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exceptional cytotoxicity, which is roughly 100-1000 times higher than that 
of doxorubicin, a previously often employed anticancer therapeutic [3]. 
Additionally, auristatins function as the vascular disrupting agents and 
damage the established tumor vessels. While this potential was intriguing 
to the scientific community, the high toxicity imposed severe constraints, 
which limited the practical applicability of auristatins for decades. 

It was eventually discovered that auristatins are of great value as 
payloads in Antibody Drug Conjugates (ADCs), which led to the FDA-
approved ADC brentuximab vedotin (Seattle Genetics) [2]. Seattle genetics 
has pioneered the selective delivery of auristatins to tumor cells by further 
modifying them to suitable analogues, including di-desmethylauristatin 
E and monomethylauristatin E, and conjugating them to tumor-targeting 
antibodies in the Fc region through a linker. 

Currently, over 30 ADCs in clinical trials employ auristatins as 
payloads, and there is a great interest in the research community, both 
on academic and industrial sides, to further study these analogues [4]. 
However, in practice, the auristatin ADCs do display a number of side 
effects such as neutropenia, neuropathy, thrombocytopenia, and ocular 
toxicity [5]. A consequence of the adverse effects may be the reason why 
these ADCs are, for the most part, not currently considered as the primary 
cancer treatment options. Moreover, the subclonal diversity of the tumor 
cells in a single patient regarding their genetic, epigenetic, and phenotypic 
properties, known as intratumor heterogeneity, fundamentally restricts 
active tumor targeting to a limited population of tumor cells expressing the 
target molecule. In addition, their complex synthetic chemistry hindering 
industrial-scale manufacturing is a formidable challenge for clinical 
translation. 

We are interested in this class of molecules as they could also feed 
our ongoing program in the development of prodrugs of the human serum 
albumin [6,7]. Human Serum Albumin (HSA) has been well established as 
a platform for various diagnostic and therapeutic applications [8,9]. HSA 
has been successfully used clinically as a noncovalent carrier for insulin 
(e.g., Levemir), GLP-1 (e.g., Liraglutine), and paclitaxel (e.g., Abraxane). As 
an excellent drug delivery carrier, albumin has been widely applied in the 
development of anticancer drugs [10]. It was discovered that auristatins 
are of great value as payloads in albumin drug conjugates [11-17]. It 
was demonstrated that auristatin-HSA conjugates exert potent activities 
on cancer cell. Until now, the latest research progress of albumin drug 
conjugates was that of Xinquan et al., [11]. They tried to replace the 
antibody of ADC (Antibody Drug Conjugate): Adcetris (CD30-VC-MMAE, 
VC-MMAE is the most successful linker payload in ADC) with albumin. 
The obtained conjugate HSA-VC-MMAE was broad-spectrum compared to 
Adcetris and could avoid the need for high antigen expression. However, 
to achieve similar in vivo potency, Adcetris (MMAE: 0.018 mg/kg) was 
significantly greater than conjugate HSA-VC-MMAE (Conjugate: 47 mg/kg, 
MMAE: 0.5 mg/kg). In summary, although albumin as a broad-spectrum 
drug carrier could obviously reduce the times of administration, its weak 
efficacy still limits its use. 

Current anticancer research shows that a combination of multiple 
treatment methods can greatly improve the killing of tumor cells. It is 
speculated that combining chemotherapy with Boron Neutron Capture 
Therapy (BNCT) can provide good therapy efficacy and is of great relevance 
today [18,19]. BNCT, in which drugs containing enriched boron are 
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Abstract

Combining boron neutron capture therapy with chemotherapy can 
provide good therapy efficacy and is of great relevance today. In this 
study, we focused on serum albumin, a well-known drug delivery system, 
and developed homocysteine-functionalized boron albumin conjugate 
with chemotherapeutic molecules (monomethyl auristatin E, MMAE and 
auristatin F, MMAF). The new N-acylated homocysteine thiolactone bearing 
a cobalt bis (dicarbollide) derivative was used to create the fluorophore-
albumin based construct. We report on the synthesis of a fluorophore-
labeled boron-homocystamide conjugates of human serum albumin 
and their use in thiol-‘click’ chemistry to prepare a novel multifunctional 
constructs with the antitubulin agents MMAE or MMAF. We demonstrate 
that boron-equipped albumin conjugate with MMAE was more potent than 
MMAF conjugate, in the killing tumor cells. The half-maximal Inhibitory 
Concentration (IC50) of the designed theranostics was not less than 0.034 
µM relative to T98G glioma cells with the correlation coefficient not less 
than R=0.88, and not less than 0.97 µM relative U 87 glioma cells with the 
correlation coefficient not less than R=0.71. Both theranostics are observed 
in vitro in the cytoplasm of human glioblastoma cells T98G as dotted small 
vesicles indicating an endocytic mechanism of internalization. 
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Introduction

Monomethyl auristatins E and F are potent derivatives of the natural 
product dolostatin 10 that inhibit tubulin polymerization in dividing cells 
and thereby induce apoptosis [1,2]. Since the original discovery of dolastatin 
10 in 1987, the auristatins have attracted considerable interest due to their 
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SDS-PAGE. Human serum albumin conjugates were analyzed by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis using 7% PAAG under 
Laemmli condition without the addition of DTT or DTT with subsequent 
Coomassie Brilliant Blue (BioRad) staining.

Low molecular weight materials (MW <3 kDa) were removed from 
solutions of polymer conjugates by centrifugal filtration using Centricon 
concentrators with a MWCO of 3 kDa (Amicon Centriprep YM30, Millipore, 
Bedford, MA).
Synthesis of the homocysteine thiolactone containing bis(dicarbollide) 
complex of cobalt (III)

The synthetic route for the homocysteine thiolactone containing 
bis(dicarbollide) complex of cobalt (III) is shown in Figure 1. The original 
mass spectrometry and NMR spectral details of the synthesized compounds 
are provided in Figures S1 and S2. 

Figure 1. General synthetic route for the homocysteine thiolactone containing 
bis(dicarbollide) complex of cobalt (III). Reagents and conditions: (a) — 1) 5% 
alcohol solution sodium hydroxide, boiling, 12 h, 2) 1 M HCl, 3) H2O, Me3NHCl; 
(b) — 40% aqueous sodium hydroxide; (c) — 1) CoSO4 × 7 H2O (1.2 excess), 30 
min, 2) water solution of CsCl; (d) — BF3 × Et2O (8.3 excess) in dioxane, boiling, 5 
h; (e) — 3 × 10-4 M K2CO3 in acetone, methyl ether of p-hydroxybenzoic acid (2.9 
excess), 60°C, 1 h; (f) — 1 M KOH, 1 day; (g) — pentafluorophenol (1.08 excess), 
DCC (1.04 excess) in ethyl acetate, 4 h at room temperature; (h) — DL-HTL × HCl 
(1.1 excess), DIPEA (1.46 excess) in DMF, 60°C, 4 h.

Note: ( ) B; ( ) CH; ( ) BH.

Compound 2 was synthesized using previously reported experimental 
protocols [27]. One of the convenient methods for the functionalization 
of the bis(dicarbollide) complex of cobalt (III) is the preparation of its 
oxonium derivative (3) entering into a nucleophilic substitution reaction. 
The resulting nucleophilic attack product (4) contains a linker for further 
modification. Compound 3 was synthesized according to the adapted 
procedure [28]. The interaction of compound 3 with p-hydroxybenzoic 
acid methyl ester leads to the formation of compound 6 according to the 
procedure [29]. Then, the compound 4 was subjected to basic hydrolysis to 
give the compound (5), which was further activated with pentafluorophenol 
in the presence of dicyclohexylcarbodiimide to produce compound 6 at 77% 
yield. Detailed synthetic procedures and spectroscopic data of synthesized 
compound are given in Supporting Information.
Synthesis of N-substituted boron-homocysteine thiolactone K[3,3’-
Co(B9C2H11)(8-B9C2H11OCH2CH2OCH2CH2OC6H4CONH-C4H5SO)] (com-
pound 7, Figure 1)

A solution of DL-HTL × HCl in DMF (0.1 mL, 0.065 mmol) was mixed 
with 0.015 mL of DIPEA and added to a DMF solution of the compound 6 
(0.2 mL, 0,059 mmol). The resulting mixture was heated to 60°C for 4 hours 
with a reverse refrigerator. After that, solvent was evaporated on a rotary 

accumulated in tumor cells followed by their neutron beam radiation offers 
an advantage over conventional chemo and radiotherapies as it selectively 
targets tumor cells. Currently, some research groups developed maleimide-
functionalized closo-dodecaborate and aimed to conjugate it to albumin 
[20-24]. Conjugation of albumin with undecahydro-closo-dodecaborate 
did not significantly affect cell viability in the absence of irradiation, as 
compared with the unmodified protein. However, neutron capture by this 
boron-containing albumin decreased the tumor cell survival. It was found 
that dodecaborated albumin conjugates induces an efficient boron neutron 
capture reaction because the albumin contained in conjugate is retained in 
the tumor and has a considerable potential to become an effective delivery 
system for BNCT in treating high-grade gliomas [25]. 

In this study, we reported on the synthesis of a fluorophore-labeled 
boron-homocystamide conjugates of albumin and their use in thiol-
‘click’ chemistry to prepare a novel multifunctional constructs with the 
antitubulin agents (MMAE and MMAF) for combining chemotherapy with 
BNCT. We studied the tumor cell killing properties of the theranostics 
albumin auristatin conjugates in human glioma cells compared with boron-
albumin conjugate and free MMAE or MMAF.

Materials and Methods

Chemicals, reagents, and facilities
The human glioblastoma T98G and U87 cell lines were received 

from the Russian cell culture collection (Russian Branch of the ETCS, St. 
Petersburg, Russia).

Unless otherwise indicated, all of the starting materials and solvents 
were obtained from commercial suppliers at the highest grade available and 
used without further purification. All reactions were monitored by Thin Layer 
Chromatography (TLC) on DC-Alufolien Kieselgel 60 F254 plates (Merck, 
Germany) with fluorescence F-254 and visualized with UV light. Column 
chromatography was carried out on silica gel (Acros Organics, 0,060-0,200 mm). 

Drug-linker conjugates (mc-vc-pab-MMAE and mc-vc-pab-MMAF) were 
provided by Pharmaceutical company Suzhou Jianhua Co., Ltd. (Suzhou, 
China). D,L-Homocysteine Thiolactone Hydrochloride (DL-HTL × HCl) 
Hydrochloride and the Human Serum Albumin (HSA) was obtained from 
Sigma-Aldrich Chem. Co. (St. Louis, MO, USA). The product number of HSA 
used was A3782. 

The concentrations of albumin solutions were determined by 
absorption at 278 nm, pH 7.4, using the molar extinction coefficient ε = 3.7 
× 104 M-1cm-1 [26].

Electronic absorption spectra were acquired on a UV-1800 spectrometer 
(Shimadzu, Japan).

IR spectra were recorded in the range 4000-400 cm–1 using a Genesys 
64 v/vis spectrometer.

1H NMR, 13C NMR and 19F NMR spectra were recorded on AV-300, 
AV-400, AV-600 NMR spectrometer (Bruker, Germany). The spectra were 
detected at 25°C in 5 mm NMR sample tubes. D2O (δ 3.8 ppm), acetone-d6 
(δ 2.05 ppm) was used as an external reference for chemical shifts in 1H 
NMR spectra. Acetone-d6 (δ 206.35 ppm) was used as an external reference 
for chemical shifts in 13C NMR spectra. Chemical shifts (δ) are reported in 
parts per million (ppm).

ESI mass spectra were registered on Agilent ESI MSD XCT Ion Trap 
(Agilent Technologies, Santa Clara, CA, USA) in positive or negative mode at 
The Joint Center for genomic, proteomic and metabolomics studies (ICBFM 
SB RAS, Russia).

Mass spectra of proteins were recorded on Bruker Autoflex Speed 
(Bruker Daltonics, Germany) MALDI-ToF mass spectrometer in a positive 
linear mode. A smartbeam-II laser was used. 2,5-Dihydroxyacetophenone 
(2,5-DHAP) was used as a matrix. Protein samples were desalted by ZipTip 
C4 pipette tips. A 2 µL of the protein sample solution was mixed with 2 µL 
of a 2% TFA (Trifluoroacetic Acid). To the latter solution 2 µL of the matrix 
(2,5-DHAP) was added. The mixture was pipetted up and down until the 
crystallization starts. Mass spectra were obtained by averaging 3,000 laser 
shots. External calibration was provided by [M+H]+ HSA at m/z 66.5 kDa.
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incubated for 72 h. After that they were treated with medium containing 
albumin and its conjugates (HSA, HSA Cy5 HcyCo(B9C2H11)2, HSA Cy5 
HcyCo(B9C2H11)2-MMAF, HSA Cy5 HcyCo(B9C2H11)2-MMAE, HSA+mc-vc-
pub-MMAF, HSA+mc-vc-pub-MMAE). Conjugate concentrations ranged 
from 0.02 to 30 µM, equivalent to the protein content. The treatment was 
performed at 37°C for 72 h. After that, MTT was added to a concentration 
of 0.5 mg/mL. After incubation at 37°C for 2 h, the medium was removed, 
and each well was added by 100 µL of isopropanol to dissolve the formazan 
crystals. The plate was analyzed using a Multiscan FC microplate reader 
(Thermo Fisher Scientific Corporation) with an absorbance peak at 570 
nm. The absorption intensity at 620 nm was used as a baseline. Three 
independent tests for each protein sample were performed. Data are 
presented as means with standard deviations.
Intracellular distribution of multifunctional human serum albumin-
therapeutic conjugates in vitro

T98G human glioblastoma cells (105 cells/mL, 100 µL) in IMDM 
containing 10% FBS, penicillin and streptomycin were seeded into 96-well 
optical bottom plates with a coverslip base (Thermo Scientific™ Nunc™ 
MicroWell™). After preincubation for 17 h in a humidified atmosphere 
containing 5% CO2, the medium was replaced with fresh medium containing 
HSA-Cy5-HcyCo(B9C2H11)2-MMAE or HSA-Cy5-HcyCo(B9C2H11)2-MMAF 
conjugate (20 µM). Time-lapse images were sampled every 5 min over a 
period of 1.5 h (microscope OLYMPUS IX83P2ZF, Japan). After that, the 
cells were incubated at 37°C for 3 h, washed 3 times with PBS. Further, 
the cells were fixed in 4% formaldehyde in PBS at room temperature 
for 20 min, washed two times with PBS and counterstained with DAPI 
(Fluoroshield™ with DAPI, Sigma-Aldrich). The intracellular localization of 
the HSA conjugates was evaluated using Cy5 red fluore scence (λex=633 
nm, λem=699 nm). The intracellular distribution of nuclei stained with DAPI 
was observed by fluorescence of DAPI (λex=405 nm, λem=425-475 nm). 
Images were processed in ImageJ program.

Results and Discussion 

As a promising approach to improve the tumor selectivity of anticancer 
drugs, the prodrug is a bioreversible medication that is specifically converted 
to the active drug by chemical or enzymatic transformation in the tumor 
microenvironment, which can considerably reduce the chemotherapy-
induced side effects [32,33]. To harness the intrinsic transport properties 
of albumin yet improve the therapeutic index of current in situ albumin-
binding prodrugs, authors [11] developed albumin-drug conjugates with 
a controlled loading that achieved better antitumor efficacy. Here, Model 
Drug Monomethyl Auristatin E (MMAE) was conjugated ex vivo to Cys34 
of albumin via a cathepsin B-sensitive dipeptide linker to ensure that 
all drugs would be bound specifically to albumin. The utility of Cys34 in 
protein modification cannot be overstated. However, DTNB (5,5’-dithio-
bis(2-nitrobenzoic acid)) titrations indicate the sulfhydryl titer for most 
commercial plasma HSA preparations is approximately 30%-40% [34,35]. 
In healthy subjects, Cys34 is mainly present in a reduced form (about 70%) 
(HSAred) while 25-30% is reversibly oxidized as a mixed disulfide, mainly 
with cysteine or in minor amounts with cysteinyl glycine, homocysteine 
and glutathione (HSAox) [35]. Very small amounts (3%-4%) of irreversibly 
oxidized forms, e.g., sulfinate and sulfonate, are also found [33]. Pathologic 
conditions, like kidney or liver diseases, may increase the level of oxidized 
HSA to 70% [36,37]. The heterogeneity of HSA is central to its physiological 
role and presents a complication for protein modification, but that is the 
biological reality. For the synthesis of albumin-drug conjugate with multiple 
payloads MMAE, a controlled reduction by TCEP was first used to expose 
more reactive thiols from disulfide bonds on albumin for conjugation [11]. 
However, partial reduction and subsequent addition of multiple drugs to 
albumin may affect the structure of albumin, which has been reflected in 
changes to the secondary structure of albumin-drug conjugate. 

We previously reported using the reactivity of a thiolactone 
homocysteine (a cyclic thioester) as a latent thiol functionality in thiol-
‘click’ chemistry for the synthesis of HSA-based theranostic agents 
[6,7,23,24,38]. The thiol was released by nucleophilic ring-opening 
(aminolysis) by amino groups on the HSA and subsequently reacted with 
a thiol ‘scavenger’ (a maleimide of the drug). Important aspect of our work 

evaporator and 0.35 mL of ethyl acetate was added. The organic phase 
was washed with water solution of citric acid (10%, 2 × 0.11 mL) and then 
by water solution of potassium carbonate (10%, 2 × 0.12 mL). The organic 
phase was dried with dehydrated sodium sulfate and the solvent was 
evaporated on a rotary evaporator. The resulting compound was purified 
by column chromatography on silica gel (Eluent: CH2Cl2/acetone 10:16 by 
volume) giving 0.026 g of an orange oil. 

The yield of the product 7 65%. IR (KBr, cm-1): 3400 ν(N-H); 2990, 2910, 
2840 ν(C-H); 2550 ν(B-H); 1650 ν(C=O); 1620 δ(N-H); 1500, 1450 ν(C-N); 
1230, 1120, 1090 ν(O-C-O)asym. UV-vis (CH2Cl2): λmax 246 nm (ε= (2.63 ± 
0.02) × 105), λmax 448 nm (ε= (4.10 ± 0.01) × 102). 1H NMR (Acetone-d6, 
δ, ppm): 7.88 (2H, d, H-9); 7.02 (2Н, d, H-8); 4.94 (1H, m, H-12); 4.28 (4Н, 
s, H-1, H-2); 4.19 3.83 3.58 2.87 (8H, t, H-6, H-5, H-4, H-3); 3.49 (1H, m, 
H-14α); 3.35 (1H, m, H-14β); 2.66 (1H, m, H-13α), 2.34 (1H, m, H-13β). 13С 
NMR (Acetone-d6, δ, ppm): 205.4 (1C, s, C-15); 167.3 (1C, s, C-11); 162.8 
(1C, s, C-7); 130.0 (1C, s, C-9); 127.2 (1C, s, C-10); 115.1 (1C, s, C-8); 72.9 
(1C, s, C-6); 70.0 (1C, s, C-5); 69.3 (1C, s, C-3); 68.6 (1C, s, C-4); 59.7(1C, 
s, C-12); 55.2 (1C, s, C-2); 47.3 (1C, s, C-1); 31.4 (1C, s, C-14); 27.5 (1C, 
s, C-13). Mass spectrometry (ESI, negative) m/z: calculated for 647.1; 
measured value MW 646.8.
Synthesis and characterization of multifunctional human serum 
albumin-therapeutic conjugates

HSA-Cy5: The synthesis of HSA-Cy5 was adapted from Chubarov et 
al., [30].

HSA Cy5 HcyCo(B9C2H11)2: A solution of HSA-Cy5 in PBS buffer (2.235 
mL, 8.4 × 10-4 M, 1.88 μmol) was mixed with Co(B9C2H11)2-HTL (compound 
7) dissolved in DMSO (118 µL and 12.2 µmol). Molar ratio Co(B9C2H11)2-
HTL/HSA was 6.5 and a volume ratio DMSO/PBS in the reaction mixture 
was 0.05. The reaction was carried out for 42 h at 37°C. Purification of the 
final conjugate was performed using centricons (Amicon Centriprep YM30, 
Millipore, Bedford, MA) that pass molecules with a molecular weight of less 
than 3,000 Da. For washing, 10% (by volume) DMSO in PBS, 10 volumes 
of the reaction mixture, and then PBS, 10 volumes of the reaction mixture 
were used. The yield of HSA-Cy5-HcyCo(B9C2H11)2 was ~66%. UV-vis (PBS 
buffer, pH 7.4): λmax 268 nm (ε= (10.45 ± 0.1) × 104), λmax 313 nm (ε= (8.22 ± 
0.2) × 104), λmax 652 nm (ε= (6.64 ± 0.1) × 104). Mass spectrometry (MALDI-
TOF) m/z: measured average MW for HSA-Cy5-HcyCo(B9C2H11)2 is 67,982 
Da corresponds to two residues of HcyCo(B9C2H11)2 per one molecule of 
HSA (calculated MW for HcyCo(B9C2H11)2 647 Da). Inductively coupled 
plasma atomic emission spectroscopy: 1.99 ± 0.08 ppm of boron (total) 
was detected at a conjugate quantity in the analyzed sample 0.035 µmol. 
It corresponds to 2.01 ± 0.05 of the HcyCo(B9C2H11)2 residues per albumin.

HSA Cy5 HcyCo(B9C2H11)2-MMAF and HSA Cy5 HcyCo(B9C0H11)2-
MMAE: Purified HSA-Cy5-HcyCo(B9C2H11)2 in PBS buffer (524 µL, 0.7 × 
10-3 M, 0.37 µmol) was mixed with mc-vc-pub-MMAE or mc-vc-pub-MMAF 
dissolved in DMSO (52.4 µL and 2.8 µmol). The molar ratio peptide HSA-
Cy5-HcyCo(B9C2H11)2 was 7.5, and a volume ratio DMSO/PBS in the reaction 
mixture was 0.1. The reaction was carried out for 18 h at 37°C. Purification 
of the final conjugates was performed out in the same way as for HSA Cy5 
HcyCo(B9C2H11)2. The yield of HSA-Cy5-HcyCo(B9C2H11)2-MMAE~86.77%. 
UV-vis (PBS buffer, pH 7.4): λmax 255 nm (ε= (15.0 ± 0.1) × 104), λmax 313 nm 
(ε= (8.22 ± 0.2) × 104), λmax 654 nm (ε= (6.64 ± 0.1) × 104). Mass spectrometry 
(MALDI-TOF) m/z: Measured average MW for HSA-Cy5-HcyCo(B9C2H11)2-
MMAE is 70,615 Da corresponds to two residues of MMAE per one molecule 
of HSA (calculated MW for HcyCo(B9C2H11)2 647 Da, calculated MW for mc-
vc-pub-MMAE 1,316 Da). The yield of HSA-Cy5-HcyCo(B9C2H11)2-MMAF 
was ~84.8%. UV-vis (PBS buffer, pH 7.4): λmax 255 nm (ԑ= (16.25 ± 0.1) 
× 104), λmax 313 nm (ε= (8.22 ± 0.2) × 104) λmax 654 nm (ε= (6.64 ± 0.1) 
× 104). Mass spectrometry (MALDI-TOF) m/z: Measured average MW for 
HSA-Cy5-HcyCo(B9C2H11)2-MMAF is 70,643 Da corresponds to 2 residues 
of MMAF per one molecule of HSA (calculated MW for HcyCo(B9C2H11)2 647 
Da, calculated MW for mc-vc-pub-MMAF 1330 Da).
Cell viability assay (MTT test)

The effect of the modified protein samples on human glioma cell lines 
(U87 and T98G) was performed using the MTT assay [31]. The cells were 
grown to exponential growth phase further seeded in 96-well plates. Cell 
concentration was 2000 cells per well. Before treatment, the cells were 
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protein molecule. 

Modification of HSA-Cy5-HcyCo(B9C2H11)2 with maleimide auristatins 
(mc-vc-pab-MMAE and mc-vc-pab-MMAF) leads to a slight decrease in the 
mobility of the modified albumin conjugates in protein gel electrophoresis 
(Figure 3C), it can be explained by an increase in the mass of the conjugates 
(Figure 3B).

Figure 3. Characterizations of multifunctional human serum albumin 
conjugates. (A): UV-vis spectra of HSA and its homocystamides in PBS buffer, 
pH 7.4. HAS-black; HSA-Cy5-red; HSA-Cy5-HcyCo(B9C2H11)2-blue, HSA-Cy5-
HcyCo(B9C2H11)2-MMAF-orange, HSA-Cy5-HcyCo(B9C2H11)2-MMAE-green; (B): 
MALDI-TOF spectra of HAS-black; HSA-Cy5-HcyCo(B9C2H11)2-blue, HSA-Cy5-
HcyCo(B9C2H11)2-MMAF-orange, HSA-Cy5-HcyCo(B9C2H11)2-MMAE-green; (C): 
SDS-PAGE of homocystamide conjugates of the HSA under Laemmli conditions 

is that by achieving an optimal drug-to-albumin ratio through site-specific 
conjugation, we minimize the change in structure to albumin, which is 
important for achieving antitumor efficacy [6,7]. Similar to our work, other 
strategies on albumin-drug complexes have focused ex vivo covalent 
conjugation. For example, there was earlier literature that used the same 
MMAE payload and linker covalently conjugated to albumin [13,14]. In this 
work, albumin was thiolated to allow for ~4 MMAE molecules per albumin 
and allow for conjugation for RGD peptide for cell targeting. However, this 
conjugate failed to retain the intrinsic properties of albumin due to its non-
specific conjugation through lysine.

Here, we use a thiolactone derivative as a functional handle for site-
specific coupling of a bis(dicarbollide) complex of cobalt (III) and auristatins 
to HSA. The construction of boron-albumin auristatin conjugates is 
illustrated in Figure 2.

Figure 2. The constructing pathway of the new conjugates for BNCT: HSA-Cy5-
HcyCo(B9C2H11)2-MMAF and HSA-Cy5-HcyCo(B9C2H11)2-MMAE.

HSA was preliminarily modified with the Cy5 dye at the cysteine residue 
34 according to the method [30], to obtain the HSA-Cy5 conjugate (Figure 
2, path a). The conjugation reaction of N-substituted boron-homocysteine 
thiolactone to HSA-Cy5 (Figure 2, path b) was performed in PBS buffer 
(pH 7.4) at 37°C. Low-molecular-weight homocysteine derivatives were 
removed from the HSA conjugates by centrifugal filtration with Centricon 
concentrators having a molecular weight cut-off of 3,000 Da. The resulting 
conjugate HSA-Cy5-HcyCo(B9C2H11)2 UV-Vis spectrum contains a band at 
650 nm, which matches the presence of Cy5 dye in this structure (Figure 
3A). The successful synthesis of HSA-Cy5-HcyCo(B9C2H11)2 was confirmed 
by inductively coupled plasma atomic emission spectroscopy: 2.0 
HcyCo(B9C2H11)2 residues per albumin on average. 

The MALDI mass spectrometry data indicate mass increases of the HSA-
Cy5-HcyCo(B9C2H11)2 by 2633 and 2661 Da for HSA-Cy5-HcyCo(B9C2H11)2-
MMAE and HSA-Cy5-HcyCo(B9C2H11)2-MMAF respectively (Figure 3B). This 
corresponds to the addition of 2 residues of each maleimide reagent per 

with subsequent Coomassie blue staining. Note: ( ) HSA; (
) HSA-Cy5-HcyCo(B9C2H11)2; (

9C2H11)2

HcyCo(B9C2H11)2-MMAE.

) HSA
-Cy5; ( ) HSA-Cy5-HcyCo(B
-MMAF; ( ) HSA-Cy5-
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Auristatin-HSA conjugates showed improved cellular growth inhibition 
in cathepsin B overexpressed U87 and T98G cells compared to boron-
containing albumin, indicating auristatins could be released and inhibit 
the proliferation of glioma cancer cells, which encourages us for further 
in vivo investigation. Compared to the MMAF-albumin conjugate, the 
MMAE-albumin conjugate exhibited a 4-4.5-fold increase in potency when 
tested on T98G. Further, this conjugate was found to kill U87 cell type less 
effectively than T98G with IC50 values of 0.97 µM (Table 1). Furthermore, 
taking into account the IC50 values of free MMAE and free MMAF, we see 
that free MMAE is also more cytotoxic than the MMAF.

Table 1: The half-maximal Inhibitory Concentration (IC50) for HSA 
homocystamides and controls (mixtures HSA+MMAF, HSA+MMAE).

Cells Sample IC50 R

T98G HSA-Cy5-HcyCo(B9C2H11)2-MMAE 0.034 0.99

 HSA+MMAE 0.01 0.99

 HSA-Cy5-HcyCo(B9C2H11)2-MMAF 0.147 0.99

 HSA+MMAF 0.044 0.98

U87 HSA-Cy5-HcyCo(B9C2H11)2-MMAE 0.97 0.89

 HSA+MMAE 0.173 0.71

 HSA-Cy5-HcyCo(B9C2H11)2-MMAF 1.16 0.96

 HSA+MMAF 1.02 0.8

Confocal microscopy was used in order to confer the intracellular 
uptake and distribution of the theranostic borated albumin conjugates in 
T98G cells. The cells were incubated with HSA-Cy5-HcyCo(B9C2H11)2-MMAE 
or HSA-Cy5-HcyCo(B9C2H11)2-MMAF conjugate (20 µM) for 3 h. Since the far-
red fluorescence of Cy5 does not overlap with cellular autofluorescence, the 
conjugates were monitored in cells by the fluorescence of Cy5 covalently 
attached to the conjugate (emission at 699 nm with excitation at 633 nm). 

Figure 5. Representative images of confocal microscopy analysis of the T98G 
cells treated with the fluorescent HSA-Cy5-HcyCo(B9C2H11)2-MMAE and HSA-
Cy5-HcyCo(B9C2H11)2-MMAF conjugates (20 µM) for 3 h. Cell nuclei were stained 
with DAPI. The conjugates are visible as a red color. Scale bars: 20 μm. (A): 
HSA-Cy5-HcyCo(B9C2H11)2-MMAE; (B): HSA-Cy5-HcyCo(B9C2H11)2-MMAF; 1-live 
cell image, 2-DAPI fluorescence, 3-conjugate’s fluorescence, 4-merged 2 and 3.

In vitro experiments
MTT assays were utilized to evaluate the in vitro cellular proliferation 

inhibitions of HSA-Cy5-HcyCo(B9C2H11)2-MMAE and HSA-Cy5-
HcyCo(B9C2H11)2-MMAF conjugates against human glioma cells. Glioma 
stem cells and other cells that exist in the glioma microenvironment play 
a crucial role in mediating glioma immune escape, tumor invasion, and 
recurrence [39]. The cysteine cathepsin family plays a prominent role in 
the immune escape of glioma [40-42]. A dipeptide (valine-citrulline) linker, 
cleavable by lysosomal proteases (e.g., cathepsin B), has been used us to 
link auristatins to boron-albumin. U87 and T98G cell lines were exposed 
to increasing albumin-based conjugates concentrations yielding dose-
dependent proliferation inhibition after 72 hours of treatment (Figure 4). 
The cytotoxicity of the HSA-Cy5-HcyCo(B9C2H11)2 conjugate, which was not 
modified with auristatin reagents, was insignificant in both cell lines.

Figure 4. Cell viability of T98G and U87 cells treated with free auristatins in 
the presence of HSA and HSA Cy5-HcyCo(B9C2H11)2, HSA Cy5-HcyCo(B9C2H11)2-
MMAE and HSA Cy5-HcyCo(B9C2H11)2-MMAF conjugates for 24 h. (A): the 
cytotoxicity assays performed in T98G cell line; (B): the cytotoxicity assays 
performed in U87 cell line. The dose of auristatin and its equivalence was from 
0.02 to 30 µM. All data are presented as mean + SD (n=3). Two-way ANOVA was 
used for comparisons of more than two sets of data. **** —p-value ≤ 0.0001

Note: ( 9C2H11)2

9C2H11)2 9C2H11)2

 ( ) HSA+MMAF.

) HSA; ( ) HSA-Cy5-HcyCo(B ; ( )HSA-Cy5-HcyCo
(B -MMAE; ( ) HSA-Cy5-HcyCo(B -MMAF; ( ) HSA+MMAE; 
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related roles seem to be tightly dependent on the cancer cell type. We 
believe that this may be responsible for the difference in IC50 values for 
auristatin-HSA conjugates in various cancer cell types. Further studies are 
required to clarify the specifics of this issue.

Conclusion

Albumin-driven delivery of therapeutics and imaging agents has 
become a popular technology, in parallel to antibody-driven targeting 
strategies. Recently, nano carrier-based boron delivery system, such as 
closo-dodecaborate-albumin conjugate, has been developed in order to 
achieve efficient BNCT. The conjugation of bimodal HSA with undecahydro-
closo-dodecaborate little reduce human glioma cell line viability in the 
absence of irradiation but allowed for neutron capture and decreased 
tumor cell survival under epithermal neutron flux. 

In this paper, we synthesized N-substituted boron-homocysteine 
thiolactone as a conjugation system for albumin functionalization by 
auristatins. The new N-acylated homocysteine thiolactone bearing a cobalt 
bis(dicarbollide) derivative was used to create the fluorophore-albumin 
based construct. Boron-homocysteine thiolactone was found to possess 
a high efficacy of conjugation to albumin. We report on the synthesis 
of a fluorophore-labeled boron-homocystamide conjugates of human 
serum albumin and their use in thiol-‘click’ chemistry to prepare a novel 
multifunctional constructs with the antitubulin agents MMAE or MMAF. We 
demonstrate that boron-equipped albumin conjugate with MMAE was more 
potent than MMAF conjugate, in the killing tumor cells.

The strategy of preparation of auristatin-modified boron-albumin 
conjugates proposed in this work could provide new ideas for the 
development of new generational albumin drug conjugates. Further studies 
are required to use them in a complete treatment of diseases.
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