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ABSTRACT
As biologics have become a mainstay in the development of novel therapies, protein engineering tools to 
expand on their structural advantages, namely specificity, affinity, and valency are of interest. Antibodies 
have dominated this field as the preferred scaffold for biologics development while there has been limited 
exploration into the use of albumin with its unique physiological characteristics as a platform for biologics 
design. There has been a great deal of interest to create bispecific and more complex multivalent 
molecules to build on the advantages offered by protein-based therapeutics relative to small molecules. 
Here, we explore the use of human serum albumin (HSA) as a scaffold for the design of multispecific 
biologics. In particular, we describe a structure-guided approach to the design of split HSA molecules we 
refer to as AlbuCORE, that effectively and spontaneously forms a native albumin-like molecule, but in 
a heterodimeric state upon co-expression. We show that the split AlbuCORE designs allow the creation of 
novel fusion entities with unique alternate geometries. We also show that, apart from these AlbuCORE 
fusion entities, there is an opportunity to explore their albumin-like small hydrophobic molecule carrying 
capacity as a drug conjugate in these designs.
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Introduction

Human serum albumin (HSA) is the most abundant protein in 
serum. Opportunities for the use of albumin-based therapeutic 
design stem from its natural physiology and function as 
a transporter molecule with the ability to pass through the 
endothelial barriers lining blood vessels and access extravascu-
lar space and the lymphatic system.1–5 Additionally, albumin 
also exhibits a long plasma half-life, which can be exploited for 
improving the pharmacokinetic (PK) properties of both small 
molecules and polypeptides that typically exhibit fast in vivo 
clearance. In normal epithelial cells, the neonatal Fc receptor 
(FcRn) is recognized for its role in recycling HSA following 
pinocytosis.6 The binding and transport capacity of albumin in 
the tumor microenvironment has been used for the detection 
of sentinel lymph nodes during tumor biopsies using a variety 
of imaging techniques in malignant melanoma and early breast 
cancer detection7,8 and to deliver chemotherapeutics, including 
nab-paclitaxel (a nanoparticle formulation of the chemother-
apeutic drug paclitaxel with albumin), with fewer side effects.9

The pathological hypoalbuminemia and cachexic condition 
observed in critically ill cancer patients has been linked to 
catabolic degradation of serum albumin in diseased cells.10–12 

A drastic change in the metabolic state of the tumor micro-
environment is a recognized hallmark of aggressive cancers,13 

and albumin is taken up by Ras-transformed pancreatic cancer 
cells by micropinocytosis for catabolic degradation to meet 
essential amino acid requirements.14,15 It was recently reported 
that wild-type Ras tumor cells downregulate the expression of 

FcRn, thus facilitating the uptake and breakdown of albumin 
by tumor cells for its metabolic needs.16 A number of putative 
albumin-binding proteins and receptors, including FcRn, gp60, 
gp30, calreticulin, cubilin, megalin, and secreted protein acidic 
and rich in cysteine (SPARC), have been identified to have 
physiological roles in albumin transport and homeostasis.3 

Among these, overexpression of the extra-cellular SPARC pro-
tein in the tumor microenvironment and its potential relation 
to tumor growth as a positive or negative prognostic indicator 
have been proposed.17,18 A recent study suggests that caveolin- 
1 is a predictive biomarker of nab-paclitaxel activity, as well as 
albumin uptake across pancreatic and non-small cell lung 
cancer cells where nab-paclitaxel is clinically active.19

Prior to the recent successes in manipulating immunomo-
dulatory checkpoint targets, the success rate of antibodies 
against solid tumor cell surface targets had only been modest 
in the 20 years since the first approved antibody drug (trastu-
zumab) against a solid tumor target. There have been 10 new 
approvals for use in solid tumors (against 5 unique targets) of 
the total of 81 US FDA-approved antibody therapies.20 Among 
other factors, the limited efficacy of monoclonal antibodies in 
treating solid tumors has been attributed to the barriers intro-
duced by the tumor microenvironment and stroma that limit 
tumor.21–24 A number of alternate scaffolds have been devel-
oped with notably smaller molecular size than a full-length 
monoclonal antibody, but biologics based on such scaffolds 
are hindered by poor half-life.25 Some of these designs have 
relied on hitchhiking with albumin to balance serum 
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persistence without loss of the distribution advantage.26 In 
a tumor imaging study, a bifunctional molecule targeting 
human epidermal growth factor receptor 2 (HER2) and albu-
min was shown to rapidly target tumors and result in lower 
overall tissue exposure and achieve better tumor penetration 
than trastuzumab.27

The Fc domain of an antibody therapeutic also plays an 
important functional role in mediating various effector func-
tions, including antibody-dependent cell-mediated cytotoxicity 
(ADCC), complement-dependent cytotoxicity (CDC), and 
antibody-dependent cellular phagocytosis (ADCP). However, 
in a number of contemporary biologics treatment modalities 
such as for immuno-oncology or in autoimmune settings, 
effector function might be best avoided.28,29 For example, 
both the recently successful PD1-targeting antibodies nivolu-
mab and pembrolizumab are IgG4 molecules.30 Using albumin 
as an alternate to Fc naturally avoids interactions with the 
immune effector system.

Rarely is targeting a single antigen or pathway sufficient to 
effectively treat complex diseases such as cancer, given the 
multitude of factors that contribute to disease progression 
and drug resistance. The substantial opportunity offered by 
novel multi-target engagement strategies involving biologics 
is conveyed by the plethora of approaches developed to make 
bispecifics.31 Bispecific molecules introduce a spatio-temporal 
constraint during the engagement of the two targeted arms, 
leading to novel functional effects potentially not achievable 
with a combination of the component parental arms. For 
instance, there is a growing body of data showing that targeting 
multiple epitopes concurrently on the epidermal growth factor 
receptor family members can introduce unique effects, such as 
receptor downregulation and altered rate of endocytosis.32–36 

Another example would be achieving agonistic activity by 
targeting tumor necrosis factor family receptors, which 
requires particular geometric clustering of the receptors, 
mediated by engagement of particular epitopes.37 While 
a number of antibody Fc-based designs have been developed 
for bispecific therapeutics, we were interested in developing an 
alternate albumin-based scaffold for bispecific design.

The use of albumin in a variety of therapeutic development 
efforts has been described in the literature. MM-111, 
a bispecific molecule that was evaluated clinically, was designed 
as a single polypeptide composed of HER2- and HER3- 
targeting single-chain variable fragments (scFvs) fused to 
HSA.38 Albinterferon, composed of interferon alpha-2b fused 
to HSA, was evaluated in Phase 3 trials as part of hepatitis 
C treatment regimen.39,40 Albiglutide is a glucagon-like peptide 
1 fusion with albumin approved for treatment of type 2 
diabetes.41 All these designs involve fusions to either the N or 
C-terminus of albumin, or both, as in the case of the bispecific 
MM-111. As the C-terminal domain of HSA is involved in 
binding to FcRn,42 fusions to that terminus can have a negative 
impact in the binding affinity between HSA and FcRn,43 lead-
ing to a putative reduction in serum half-life. There is limited 
opportunity to design bispecific molecules using albumin 
beyond creating fusions to the natural termini. Here, we pre-
sent the engineering strategy and development of a novel HSA- 
derived multivalent molecular platform (Figure 1a) we refer to 
as AlbuCORE, in which the HSA is split into two self- 

associating polypeptides, thus allowing for the introduction 
of up to four targeting or therapeutic fusion moieties at each 
N- or C-termini of the two polypeptides. The engineering is 
designed to utilize the intrinsic features of albumin as a core 
scaffold while enabling specific targeting opportunities with 
different alternate multivalent geometric design.

Materials and methods

In silico design of AlbuCORE scaffolds

Most of the structural analysis were conducted using the pub-
lished crystallographic model of native HSA (Protein Data 
Bank ID 3JRY44) with Zymeworks’ proprietary molecular 
modeling and simulation platform ZymeCAD™, including 
molecular dynamics simulations, root mean square fluctuation 
(RMSF) analyses, residue solvent exposure, residue contact 
analysis, and interface and per-residue energy contributions. 
Temperature factors were derived directly from the crystal 
structure.

For the in-silico evaluation of putative split albumin 
(AlbuCORE) molecules we used the following guidelines:

(i) The split site should reside on an exposed flexible 
loop. This loop should be relatively mobile and should 
not be involved in significant contacts with the rest of 
the protein, as determined by RMSF, solvent exposure, 
and residue contact analysis. This split site must not be 
part of one of the many secondary structure elements 
(α-helices) forming the albumin fold. That achieves 
two things: it minimizes interference with the native 
structure of the albumin molecule, and it exposes the 
engineered termini to allow for fusion of moieties.

(ii) The interface between the two split parts should be 
rich in hotspot residues. Hotspots are well-connected 
residues as judged by our residue contacts analysis. We 
iterated through the HSA structure screening for loops 
satisfying the first requirement above (i) and generated 
models of split HSA for each of those putative split 
points, favoring interface rich in inter-chain contacts. 
We also looked for interface composed mainly by 
apolar residues to favor an obligatory heterodimer 
over homodimers or single chains. We calculated the 
interface buried area, carbon contribution, and 
∆∆Gassoc using a MM-GBSA-like45 free energy 
decomposition approach.

(iii) The split scaffold should not interfere with FcRn 
binding. Schmidt et al.46 and Oganesyan et al.42 have 
described the crystallographic co-complex between 
HSA and FcRn, which largely comprises interactions 
in the domain III of HSA. None of the proposed split 
sites reside in domain III or anywhere near the putative 
HSA:FcRn interface.

Construct generation, protein production and purification

The genes encoding the full-length wild-type HSA, as well as the 
N- and C-terminal fragments of each AlbuCORE scaffold (Figure 
1b), were constructed by gene synthesis (Genscript) using codons 
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Figure 1. A. Cartoon representation of the AlbuCORE scaffold as a split Human Serum Albumin (left) and as a putative bispecific with two distinct N-terminal- 
fused scFv moieties (right). B. HSA sequence showing the eight AlbuCORE split points evaluated. The three residues on either side of the split position are 
shaded to help visualization. A simple split between two amino acids is indicated by an arrow. AlbuCORE_6 has a single amino acid deletion indicated by 
crossing that amino acid letter. The ubiquitous mutation C34S is indicated by a red-shaded box. C. Space-filling and cartoon depiction of the human serum 
albumin (HSA) and the eight engineered AlbuCORE scaffolds. The natural N- and C-termini are indicated by a red circle in the surface cartoon, while the newly 
created N’- and C’-termini are shown by pink boxes. Solid lines indicate the termini are facing the viewer and dotted lines indicate the termini are behind the 
molecule. The interchain disulfide, if present, is indicated by a black dash connecting the two chains in the block cartoons. AlbuCORE_2 and AlbuCORE_13 are 
the only ones without an interchain disulfide link.
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optimized for human/mammalian expression. The constructs 
were designed from known full-length Human Serum Albumin 
Preprotein (GENEBANK: NP_000468.1), after exclusion of the 
precursor sequence MKWVTFISLLFLFSSAYSRGVFRR. Fusion 
constructs between HSA/AlbuCORE and a binding moiety were 
generated by appending the sequence of the binding module to 
the N- and/or C-terminus of the relevant fragment, as appropri-
ate. The final gene products were subcloned into the mammalian 
expression vector pTT5 (NRC-BRI, Canada)47 with the signal 
peptide MAVMAPRTLVLLLSGALALTQTWAG appended to 
the N-terminal of the polypeptide sequence.

Wild-type HSA or any of the AlbuCORE scaffolds, with or 
without a fusion moiety, were expressed in CHO-3E7 cell line 
grown in suspension in FreeStyle F17 medium (Invitrogen) 
supplemented with 0.1% w/v pluronic and 4 mM glutamine. 
On the day of transfection cell density should be around 
1.5–2 million cells/ml and viability must be greater than 97%. 
Transfection was carried out as described by Durocher and 
coworkers48,49 using a mixture of plasmid DNA made of 5% 
pTTo-GFP plasmid (green fluorescent protein to determine 
transfection efficiency), 15% pTT22-AKT plasmid, 21% HSA/ 
AlbuCORE plasmids (10.63% of each), 68.37% of Salmon Sperm 
DNA. Following transfection, the shake flask containing cells 
was placed on an orbital shaker set to 120 rpm in a humidified 
incubator with 5% CO2 at 37°C. Twenty-four hours post- 
transfection, 1% w/v TN1, and 0.5 mM valproic acid were 
added to the cultures. The cultures were then transferred on an 
orbital shaker (120 rpm) placed in a humidified incubator with 
5% CO2 set at 32°C. At 24–48 h, GFP positive cells should be 
between 30% and 60% as determined by flow cytometry. Cells 
were harvested 7–10 d post-transfection and spun at 4,000 rpm 
for 20 minutes. Supernatants were adjusted to pH 5.0 with 0.5 M 
sodium citrate, pH 5.0, filter-sterilized (clarified) using a 0.45 μm 
filter (Millipore), and frozen at −80°C.

HSA or AlbuCORE purifications were performed similar to 
the AlbuPure™ resin manufacturer’s suggestions (Prometic 
Bioseparations; product code 3151). Several conditions were 
tested to improve yields and purity of protein targets using 
batch binding strategies. A more detailed description of the 
method development can be found in the Supplementary 
Material. For the most part, proteins evaluated in this study 
were purified using the optimized protocol below. Prior to 
purification, the frozen supernatants were thawed in 
a lukewarm water bath. The pH of the supernatant was then 
adjusted to pH 5 by adding 0.5 M sodium citrate pH 3 buffer 
(approximately 3 ml per 100 ml supernatant or approximately 
15 mM sodium citrate final). AlbuPureTM resin equilibrated in 
50 mM sodium citrate pH 5 was then added to the supernatants 
and incubated with agitation (~140 rpm with orbital shaker) at 
4°C overnight (typically 1 ml of resin per 20–40 mg target 
protein). The supernatant and resin samples were then trans-
ferred to glass columns, the flow-through collected by gravity 
flow, and the resin was washed with 2 × 5 column volumes (CV) 
50 mM sodium citrate pH 5, and then 2 × 5 CV 50 mM 
ammonium acetate pH 8. Target proteins were eluted first in 
50 mM ammonium acetate pH 7, 20 mM sodium octanoate (7 
x 2 CV), followed immediately by 50 mM ammonium acetate 
pH 7, 100 mM sodium octanoate (7 x 2 CV). Fractions contain-
ing HSA or AlbuCORE (as per Bradford protein assay, A280 

and/or SDS-PAGE analysis) were pooled and applied on a 16/60 
HiLoad Superdex 200 prep grade gel filtration column coupled 
to an AKTA purification system (GE Healthcare; Express, 
FPLC, or Purifier system) using a flow rate of 1 ml/ml. 
Fractions were pooled based on SDS-PAGE or capillary electro-
phoresis analysis (LabChip GX/PerkinElmer). When necessary, 
samples were concentrated by centrifugation using an Amicon 
Ultra-filtration membrane (10 000 MWCO). In order to meet 
low endotoxin requirements, all systems, columns, and resin 
(where applicable) were depyrogenated using NaOH solutions 
with standard protocols prior to protein purification.

Biophysical characterizations

All DSC experiments were carried out using a MicroCal VP- 
Capillary instrument (Malvern) and measured with a scan rate 
of 1°C/min from 20°C to 100°C. SEC purified samples were 
prepared in phosphate-buffered saline (PBS), pH 7.4. For the 
samples with fatty acid, 20-fold molar excess of sodium octano-
ate was added to the samples and incubated at 60°C (simulated 
pasteurization) or 4°C overnight (~18 h). Data was analyzed 
using the Origin software with the appropriate buffer back-
ground subtracted. The reported melting temperature (Tm) 
was derived using a non-2-state fitting (see ref. 53).

UPLC-SEC analysis was performed using an Acquity 
BEH200 SEC column (Waters, 2.5 mL, 4.6 × 150 mm, stainless 
steel, 1.7 μm particles) at 30°C with a flow rate of 0.4 ml/min. 
Run times consisted of 7 min and a total volume per injection 
of 2.8 mL with running buffers PBS, pH 7.4, 0.02% Tween-20. 
Peak integration was done using Empower 3 software and the 
results reported are the average of two independent runs. 
A calibration curve was determined just prior to the sample 
injection using a set of Gel Filtration Standards (Bio-Rad, PN 
151–1901) and the samples fit using the equation logMW = 
(retention time – 8.0313)/-0.9835.

CD measurements were carried out using a Jasco J-815 
spectropolarimeter. Sample concentrations were measured by 
absorbance at 280 nm on a Nanodrop 2000 (SN P312). Samples 
were buffer exchanged into 10 mM phosphate, 150 mM NaF, 
pH 7.37 to reduce the interference by Cl− ions in the far UV. 
Buffer exchange was done using 0.5 ml Zeba spin columns 
(Thermo Scientific PN 89,882, lot #RD233862). Each column 
was washed with 3 × 300 µl buffer with centrifugation at 1500 
x g for 1 minute. Sample volumes ranging from 37 to 222 µl 
totaling 100 µg each were then desalted with centrifugation at 
1500 x g for 2 minutes. Desalted sample concentrations were 
again measured by absorbance at 280 nm on a Nanodrop 2000 
(SN P312) and each sample was diluted to 0.15 mg/ml in the 
NaF-containing buffer. Far UV CD spectra were measured at 
20°C in a 1 mm cuvette scanning from 260 to 185 nm with 
a data pitch of 0.5 nm, a scan rate of 50 nm/min, and a response 
time of 1 sec. Twenty-five acquisitions were collected. Raw data 
was smoothed and baseline subtracted using the spectrum of 
a buffer blank.

FcRn binding affinity

Binding between FcRn and HSA/AlbuCORE were determined 
by BLI on an Octet Red 96 system (PALL/ForteBio) using 
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a modified method previously described.50 Briefly, biotinylated 
human FcRn (ImmuniTrack) at 0.5 μg/mL was immobilized on 
Streptavidin (SA) Biosensors (PALL/ForteBio) in regeneration 
buffer (PBS, pH 7.4, 0.05% Tween-20). The sensors were 
blocked with HSA (Sigma A9511) at 5 mg/mL before and 
after loading with FcRn to minimize nonspecific interactions. 
HSA and AlbuCORE samples were prepared at a concentration 
of 2 μM into binding buffer (25 mM NaOAc, 25 mM 
NaH2PO4, pH 5.5, 150 mM NaCl, 0.05% Tween-20), and an 
eight-step 2-fold dilution series prepared in a 96-well plate. 
Equilibrium measurements were determined at 30°C with 360 
s association and 150 s dissociation in binding buffer. Between 
each cycle of association/dissociation, sensors were regenerated 
for 120 s in regeneration buffer, and baselined for 120 s in 
binding buffer. All data were double-referenced with a sensor 
without sample and a serial dilution of HSA with an unloaded 
sensor. Processing and fitting of the raw data were performed 
with the Octet Data Analysis software (version: 9.0.0.12) using 
a 1:1 binding mode.

Antigen-binding affinity

All HER2-binding experiments were performed on a Biacore 
T200 (GE Healthcare) at 25°C. Running buffer was PBS with 
0.05% P20 (Teknova) with ethylenediaminetetraacetic acid 
(EDTA) added to 3.4 mM. HER2 used in the binding assay 
was purchased from ThermoFisher and further purified by 
SEC to ensure a monomeric preparation. Assays were per-
formed by indirectly capturing the AlbuCORE and 
Azymetric constructs using 2000 RU surfaces of anti-HSA 
goat polyclonal antibody (Abcam cat#ab18074) or goat anti- 
Fc polyclonal (Jackson ImmunoResearch cat#109-001-008) 
and flowing HER2 over top. The antibody capture surfaces 
were created using standard amine coupling to a CM-5 
sensor chip using the Immobilization Wizard application 
within the Biacore T200 control software. For AlbuCORE 
and Azymetric analysis, 20–80 RUs were captured at 10 uL/ 
min using 0.4 to 0.6 ug/mL solutions (Azymetric) or 2 to 4 
ug/mL solutions (AlbuCORE) diluted in running buffer. 
HER2 was then injected at 100 uL/min over the captured 
surfaces at 2.5, 5, 10, 20, 40 nM concentrations using single- 
cycle kinetics with an association time of 200 s, and 
a dissociation time of 1800 s (Azymetric) or 3600 
s (AlbuCORE). The capture surfaces were regenerated using 
a 120 injection of 10 mM Glycine pH 1.5 at 30 uL/min 
between each round of HER2 injections. Sensorgrams were 
double referenced and KD determined by fitting the sensor-
grams to a 1:1 binding model using Biacore BiaEvaluation 
software (GE Healthcare).

Flow cytometry: Indirect cell binding

Cell Lines
SKOV-3 and BT-474 (ATCC) cancer cell lines were main-
tained in their recommended culture medium (McCoy’s 5A 
and DMEM, respectively) supplemented with L-glutamine and 
the 10% fetal bovine serum (FBS) (Hyclone) in a humidified 
+5% CO2 incubator at 37°C. Cells were routinely passaged two 

to three times a week using 0.05% trypsin (HyClone) and 
discarded after 15 passages.

Flow cytometry cell binding assay
Unless otherwise stated, all media were kept are 4°C and all 
incubations were performed on wet ice. On the day of the 
assay, exponentially growing cells were harvested using warm 
Cell dissociation solution (Sigma), centrifuged, counted, and 
resuspended in complete medium at a cell density of 2 × 106 

cells/mL. Cells were distributed in microtubes (105 cells/tube). 
All variants were diluted as 2X master dilutions in complete 
medium followed by five 3-fold serial dilutions for a total of six 
concentration points. Equal volumes of 2X test variants or 
controls were added to cells and incubated for 2 h. Cells were 
washed twice (RPMI+ 2% FBS), centrifuged, and the super-
natants removed. In some cases, rHSA (Albumin, human 
recombinant, expressed in Rice: Sigma Aldrich cat# A9731) 
was used as an additional control to measure nonspecific 
binding.

Detection of bound AlbuCORE or antibody was achieved by 
incubation with a fluorescently labeled FITC-Goat-anti- 
Human Albumin cross-adsorbed antibody (Bethyl cat# A80- 
229 F) or AF488-Donkey-anti-human IgG, FC-gamma specific, 
AffiniPure F(ab’)2 fragment (Jackson ImmunoResearch 
cat#709-546-098) for an hour. Cells were washed twice, cen-
trifuged, and cell pellets were resuspended in complete med-
ium with 1% propidium iodide, filtered through a Nitex 
membrane, and analyzed by flow cytometry (BD-LSRII). Two 
thousand alive/single-cell events were acquired.

Data analysis
Specific mean fluorescent intensity (MFI) was calculated for 
each sample point by subtracting the MFI value of negative 
control (background). Binding curves (specific MFI versus 
linear or log variant concentration) were fitted with 
GraphPad Prism software.

HER2-mediated internalization

AlbuCORE and antibody variants were conjugated to 
AlexaFluor-488 (AF488, Invitrogen Molecular Probes, Eugene, 
OR). Conjugation, purification and determination of dye/anti-
body ratio were carried out according to manufacturer’s 
specifications.

Direct internalization
BT474, SKOV3, and MDA-MB-231 cells were seeded sepa-
rately in 12-well plates (1 X 105 cells/well) and incubated at 
37ºC, 18 h. The media was removed and replaced with 250 µL 
media + 10% FBS containing 200 nM AlexaFluor-conjugated 
variant, followed by incubation at 37°C, 18 h. The cells were 
washed twice with Dulbecco’s PBS (D-PBS), dissociated in 
250 µL Cell Dissociation Solution (Sigma-Aldrich) at 37ºC, 
and then dispensed into two equal volumes. The cells were 
collected by centrifugation and resuspended in 100 uL medium 
+10% FBS with or without 50 µg/mL anti-AlexaFluor-488 
quenching antibody (Molecular Probes A11094) and incubated 
at 4°C, 30 min. The samples were then diluted by adding 
300 µL medium +10% FBS and 4 µL Propidium Iodide solution 
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(Life Technologies), filtered (SEFAR NITEX 03–50/37, Sefar 
Inc.), and analyzed via flow cytometry. Relative amounts of 
surface and internal fluorescence were calculated according to 
Schmidt et al.51 Quenching efficiency (QE) was determined by 
incubating cells with 200 nM of AF488-conjugated samples at 
4°C and measuring the MFI in the presence or absence of 
quenching Ab.

QE = 1 – (MFI+quenching)/(MFI-quenching).
At 37°C
Surface MFI = (total unquenched MFI – quenched MFI)/QE.
Internal MFI = total unquenched MFI – surface MFI.
Dose response internalization via ImageXpress. BT474 cells 

were seeded in 96-well plates (2.5 X 103 cells/well) and incu-
bated at 37°C, 18 h. AF488-labeled variants were added to cells 
in 3-fold, 8-point dilution series (0.06–200 nM), followed by 
incubation at 37°C, 18 h. The cells were washed thrice with 
D-PBS at room temperature, and then treated with Hoechst 
33,342 stain (Invitrogen Molecular Probes) and Lysotracker 
Red DND-99 (Thermo Fisher Scientific) for 1 h. Imaging was 
performed using ImageXpress Micro XLS (Molecular Devices, 
San Jose, CA) with the following channels and exposure times; 
TRITC (250 ms), FITC (70 ms), and DAPI (70 ms), and using 
a 20X objective. Measurement of colocalization was performed 
using the Multi-wavelength Translocation (Transfluor) mod-
ule of the ImageXpress software, which quantifies AF488 fluor-
escence signal from small, intracellular punctate objects (which 
represents internalized molecules). A correlation coefficient is 
calculated from the measured area and intensity of AF488 
(FITC channel) and Lysotracker red (TRITC channel) signals. 
Internalization was measured as total integrated fluorescence 
intensity, normalized to nuclear count (FI/nucleus).

In vivo pharmacokinetics

B6.Cg-Albem12Mvw Fcgrt(tm1Dcr) Tg(FCGRT)32Dcr/MvwJ 
(Alb-/- Tg32, JAX stock # 025201) mice (24 F + 24 M) at 6– 
11 weeks of age were distributed into 8 groups with 3 female 
and 3 male mice per group. At 0 h, test articles were adminis-
tered to Alb-/- Tg32 mice as IV injections at two dose levels in 
dose volumes of 10 ml/Kg. Blood samples were collected from 
each mouse at 5 m, 1 h, 6 h, 1d, 3d, 5d, 7d, 14d, and 21d. The 
blood samples were processed to plasma and were assessed 
using a human albumin ELISA using polyclonal goat anti- 
human albumin (Sigma #A1151) and goat anti-human albu-
min-alkaline phosphatase (Bethyl Lab, A80-229AP) as capture 
and detection antibodies, respectively. PK parameters were 
calculated using noncompartmental analysis (Phoenix 
WinNonlin 6.4. Certara).

Bioconjugation

AlbuCORE and dimeric Fc constructs were conjugated to N2ʹ- 
deacetyl-N2ʹ-(3-mercapto-1-oxopropyl)-maytansine (DM1) 
via surface accessible lysines via the NHS-ester group on the 
heterobifunctional cross linker succinimidyl trans-4-[maleimi-
dylmethyl] cyclohexane-1-carboxylate (SMCC). The linker was 
purchased with the payload DM1 attached via the free thiol to 
the maleimide group on the cross-linker (SMCC-DM1) 
(Levena Biopharma, USA), thus allowing conjugation in 

1-step and avoiding issues with heterogeneity in payload 
attachment efficiency that can be observed with a 2-step pro-
cess. The degree of payload attachment or DAR was controlled 
by the molar ratio of drug-linker:protein. SMCC-DM1 was 
solubilized as a working stock in dimethylacetamide (DMA) 
and added to protein in reaction buffer (100 mM potassium 
phosphate, 20 mM NaCl, 2 mM EDTA, pH 7.2) with a final 
DMA co-solvent concentration of 5% v/v to maintain reagent 
solubility during the reaction. Reaction mixtures were incu-
bated at 25°C ±2°C in the dark for 12 h. After incubation, 
reactions were terminated and samples purified and formu-
lated by passing samples 2 times through Zeba spin columns 
7 K MWCO (Thermo Fisher Scientific) pre-equilibrated in 
formulation buffer (20 mM sodium succinate, 0.02% w/v 
Polysorbate-20, pH 5.5). Sample volumes were determined 
gravimetrically and 1/5 volume of 36% w/v Trehalose (Sigma, 
USA) added to a final concentration of 6% w/v.

Conjugated samples were analyzed by HPLC-SEC using 
a Superdex 200 Increase 10/300 GL column (GE Lifesciences, 
USA) to assess colloidal stability, determine the monomeric 
purity, and calculate DAR. Measurements of the integrated 
areas for monomeric peaks at both 280 nm and 252 nm were 
determined using Empower 2 software and used in the follow-
ing equation to determine the molar concentration of conju-
gated species and DAR. 

DAR ¼
AADC

A280�ε280
Ab

� �
� εADC

Ab

ε280
ADC�

AADC
A280�ε280

ADC

� �

where the ADC specific values of absorbance or extinction 
coefficient are at 252 nm for DM1.

ADC cytotoxicity assays

Antibody variants were tested for their effects on viability on 
HER2 cell lines, including SKOV3, BT474, and HER2-negative 
Jurkat cells. Cells were seeded overnight at 200, 500, and 1500 cells/ 
well for the three cell lines, respectively, in 384-well plates 
(Corning® 384 Well White Flat Bottom Polystyrene TC-Treated 
Microplates, Cat. # 3570). Cells were grown for 5 d in the presence 
of serial dilutions of DM1-conjugated test antibodies ranging from 
100 nM to 0.0017 nM. After 5 d (37°C, 5% CO2, humidified 
incubator), the number of viable cells was determined using 
CellTiterGlo (Promega, Madison, WI), based on quantitation of 
the adenosine triphosphate (ATP) present in each well, which 
signals the presence of metabolically active cells. Signal output 
was measured on a luminescence plate reader (Envision, Perkin 
Elmer, Shelton, CT) set at an integration time of 0.1 s. Integration 
time is adjusted to minimize signal saturation at high ATP con-
centration. Dose-response curves of % Survival Fraction vs. Log10 
of concentration were fit using GraphPad Prism 6.0 with a four- 
parameter logistic model to estimate IC50 and maximum efficacy.

Results

We used a structure-guided approach to engineer split sites in the 
HSA sequence with the goal that the two derived fragments would 
preferentially associate to form a hetero-dimeric, but quasi-native 
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HSA molecule. A detailed description of the parameters that 
guided the in-silico engineering is given in the Materials and 
Methods section and in Supplementary Table 1. Based on the in- 
silico analysis and evaluation, we proposed and tested a set of eight 
split quasi-native HSA that satisfied our design goals. We refer to 
these split HSA molecules as AlbuCORE scaffolds. The corre-
sponding model structures and cut site details are presented in 
Figure 1 and Table 1. Each scaffold is composed of two cognate 
albumin-derived segments. The majority of the designed 
AlbuCORE models contain one of the natural disulfide links of 
albumin crosslinking the two cognate segments.

Production and biophysical characterization of AlbuCORE 
scaffolds

All of the AlbuCORE scaffolds, as well as the control wild-type 
HSA, were produced by transient expression in Chinese hamster 
ovary (CHO) cells. Each of the AlbuCORE scaffolds had the C34S 
mutation to remove the free cysteine naturally present in HSA and 
avoid potential cysteine oxidation issues during evaluation. 
Plasmids containing the nucleic acid sequence for each of the 
two segments comprising an AlbuCORE scaffold were co- 
transfected, with the two co-expressed proteins forming 
a heterodimeric pair, the quasi-native albumin structure. 
AlbuPURE™, an albumin-selective affinity chromatography absor-
bent resin, was used as the initial affinity step, followed by pre-
parative size-exclusion chromatography (SEC). Capillary 
electrophoresis of the purified products showed that the majority 
of the scaffolds elute at the same molecular weight as intact HSA 
(~68 kDa) under non-reducing conditions (Figure 2). The excep-
tions are AlbuCORE_2 and AlbuCORE_13, consistent with their 
lack of an interchain disulfide bond. Under reducing conditions, 
the two individual chains can be observed with the exception of 
AlbuCORE_13, which is missing its low molecular weight (MW) 
chain. This, along with the non-reducing electrophoresis data, 

Table 1. Description of the split Human Serum Albumin (AlbuCORE) scaffolds.

Scaffold Split site MW frag1/frag2 (kDa) Interchain disulfidea

AlbuCORE_1 339–340 39.1/28.2 316–361
AlbuCORE_2 300–301 34.6/32.6 None
AlbuCORE_3 364–365 41.8/25.4 360–369
AlbuCORE_4 441–442 50.7/16.5 437–448
AlbuCORE_6 Deletion 84 9.7/57.3 75–91
AlbuCORE_7 171–172 20.2/47.0 168–177
AlbuCORE_9 281–282 32.5/34.8 278–289
AlbuCORE_13 114–115 13.4/53.9 None

aRefers to a disulfide naturally present in HSA, linking the two cognate chains in 
the AlbuCORE design.

Figure 2. Analysis of SEC purified HSA and the eight AlbuCORE scaffolds. A. Microfluidic Capillary Electrophoresis under non-reducing (top) and reducing (bottom) 
conditions. The migration of the intact HSA molecule is given as a reference point and is marked by an arrow and dotted line in both panels. The red-shaded area marks 
the region where the AlbuCORE_13 lower MW band (13.4KDa) was expected to elute but is not visible. B. UPLC-SEC chromatograms of all samples. The elution times 
were aligned for comparison, and the cartoon representation for each AlbuCORE construct is shown for easy identification. The actual elution time and calculated 
molecular weight for each of the UPLC-SEC runs is shown in Table 2
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indicates that in all AlbuCORE scaffolds, with the exception of 
AlbuCORE_13, the complementary segments are able to effec-
tively pair and form a quasi-native albumin (AlbuCORE) mole-
cule. All AlbuCORE scaffolds are homogenous and appear to be 
monodisperse, as indicated by analytical SEC (Figure 2). 
AlbuCORE scaffolds 1–9 have the same elution profile and reten-
tion as HSA, including AlbuCORE_2, which lacks an interchain 
disulfide. AlbuCORE_13, however, has a lower apparent MW 
than HSA (see Table 2), consistent with the capillary electrophor-
esis result.

To validate the structural integrity of the AlbuCORE het-
erodimers, we compared the Far UV circular dichroism (CD) 
spectra of HSA with each of the AlbuCORE scaffolds, in parti-
cular the wavelength minima for the typical alpha-helical 
bands (Figure 3a, inset). There is a high degree of overlap 
among the HSA and the AlbuCORE spectra, with the exception 
of AlbuCORE_7, which shows a lower ellipticity signal at the 
expected alpha-helix range. Finally, we also compared the 
thermostability of each AlbuCORE construct with that of 
HSA using differential scanning calorimetry (DSC). Under 

Table 2. Biophysical characterization of HSA and AlbuCORE scaffolds.

Scaffold UPLC-SEC retention time (apparent MW) ∆Tm1 (oC) FcRn KD±SE (µM) Relative FcRn Affinityb

HSA 3.17 min (87.7kDa) 0 0.68 ± 0.16 (0.89 ± 0.03a) 1.0x (1.3xa)
AlbuCORE_1 3.16 min (89.7kDa) −9.8 0.19 ± 0.02 0.3x
AlbuCORE_2 3.15 min (91.9kDa) −9.4 0.58 ± 0.07 0.8x
AlbuCORE_3 3.14 min (94.1kDa) −0.6 0.76 ± 0.04 1.1x
AlbuCORE_4 3.16 min (89.7kDa) −5.3 0.98 ± 0.00 1.4x
AlbuCORE_6 3.14 min (94.1kDa) −1.7 1.60 ± 0.10 2.3x
AlbuCORE_7 3.14 min (94.1kDa) −0.8 1.65 ± 0.25 2.4x
AlbuCORE_9 3.16 min (89.7kDa) −3.0 1.25 ± 0.25 1.8x
AlbuCORE_13 3.25 min (72.7kDa) −3.6 5.85 ± 0.05 8.6x

avalues for commercial HSA. 
bKD fold-difference relative to the wt HSA binding affinity, KD(HSA)/KD(AlbuCORE).
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Figure 3. A. Far UV CD spectra (a) and DSC thermograms (b) of HSA and the eight AlbuCORE scaffolds. A. The inset shows a zoomed in view of the characteristic CD 
alpha-helix double bands between 200–230 nm. B. DSC thermograms for samples treated with 20 molar equivalents of sodium octanoate at 60°C O/N. The first 
transition at lower temperature (Tm1) was used to compare each of the AlbuCORE scaffolds with HSA, as reported in Table 2
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these assay conditions, the HSA DSC thermograms can be 
deconvoluted into three transitions. The majority of the Tm1 
transitions for the AlbuCORE constructs are within 5°C of 
HSA Tm1 (lowest transition temperature), as shown in 
Figure 3b. Exceptions are the AlbuCORE_1 and 2 constructs, 
with Tm1 reduced by about 10°C. We initially observed a high 
degree of variability in the transition melting temperatures 
among independent replicates for the recombinant HSA and 
AlbuCORE constructs. Reproducible thermal stability results 
were obtained by adding excess fatty acid (20 molar equivalents 
octanoic acid) and heat treating (simulating pasteurization) the 
samples prior to DSC measurements.52,53 DSC thermograms of 
the untreated samples can be seen in Supplementary Figure 2.

Binding of HSA or AlbuCORE to human FcRn at pH 5.5 
was determined by biolayer interferometry (BLI) and the 
results are shown in Table 2 and Supplementary Figure 4. 
Seven of the eight AlbuCORE scaffolds bind to FcRn with 
affinities comparable to HSA, with AlbuCORE_13 being the 
only exception. The reported equilibrium KDs is very closely 
matched by the KDs derived from kinetic fitting (data not 
shown).

Influence of geometry and valence on affinity and avidity

In order to assess the influence of valency, fusion point, and 
overall geometrical relationship between paratopes, we gener-
ated a series of fusion constructs with the anti-HER2 scFv 
B1D254,55 and the AlbuCORE_1 scaffold, as shown in Figure 
4. Binding affinities were determined by fluorescence-activated 
cell sorting (FACS) using the HER2-positive SKOV3 cell line. 
Figure 4 shows apparent KD for each of the constructs tested. 

The monovalent fusion 1AC shows the lowest KD in the series, 
4-5-fold lower than the other three monovalent fusions. The 
tetravalent construct 4ANC-BNC had the highest affinity in the 
series. The bivalent constructs show a distribution of KDs with 
a ~3.5-fold spread among them, depending on the specific 
arrangement of the scFv paratope.

Construction and characterization of anti-HER2 
Biparatopic AlbuCORE fusions

We built targeted fusion molecules using two quasi-native 
AlbuCORE scaffolds for further functional testing. 
AlbuCORE_3 and AlbuCORE_6 scaffolds were chosen based 
on their desirable thermostability and distinct spatial organiza-
tion of their termini, and were fused to two unique HER2- 
binding modules as shown in Figure 5a. A single pertuzumab 
antigen-binding fragment (Fab) (2C4)56 and a single trastuzu-
mab scFv (4D5)57 were N-terminally fused to either 
AlbuCORE_3 or AlbuCORE_6 to generate bispecific (bipara-
topic) species termed TP-AlbuCORE_3 and TP-AlbuCORE_6. 
An equivalent construct using a heterodimeric IgG1 Fc was 
used as a control.58 Because pertuzumab and trastuzumab have 
non-overlapping epitopes in the same target antigen (HER2), 
both arms of these bispecific constructs are, in principle, cap-
able of co-engaging the receptor.

Samples were efficiently expressed and purified according to 
the previously established protocol and retained the favorable 
monodispersity and thermostability of the unfused controls 
(Supplementary Figure 1). HER2 binding was determined by 
surface plasmon resonance (SPR) and FACS experiments, as 
shown in Table 3. The Fc-based and the AlbuCORE-based 

Figure 4. FACS binding of anti-HER2 scFv-fused AlbuCORE_1 constructs to HER2 positive cell line SKOV3. The constructs depicted in the top panel were devised to 
demonstrate the influence of valency, geometry, and fusion site on binding affinity. Affinities are depicted as bar graphs for each construct, colored according to 
valency. The constructs are named according to the valency (numbers 1 through 4 representing the number of scFv moieties) and according to the chain and termini 
used (chains A and B, N or C termini). For example, the construct 2AC-BN contains two scFv fusions (bivalent), one to chain A, C-terminal and another one to chain B, 
N-terminal.
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biparatopic constructs show small affinity differences by SPR. 
All biparatopic constructs have comparable affinities as deter-
mined by FACS on HER2-positive cell lines. HSA, a negative 
control for HER2 binding, did not show any detectable 
binding.

We also measured the HER2-mediated internalization of 
a panel of constructs, as shown in Figure 5b and 5c. All three 
biparatopic constructs, including the control Fc-based design, 
show comparable internalization in the two HER2-positive cell 
lines (Figure 5b), without significant internalization in a HER2- 
negative cell line. HSA does not exhibit appreciable internaliza-
tion in any of the three cell lines at the concentration tested. Dose 
response internalization experiments in a HER2-positive cell line 
(Figure 5c) confirmed that the biparatopic fusion constructs 
display comparable concentration-dependent internalization. 
As expected, the one-armed AlbuCORE_3 constructs, fused to 
either trastuzumab (OA-T-AlbuCORE_3) or pertuzumab (OA- 
P-AlbuCORE_3), showed greatly reduced internalization. The 
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Figure 5. Internalization properties of AlbuCORE and antibody Fc fusions A. Cartoon depiction of Trastuzumab-Pertuzumab (TP) bispecific fusions with AlbuCORE and 
Azymetric Fc. B. Direct Internalization of AF488-labeled bispecific fusions and HSA at 200 nM in two HER positive cell lines (BT-474 and SKOV3) and a triple negative 
(HER2 negative) cell line (MDA-MB-231) as determined by flow cytometry. The number in parenthesis in the x-axis indicate the HER2 expression levels. C. Orthogonal 
method showing dose response internalization of AF488-labeled samples of bispecific, one-armed (OA-) monospecific, and unfused constructs in HER2 positive cell line 
BT-474, as determined using ImageXpress detection and high content imaging. The one-armed (OA) fusions were designed to preserve the format used in the bispecific 
fusions: scFv for Trastuzumab (OA-T) and Fab for Pertuzumab (OA-P).

Table 3. In vitro HER2-binding affinities derived by SPR and FACS.

SPR – HER2 binding FACS – SKOV3 FACS – BT-474

Construct KD ± SE (nM) KD ± SE (nM) KD ± SE (nM)
TP-AzymetricTM Fc 0.61 ± 0.03 10.64 ± 1.70 11.91 ± 1.62
TP-AlbuCORE_3 0.08 ± 0.02 12.54 ± 0.19 15.40 ± 0.87
TP-AlbuCORE_6 0.15 ± 0.02 9.77 ± 1.52 11.07 ± 0.99
HSA NB NB NB

NB - No detectable binding
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untargeted (unfused) AlbuCORE scaffolds did not show any 
significant internalization under these experimental conditions.

Pharmacokinetic properties of AlbuCORE constructs

The biophysical characterization and cell-based functional 
assessment of AlbuCORE scaffolds indicated we could generate 
agents that were stable and biologically active in vitro. In order 
to determine if the engineered AlbuCORE retains the favorable 
attributes of HSA in vivo, its PK properties were evaluated in 
Tg32/AlbKO mice.59 These mice carry both a human FcRn 
knock-in (mouse FcRn null) and a mouse albumin knock out, 
and have been demonstrated to accurately model the PK of 
human albumin. Following administration of a single intrave-
nous (IV) dose of 1 or 10 mg/Kg, AlbuCORE_3 and anti-HER2 
TP-AlbuCORE_3 biparatopic had largely similar PK profiles 
(t1/2, clearance, and AUC) to HSA (Figure 6 & Table 4). 
AlbuCORE_6 at both dose levels tested appeared to have 
a reduced half-life compared to HSA. The PK for all test articles 
was approximately dose proportional between the 1 and 
10 mg/Kg doses.

AlbuCORE drug conjugation

Antibody-drug conjugates (ADCs) are showing increasing 
clinical impact. In an effort to understand the relative 
ability of AlbuCORE to conjugate to hydrophobic small 
molecules, we conjugated the maytansinoid cytotoxic 
agent DM1 via the heterobifunctional SMCC linker to 
lysine residues of HSA, AlbuCORE, and IgG1 Fc.60 Under 
similar conjugation conditions, the drug to albumin or 
antibody ratio (DAR) is about 2-fold higher for HSA or 
the AlbuCORE constructs relative to an IgG1 Fc lacking 
a Fab or scFv at the N-terminus of the hinge (Figure 7a). 
Further, conjugating to the HER2-binding biparatopic TP- 

AlbuCORE constructs previously described, we observe that 
the molecules conjugate to a DAR of approximately 9 with 
linear conjugation efficiency under the conditions we used 
(Figure 7b). On the other hand, a similar biparatopic con-
struct with an antibody Fc saturates at a DAR of approxi-
mately 4.5 under the same conditions. We were able to 
confirm that the binding affinity for the target HER2 as 
determined by SPR was maintained regardless of DAR in 
these constructs (data not shown). Also, the drug conju-
gated molecules are well behaved as observed in analytical 
high-performance liquid chromatography (HPLC)-SEC, 
without significant changes in aggregation propensity with 
higher DAR, evaluated as the percentage of monomeric 
species by HPLC-SEC (Supplementary Table 8).

Cytotoxicity screen of these drug conjugated molecules 
in multiple cell lines with diverse expression levels of HER2 
showed that the TP-AlbuCORE biparatopics have similar 
efficacy to the equivalent Fc-based construct when the drug 
conjugation levels are comparable (Figure 8 and 
Supplementary Table 9). TP-AlbuCORE variants with 
higher DARs appear to display a small increase in cytotoxic 
potency. Importantly, the AlbuCORE variants do not exhi-
bit off-target effects in cell lines that do not over-express 
HER2 (MDA-MB-231, HUVEC, WI-38), with no significant 
difference in the IC50 values for all variants irrespective of 
the drug conjugation ratio.

Discussion

The primary goal of this engineering effort was to create 
a series of quasi-native split HSA molecules to allow design 
of novel albumin fusion molecules (Figure 1). The creation of 
this self-complementing pair by splitting albumin results in the 
formation of a novel but natural heterodimeric protein pair 
with very high complementary selectivity between the 

Figure 6. Single dose pharmacokinetic (PK) profiles of HSA and AlbuCORE molecules in Tg32/AlbKO mice at 1 and 10 mg/Kg. The PK parameters derived from these 
profiles are shown in Table 4.

Table 4. PK parameters derived from the PK profiles shown in Figure 6. The values in parenthesis represent the standard error of the mean.

Construct Dose, mg/kg t1/2 (day) AUClast, (day*ug/ml) ClPred, (ml/day/kg) VzPred, (ml/kg)

HSA 1 9.5 (0.8) 114 (8) 7.0 (0.6) 94 (8)
AlbuCORE_3 1 10.1 (1.2) 73 (5) 10.6 (1.0) 148 (12)
AlbuCORE_6 1 3.1 (0.3) 60 (7) 16.9 (1.9) 74 (10)
TP-AlbuCORE_3 1 5.5 (0.5) 67 (4) 14.1 (0.8) 110 (8)
HSA 10 7.6 (0.5) 853 (43) 10.1 (0.7) 108 (2)
AlbuCORE_3 10 8.2 (0.6) 492 (25) 16.8 (1.4) 194 (9)
AlbuCORE_6 10 4 (0.6) 343 (37) 23.8 (1.1) 137 (18)
TP-AlbuCORE_3 10 6.3 (0.5) 563 (31) 16.1 (1.0) 144 (8)
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segments upon co-expression. A number of these new self- 
complementing split albumin scaffolds, which we refer to as 
AlbuCORE, retain intact HSA’s native properties, as judged by 
thermostability, secondary structure content, FcRn binding, 
and purification profile. The AlbuCORE constructs introduced 
approximately 3000 Å2 of buried surface area at the interface of 
the two split segments (supplementary Table 1), well in the 
range of 1910– 3880 Å2 observed in a number of other natural 
cognate protein-protein heterodimeric and homodimeric co- 
complex structures.61 To the best of our knowledge, this is the 
first time that albumin has been split to generate new termini 
and new geometries for molecular design. Heaney-Kieras and 
King have shown that limited pepsin digestion of HSA caused 
cleavage at residue 307 of the albumin molecule to yield two 
fragments which remain associated quite strongly when stu-
died using chromatography,62 but that has never been explored 
to produce a split scaffold. HSA’s α-helix rich structure with 
a number of interconnected linkers provides a great opportu-
nity for pursuing such designs. By splitting on different loops 
around the natural albumin structure, the geometrical relation-
ship between the natural N- and C-termini and the new N’- 
and C’-termini changes, allowing for exploration of different 
fusion geometries.

AlbuCORE modules retain wild-type albumin biophysical 
properties

A primary requirement of such engineered scaffolds was that 
they retain the natural biophysical properties of the HSA both 
in vitro and in vivo. All eight constructs were produced and 
purified using the same standard techniques used for wild-type 
recombinant HSA. We have demonstrated that the majority of 
the AlbuCORE constructs associated into an HSA-like hetero-
dimer and retained HSA’s monodispersity (UPLC-SEC, 
Figure 2), secondary structure (CD, Figure 3a), thermostability 
(DSC, Figure 3b), and FcRn binding (BLI, Table 2). One of the 
eight AlbuCORE constructs tested, AlbuCORE_13, did not 
stably assemble and was the only exception. Overall, given 
that the AlbuCORE scaffolds purified similarly to HSA using 
the AlbuPureTM resin, the manufacturability of the AlbuCORE 
scaffolds and its feasibility as a pharmaceutical therapeutic 
platform is strengthened.

All of the split loops in the proposed AlbuCORE scaffolds 
connect two helical elements. If a particular split destabilizes the 
adjacent α-helices, it could cause them to partially unfold, likely 
reflecting in lower ellipticity in a CD spectra in comparison with 
the native structure, as observed for AlbuCORE_7. This putative 
loss of secondary structure does not seem to negatively affect this 
scaffold as judged by the other tested biophysical parameters. All 
other AlbuCORE scaffolds tested showed CD spectra indistin-
guishable from HSA, further indicating their quasi-native albu-
min structure. For AlbuCORE_13, loss of the N-terminal 
domain does not significantly change its calculated α-helical 
content when compared to the full-length HSA, which explains 
the lack of change in molar ellipticity. Surprisingly, the remain-
ing fragment gives rise to a relatively stable construct and elutes 
in a single peak by UPLC-SEC, besides the change in retention 
time. AlbuCORE_13 lacks an interchain disulfide crosslinking 
the two chains, and the N-terminal fragment appears to be either 
lost during purification or not expressed. While the presence of 
an interchain disulfide most likely contributes to the overall 
stability of the construct, it does not seem to be strictly necessary 
for a quasi-native association. AlbuCORE_2, the other construct 
that lacks an interchain disulfide, associates into a stable hetero-
dimer. The structure of HSA comprises 17 native disulfide 
bonds, which lends itself to the design of such quasi-native 
species with interchain covalent links (Table 1).

The presence of an interchain disulfide alone does not seem 
to correlate well with thermostability and is most likely 
a function of the stability of the newly formed interface 
(Figure 3b, Table 2). For example, AlbuCORE_13 (with no 
interchain disulfide and loss of N-terminal chain) has a Tm1 
transition within 4°C of HSA, while AlbuCORE_1 (with an 
interchain disulfide) has a Tm1 loss of ~10°C compared to 
HSA. The majority of the AlbuCORE constructs show transi-
tion temperatures within 5°C of HSA. It is possible that the 
lower melting temperatures for AlbuCORE_1 and 
AlbuCORE_2 are due to overall instability of those constructs 
rather than altered fatty acid-binding properties of the 
C-terminal domains.53 This is evidenced by the decreased 
thermostability of all transitions, not only the Tm1 associated 
with fatty acid binding.

a

b

Figure 7. Stochastic conjugation of DM1 to lysine residues. Drug to protein 
(antibody, Albumin or AlbuCORE) ratio achieved using different molar ratio of 
the linker drug (SMCC-DM1) relative to the protein. DARs determined using 
spectroscopic techniques. A Conjugation of the scaffolds Albumin, AlbuCORE or 
homodimeric IgG1 Fc fragment, all constructs lacking fused paratopes (scFv or 
Fab units). See Figure 2A for cartoon representation of the scaffolds. 
B Conjugation of the anti-HER2 biparatopic AlbuCORE or Fc-based constructs 
(Trastuzumab scFv and Pertuzumab Fab, TP-), as shown in Figure 5A.
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Binding of HSA to FcRn is a pH-dependent process that 
significantly contributes to the extended half-life of albumin 
in vivo.6 Binding of HSA to human FcRn at pH <6 has 
been previously reported with KD in the order of 
~0.5 μM.55 Equilibrium KD determined in the present 
study for both serum-derived and recombinant HSA 
showed comparable binding affinity of 0.89 μM and 
0.68 μM, respectively (Table 2). The lower affinity for 
AlbuCORE_13 likely stems from the loss of the 
N-terminal domain. All other AlbuCORE scaffolds bind 
FcRn with affinities comparable to HSA.

Affinity and avidity are geometry- and valence-dependent

In order to expand our understanding of parameters that 
influence fusion molecules, we designed a series of fusion 
constructs between the anti-HER2 scFv B1D254 and the 
AlbuCORE_1 scaffold as a representative (Figure 4 top 
panel). Parameters tested with these constructs include the 
number of binding epitopes (valency), the fusion point (each 
one of the four termini), the orientation of the epitope (N- or 
C-terminal fusion), and the spatial distribution of the para-
topes. Figure 4 shows an overall trend of increased affinities 

Figure 8. Cytotoxicity profile of DM1-conjugated IgG1 Antibody or AlbuCORE constructs (see Figure 5A) targeting HER2 in three different cell lines SKOV3 (HER2 high), 
BT-474 (HER2 high) and MDA-MB-231 (HER2 negative). DAR values are indicated in parenthesis in the figure legend. For comparison reasons, a sample with DAR ~ 3 was 
tested for each one of the constructs. In addition, for each AlbuCORE construct the sample with the highest DAR obtained was also tested. The drug conjugated HSA 
(untargeted) is presented as a control. OA-T-AlbuCORE_3 is the one-armed version of AlbuCORE_3 fused to a Trastuzumab scFv.
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with increased valency, indicating some degree of additivity 
among the paratopes. As expected, the tetravalent construct 
4ANC-BNC has the highest affinity in the series, ~3.5-fold 
higher than the best monovalent construct 1AN, followed by 
the trivalent 3ANC-BC and the bivalent 2AN-BN. Beyond 
valency, the orientation of the scFv can have a significant 
impact on the observed apparent KD, as demonstrated by the 
monovalent constructs. Fusion to the C’-terminal (construct 
1AC) causes up to 5-fold reduction in apparent KD over the 
other three monovalent fusions, probably due to occlusion of 
target binding in that particular orientation. This is in line with 
our initial hypothesis that not all C-terminal fusions will be 
viable, being highly dependent on the paratopes and targeted 
epitopes.

The spatial distribution of the epitopes in the bivalent 
fusions are particularly revealing when it comes to the unpre-
dictability of the avidity effect. Contrary to expectations, the 
affinity of the construct 2AC-BC is not hindered by using the 
lowest affinity monovalent binder 1AC fusion, and is in fact 
one of the best binders among the bivalent constructs. This 
demonstrated that the avidity effect, brought about by 
a particular spatial relationship between the paratopes and 
their epitopes, can overpower the simple additive effect of 
individual monomeric affinities.

Anti-HER2 biparatopic AlbuCORE fusions are functional 
in vitro

The AlbuCORE heterodimers with four termini enable the 
design of multimeric fusion molecules, including bispecific anti-
body-like constructs with distinct relative orientation of the 
cognate arms (Figure 1). As a proof of concept, we generated 
bispecific anti-HER2 AlbuCORE constructs fused to paratopes 
derived from pertuzumab (P) and trastuzumab (T) (Figure 5a). 
The biparatopic AlbuCORE (TP-AlbuCORE) retains the general 
properties of a wild-type HSA molecule, including purification 
properties and monodispersity (Supplementary Figure 1), as well 
as thermostability (Supplementary Figure 3). HER2-binding 
affinities for the biparatopic AlbuCORE match the Fc-based 
control (Table 3).

With regard to functional characteristics, we have shown 
that the TP-AlbuCORE_3 and TP-AlbuCORE_6 show com-
parable, dose-dependent internalization to the biparatopic TP- 
Fc construct tested (Figure 5). We have previously observed 
that biparatopic TP-Fc molecules have increased HER2- 
mediated internalization when compared to mono-specific 
versions of these molecules. As a consequence, these TP-Fc 
molecules promote higher tumor growth inhibition as a naked 
construct, and higher cytotoxicity as drug conjugates, when 
compared with their monoparatopic equivalents.36 We 
hypothesize that it is the biparatopic molecule’s ability to 
bind in trans and form daisy-chain, crosslinked clusters of 
receptors that promote higher HER2 internalization, leading 
to receptor down-regulation and tumor growth inhibition as 
reported previously.63–65 A priori, internalization of HER2 by 
TP-AlbuCORE constructs could differ from that of TP-Fc, 
given the putative differences in orientation and conformation 

between anti-HER2 paratopes among these constructs. As 
expected, one-armed constructs, unfused AlbuCORE scaffolds 
or HSA, showed little to no internalization. It demonstrates 
that the biparatopic AlbuCORE fusions retained the functional 
properties of the biparatopic Fc construct (internalization, 
trans binding) as well as their affinity and biophysical 
properties.

PK Characteristics of AlbuCORE

Evaluating HSA PK in preclinical mouse models is not straight-
forward due to three significant species differences: (1) Mice and 
humans have a very different turnover rate of native albumin, 
with respective half-lives of 35 h and 19–21 d,59 and the short 
half-life of albumin in mice make assessments of stability and PK 
unreliable; (2) Human albumin has a lower affinity to murine 
FcRn compared to murine albumin, and, as a consequence, HSA 
t1/2 in mice is shorter than mouse albumin (21 and 35 h, respec-
tively), which further complicates PK assessments;6,43 and (3) 
Mouse serum albumin has a high affinity to human FcRn.43 

While HSA t1/2 is improved in transgenic human FcRn mice, the 
t1/2 remains lower than expected due to competition with native 
mouse albumin. As a result of these complications the PK 
evaluation of AlbuCORE could not be fairly assessed in conven-
tional mouse strains and, therefore, we utilized the Tg32/ 
AlbKO.59 The PK analysis in these mice demonstrates that the 
AlbuCORE_3 scaffold can be modified as a bispecific biologic 
without sacrificing the long-circulating half-life of native albu-
min (Figure 6 and Table 4). However, the AlbuCORE_6 scaffold 
showed a reduced half-life compared to AlbuCORE_3 and HSA. 
It remains unclear why AlbuCORE_6 clearance appears to be 
faster than HSA, since both HSA and AlbuCORE_6 bind to 
human FcRn with comparable equilibrium KDs.

AlbuCORE as a Small Molecule Drug Carrier

Given the natural physiological role of albumin as a carrier of 
small hydrophobic molecules, there is an opportunity to con-
sider the application of the albumin scaffold for drug delivery in 
a therapeutic setting. Crystallographic studies have revealed as 
many as 11 fatty acid binding sites in albumin.66 At 585 residues 
in length, native albumin is about 25% longer than the 464 
residues in the IgG1 Fc homodimer sequence (including two 
copies of the hinge, CH2, and CH3 domains), but it is interesting 
that we were able to conjugate about 2-fold higher on albumin or 
the AlbuCORE constructs relative to IgG1 Fc (Figure 7) without 
noticeably altering the biophysical properties of the drug- 
conjugated protein. As one may expect, cytotoxicity analysis 
with these drug-conjugated molecules suggests a drug-load 
dependent potency of the molecules (Figure 8). The benefit of 
this approach has been demonstrated by Zhang et al. who have 
shown that a drug-conjugated HER2-binding scFv fused to 
albumin induces strong and rapid tumor tissue penetrability 
and distribution compared to trastuzumab in animal models.67 

The albumin-based scaffold we have presented here adds an 
additional layer of flexibility through its ability to fine tune target 
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therapeutic response based on valency, geometry of binding, and 
stoichiometry of drug loading.

Final remarks

We demonstrated that the human serum albumin sequence 
can be split so as to generate a self-complementary pair of 
heterodimeric protein that upon co-expression forms a quasi- 
native albumin construct. Five of the tested split-HSA scaffolds 
retain HSA’s biophysical properties, with native-like purifica-
tion, monodispersity, folding, thermostability, and FcRn bind-
ing affinity. Testing two of these scaffolds in a mouse model 
showed that the AlbuCORE can retain recombinant wild-type 
HSA-like PK properties. Evaluating multiple variants with dis-
tinct valency and geometries, we showed that the effect of these 
parameters on avidity should be determined empirically. The 
availability of such an albumin-based scaffold opens up the 
opportunity for design of novel multi-specific multi-functional 
biologics in order to explore complex but rational drug design 
paradigms for a number of disease conditions.
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