ± 0.4 ×10-4 

The kinetic parameters of binding were calculated by the fitting with the simple 1:1 Langmuir 
binding model. The equilibrium dissociation constant, KD values were calculated with the 
equation KD = koff/kon. Indicated concentrations of trastuzumab scFvs in Fig. 2 were injected 
over the immobilized HER2 (1000 RU). Observed and theoretical Rmax were 180 RU and 320 
RU for HL, and 170 RU and 320 RU for LH construct, respectively. Experiments were 
repeated three times and the average of kinetic parameters are shown. 



Table 2: Summary of the Tm values of trastuzumab and derivatives 

 Tm
1 (°C) Tm

2 (°C) No. of peak 

Full length 72 ± 0.2 80 ± 0.1 multiple 
Fab 82 ± 0.1 − single 
scFv-HL 68 ± 0.4 − single 
scFv-LH 69 ± 0.3 − single 

Experimental DSC curves were fitted with the non-two-state model. DSC measurements 
were performed two times for all the scFvs and the average Tm value was shown. 

 
 
 
 
 
 

 

 

 

 

 



 
 
 

Table 3: Kinetic parameters of scFv for antigen binding 

antibody Antigen KD (nM) kon (M
-1 s-1) koff (s

-1) 

trastuzumab scFv HER2 0.33 ± 0.03 8.1 ± 0.1 × 10
5
 2.7 ± 0.3 × 10

-4
 

rituximab scFv CD20 150 ± 70 6.9 ± 0.5 × 10
3
 1.0 ± 0.4 × 10

-3
 

cetuximab scFv EGFR 1.1 ± 0.03 2.8 ± 0.2 × 10
5
 3.2 ± 0.5 × 10

-3
 

infliximab scFv TNFα 1.8 ± 0.03 1.0 ± 0.1 × 10
6
 1.8 ± 0.2 × 10

-3
 

adalimumab scFv TNFα 1.2 ± 0.02 8.0 ± 0.6 × 10
5
 9.4 ± 0.3 × 10

-4
 

alemtuzumab scFv CD52 710 ± 90 9.8 ± 0.4 × 10
3
 7.0 ± 0.6 × 10

-3
 

pertuzumab scFv HER2 9.2 ± 0.5 1.2 ± 0.2 × 10
5
 1.1 ± 0.3 × 10

-3
 

obinutuzumab scFv CD20 1700 ± 400 1.6 ± 0.2 × 10
4
 2.7 ± 0.3 × 10

-2
 

ofatumumab scFv CD20 ND ND ND 

The kinetic parameters of binding were calculated by the fitting with the simple 1:1 
Langmuir binding model. The equilibrium dissociation constant, KD values were calculated 
with the equation KD = koff/kon. ND; Not determined. Indicated concentrations of scFvs in 
Fig. 3 were injected over each immobilized antigen: HER2 (600 RU) for trastuzumab 
(Observed and theoretical Rmax were 160 RU and 170 RU, respectively) and pertuzumab 
scFvs, CD20 (500 RU) for rituximab (Observed and theoretical Rmax were 30 RU and 220 
RU), obinutuzumab (Observed and theoretical Rmax were 25 RU and 220 RU, respectively) 
and ofatumumab (Observed and theoretical Rmax were 0 RU and 220 RU), EGFR (700 RU) 
for cetuximab scFv (Observed and theoretical Rmax were 30 RU and 180 RU, respectively), 
TNFα (800 RU) for infliximab (Observed and theoretical Rmax were 70 RU and 180 RU, 
respectively) and adalimumab (Observed and theoretical Rmax were 25 RU and 180 RU, 
respectively) and CD52 (200 RU) for alemtuzumab (Observed and theoretical Rmax were 60 
RU and 180 RU, respectively). The binding experiments were performed at least twice and 
the average of the kinetic parameters are shown. 



 
 

Table 4: Summary of the Tm values of scFv 

antibody 
 

Tm1 (°C) Tm2 (°C) Tm3 (°C) Reference 

trastuzumab scFv 69 ± 0.3 − − This work 

full 72 ± 0.2 80 ± 0.1*  This work 

Fab 82 ± 0.1 − − This work 

full 68.2 
71.4 

82.2* 
81.8* 

− (32) 
(12) 

Fab 81.4 − − (12) 

rituximab scFv 51 ± 0.2 68 ±0.2 − This work 

full 72 76* 83 (15) 

cetuximab scFv 58 ± 0.5 − − This work 

Fab 77.6 − − (18) 

infliximab scFv 55 ± 0.4 − − This work 

adalimumab scFv 53 ± 0.1 59 ± 0.1 − This work 

full 64 70* 81 (23) 

alemtuzumab scFv 49 ± 0.2 58 ± 0.2 − This work 

mogamulizumab scFv 57 ± 0.3 − − This work 

pertuzumab scFv 62 ± 0.2 70 ± 0.1 − This work 

full 56 71* − (29) 

Fab 77 − − (29) 

obinutuzumab scFv 71 ± 0.4 − − This work 

ofatumumab scFv 52 ± 0.2 − − This work 

Experimental DSC curves were analyzed with the non-two-state model assuming 
one or two transition processes. The first and second transition temperatures were 
indicated as Tm1 and Tm2. DSC measurements were performed two times for all the 
scFvs and the average Tm value was shown. * indicates the Tm value from the largest 
transition peak of the full-length antibody. 










