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ABSTRACT
Antibody-directed nanotherapeutics (ADNs) represent a promising delivery platform for selective delivery 
of an encapsulated drug payload to the site of disease that improves the therapeutic index. Although both 
single-chain Fv (scFv) and Fab antibody fragments have been used for targeting, no platform approach 
applicable to any target has emerged. scFv can suffer from intrinsic instability, and the Fabs are challen-
ging to use due to native disulfide over-reduction and resulting impurities at the end of the conjugation 
process. This occurs because of the close proximity of the disulfide bond connecting the heavy and light 
chain to the free cysteine at the C-terminus, which is commonly used as the conjugation site. Here we 
show that by engineering an alternative heavy chain-light chain disulfide within the Fab, we can maintain 
efficient conjugation while eliminating the process impurities and retaining stability. We have demon-
strated the utility of this technology for efficient ADN delivery and internalization for a series of targets, 
including EphA2, EGFR, and ErbB2. We expect that this technology will be broadly applicable for targeting 
of nanoparticle encapsulated payloads, including DNA, mRNA, and small molecules.
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Introduction

Targeted nanoparticles represent a promising therapeutic 
strategy for treating receptor-overexpressing cancers, auto-
immune disorders, and even in the construction of vac-
cines. These targeted nanoparticles use antibody fragments 
rather than full-length IgG molecules in order to minimize 
Fc-mediated clearance from the circulation.1,2 Although 
single-chain variable fragments (scFv) have been utilized 
in multiple immunoliposome constructs,3–7 it is often diffi-
cult to identify molecules with the requisite thermal stabi-
lity (minimum melting temperature 60°C, and preferably 
>70°C) to allow for their use in a robust manufacturing 
process. The exclusion of unstable scFv severely limits the 
number of candidates against any target, including those 
that may have other desirable characteristics such as high 
expression levels, species cross-reactivity, and good binding 
affinity. When compared to scFvs, Fabs are generally more 
thermally stable, which allows a larger panel of viable anti-
body choices.8,9 However, the conjugation procedure used 
for many nanoparticle-based constructs relies on selective 
reduction of a C-terminal cysteine,6,10–12 and the close 
proximity of other internal disulfides, specifically the dis-
ulfide connecting the heavy and light chain, commonly 
results in over-reduction of the Fab, resulting in the con-
jugation of lower molecular weight impurities that are both 
difficult to characterize and may yield undesirable pharma-
cologic properties.

Antibodies are adaptable molecules, amenable to a range of 
modifications to the disulfide bond pairing. Adding disulfide 
bonds, both between the heavy and light chain of an 
antibody13,14 or within one of the chains (reviewed by 
Hagihara and Saereas15) has been shown to improve stability. 
Single-domain antibodies and antibodies with longer comple-
mentarity-determining regions have been found to have addi-
tional disulfide bonds, which is thought to have evolved to help 
stabilize the loop. Alternative disulfide bonds have also been 
used as a solution to improve light-chain pairing within bispe-
cific antibodies.16,17

Antibodies are also frequently engineered to facilitate the 
delivery of small molecules (i.e., antibody-drug conjugates 
(ADCs)) or liposomes. Much work has gone into identifying 
positions within antibodies to add cysteines for 
conjugation.18 In conjugating antibody fragments, site- 
specific conjugations to cysteine are often exploited. 
Cysteines are used because they are rare in the antibody 
fragments and are typically remote from the antigen- 
binding site. Modified antibodies wherein cysteines are engi-
neered at specific locations for conjugation of cytotoxic drugs 
have been previously described.18–22 Incorporation of unna-
tural amino acids can be used for unique conjugation han-
dles, but these unnatural antibodies are not generally 
compatible with the standard manufacturing process.23 In 
many of these fragments, the native interchain disulfide 
bond between the heavy and light chain constant regions 
(CH1 and CL) is absent, either because the interchain 
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cysteines have been used as a site of attachment for cytotoxic 
drug, or because the interchain cysteines have been replaced 
by another amino acid to avoid effector molecule attachment 
to those cysteines.19,24

This report describes an engineering campaign to identify 
Fabs with alternative disulfide pairing that retained the stability 
of the parental Fabs. These engineered Fabs have improved 
conjugations properties, including near-complete elimination 
of low molecular weight impurities, which are particularly 
challenging in the manufacturing process. The engineered 
Fabs have shown excellent stability and excelled in internaliz-
ing conjugated liposomes using a variety of cell lines.

Results

Engineering Fabs with alternative disulfide bonds

We first wanted to characterize the role of the disulfide bond 
between the heavy and light chain on Fab thermal stability, 
since antibody fragments need to have melting temperatures of 
at least 70°C to be robustly conjugated to a nanoparticle. An 
antibody from a human naïve library (with a kappa light chain) 
was expressed on three different isotypes (IgG1, IgG2, and 
IgG4) with and without the disulfide bond. Antibodies were 
also designed with disulfide bonds at alternative positions 
within the Fab, further away from the C-terminus. The 
amino acid positions were determined by examining a crystal 
structure (1HZH) and mutating residues to cysteine when the 
heavy chain and light chain were within 10 Å of each other 
(Figure 1). Finally, a well-studied VH-VL (HC: G44C, LC: 
G100C, Kabat numbering used throughout this report) disul-
fide pair13 was also included.

These Fabs were transiently expressed in HEK 293 cells and 
purified using CH1 resin. The melting temperature was then 
measured using differential scanning fluorimetry (DSF). As 
observed in Table 1 and Supplemental Figure S1, removing 
the disulfide bond resulted in a lowering of the melting tem-
perature by approximately 5°C. The two Fabs containing alter-
native disulfide pairing, Fab 5 (HC: G44C LC: G100C) and Fab 
7 (HC: F174C, C233S LC: S176C, C214S) retained melting 
temperatures above 75°C. In contrast, Fab 8 (HC: L124C, 
C233S LC: F118C, C214S) had over a 10°C loss in melting 
temperature. Based on these results, we decided to test the 
conjugation capability of the Fabs that maintained their ther-
mal stability.

Testing of conjugation efficiency

We took two sets of mutations (Fab 5 and Fab 7) and designed 
Fabs using an anti-EphA2 antibody fragment (MM-310) as the 
variable domain that had been previously engineered to have 
high stability.25 This antibody fragment has a lambda light 
chain, which allowed us to confirm that the alternative disul-
fide pairing would work for both types of light chains. The 
melting temperatures of these antibodies (Fab 11 – Fab 14 in 
Table 1) were similar to the first round of antibody fragments 
tested. The wild-type Fab (Fab 11) melting temperature was 
77.3°C, and all three Fabs with alternative disulfides had melt-
ing temperatures that were higher than 75°C.

We then tested these constructs in conjugations assays. 
Here, various Fab’ dimers were first reduced under mild redu-
cing conditions using cysteine, and subsequently conjugated to 
a maleimide-terminated PEG2000- 
distearoylphosphatidylethanolamine lipid anchor (Figure 2), 
that could subsequently be used in the preparation of immu-
noliposomes. The results of the SDS-PAGE analysis of Fab 11, 
Fab 12, Fab 13, and Fab 14 during the conjugation are shown in 
Figure 3. These gels show the non-reduced and reduced Fabs 
prior to conjugation, the conjugation mix, the purified con-
jugation, and the unconjugated fraction. Fab 12 (HC: G44C 
LC: G100C) produced a high proportion of chain dissociation 
products, as shown by the lower molecular weight species in 
lane 9. Fab 13 (HC: F174C, C233S LC: S176C, C214S) shows 
the best interchain stability (as shown by the intact Fab in the 
non-reduced sample, lane 12) and purity of the conjugate (lane 
15). Fab 14 produced a low proportion of chain dissociation 
products, but a high proportion of multiple-conjugation pro-
ducts, as evidenced by the presence of the higher molecular 
weight species in lane 20.

Additional engineering to improve stability

Although Fabs containing the HC: F174C, LC: S176C muta-
tions are improved in the conjugation efficiency to liposomes, 
they have a slightly lower melting temperature when compared 
to the wild-type Fab (78.5°C vs 75.7°C for the kappa, 77.3°C vs 
76.1°C for the lambda). We wanted to further improve the 
thermal stability of the Fab by additional engineering. We 
tested the addition of negative charge (Fab 15), as well as the 
addition of hydrophobic residues to improve packing (Fab 16, 
Fab 17). We also combined mutations in various permutations 
(Fab 17–19). The specific mutations and melting temperatures 
are shown in Table 1. Adding negative charge and altering 
packing of the Fab resulted in higher melting temperatures 
(79.6°C and 80.7°C) when compared to Fab 13 (76.1°C), but 
interestingly, combining the mutations (Fab 18) did not result 
in improvements in stability. The analytical SEC profiles of Fab 
11 and Fab 16–19 from the initial purifications are shown in 
Supplemental Figure S2; no improvements in the percentage of 
monomer were observed.

Figure 4 shows the SDS-PAGE of the additionally engi-
neered Fabs (Fab 15-19) as non-reduced protein, reduced 
protein, conjugation mixture, and purified conjugates. 
Among these Fabs, Fab 16 (lane 12) and Fab 19 (lane 24) 
gave the lowest quantity of dissociated chains; however, all 
were significantly better than the wild type. This shows that 
these Fabs have high stability against chain dissociation during 
conjugation to pegylated lipids.

Reduction and conjugation of engineered Fabs to 
Mal-terminated PEG-DSPE

The SH/protein ratios for the reduced Fabs are shown in Table 2. 
Ideally, the SH/protein ratio would be close to 1. As shown in the 
table, Fab 11, which contains wild-type disulfide bonds, has an 
SH/protein ratio of 1.64, suggesting the Fab is being over- 
reduced. Changing the disulfide pairing resulted in an improved 
SH/protein ratio for most of the Fabs, indicating the engineered 
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Fabs are not being over-reduced. Interestingly, Fabs with the 
disulfide bond in the variable domain (Fab 12 and Fab 14) had 
worse SH/protein ratios, suggesting over-reduction.

Additionally, the binding of the anti-EphA2 Fab conjugates 
to EphA2 was measured relative to Fab 11, which contains wild- 
type disulfide pairing. One Fab, Fab 18, had poor binding, but 
the rest had greater than 85% binding to the target, indicating 
that the engineered Fabs were effectively incorporated into Fab- 
targeted drug-loaded liposomes. Fab conjugates 16, 17, and 19 
showed the best combination of high conjugation efficiency and 
EphA2 binding of those tested.

Insertion of Fab-PEG-DSPE into liposomes and 
characterization

As shown in Table 3, the wild-type Fab (Fab 11) had a high 
percentage of non-product bands: 45.2% for the conjugate and 
24% for the conjugate-comprising liposomes. In contrast, the 
engineered Fabs exhibited a reduction of non-product bands. 
Using Fab 13, Fab 15, Fab17, Fab 18, Fab 19, Fab 20, Fab 21, or 
Fab 22 resulted in less than 10% non-product bands. The 
insertion efficiency was calculated as the percent of protein, 
per unit of phospholipid that remained associated with the 
liposomes after purification by size-exclusion chromatography.

Figure 1. Sites selected for the addition of disulfide bonds (a) shows a cartoon representation of the disulfide bonds on a wild-type Fab or engineered Fabs, 
including one with a lambda light chain. (b) shows a PyMOL representation of the disulfide bond for a wild-type Fab. The disulfide bonds are in spheres and the free 
cysteine for conjugation at position 239 is also a sphere. (c-e) show the alternative disulfide pairing for a Fab with a kappa light chain and (f) shows an alternative 
disulfide pairing with a lambda light chain (Fab 13). The alternative disulfide pair in Fab 7 and Fab 13 (HC: F174C, C233S LC: S176C, C214S) was selected for additional 
engineering.
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Additional characterization of F174C:S176C mutations

Based on the liposome incorporation results, several engi-
neered Fabs would be appropriate for use as targeted nanopar-
ticle therapies. We thus further characterized the Fabs with the 
fewest mutations (Fab 7/Fab 13), HC: F174C, C233S LC: 
S176C, C214S), chosen to minimize potential immunogenicity. 
In addition to the Fab previously generated using the sequence 
of the anti-EphA2 scFv 310,25 we also generated Fabs with 
either wild-type or alternative disulfide pairing with the 
sequence of P1X, an anti-epidermal growth factor receptor 
(EGFR) monoclonal antibody and a component of the oligo-
clonal EGFR inhibitor, MM-151.26,27 We measured the melting 
temperature and conducted accelerated stability studies 

(Table 4 and Supplemental Figure S3). Altering the disulfide 
bond location did not appear to affect the overall stability; all 
measurements appear similar, except slightly higher aggrega-
tion at 60°C for the P1X Fab7.

Finally, we tested these antibodies in cell-based assays to 
confirm that the alternative disulfide pair did not affect its ability 
to induce uptake of the liposomes into cells (Figure 5). MM-310 
(EphA2) Fab7, P1X (EGFR) Fab7, and MM-302 (ErbB2) Fab 7 
were tested for their ability to induce uptake of corresponding 
immunoliposomes in three cell lines: A549 (EGFR+, EphA2+, 
ErbB2-), OVCAR-3 (EGFR+, EphA2+, ErbB2+), and KYSE-410 
(EGFR+, EphA2+, ErbB2+). All Fabs could promote significant 
uptake in multiple cell lines (35-to-481-fold) over nontargeted 
liposome controls, suggesting that the alternative disulfide pair-
ing is not affecting its ability to actively target immunoliposomes 
to cancer cell lines overexpressing the receptors.

Discussion

Antibody-directed nanotherapeutics (ADNs), such as immu-
noliposomes containing DNA, RNA, or small-molecules, pro-
vide a unique platform for selectively delivering therapeutic 
payloads to sites of disease, improving their therapeutic 
index.2,5,27 They offer a variety of advantages over conventional 
ADCs, including increased versatility resulting from improved 
protection of the payload from degradation, to the significantly 
higher drug loading capacity (10,000 vs 2–8 drugs/mAb) and 
a second layer of targeting due to the relatively large size of the 
nanoparticle and its restricted distribution in healthy 
tissues.28,29

Other differences between the two platforms include the 
format of the antibody or targeting ligand, and the conjugation 
strategy. For conventional ADCs, the antibodies typically used 
are in the full IgG format to take advantage of the FcRn- 
mediated recycling, and thus longer retention in the circula-
tion, while with ADNs the carefully engineered particle itself 
provides for the protracted pharmacokinetics, and antibody 
fragments, such as Fabs or scFv, are routinely used.3,5,6,12 In 
fact, with ADNs the conjugation of full IgG molecules can 
result in increased clearance by the liver.1 ADNs hold substan-
tial promise as agents that can improve the delivery and ther-
apeutic index of both small molecule and nucleic acid-based 
therapeutics.28,30–32 A high Tm, small unilamellar liposome 

Table 1. Design of Fabs with melting temperatures.

Construct Description
Variable 
domain

Tm 
(degC)

Fab 1 Wild-type IgG1 Naïve 
kappa

78.5

Fab 2 IgG1 without disulfide bonds (HC: C233S LC: 
C214S)

Naïve 
kappa

72.5

Fab 3 Wild-type IgG2 Naïve 
kappa

75.7

Fab 4 IgG2 without disulfide bonds (HC: C127S LC: 
C214S)

Naïve 
kappa

70.7

Fab 5 IgG1 (HC: G44C LC: G100C) Naïve 
kappa

77.7

Fab 7 IgG1 (HC: F174C, C233S LC: S176C, C214S) Naïve 
kappa

75.7

Fab 8 IgG1 (HC: L124C, C233S LC: F118C, C214S) Naïve 
kappa

65.7

Fab 9 Wild-type IgG4 Naïve 
kappa

75.7

Fab 10 IgG4 without disulfide bonds (HC: C127S LC: 
C214S)

Naïve 
kappa

70.9

Fab 11 Wild-type IgG1 MM-310 77.3
Fab 12 IgG1 (HC: G44C LC: G100C) MM-310 76.1
Fab 13 IgG1 (HC: F174C, C233S LC: S176C, C214S) MM-310 76.1
Fab 14 IgG1 (HC: G44C, F174C, C233S LC: G100C, 

S176C, C214S)
MM-310 77.5

Fab 15 IgG1 (HC: H172E, F174C, C233S LC: T162D, 
S176C, C214S)

MM-310 79.6

Fab 16 IgG1 (HC: H172F, F174C, C233S LC: T162L, 
S174V, S176C, C214S)

MM-310 80.7

Fab 17 IgG1 (HC: G44L, F174C, C233S LC: S176C, G100L 
C214S)

MM-310 75.1

Fab 18 IgG1 (HC: G44L, H172E, F174C, C233S LC: 
G100L, T162D, S176C, C214S)

MM-310 73.8

Fab 19 IgG1 (HC: G44L, H172F, F174C, C233S LC: 
G100L, T162L, T172V, S176C, C214S)

MM-310 74.8

Figure 2. Schematic of the conjugation and subsequent insertion of stabilized Fabs into liposomes or lipid nanoparticles. (a) Fab dimers are initially reduced 
under mild reducing conditions to generate Fab fragments with a single C-terminal cysteine. (b) These Fabs are subsequently conjugated to maleimde-terminated PEG- 
distearoylphosphatidylethanolamine (Mal-PEG-DSPE) in the presence of excess PEG-DSPE.
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drug carrier platform has been well established for this purpose 
due to good drug retention properties, low clearance from the 
circulation and certain selectivity to tumor tissues due to dif-
ferential vascular permeability and retention (EPR effect).29,31 

Liposome nanotherapeutics also afford micellar post-insertion, 
a versatile and robust “click” method, to be used for attachment 
of targeting ligands (including proteins) to the particles.7,33 

The antibody-targeting ligands are convenient and useful for 
modulating the internalization and overall microdistribution 
of the nanoparticle at the site of disease.5,27 Typically, con-
struction of the final ADN on the high-Tm liposome drug 
carrier platform using membrane post-insertion method 
requires a high temperature post-insertion or membrane cap-
ture step (60–65°C) to incorporate the targeting ligand 
efficiently,7,12,33 raising the opportunity for denaturation and 
inactivation of the antibody during the process. Identifying 
antibody fragments with the requisite stability thus becomes 
imperative. Maintaining the ability to not only bind to target 
cells, but also induce internalization in order to enable intra-
cellular processing and drug release, is essential.2,27,34

In addition to immunoliposomes, lipid nanoparticles 
(LNPs) or polymers delivering nucleic acids have provided 
for efficient delivery and expression of proteins. Indeed, the 
current SARS-COV-2 vaccines, mRNA-1273 from Moderna 
and BNT162b2 from BioNtech, use LNPs to enable highly 
efficient mRNA vaccines in the treatment of SARS-CoV-2.35– 

37 Although many of these LNPs are currently nontargeted 
outside of the tropism provided by the nanoparticle itself, 
their specificity toward specific cell types can be increased 
dramatically through a combination of particle surface engi-
neering to reduced nonspecific cell association and the con-
jugation of targeting ligands, such as antibody fragments. We 
have previously shown that HER2-targeted LNP could result in 
a 850-fold increase in gene expression in HER2-overexpressing 
cancer cells for anionic pegylated LNPs and 167-fold increase 
for neutral pegylated LNPs.38 More recent studies have con-
jugated antibody fragments against CD3 or CD5 to polymeric 
nanoparticles39,40 or LNPs41 in an effort to reprogram immune 
cells for next-generation CAR-T therapies. The engineering of 

Figure 3. SDS-PAGE analysis of conjugated and unconjugated Fabs Fab 11, Fab 12, Fab 13, and Fab 14 were run on SDS-PAGE to analyze the purity of the Fabs 
during the conjugation process. Each Fab was run as non-reduced and reduced Fab, and then both the conjugation mixture and purified conjugate were run. Molecular 
weight markers are included in the first lane and last lanes of the gel. A reference standard is included.

Figure 4. SDS-PAGE analysis of conjugated and unconjugated Fabs Fab 11, Fab 15, Fab 16, Fab 17, Fab 18 and Fab 19 were run on SDS-PAGE to analyze the purity of 
the Fabs during the conjugation process. Each Fab was run as non-reduced and reduced Fab, and then both the conjugation mixture and purified conjugate were run. 
Molecular weight markers are included in the first lane and last lanes of the gel. .
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Fab’ molecules in a format that would allow them to be effi-
ciently conjugated to these various nanoparticles is critical to 
their successful commercial development.

We have described here the optimization of the Fab 
format to bury stabilizing disulfides in the interior of the 
fragment, away from the C-terminal conjugation site intro-
duced for covalent attachment to immunoliposomes 
through a maleimide-terminated PEG- 
distearoylphosphatidyl-ethanolamine lipopolymer anchor. 
Placement of the disulfide bond on the interior of the 
fragment should also minimize potential immunogenicity. 
The approach yields a lower level of over-reduction of the 
Fab during the initial reduction step of the process, and 
lower molecular weight conjugated species, while maintain-
ing the ability to bind and induce cell uptake of the con-
jugated immunoliposomes. Next steps for this platform 
would include testing the alternative disulfide pairing at 
larger scales for additional CMC assessments, as well as 
testing on a larger panel of antibody sequences. This sig-
nificant advancement will broaden the pool of developable 

antibodies by allowing more routine use of Fabs as target-
ing ligands to a variety of cellular targets where an antibody 
is available.
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Materials and methods

Design of thermostable Fabs

Constructs were synthesized and subcloned into a pCEP4 
mammalian expression vector (Invitrogen). The IgG1 Fab con-
structs were engineered to include the heavy chain C-terminal 
sequence DKTHTCAA. The IgG2 Fab constructs (Fab 3 and 
Fab 4) were engineered to include the heavy chain C-terminal 
sequence ERKCAA. The IgG4 Fab constructs (Fab 9 and Fab 
10) were engineered to have the heavy chain C-terminal 
sequence ESKYGCAA.

All Fab constructs were transiently expressed using the 
293 F system (Invitrogen®). Cells were grown to 600 mL 
using F17 media supplemented with 4 mM L-glutamine and 
0.1% Pluronic® F-68 (BASF®) in 5% CO2 to a density of 
1.7 million cells/mL in a 2 L flask, and then transfected with 
1 µg of DNA and 2.5 µg high molecular weight polyethylenei-
mine/mL of cells. After six days, the proteins were harvested by 
centrifuging the cells at 4000x g and filtered using a 0.22 µm 
filter.

The filtered supernatant was incubated with CaptureSelect 
IgG1-CH1 affinity matrix (Life Technologies) for 1 hour at 
room temperature with agitation. The slurry was filtered, 
poured into a column, and equilibrated with phosphate- 
buffered saline (PBS). The bound protein was eluted with 
100 mM glycine pH 3.0, neutralized with 1 M Tris to a pH of 
5.5, and filtered with a 0.2 μm filter. Purified proteins were then 
analyzed using SDS-PAGE analysis.

Thermostability analysis using differential scanning 
fluorescence

Purified Fabs were analyzed to determine their melting tem-
peratures. Melting temperatures were determined by differen-
tial scanning fluorescence. For Fabs 1–Fab 14, 10 µM of protein 

Table 2. Reduction, conjugation yield, and target binding of Fabs.

Fab Description
SH/ 

protein
Conjugate yield 

(reduced protein), % % Binding to EphA2 (relative to Fab 11)

Fab 11 Wild-type IgG1 1.64 62.5 100
Fab 12 IgG1 (HC: G44C LC: G100C) 1.94 57.9 108.3
Fab 13 IgG1 (HC: F174C, C233S LC: S176C, C214S) 1.16 66.2 96.9
Fab 14 IgG1 (HC: G44C, F174C, C233S LC: G100C, S176C, C214S) 1.92 48.5 105.0
Fab 15 IgG1 (HC: H172E, F174C, C233S LC: T162D, S176C, C214S) 1.11 69.5 86.0
Fab 16 IgG1 (HC: H172F, F174C, C233S LC: T162L, S174V, S176C, C214S) 1.10 83.1 85.0
Fab 17 IgG1 (HC: G44L, F174C, C233S LC: S176C, G100L C214S) 1.09 79.5 89.7
Fab 18 IgG1 (HC: G44L, H172E, F174C, C233S LC: G100L, T162D, S176C, C214S) 1.44 79.5 75.5
Fab 19 IgG1 (HC: G44L, H172F, F174C, C233S LC: G100L, T162L, T172V, S176C, C214S) 1.17 76.9 96.8

Table 3. Generation of non-product bands and liposome insertion efficiency of 
Fabs.

Non-product bands 
(%) Insertion Efficiency (%)

Fab Conjugate Liposomes

11
45.2

24.0 63.4

12
27.5

16.6 69.5

13
6.4

2.2 84.9

14
23.4

10.1 42.4

15
8.2

11.0 92.8

16
15.0

14.3 93.7

17
9.4

8.8 84.2

18
7.6

9.5 93.3

19
8.6

8.1 87.4

20
5.3

4.5 95.5

21
5.5

4.5 99.5

22
5.8

3.4 90.1

e2083466-6 .M. L. GEDDIE ET AL.



and 1X Sypro Orange (Life Technologies) in 1X PBS was mixed 
to a final volume of 25 µL and heated from 20°C to 90°C at 
a rate of 1°C/min using the IQ5 real-time detection system 
(Bio-Rad). For Fab 15 – Fab 19, 10 µM of protein and 1X of 
Protein Thermal Shift Buffer and Dye (Life Technologies) was 
mixed to a final volume of 20 μL and heated from 25°C to 99°C 
at a rate of 3°C/min using the ViiA7 real-time detection system 
(Life Technologies). The melting temperature reported is the 
temperature of the maximum value of the first derivative.

Reduction of Fabs with cysteine

To prepare purified Fabs for conjugation with mal-PEG-DSPE 
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[maleimide(polyethylene glycol)]), Fabs in solution in 0.1 
M glycine-HCl or 10 mM citrate, pH adjusted to about 6.0 with 
Tris-base, were concentrated on a YM-10 diafiltration membrane 
(Amicon) to about 4–5 mg/mL of the protein. Reduction/activa-
tion of the C-terminal cysteine present in the heavy-chain 
sequences of each Fab was performed by adding ethylenediami-
netetraacetic acid (EDTA) to 5 mM and cysteine hydrochloride, 
pH 5.7 (adjusted with 1 M trisodium citrate) to 15 mM, followed 
by incubation at 30°C for 1 hour. The solution was passed through 
a SEPHADEX G-25 (PD-10) column to exchange the protein into 
conjugation buffer (5 mM citrate, 1 mM EDTA, 140 mM NaCl, 
pH 6.0). Aliquots of the resulting protein solution were diluted 
with conjugation buffer, typically 5–10-fold, to a volume of 0.9 mL, 
mixed with 0.1 mL of 1 M HEPES-Na buffer pH 7.3, and 0.01 mL 
of 20 mM, 5,5’-dithiobis(2-nitrobenzoic acid) (“Ellman’s reagent”) 
in dimethyl sulfoxide. Five to 10 minutes after mixing, the absor-
bance of the solution was measured at 412 nm against a protein- 
free blank. Concentration of reactive thiol groups was calculated 

using the molar extinction value of 12,500 L/mol/cm and normal-
ized to the molar concentration of the protein (A280 = 1 molecular 
weight of kDa) determined by UV spectrophotometry at 280 nm 
using molar extinction coefficient calculated from the protein’s 
amino acid sequence (about 1.43) to give SH/protein ratio.

Conjugation of Fabs with mal-PEG-DSPE

Reduced Fabs were conjugated to mal-PEG-DSPE linker in 
the following way. First, mal-PEG-DSPE (PEG mol. weight 
2000, NOF Corp., Japan) and methoxy-PEG-DSPE (PEG mol. 
weight 2000, Avanti Polar Lipids, USA) were co-dissolved in 
distilled water, acidified with citric acid to pH 5.7, at 
a concentration of 10 mg/mL each. The solution was briefly 
heated to 60°C to effect the formation of mixed micelles 
containing thiol-reactive and nonreactive PEG-DSPE deriva-
tive. Then, the linker solution was added to 1 mL of the 
reduced protein solution in the conjugation buffer to achieve 
the mass ratio of the active (mal-PEG-DSPE) linker to the 
protein of 0.23, and the conjugation mix was stirred at room 
temperature for about 4 hours. The reaction was stopped by 
quenching unreacted maleimide groups with 0.5 mM cysteine 
for 5–10 min, and, after analytical sampling, the mix was 
applied on a gravity-fed chromatography column with 
Ultrogel AcA 34 (Sigma Chemical Co, USA), bed volume 
17 mL, equilibrated with the conjugate storage buffer (10% 
w/v sucrose, 10 mM citrate-Na, pH 6.5).

The column was eluted with the same buffer, 0.5-mL fractions 
were collected, and the protein concentration was determined by 
spectrophotometry at 280 nm using the same extinction coeffi-
cients as for the unconjugated Fabs. Due to micellar character of 
the Fab-PEG-DSPE conjugate in aqueous solution,7 the conju-
gate appeared in the fractions near the column void volume (first 
peak). These fractions were combined and passed through 
a 0.2-µm polyethersulfone syringe filter to give the purified 
conjugate. The second (smaller) protein peak, containing uncon-
jugated protein, was detected and sampled for analysis.

Insertion of Fab’ conjugates into liposomes

Liposomes of HSPC-Cholesterol-methoxyPEG(2000)DSPE 
(3:2:0.3 molar ratio) with an average size of 91 nm (PdI = 0.06) 
were loaded with doxorubicin hydrochloride at the drug/ 

Table 4. Stability analysis of Fabs, as measured by % aggregation using SEC.

Tm 
(°C)

One 
week 
4°C 
(% 

change)
One week 37 °C 

(% change)
30 min 60 °C 
(% change)

Fab 11 80.6 0.1 9.2 0.7
Fab 13 80.6 0.2 6.3 0.8
P1X_ wild-type DiS 77.5 0.3 8.4 0.4
P1X (HC: F174C, C233S 

LC: S176C, C214S)
76.0 0.2 8.0 2.0

Figure 5. Uptake and internalization of liposomes by Fab variants on various cell lines. Fabs were evaluated for the ability to cause cellular uptake of liposomes in 
three cell lines using the CLIA high-throughput assay. A549 is Erb2-, EGFR+ and EphA2+, OVCAR-3 is ErbB2+, EGFR+, and EphA2+, and KSYE-410 is also ErbB2+, EGFR+, 
and EphA2 + .
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liposome ratio of 0.13 g/mol phospholipid using ammonium 
sulfate gradient method (0.25 M ammonium sulfate) essentially 
as described by Martin.42 The lipids of the liposome were quan-
tified by phosphate assay following acid digestion.43

A solution of Fab-PEG-DSPE [PEG (2000)] conjugate in 10% 
sucrose-10 mM citrate buffer pH 6.5 was added to a suspension of 
liposomes in 10% sucrose, 10 mM histidine buffer pH 6.5, along 
with extra sucrose-citrate buffer to achieve concentrations of 
0.16 mg/mL of the Fab and 8 mM of the liposome phospholipid 
(Fab/liposome ratio of 20 g protein/mol of phospholipid, or about 
30 Fab molecules/liposome). The mixture was quickly heated to 
60°C and maintained at this temperature for 30 minutes with 
stirring. Then the mixture was chilled on ice, and the liposomes 
with membrane-inserted Fab-PEG-DSPE conjugates were sepa-
rated from the non-inserted conjugate and extra-liposomal drug 
by size-exclusion chromatography on a Sepharose CL-4B col-
umn, eluted with 144 mM NaCl-5 mM HEPES buffer pH 6.5 as 
described previously.11 The chromatography showed practically 
no leakage of the drug from the liposomes during the incubation, 
as judged by the absence of any visually detectable chromato-
graphic band corresponding to free doxorubicin.

Aliquots of the liposomes containing known amounts of 
phospholipid were solubilized in SDS-PAGE running buffer 
and separated by SDS-PAGE on the NuPage BT 4–12% gel 
(Life Technologies). The gels were stained with SimplyBlue 
Coomassie, and the bands were quantified by densitometry 
using concurrently run dilutions of bovine serum albumin 
(Pierce) as standards. Any protein on the gel that was higher 
or lower molecular weight species than predicted for the con-
jugate was classified as non-product bands, and the percentage 
was calculated by comparing it to the density of the correct 
product band.

Determination of EphA2 binding of Fab-PEG-DSPE 
conjugates and corresponding immunoliposomes

The Fab-PEG-DSPE conjugates were assayed for EphA2 bind-
ing strength using the ForteBIO system to determine whether 
conjugation or engineering of the Fab affected binding activity. 
Anti-His5 sensors were first coated with his-tagged recombi-
nant, human EphA at a concentration of 10 µg/mL protein in 
PBS. The sensors were then incubated in 4 µg/mL of Fab-PEG- 
DSPE conjugate in PBS. The slope of an association curve 
between 2 and 10 sec was determined and compared across 
the variants and to the reference conjugate, Fab 11-PEG-PE, 
which is the anti-EphA2 antibody with wild-type disulfide 
pairing.

The purified immunoliposomes were assayed for EphA2 
binding strength by ForteBIO Octet Red96 system (Pall) in 
PBS at 25 µM liposome phospholipid using anti-His5 sen-
sors coated with recombinant human EphA2 with 
C-terminal hexahistidine. The slope of the association 
curve from 3 to 20 sec was determined and compared to 
the slope observed for liposomes with inserted conjugate of 
the wild-type Fab.

Cell Uptake of Fab-targeted immunoliposomes

Three cell lines (A-549, OVCAR-3, and KYSE-410) plated 
at a density of 100,000 cells/well overnight and were sub-
sequently incubated with fluorescently labeled (DiIC18(5)- 
DS) liposomes at a concentration of 25 µM phospholipid 
at 37°C for 4 hours. The cells were then washed twice with 
200 µL of PBS and analyzed using FACS (FL4) to measure 
the amount of signal associated with the cells. Untreated 
cells and cells incubated with nontargeted liposomes (i.e., 
no antibody conjugate included) were included as 
controls.

Engineered forms of additional antibodies

Fab versions of the anti-EGFR antibody P1X 27 and anti-ErbB2 
antibody F512 having the same constant regions as the wild- 
type Fab or Fab 7 were engineered and expressed essentially as 
described above for the EphA2 Fab.

Size exclusion chromatography

Sample (50 mg) was injected on a TSKgel SuperSW3000 col-
umn using 50 mM sodium phosphate, 400 mM NaClO4, pH 
7.0, as running buffer. The run time was 20 min. All measure-
ments were performed on Agilent 1100 HPLC equipped with 
an auto sampler, binary pump, and diode array detector. Data 
were analyzed using Chemstation software.

SDS-PAGE

SDS-PAGE was performed using 10 ug of protein on Bio-Rad 
Mini-PROTEAN TGX gels and Coomassie G-250 staining 
according to the supplier’s protocol.

Accelerated stability studies

Experiments were conducted with antibodies buffered with 
0.1 M citric acid, 50 mM Tris, pH 6.0. Antibodies were incu-
bated at °C or 37°C for 1 week, or for 30 minutes at 60°C. 
Antibodies were then measured for aggregation using size- 
exclusion chromatography as described above.
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