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Abstract: There have been many attempts in pharmaceutical industries and academia to improve
the pharmacokinetic characteristics of anti-tumor small-molecule drugs by conjugating them with
large molecules, such as monoclonal antibodies, called ADCs. In this context, albumin, one of the
most abundant proteins in the blood, has also been proposed as a large molecule to be conjugated
with anti-cancer small-molecule drugs. The half-life of albumin is 3 weeks in humans, and its
distribution to tumors is higher than in normal tissues. However, few studies have been conducted
for the in vivo prepared albumin-drug conjugates, possibly due to the lack of robust bioanalytical
methods, which are critical for evaluating the ADME/PK properties of in vivo prepared albumin-
drug conjugates. In this study, we developed a bioanalytical method of the albumin-conjugated
MAC glucuronide phenol linked SN-38 ((2S,3S,4S,5R,6S)-6-(4-(((((((S)-4,11-diethyl-4-hydroxy-
3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano [3′ ,4′ :6,7] indolizino [1,2-b] quinolin-9-yl)oxy)methyl)
(2 (methylsulfonyl)ethyl)carbamoyl)oxy)methyl)-2-(2-(3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-
methylpropanamido)acetamido)phenoxy)-3,4,5-trihydroxytetra-hydro-2H-pyran-2-carboxylic acid)
as a proof-of-concept. This method is based on immunoprecipitation using magnetic beads and
the quantification of albumin-conjugated drug concentration using LC-qTOF/MS in mouse plasma.
Finally, the developed method was applied to the in vivo intravenous (IV) mouse pharmacokinetic
study of MAC glucuronide phenol-linked SN-38.

Keywords: albumin-drug conjugate; glucuronidase responsive linker; quantification; LC-qTOF/MS;
pharmacokinetics; bioanalytical method; protein-drug conjugates

1. Introduction

Albumin is one of the most abundant proteins in mammalian blood, and its concen-
tration in blood is known to be 35 to 50 mg/mL [1]. Human serum albumin consists of
585 amino acids and can be divided into three domains [2]. The essential physiological roles
of albumin are to maintain the osmotic pressure of blood and bind to various biological
substances such as fatty acids and hormones or exogenous substances such as drugs [3].
Most albumin is synthesized by the liver. However, its degradation mechanism is not
fully understood. In general, the half-life of human serum albumin is 3 weeks, and its
preferential distribution to tumor tissue has also been reported in various articles [4,5]. One
suggested tumour distribution mechanism is receptor-mediated endocytosis of albumin
by glycoprotein receptor (GP60 receptor or albondin) [5]. Once albumin binds to the GP60
receptor at the epithelial cellular membrane, caveolae-1 (Cav-1) mediated endocytosis
vesicle formation can occur [6,7]. In addition to GP60-mediated tumor distribution, there
are reports that the secreted protein acidic and rich in cysteine (SPARC) may be attributed
to the tumor distribution and uptake of albumin [8,9]. Because of the aforementioned
favorable pharmacokinetic characteristics (long half-life and tumor distribution) of albumin
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as a drug carrier, many attempts have been made to improve that of anti-cancer small
molecule drugs by albumin conjugation [4,5,10–14]. Also, albumin binding can be used to
enhance the solubility of the drug candidate. For example, Nab-paclitaxel (Abraxane), an
approved albumin-bound nanoparticle drug, highly improved the solubility of paclitaxel
and demonstrated its pharmacological and toxicological superiority to paclitaxel itself [15].

Not only non-covalent based albumin-bound nanoparticles, such as Nab-paclitaxel
but also electrophilic functional group-based covalent conjugation strategies to endogenous
albumin were devised by various pharmaceutical industries and academia. There are
two minimum requirements to make this strategy come true from an anti-cancer drug
development strategy perspective. First, the drug candidate must have a highly elec-
trophilic functional group that can be conjugated with albumin’s free thiol group at its
cysteine 34. Typically, in the biological environment, thiol groups can form a disulfide
bond(non-reactive). However, the free thiol group of albumin Cys34 does not form a
disulfide bond with another albumin and remains reactive to the exogenous electrophilic
moieties such as the maleimide group [4]. Second, a tumor-selectively cleavable linker
that connects the albumin-binding moiety of the drug candidate and payload should be
designed to efficiently release the cytotoxic payload in the tumor.

The maleimide group is known to form a covalent bond with the reactive free thiol
group as a Michael addition reaction [16–18] (Figure 1).
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Figure 1. Scheme of Michael addition reaction between free sulfhydryl group and maleimide group.

Once in vivo albumin-drug conjugate is formed, tumor specific cytotoxic payload
release is required. This can be achieved by the linker, which can be cleaved by the tumor
specifically. A couple of enzymes are known to be overexpressed in the tumor, such as
Cathepsin B or β-glucuronidase [19,20]. For example, In several cases of ADCs, antibodies
are conjugated to the payload by the Cathepsin B cleavable linker such as MC-VC-PABC
linker or Glycine-Glycine-Phenlyalanine-Glycine (GGFG) tetra peptide linker [21] and the
ADCs containing these linkers are already approved by the US FDA. Although there are
no approved drugs that use β-glucuronidase cleavable linker yet, its selective cleavage in
cancer is reported in various articles [11,22–24]. In addition to these enzyme-dependent
linkers, acid-sensitive linkers also can be used because of the relatively low pH in the
tumor microenvironment. In the case of ADC, sacituzumab govitecan (Trodelvy) has been
approved using this type of CL2A linker [25]. These various kinds of ADC linkers also can
be applied to albumin drug conjugate.

In this study, MAC (Methylene Alkoxy Carbamate) glucuronide linked SN-38 was se-
lected as a “tool compound” of albumin protein-drug conjugate (Figure 2). The compound
was selected based on several factors, including (1) commercial availability, (2)reactive
moiety-containing linker to albumin (in this case, a maleimide group), and (3) linker sta-
bility [26]. Furthermore, (4) payload with anti-tumor activity (in this case, SN-38) etc., we
have tested several compounds commercially available and found that MAC-glucuronide
linked SN-38 was the best for our research. Before the pharmacokinetic studies, a reliable
quantification method for the albumin drug conjugate was required. However, few bioana-
lytical method developments have been explored for pharmacokinetic studies because of
its complex structure. Therefore, this study developed a novel bioanalytical quantification
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method for the “in vivo” prepared albumin-drug conjugate in mouse plasma using mag-
netic bead-based immunoprecipitation sample preparation and LC-qTOF/MS methods to
explore the in vitro/in vivo properties of albumin-drug conjugates. Furthermore, because
the developed sample preparation method can isolate the albumin from the plasma, it has
a novelty in distinguishing between “albumin-conjugated” drugs and not.
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Figure 2. Structure of MAC glucuronide phenol linked SN-38 ((2S,3S,4S,5R,6S)-6-(4-(((((((S)-4,11-
diethyl-4-hydroxy-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano [3′,4′:6,7]indolizino [1,2-b]quinolin-9-
yl)oxy)methyl)(2-(methylsulfonyl)ethyl)carbamoyl)oxy)methyl)-2-(2-(3-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)-N-methylpropanamido)acetamido)phenoxy)-3,4,5-trihydroxytetra-hydro-2H-pyran-2-
carboxylic acid).

The developed method was successfully applied to the in vitro mouse plasma stability
study and in vivo mouse pharmacokinetic study of the albumin-drug conjugate at two
different dose levels. In addition, in vivo pharmacokinetic study of SN-38 itself was
also conducted to determine the pharmacokinetic improvement of the in vivo prepared
albumin-drug conjugate.

2. Results and Discussion
2.1. Bioanalytical Method Development and Qualification

Immuno-precipitation method by albumin capturing magnetic bead was used to
quantify albumin conjugated MAC glucuronide phenol linked SN-38. The SN-38 cleaved
from the albumin-conjugated drug after incubation with β-glucuronidase was separated
and quantified by the LC-MS/MS. The process of immunoprecipitation of this analytical
method is shown in Figure 3b. The duplicate calibration curve standard samples were
freshly prepared at each run of the assay. The calibration curve consisted of 8 points of
concentration and a 50 to 20,000 ng/mL range. The quadratic regression weighted by
1/concentration2 was applied, and the acceptance criteria of correlation coefficient value
(r) were ≥0.99. The representative calibration curve is shown in Figure 4. The analyte
response at the Lower Limit of Quantification (LLOQ) was higher than five times the analyte
response in the blank sample, which is sufficient for the quantification. Representative
chromatograms of LLOQ and blank samples are shown in Figure 5.
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Three different concentrations of QC samples (400, 2000, and 8000 ng/mL) were used
for the assay performance determination. The acceptance criteria with ±25% CV were
applied to assess accuracy and precision, while the acceptance criteria with ±30% CV were
applied to the LLOQ [27]. The accuracy and precision results of the intra-day and inter-day
assays are shown in Table 1. All bioanalytical work was done in a non-GLP environment,
followed by the internal acceptance criteria mentioned above.
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Table 1. Intra/inter-day accuracy and precision of MAC glucuronide phenol linked SN-38 in quality
control samples at three levels (n = 3 for intra-day accuracy and precision; n = 9 for inter-day accuracy
and precision).

Intra-Run Assay

Run No. Statistics Low QC
(400 ng/mL)

Medium QC
(2000 ng/mL)

High QC
(8000 ng/mL)

1
Mean concentration (ng/mL) 417.25 1994.94 7487.20

Accuracy (%) 104.31 99.75 93.59
Precision (%, CV) 15.07 21.36 3.58

2
Mean concentration (ng/mL) 447.86 2090.10 8071.21

Accuracy (%) 111.96 104.50 100.89
Precision (%, CV) 10.77 6.31 17.29

3
Mean concentration (ng/mL) 394.98 1867.89 7990.39

Accuracy (%) 98.75 93.39 99.88
Precision (%, CV) 15.02 4.73 18.32

Inter-Run Assay

Run 1~3
Mean concentration (ng/mL) 420.03 1984.31 7849.60

Accuracy (%) 105.01 99.22 98.12
Precision (%, CV) 12.25 11.74 12.69

Various conditions of preliminary stability studies were conducted to determine
whether the analyte was stable during the routine sample collection and preparation
process. In addition, two hours of short-term stability study, 2 weeks of long-term stability
at−80 ◦C and 3 cycles of freeze-thaw stability study between−80 ◦C and room temperature
were also conducted. Each stability test condition and time interval were set based on our
laboratory’s practical sample preparation time. The result of the preliminary stability study
is shown in Table 2.

Table 2. The stability assessment of MAC glucuronide phenol linked SN-38 in mouse plasma (n = 3).

Assessment Statistics Low QC
(400 ng/mL)

Medium QC
(2000 ng/mL)

High QC
(8000 ng/mL)

Short-term
stability

Mean concentration 362.18 1917.73 8152.33
Accuracy (%) 90.54 95.89 101.90

Precision (%, CV) 12.15 17.46 6.62

Long-term
stability

Mean concentration 446.90 1724.19 6159.21
Accuracy (%) 111.73 86.21 76.99

Precision (%, CV) 8.23 3.17 3.02

Freeze-thaw
stability

Mean concentration 484.37 1969.98 8172.28
Accuracy (%) 121.09 98.50 102.15

Precision (%, CV) 1.84 8.64 12.78

2.2. In Vitro Plasma Stability in Mouse and Human Plasma

To determine whether SN-38 is stable while conjugating with plasma albumin, in vitro
stability study in mouse and human plasma at 37 ◦C was conducted for 7 days. Since
the in vivo albumin-drug conjugate would be made after spiking the linker-payload in
blank plasma, the first time point was set at 1 h after spiking in order to have sufficient
time for bio-conjugation of the linker with albumin in blank plasma. In mouse plasma,
80% of MAC glucuronide phenol linked SN-38 was still conjugated with albumin after
7 days of incubation compared to the initial timepoint sample. In the case of human plasma,
no significant concentration change was observed after 7 days of incubation. The results
indicated that albumin-conjugated MAC glucuronide phenol linked SN-38 is quite stable
in both species plasma. The results are shown in Figure 6.
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Figure 6. Plasma stability test result of albumin conjugated MAC glucuronide phenol linked SN-38
in mouse and human plasma.

There might be a possibility of the retro-Michael addition reaction, which can cleave
the albumin-drug conjugation. However, our results indicated that once albumin-drug
conjugate was formed, the undesired de-conjugation by the retro-Michael addition would
not happen. It also implied that the albumin-drug conjugate would likely be stable during
systemic circulation if it were formed in vivo [28]. This result also indicated that the
β-glucuronidase dependent cleavable linker used in this study was stable for 7 days
under incubation.

2.3. Application for In Vivo Mouse Pharmacokinetic Study

One mg/kg and 3 mg/kg of the MAC glucuronide phenol linked SN-38 were ad-
ministered to ICR mice by single intravenous (IV) for mouse pharmacokinetic study (as
an equivalent dose of SN-38, 0.36 and 1.08 mg/kg respectively, n ≥ 3). Plasma samples
obtained from this study were analyzed using the developed bioanalytical method. In addi-
tion, one mg/kg of pharmacokinetic study of SN-38 was also conducted, and the samples
were analyzed using the protein precipitation method. As a result, the pharmacokinetic
profiles of the albumin-conjugated SN-38 and the SN-38 itself are shown in Figure 7, and
its pharmacokinetic parameters are also shown in Table 3.
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Table 3. Pharmacokinetic parameters of SN-38 at 1 mg/kg and albumin conjugated SN-38 at 1 mg/kg
and 3 mg/kg of MAC glucuronide phenol linked SN-38 (as an equivalent dose of SN-38, 0.36 and
1.08 mg/kg respectively) after intravenous administration.

PK Parameters

T1/2
(min)

Cmax
(ng/mL)

AUClast
(min × ng/mL)

AUCINF
(min × ng/mL)

CL
(mL/min/kg)

Vss
(mL/kg)

MAC glucuronide phenol
linked SN-38 IV 1 mg/kg 2187.81 3291.42 2,495,425.63 2,845,522.93 0.35 863.47

SD 531.83 529.00 236,162.83 209,510.79 0.03 163.66
MAC glucuronide phenol
linked SN-38 IV 3 mg/kg 2986.94 11,772.15 10,577,105.23 10,884,918.68 0.28 818.41

SD 822.30 2030.98 1,777,851.60 1,782,896.03 0.04 138.86
SN-38 IV 1 mg/kg 239.19 218.71 4357.47 5225.42 191.49 36,420

SD 34.23 41.04 288.08 28.32 1.04 9470

Half-life (T1/2); maximum concentration (Cmax); area under the plasma concentration
vs. time curve from 0 to last time point (AUClast); area under the curve from time zero to
infinity (AUCINF); systemic clearance (CL); the volume of distribution at steady state (Vss).

The half-life and volume of distribution between IV 1 mg/kg and 3 mg/kg of MAC
glucuronide phenol linked SN-38 were comparable. The dose proportionality evaluation of
the Cmax and exposure were conducted using the power regression model. The exploratory
dose proportionality was confirmed in this dose range, and the result is shown in Figure 8.
Although SN-38 showed relatively high in vivo clearance and was fully eliminated in
one day, the albumin-conjugated SN-38 showed very low clearance and a much smaller
volume of distribution. This PK result implies that MAC glucuronide phenol linked SN-38
would be able to conjugate albumin efficiently “in vivo” and follows the PK behaviours of
albumin with a long half-life. The similarity between the known half-life (around 35 h) of
mouse albumin and the results of this study also supports our hypothesis [29].
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3. Materials and Methods
3.1. Materials

MAC glucuronide phenol linked SN-38, and SN-38 was purchased from MedChem
Express (Monmouth Junction, NJ, USA). Verapamil was used for an internal standard (ISTD)
for albumin conjugated drug and free payload quantification assay, and β-glucuronidase
was purchased from Sigma-Aldrich (St Louis, MO, USA). Albumin magnetic bead was
purchased from Millipore Korea (Daejeon, Republic of Korea). Blank ICR mouse and IgG-
depleted human plasma were purchased from BioMedex Korea (Seoul, Republic of Korea).
Other reagents were commercially purchased for analytical purposes or reagent grading
and were used without further purification.

3.2. Preparation of Stocks, Standard (STD) and Quality Control (QC) Samples

A stock solution of MAC glucuronide phenol linked SN-38 was prepared by dissolving
it in dimethyl sulfoxide (DMSO) at 1 mg/mL concentration. Then the 0.1 mg/mL sub-
stock solution was prepared by dissolving in DMSO and then serially diluted with DMSO
to prepare the calibration standard working solutions. Next, an aliquot of 4 µL of each
calibration standard (STD) and quality control (QC) solution was spiked to 20 µL of
mouse blank plasma. All the STD and QC samples were treated as same as the study
sample preparation procedures. The calibration curves were constructed in the y-weighted
quadratic regression (1/x2) with a correlation coefficient (r) value ≥ 0.99 ranging from 50
to 20,000 ng/mL. Assay performance was assessed by the accuracy and precision of QC
samples with three concentrations (400, 2000, and 8000 ng/mL).

3.3. Sample Preparation

Each 24 µL of STD and QC plasma sample was mixed with 350 µL of 0.1% tween 20
in PBS and 20 µL of albumin magnetic bead. In addition, 20 µL of all study samples were
also mixed with 4 µL of DMSO as make-up and 350 µL of 0.1% tween 20 in PBS and 20 µL
albumin magnetic bead. After vortexing, mixture samples were incubated gently for about
2 h at room temperature, and then samples were fixed on a magnetic rack and washed
twice, first washed with 200 µL of 0.1% tween 20 in PBS and then the second with 200 µL
of PBS.

To quantify the total amount of SN-38 conjugated to albumin, the PBS-washed bead
samples were treated with 30 µL of 0.1 mg/mL β-glucuronidase in PBS and incubated
for 12 h at 37 ◦C. Next, the mixture was quenched with 4 µL of 2N HCl to deactivate the
enzyme activity. Thirty microliters of ACN containing 20 ng/mL verapamil as an internal
standard were added to extract SN-38. Finally, the samples were centrifuged at 4500× g
for 5 min, and then 50 µL of supernatant was transferred into an LC vial for LC-qTOF/MS
analysis. The enzymatic release mechanism of SN-38 from the MAC glucuronide phenol
linker when incubated with β-glucuronidase is shown in Figure 9 [30–32].

3.4. Method Qualification

A fit-for-purpose method qualification was carried out using LC-qTOF/MS. The
qualification run contained a duplicate of eight concentrations of standards and quality
control samples at three different concentration levels. The in-house acceptance criteria for
STDs and QCs in the qualification run were within ±25% of the nominal values for the
accuracy and precision values [27]. A quadratic regression (weighted 1/concentration2),
with an equation of y = ax2 + bx + c, was used to fit the calibration curves. In addition,
two blank plasma samples were also run, one with blank plasma with ISTD and the other
with double blank plasma (no ISTD and no analyte). The intra- and inter-day runs for the
accuracy and precision assays were calculated at each QC concentration.

Various conditions of stability tests were conducted in mouse plasma samples. Three
different concentrations of QC samples were tested for short-term, long-term, and freeze-
thaw stability. At room temperature, the short-term stability was determined for 2 h.
Long-term stability was determined by analyzing QC samples frozen at−80 ◦C for 2 weeks.
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Three freeze and thaw cycles at −80 ◦C were conducted to know whether the QC samples
were stable. Each stability condition was set based on the times and cycles of routine PK
sample preparation procedures. The acceptance criteria for the accuracy and precision of
the preliminary stability test were also set within ±25% based on the in-house criteria.
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3.5. In Vitro Mouse and Human Plasma Stability

For the in vitro linker stability test, 10 µL of 1.0 mg/mL of MAC glucuronide SN-38 in
DMSO was spiked into 990 µL of a mouse or human blank plasma to make an incubation
samples. After incubation at 37 ◦C for 1 and 4 h; 1, 2, 4 and 7 days, the incubated samples
were stored at −80 ◦C until LC-MS/MS analysis.

3.6. Application for Preclinical In Vivo Mouse Pharmacokinetic Study

The preclinical pharmacokinetic studies were conducted in ICR mouse. MAC glu-
curonide phenol linked SN-38 was directly administered to the mouse via single intravenous
bolus injection at 1 and 3 mg/kg (as an equivalent dose of SN-38, 0.36 and 1.08 mg/kg,
respectively). Blood samples were collected through an infraorbital vein at 5 min; 1, 4,
and 7 h; 1, 2-, 4-, 7- and 10-days post-dose using a heparinized capillary tube. The blood
samples were centrifuged, and the supernatant plasma was stored at −80 ◦C until LC-
MS/MS analysis. Animal experiments followed the animal care protocol (Protocol code
202103A-CNU-054) approved by the Chungnam National University. All procedures re-
lated to animal experiments were also performed per the guidelines established by the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC International). PK parameters were calculated by non-compartmental analysis
(NCA) using WinNonlin® version 8.3.4 (Pharsight Corporation, Mountain View, CA, USA).
Dose proportionality was estimated using the power regression model. This model defines
the relationship between the dose and pharmacokinetic parameters„ especially for Cmax,
AUClast, and AUCINF, as the following equation [33,34].

log(PK parameter) = α + βlog(dose)

In this equation, if the range of slope of the regression line (β) with a 90% confidence
interval is included in the pre-specified range, the dose proportionality can be claimed. In
this study, the pre-specified criterion suggested by Hummel et al. was applied [35].
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3.7. LC-qTOF/MS Conditions

Two Shimadzu LC-20AD pumps, a Shimadzu CBM-20A HPLC pump controller (Shi-
madzu Corporation, Columbia, MD, USA), a CTC HTC PAL autosampler
(LEAP Technologies, Carrboro, NC, USA), and a quadrupole time-of-flight TripleTOF™
5600 mass spectrometer (Sciex, Foster City, CA, USA) equipped with a Duospray™ ion
source (Sciex, Foster City, CA, USA) were used for LC-qTOF/MS analysis.

The binary flow pumping mode of two Shimadzu LC-20AD pumps was used. Distilled
and deionized water containing 0.1% formic acid was used as a mobile phase A and
acetonitrile containing 0.1% formic acid was used as a mobile phase B. As a result, the
initial mobile phase B percent of gradient elution increased from 10% mobile phase B to
95% mobile phase B during the run time. The LC gradient for this analysis is summarized
in Table 4. The injection volume was 10 µL, and the LC flow rate was 0.4 mL/min. The
SN-38, which would be released from the albumin-conjugated drug, was separated through
a Phenomenex Kinetex XB-C18 column (2.1 × 50 mm, 2.6 µm). The column temperature
was maintained at 55 ◦C.

Table 4. The LC gradient elution for the separation of SN-38.

Time (min) Mobile Phase B (%)

0.0 10
0.5 10

0.95 95
1.4 95
1.5 10
3.0 10

The TOF-MS and product ion scans mass spectra were recorded in the positive ion
mode. The scan range was set at m/z 100~900 in the TOF-MS scan and at m/z 100~700 in
the product ion scan. For the quantification, [M + H]+ parent ions of SN-38 and verapamil
were selected at m/z 393.1 and m/z 455.3, respectively, and their product ions at m/z
349.2 and m/z 165.1 were used for the quantitative analysis, respectively. The ion source
temperature was 500 ◦C, and the ion spray voltage was 5500 V. For the SN-38 and verapamil,
the declustering potentials were 150 V and 125 V, respectively, and the collision energies
were 40 V and 30 V, respectively. Sufficient system equilibrium was conducted before the
analytical run was operated. In addition, the mass spectrometer was calibrated on the
TOF-MS in the positive mode using a calibration solution standard for TripleTOF™ 5600
with an error ppm less than 1 ppm. Analyst® TF 1.6 software (Sciex, Foster City, CA, USA)
was used for the data acquisition and analysis.

4. Conclusions

The albumin-drug conjugate has been studied in academia and the pharmaceutical
industries since its concept was proposed. Most the researchers have explored it either from
efficacy or reaction mechanism perspectives. However, few studies have been conducted
for the albumin-drug conjugate regarding the bioanalytical methods and the pharmacoki-
netic analysis perspectives, particularly for the in vivo prepared-albumin drug conjugate.
This study successfully developed a novel bioanalytical method using a magnetic bead-
based immuno-precipitation followed by LC-qTOF/MS analysis to investigate an “in vivo”
prepared albumin-drug conjugate. The accuracy and precision of the developed method
met our in-house discovery bioanalytical acceptance criteria. They were satisfactory for
various in vitro stability assays and in vivo mouse PK studies. The dose-proportional phar-
macokinetic properties of albumin-MAC glucuronide phenol linked SN-38 were observed
from the single IV bolus at 1 and 3 mg/kg. Since this research was still at the early stage
of understanding the “in vivo prepared” albumin conjugated drug, no higher doses or
multiple doses with various dose intervals were investigated yet in this study. Never-
theless, considering the high concentration of in vivo albumin (35~50 mg/mL) in blood,
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albumin is a good conjugation target for “in vivo prepared” albumin-conjugated drugs.
Therefore, it would be hardly saturated at conventional therapeutic doses unless very high
toxic doses were administered. In addition, the half-life of human serum albumin is also
known to be 3 weeks, much longer than that of murine serum albumin. If so, this approach
would be more attractive to the pharmaceutical industry from the clinical pharmacokinetic
perspective. Further studies using xenograft mouse models with various multiple dosing
regimens would be warranted to understand its pharmacokinetic and pharmacodynamic
correlation and the preclinical/clinical development potentials of the “in vivo prepared”
albumin drug conjugate approach.

Author Contributions: Conceptualization, J.-H.L. and M.P.; methodology, J.-H.L. and M.P.; software,
J.-H.L.; validation, M.P., Y.P., S.-J.P., J.L. (Jiyu Lee) and S.H.; formal analysis, J.-H.L.; investigation,
J.-H.L. and M.P.; resources, Y.G.S.; data curation, J.-H.L.; writing—original draft preparation, J.-H.L.;
writing—review and editing, M.P., Y.P., S.-J.P., J.L. (Jiyu Lee), S.H., J.L. (Jeongmin Lee), Y.L., E.J. and
Y.G.S.; visualization, J.-H.L.; supervision, Y.G.S.; project administration, Y.G.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by a research fund from Chungnam National University.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee)
of Chungnam National University (protocol code No. 202103A-CNU-054, approval date: 1 April
2021). All procedures related to animal experiments were also performed in accordance with the
guidelines established by the Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC International).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Peters, T. All About Albumin: Biochemistry, Genetics and Medical Application; Academic Press Limited: Cambridge, MA, USA, 1995.
2. He, X.M.; Carter, D.C. Atomic structure and chemistry of human serum albumin. Nature 1992, 358, 209–215. [CrossRef] [PubMed]
3. Sleep, D. Albumin and its application in drug delivery. Expert Opin. Drug Deliv. 2015, 12, 793–812. [CrossRef] [PubMed]
4. Larsen, M.T.; Kuhlmann, M.; Hvam, M.L.; Howard, K.A. Albumin-based drug delivery: Harnessing nature to cure disease. Mol.

Cell. Ther. 2016, 4, 3. [CrossRef] [PubMed]
5. Van de Sande, L.; Cosyns, S.; Willaert, W.; Ceelen, W. Albumin-based cancer therapeutics for intraperitoneal drug delivery: A

review. Drug Deliv. 2020, 27, 40–53. [CrossRef]
6. Spada, A.; Emami, J.; Tuszynski, J.A.; Lavasanifar, A. The uniqueness of albumin as a carrier in nanodrug delivery. Mol. Pharm.

2021, 18, 1862–1894. [CrossRef]
7. Chatterjee, M.; Ben-Josef, E.; Robb, R.; Vedaie, M.; Seum, S.; Thirumoorthy, K.; Palanichamy, K.; Harbrecht, M.; Chakravarti,

A.; Williams, T.M. Caveolae-Mediated Endocytosis Is Critical for Albumin Cellular Uptake and Response to Albumin-Bound
ChemotherapyCaveolin-1, Albumin, and Nab-Paclitaxel Response. Cancer Res. 2017, 77, 5925–5937. [CrossRef]

8. Komiya, K.; Nakamura, T.; Nakashima, C.; Takahashi, K.; Umeguchi, H.; Watanabe, N.; Sato, A.; Takeda, Y.; Kimura, S.; Sueoka-
Aragane, N. SPARC is a possible predictive marker for albumin-bound paclitaxel in non-small-cell lung cancer. OncoTargets Ther.
2016, 9, 6663. [CrossRef]

9. Sanità, G.; Armanetti, P.; Silvestri, B.; Carrese, B.; Calì, G.; Pota, G.; Pezzella, A.; d’Ischia, M.; Luciani, G.; Menichetti, L.
Albumin-modified melanin-silica hybrid nanoparticles target breast cancer cells via a SPARC-dependent mechanism. Front.
Bioeng. Biotechnol. 2020, 8, 765. [CrossRef]

10. Elsadek, B.; Kratz, F. Impact of albumin on drug delivery—New applications on the horizon. J. Control. Release 2012, 157, 4–28.
[CrossRef]

11. Graeser, R.; Esser, N.; Unger, H.; Fichtner, I.; Zhu, A.; Unger, C.; Kratz, F. INNO-206, the (6-maleimidocaproyl hydrazone
derivative of doxorubicin), shows superior antitumor efficacy compared to doxorubicin in different tumor xenograft models and
in an orthotopic pancreas carcinoma model. Investig. New Drugs 2010, 28, 14–19. [CrossRef]

12. Legigan, T.; Clarhaut, J.; Renoux, B.; Tranoy-Opalinski, I.; Monvoisin, A.; Berjeaud, J.-M.; Guilhot, F.o.; Papot, S.b. Synthesis and
antitumor efficacy of a β-glucuronidase-responsive albumin-binding prodrug of doxorubicin. J. Med. Chem. 2012, 55, 4516–4520.
[CrossRef]

http://doi.org/10.1038/358209a0
http://www.ncbi.nlm.nih.gov/pubmed/1630489
http://doi.org/10.1517/17425247.2015.993313
http://www.ncbi.nlm.nih.gov/pubmed/25518870
http://doi.org/10.1186/s40591-016-0048-8
http://www.ncbi.nlm.nih.gov/pubmed/26925240
http://doi.org/10.1080/10717544.2019.1704945
http://doi.org/10.1021/acs.molpharmaceut.1c00046
http://doi.org/10.1158/0008-5472.CAN-17-0604
http://doi.org/10.2147/OTT.S114492
http://doi.org/10.3389/fbioe.2020.00765
http://doi.org/10.1016/j.jconrel.2011.09.069
http://doi.org/10.1007/s10637-008-9208-2
http://doi.org/10.1021/jm300348r


Molecules 2023, 28, 3223 12 of 12

13. Pes, L.; Koester, S.D.; Magnusson, J.P.; Chercheja, S.; Medda, F.; Ajaj, K.A.; Rognan, D.; Daum, S.; Nollmann, F.I.; Fernandez, J.G.
Novel auristatin E-based albumin-binding prodrugs with superior anticancer efficacy in vivo compared to the parent compound.
J. Control. Release 2019, 296, 81–92. [CrossRef]

14. Yamamoto, Y.; Kawano, I.; Iwase, H. Nab-paclitaxel for the treatment of breast cancer: Efficacy, safety, and approval. OncoTargets
Ther. 2011, 4, 123. [CrossRef]

15. Mahtani, R.L.; Parisi, M.; Glück, S.; Ni, Q.; Park, S.; Pelletier, C.; Faria, C.; Braiteh, F. Comparative effectiveness of early-line
nab-paclitaxel vs. paclitaxel in patients with metastatic breast cancer: A US community-based real-world analysis. Cancer Manag.
Res. 2018, 10, 249. [CrossRef]

16. Belbekhouche, S.; Guerrouache, M.; Carbonnier, B. Thiol–maleimide michael addition click reaction: A new route to surface
modification of porous polymeric monolith. Macromol. Chem. Phys. 2016, 217, 997–1006. [CrossRef]

17. Northrop, B.H.; Frayne, S.H.; Choudhary, U. Thiol–maleimide “click” chemistry: Evaluating the influence of solvent, initiator,
and thiol on the reaction mechanism, kinetics, and selectivity. Polym. Chem. 2015, 6, 3415–3430. [CrossRef]

18. Su, D.; Zhang, D. Linker design impacts antibody-drug conjugate pharmacokinetics and efficacy via modulating the stability and
payload release efficiency. Front. Pharmacol. 2021, 12, 687926. [CrossRef]

19. Aggarwal, N.; Sloane, B.F. Cathepsin B: Multiple roles in cancer. Proteom. Clin. Appl. 2014, 8, 427–437. [CrossRef]
20. Awolade, P.; Cele, N.; Kerru, N.; Gummidi, L.; Oluwakemi, E.; Singh, P. Therapeutic significance of β-glucuronidase activity and

its inhibitors: A review. Eur. J. Med. Chem. 2020, 187, 111921. [CrossRef]
21. Kang, M.S.; Kong, T.W.S.; Khoo, J.Y.X.; Loh, T.-P. Recent developments in chemical conjugation strategies targeting native amino

acids in proteins and their applications in antibody–drug conjugates. Chem. Sci. 2021, 12, 13613–13647. [CrossRef]
22. Tranoy-Opalinski, I.; Legigan, T.; Barat, R.; Clarhaut, J.; Thomas, M.; Renoux, B.; Papot, S. β-Glucuronidase-responsive prodrugs

for selective cancer chemotherapy: An update. Eur. J. Med. Chem. 2014, 74, 302–313. [CrossRef] [PubMed]
23. Lee, B.I.; Park, M.-H.; Byeon, J.-J.; Shin, S.-H.; Choi, J.; Park, Y.; Park, Y.-H.; Chae, J.; Shin, Y.G. Quantification of an Antibody-

Conjugated Drug in Fat Plasma by an Affinity Capture LC-MS/MS Method for a Novel Prenyl Transferase-Mediated Site-Specific
Antibody–Drug Conjugate. Molecules 2020, 25, 1515. [CrossRef] [PubMed]

24. Renoux, B.; Fangous, L.; Hötten, C.; Péraudeau, E.; Eddhif, B.; Poinot, P.; Clarhaut, J.; Papot, S. A β-glucuronidase-responsive
albumin-binding prodrug programmed for the double release of monomethyl auristatin E. MedChemComm 2018, 9, 2068–2071.
[CrossRef] [PubMed]

25. Goldenberg, D.M.; Cardillo, T.M.; Govindan, S.V.; Rossi, E.A.; Sharkey, R.M. Trop-2 is a novel target for solid cancer therapy with
sacituzumab govitecan (IMMU-132), an antibody-drug conjugate (ADC). Oncotarget 2015, 6, 22496. [CrossRef] [PubMed]

26. Lau, U.Y.; Benoit, L.T.; Stevens, N.S.; Emmerton, K.K.; Zaval, M.; Cochran, J.H.; Senter, P.D. Lactone stabilization is not a necessary
feature for antibody conjugates of camptothecins. Mol. Pharm. 2018, 15, 4063–4072. [CrossRef]

27. Bateman, K.P.; Cohen, L.; Emary, B.; Pucci, V. Standardized workflows for increasing efficiency and productivity in discovery
stage bioanalysis. Bioanalysis 2013, 5, 1783–1794. [CrossRef]

28. Lahnsteiner, M.; Kastner, A.; Mayr, J.; Roller, A.; Keppler, B.K.; Kowol, C.R. Improving the stability of maleimide–thiol conjugation
for drug targeting. Chem. A Eur. J. 2020, 26, 15867–15870. [CrossRef]

29. Nilsen, J.; Sandlie, I.; Roopenian, D.C.; Andersen, J.T. Animal models for evaluation of albumin-based therapeutics. Curr. Opin.
Chem. Eng. 2018, 19, 68–76. [CrossRef]

30. Kolakowski, R.V.; Haelsig, K.T.; Emmerton, K.K.; Leiske, C.I.; Miyamoto, J.B.; Cochran, J.H.; Lyon, R.P.; Senter, P.D.; Jeffrey, S.C.
The methylene alkoxy carbamate self-immolative unit: Utilization for the targeted delivery of alcohol-containing payloads with
antibody–drug conjugates. Angew. Chem. Int. Ed. 2016, 55, 7948–7951. [CrossRef]

31. Kostova, V.; Désos, P.; Starck, J.-B.; Kotschy, A. The chemistry behind ADCs. Pharmaceuticals 2021, 14, 442. [CrossRef]
32. Gavriel, A.; Sambrook, M.; Russell, A.T.; Hayes, W. Recent advances in self-immolative linkers and their applications in polymeric

reporting systems. Polym. Chem. 2022, 13, 3188–3269. [CrossRef]
33. Gough, K.; Hutchison, M.; Keene, O.; Byrom, B.; Ellis, S.; Lacey, L.; McKellar, J. Assessment of dose proportionality: Report

from the statisticians in the pharmaceutical industry/pharmacokinetics UK joint working party. Drug Inf. J. 1995, 29, 1039–1048.
[CrossRef]

34. Smith, B.P.; Vandenhende, F.R.; DeSante, K.A.; Farid, N.A.; Welch, P.A.; Callaghan, J.T.; Forgue, S.T. Confidence interval criteria
for assessment of dose proportionality. Pharm. Res. 2000, 17, 1278–1283. [CrossRef]

35. Hummel, J.; McKendrick, S.; Brindley, C.; French, R. Exploratory assessment of dose proportionality: Review of current
approaches and proposal for a practical criterion. Pharm. Stat. J. Appl. Stat. Pharm. Ind. 2009, 8, 38–49. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jconrel.2019.01.010
http://doi.org/10.2147/OTT.S13836
http://doi.org/10.2147/CMAR.S150960
http://doi.org/10.1002/macp.201500427
http://doi.org/10.1039/C5PY00168D
http://doi.org/10.3389/fphar.2021.687926
http://doi.org/10.1002/prca.201300105
http://doi.org/10.1016/j.ejmech.2019.111921
http://doi.org/10.1039/D1SC02973H
http://doi.org/10.1016/j.ejmech.2013.12.045
http://www.ncbi.nlm.nih.gov/pubmed/24480360
http://doi.org/10.3390/molecules25071515
http://www.ncbi.nlm.nih.gov/pubmed/32225092
http://doi.org/10.1039/C8MD00466H
http://www.ncbi.nlm.nih.gov/pubmed/30746064
http://doi.org/10.18632/oncotarget.4318
http://www.ncbi.nlm.nih.gov/pubmed/26101915
http://doi.org/10.1021/acs.molpharmaceut.8b00477
http://doi.org/10.4155/bio.13.162
http://doi.org/10.1002/chem.202003951
http://doi.org/10.1016/j.coche.2017.11.007
http://doi.org/10.1002/anie.201601506
http://doi.org/10.3390/ph14050442
http://doi.org/10.1039/D2PY00414C
http://doi.org/10.1177/009286159502900324
http://doi.org/10.1023/A:1026451721686
http://doi.org/10.1002/pst.326

	Introduction 
	Results and Discussion 
	Bioanalytical Method Development and Qualification 
	In Vitro Plasma Stability in Mouse and Human Plasma 
	Application for In Vivo Mouse Pharmacokinetic Study 

	Materials and Methods 
	Materials 
	Preparation of Stocks, Standard (STD) and Quality Control (QC) Samples 
	Sample Preparation 
	Method Qualification 
	In Vitro Mouse and Human Plasma Stability 
	Application for Preclinical In Vivo Mouse Pharmacokinetic Study 
	LC-qTOF/MS Conditions 

	Conclusions 
	References

