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Abstract
Accurate measurement and understanding of therapeutic uptake and metabolism is key in the drug development process. This
work examines the amount of doxorubicin that can penetrate into spheroids after being encapsulated in a liposomal configuration
in comparison with free drug. Through a process known as serial trypsinization, three distinct cellular populations of a spheroid
were successfully separated and a small molecule extraction was used to isolate the chemotherapeutic. Doxorubicin showed a
time-dependent permeability into spheroids with the most drug accumulating in the core at 24 h of treatment. Entrapment of the
chemotherapeutic delayed the permeability of the drug and resulted in reduced amounts quantified at the earlier time points.
These findings validate the claim that liposomal therapeutics have the ability to alter the pharmacokinetics and pharmacody-
namics profiles of a drug while also demonstrating the combined power of mass spectrometry and three-dimensional cell cultures
to evaluate drug penetration and metabolism.
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Introduction

Lack of understanding regarding drug uptake and metabolism
within tissues is one of the leading causes of failure during the
drug development pipeline [1–3]. It is critical to understand
the adsorption, distribution, metabolism, and excretion
(ADME) of a putative therapeutic in the human body in order
to develop one viable drug candidate to the Federal Drug
Administration. To produce biologically relevant information
from in vitro assays, it is necessary to manipulate cells in a
manner that would most accurately represent cells in vivo [4].
Spatial analysis of novel therapeutics can unlock key informa-
tion regarding drug distribution and metabolism as well as
changes in the localization and relative abundance of proteins

in response to treatment [5–12]. Spatial analysis can allow one
to detect small changes over time and differences between the
drug configurations.

Two-dimensional cell culture is conventionally used during
drug development because of its ease and lower cost, relative
to other model systems. However, these cultures lack many
aspects of an in vivo tumor and do not accurately mimic what
is found in a tumor cellular microenvironment. Recent studies
have shown that cells grown in three-dimensions display vast-
ly different chemical and cellular responses than cells grown
in the traditional two-dimensional fashion due to the oxygen
and nutrient gradients that form during development [13–18].
Spheroids, a type of three-dimensional cell culture, display
pathophysiological gradients that are more complex than
two-dimensional cell culture and can also be used in a high
throughput manner. These cultures develop cellular popula-
tions that are comparable with in vivo tumors. These cellular
populations form in response to decreasing nutrient and oxy-
gen concentrations from the exterior of the spheroid to the
necrotic core [14, 19–21]. These layers consist of an outer
region of proliferating cells, a middle layer of quiescent cells,
and a necrotic core [15, 17, 18]. These different cellular pop-
ulations can be harvested by serial trypsinization.

Serial trypsinization is a process in which dilute trypsin is
introduced to the spheroids for a short period of time before
being quenched. Then the cell suspension is collected and
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spheroids are washed to allow further trypsin proteolysis
[22–25]. Through this process, cells from progressively
deeper regions in the spheroids can be collected.

Nanotechnology has been at the cutting edge of novel ther-
apeutic development. Nanocarriers have the ability to positively
alter pharmacokinetic profiles and have the capability for co-
encapsulation of therapeutics [26]. Nano-drug delivery vehicles
include polymeric nanoparticles, micelles, dendrimers, carbon
nanotubes, and liposomes [27]. Since 2017, there have been 50
different nano-drug delivery vehicles approved by the Federal
Drug Administration (FDA) [28]. It has been suggested that
nano-drugs may show tumor specificity due to the enhanced
permeability and retention (EPR) effect [29, 30]. Briefly, in
tumor tissues, leaky blood vessels allow nanocarriers to pene-
trate and preferentially accumulate in the tumorous tissue [31].
However, reproducing the EPR effect in an in vitro system
remains a challenge [32, 33]. Spheroids can provide a first step
in therapeutic testing but additional testing must be done prior
to the clinical setting as drugs inherently behave differently
in vivo. It has also been shown that the EPR effect occurs
differently between murine and human model systems so it is
critical to understand the tumor microenvironment to produce a
viable novel therapeutic [34–36].

To date, the liposomal encapsulation of therapeutics is con-
sidered the most successful nano-drug delivery vehicle [37].
Liposomes are spherical vesicles made up of lipids and pos-
sess several advantages over other drug delivery vehicles.
They have been shown to have low toxicity and high biocom-
patibility due to the fact that they are composed of naturally
occurring phospholipids [24, 25, 38]. Additionally, liposomes
have the ability for self-assembly and depending on their size
can deliver a high concentration of the entrapped contents
directly to a site of interest while avoiding elimination by the
body [23]. Therefore, liposomes have the potential to facilitate
greater drug penetration into tissue samples and could theoret-
ically make treatments more efficient. Studies have also
shown that liposomal drugs have profound effects on the phar-
macokinetic and pharmacodynamics profiles of the entrapped
contents [39].

In this work, we aimed to quantitatively characterize the
amount of doxorubicin in the three distinct populations of
cells present in our spheroid model system. Our laboratory
has previously developed a liposomal doxorubicin configura-
tion [8]. This liposomal configuration of doxorubicin was
used to dose the spheroids for a range between 2 and 72 h.
A separate group of spheroids was also dosed with free doxo-
rubicin for the same time course. The distinct populations of
cells within the spheroid were isolated through serial
trypsinization. Figure 1 shows the experimental schematic.

As liposomal drugs have been shown to alter the pharmaco-
kinetics and pharmacodynamics profile of the entrapped thera-
peutic, we expected to see varying amounts of doxorubicin
present with our spheroid system. By performing the serial

trypsinization, we spatially quantified the amount of the che-
motherapeutic and its metabolites in the different regions of the
spheroid and inferred the rate in which it enters the cells.

Materials and methods

Chemicals and materials

HPLC grade acetonitrile (ACN) and HPLC grade water were
purchased from B & J Brand (Honeywell Burdick & Jackson,
Muskegon, MI). Chloroform and Tris were all obtained from
Fisher Scientific (Fair Lawn, NJ).

Cell culture and spheroid formation

The colon carcinoma cell line HCT 116 was purchased from
ATCC (Manassas, VA) and maintained in McCoy’s 5A cell
culture media (Life Technologies, Grand Island, NY) supple-
mented with 10% fetal bovine serum (Thermo Scientific,
Gaithersburg, MD) and 1% L-glutamine (Invitrogen, San
Diego, CA). Cells were grown in 5% CO2 at 37 °C and passed
every 4 days. Cell lines were used within 3 months after resus-
citation of frozen aliquots thawed from liquid nitrogen. The
cells were verified by short tandem repeat (STR) sequencing
in 2016.

Spheroids were prepared in an agarose-coated 96-well
plate as previously described [40–42]. Cells were seeded into
each well at a density of 7000 cells/well, incubated at 37 °C
and 50% of the volume of the cell culture media was changed
every 48 h after 4 days in culture. After 13 days in culture,
spheroids reach their maximum growth and were dosed with
liposomal doxorubicin, free doxorubicin, or control media for
2, 12, 24, 48, or 72 h. Liposomal doxorubicin was created as
previously described [8]. Spheroids were dosed with either
30 μM free doxorubicin or liposomal doxorubicin for 2, 6,
12, 24, 48, and 72 h.

Serial trypsinization

Cells from spheroids were separated using serial
trypsinization to collect the three distinct physiological popu-
lations. Spheroids were washed in 1× PBS briefly to wash
away media in a cell culture dish. A solution of 0.05%
trypsin/EDTA at room temperature was added, and the spher-
oids were gently rotated for 3 min on a rotary shaker at
90 rpm. Chilled complete medium was then added to inhibit
the trypsin and was gently rotated for 3 min. The cell suspen-
sion was carefully collected from the spheroids, and medium
without FBS was added to wash serum out of the dish (3-min
rotation) to allow further trypsin proteolysis. By repeating the
trypsinization, complete medium washing, and serum-free
medium washing steps repeatedly, cells from progressively
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deeper layers in the spheroid were harvested. The first three
fractions were combined as a single sample representing the
outer proliferative cells of the spheroid. Cells from the next
three trypsin treatments were collected representing the inter-
mediate region. The seventh fraction contained the remaining
spheroid necrotic core, which was dissociated completely by
pipetting. Cell suspensions from each of the populations were
centrifuged at 2000g for 10 min and cell pellets were washed
twice with water. Cell pellets were stored at − 80 °C for small
molecule extraction. Forty spheroids were used for each con-
dition at each time point [20].

Small molecule extraction

Small molecules were extracted by adding 500 μL of an ex-
traction solution (0.01 M HCl:methanol, 2:3, v/v) containing
200 nM daunorubicin. After mixing by vortex, the cellular
extracts were sonicated and centrifuged at 15,000g for
15 min at 4 °C. The supernatants were transferred into clean
tubes and evaporated to dryness under vacuum using a
SpeedVac. The dried extracts were redissolved by vortexing
in 100 μL of 20:80 (v/v) methanol:water solution [20]. To
remove protein contaminants, samples were centrifuged with
Amicon Ultra-0.5 Filter Devices with a 30,000 Da molecular
weight cutoff. Flow-throughwas collected and 2μL of sample
was injected into the LC-MS/MS for quantitation.

Calibration curve

A calibration curve of doxorubicin containing 200 nM dauno-
rubicin (internal standard) was constructed. 2.5 nM, 25 nM,

50 nM, 100 nM, 250 nM, 300 nM, 500 nM, and 1 μM concen-
tration solutions of doxorubicin were used to construct the
curve.

Mass spectrometer parameters

A nanoAcquity ultra performance LC system (2 × 100 mm,
2.7 μM particle size C18 column) (Thermo Fisher Scientific,
Milford, MA, USA) was used for separation of the small
molecules. Samples were eluted with a binary solvent system
with 0.1% formic acid (A) and 0.1% formic acid in methanol
(B) using the following linear gradient separation: buffer B
was increased from 15 to 100% in 20 min, washed with
100% B for 3 min, and equilibrated for 7 min with 15%
buffer B before the next injection. The eluted small molecules
were analyzed using a Thermo Quantiva Triple Quadrupole
HPLC MS/MS system (Thermo Fisher Scientific, Waltham,
MA, USA). Instrument parameters were set as follows: H-
ESI source, positive ion voltage, 4500 V, spray voltage was
static, sheath gas, 10 Arb, auxiliary gas, 5 Arb, sweep gas,
5Arb, ion transfer tube temperature 250 °C, vaporizer tem-
perature 100 °C. Transitions were made for doxorubicin, dau-
norubicin (internal standard), doxorubicinone, 7-
deoxydoxorubicinone, and 7-deoxydoxrubicinolone
(Table 1). Structures of these compounds can be seen in the
Electronic Supplementary Material (ESM). Q1 and Q3 reso-
lution (FWHM) was set to 2, CID gas was 1.5 mTorr.
Samples were run in duplicate injections. The data was ana-
lyzed and quantified by Xcalibur software (Thermo Fisher
Scientific, Waltham, MA, USA).

Fig. 1 Schematic of experimental workflow. Spheroids are dosed with
one of the three forms of doxorubicin for a range of 2–72 h. Serial
trypsinization is then performed to isolate the different cellular

populations. A small molecule extraction is done to remove the drug
molecule from the cells for analysis
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Results and discussion

Spheroids serve as an effective in vitro platform for testing
drug delivery and metabolism. As nano-drug carriers continue
to increase in popularity, it is important to quantitatively ana-
lyze how much drug is reaching the intended target. In this
work, we aimed to quantitatively characterize the amount of
doxorubicin delivered in two different ways to the different
cellular populations present in our spheroid model system.
Doxorubicin was delivered in its free drug form as well as a
liposomal configuration. As liposomal drugs have been
shown to alter the pharmacokinetics and pharmacodynamics
profile of an entrapped therapeutic, we expected to see ob-
serve differential gradients of doxorubicin present with our
spheroid system. To obtain more spatial information as to
where the doxorubicin was located in our system, serial
trypsinization was performed to isolate the distinct cellular
populations of a spheroid, outer proliferative cells, quiescent
cells in the middle, and necrotic cells in the core. A small
molecule extraction was then performed to extract the doxo-
rubicin as well as its metabolites from the cells.

Quantitation of doxorubicin in spheroids

Data was processed and peak area ratios of doxorubicin com-
pared with daunorubicin were calculated by using Quan
Browser of the Xcalibur software. Based on the slope and
intercept of the doxorubicin calibration curve, the concentra-
tion of doxorubicin extracted from cells originating from the
outer proliferative region, the quiescent middle, and necrotic
core was calculated. Exact amounts of the drug in each region
were then determined based on the total volume of each sam-
ple (100 μL). Figure 2 shows the amount of doxorubicin that
was detected in each of the cellular populations for six differ-
ent time points for the two delivery methods. As expected, the
total amount of doxorubicin present in the spheroid increases
with the drug incubation time.

In the first 6 h of treatment, doxorubicin penetrates into the
outer layer of cells with some drug also detected in the middle
quiescent cells. Doxorubicin was detected at minimal levels in
the core of the spheroids in both treatment conditions after 6 h
of treatment. Differences between the two drug delivery
methods become noticeable after 6 h of treatment. The results
observed after 6 h are statistically significantly between the

free doxorubicin and the liposomal doxorubicin (p value <
0.05). Free doxorubicin is detected at much larger levels in the
spheroids after 12 h of treatment when compared with the
liposomal doxorubicin penetration. On average, after 12 h of
treatment, free doxorubicin is quantified at 37 times greater
concentration than the liposomal doxorubicin (7.45 μM vs.
0.20 μM) in all three cellular populations combined. As the
time course progresses, more doxorubicin penetrated in the
spheroid from the liposomal configuration; however, free
doxorubicin was always detected at a higher concentration
in the layers.

After 72 h of treatment, the concentration of free doxoru-
bicin detected is still 2.9 times greater than that of the liposo-
mal doxorubicin (25.64 μM vs. 8.92 μM) in all cellular layers
combined. This result was an expected outcome as liposomal
therapeutics are known to alter the pharmacokinetics and
pharmacodynamics profiles of a drug.

One of the substantial benefits of liposomal drug delivery is
prolonged exposure on the entrapped therapeutic. The trend in
this data shows this phenomenon exactly. By the 72-h time
point, the free drug concentrations are almost at its maximum
capacity and the spheroids were dosed at 30 μM for both
conditions. However, the liposomal configuration had not
yet reached its dosage capacity so a prolonged therapeutic
effect may have occurred if this time course would have con-
tinued. This prolonged therapeutic effect is due to the fact the
doxorubicin must first be released from the liposome through
the lipid bilayer components binding to cellular bilayers be-
fore it has the ability to passively diffuse into cells. The doxo-
rubicin entrapped in the liposome is essentially inactive until it
is released.

Metabolite detection

Metabolism directly influences the amount of parent drug
quantified in the cells. Doxorubicin is part of the anthracycline
family and there are two main metabolic routes for
anthracycline metabolism: electron reduction and
deglycosidation [43]. It is believed that electron reduction is
carried out by several oxidoreductases while the enzymes and
candidate genes for deglycosidation metabolism are less well
characterized. It is thought that deglycosidation accounts for
1–3% of doxorubicin metabolism [30]. Recent studies have
implicated NADPH in this metabolism mechanism [44].

Table 1 Compounds of interest
with parent and product ions used
to make transitions for mass
spectrometry analysis

Compound Parent ion (m/z) Product ion (m/z) Collision energy (V)

Doxorubicin 544.2 361.1 30

Daunorubicin (internal standard) 528.2 321.1 35

Doxorubicinone 415.2 361.1 35

7-Deoxydoxorubicinone 399.1 381.5 35

7-Deoxydoxorubicinolone 397.1 381.5 35
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However, a large proportion of doxorubicin (~ 50%) is un-
changed as it is eliminated from the body [44, 45].

In a previous MALDI MSI study in our laboratory, we ob-
served three doxorubicin metabolites after liposomal entrap-
ment of the chemotherapeutic and treatment in spheroids:
doxorubicinone, 7-deoxydoxorubicinone, and 7-
deoxydoxorubicinolone [8]. These metabolites were quantified
with the same approach as doxorubicin. Figure 3 shows the
quantitation of doxorubicinone. This metabolite was detected
after 6 h of treatment in the outer and middle cells of spheroids
when dosed with free doxorubicin. Similar to the trend of the
parent drug, doxorubicinone is always found at a higher con-
centration in the free drug dosed spheroid in comparison with
the liposomal-treated ones, but by the 72-h time point, the gap
between the samples has drastically closed. The concentration
of the free doxorubicin dosed spheroids was determined to be
1.7 times greater than that of the PC liposome doxorubicin
(3.5 μM vs. 2.1 μM) at this last time point. However, the dif-
ference between the two different dosing schemes is still statis-
tically significant at the 72-h time point (p value < 0.05).

7-Dexoydoxorubicinone was quantified within this exper-
iment (Fig. 4). Following the trend of doxorubicin and
doxorubicinone, this metabolite was also first detected in free
drug dosed spheroids. This metabolite does not appear until
24 h of treatment and then constant levels are maintained for
the rest of the time course. 7-Dexoydoxorubicinone could be

quantified in the liposomal configurations of doxorubicin,
however, not until 72 h of treatment for liposomal doxorubi-
cin. The detected amount of this metabolite is constant for
both drug delivery types and is much lower than what was
detected for doxorubicin and doxorubicinone. 7-
Deoxydoxorubicinolone was not able to be quantified in this
experiment due to the levels of this metabolite being below the
level of detection of the instrument.

These detected metabolism products match previous re-
sults by the Arriaga group [46]. The metabolism pathway is
depicted in Fig. 5. Using laser-induced fluorescence mass
spectrometry (LIF-MS) and micellar electrokinetic chroma-
tography laser-induced fluorescence (MEKC-LIF), they deter-
mined that doxorubicinone was the most abundant metabolite
detected, validating the results in this present study. However,
doxorubicinone forms as a result of an acid-catalyzed cleav-
age of the ether bond over the sugar ring during sample prep-
aration not because of metabolism within the cells. This acid-
catalyzed cleavage explains why this is the predominate me-
tabolite detected in both studies. This study as well as the
study performed by the Arriaga group detected 7-
deoxydoxorubicinone as a main metabolite formed. Both
studies detected levels of 7-deoxydoxorubicinone at constant
levels after an initial incubation period with doxorubicin. 7-
Deoxydoxorubicinolone and doxol were not detected in this
present study.

Fig. 2 Doxorubicin quantified in
spheroids that had been serial
trypsinized. Total amount of
doxorubicin increases with drug
incubation time. Free doxorubicin
(yellow) is seen at higher con-
centrations at all time points in
comparison with liposomal
doxorubicin (green)

Fig. 3 Doxorubicinone
quantified in spheroids that had
been serial trypsinized. This
metabolite was first detected at
the 6-h time point. Total amount
of doxorubicinone detected in-
creases over the time course.
Doxorubicinone metabolized
from free doxorubicin (yellow) is
seen at higher concentrations at
all time points in comparison with
liposomal doxorubicin (green)
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In addi t ion , the Arr iaga group observed 7-
deoxydoxorubicinolone using MEKC-LIF but not using
an HPLC approach. MEKC-LIF is capable of analyzing
small volumes of sample and has high separation effi-
ciency providing the resolution needed in order to deal

with high sample complexity [46]. Doxol was also not
detected as a metabolite which matches previous studies
that indicate hepatocytes and liver enzymes necessary for
this conversion, which are not present in the spheroid
model system [47, 48].

Fig. 4 7-Deoxydoxorubicinone
quantified in spheroids that had
been serial trypsinized. Total
amount of 7-
deoxydoxorubicinone detected
remains constant once it has been
created through doxorubicin
metabolism

Fig. 5 Doxorubicin metabolic pathway. Doxorubicinone is formed by an acid-catalyzed cleavage and 7-deoxydoxorubicinone is formed from a
reductase-type deglycosidation by NADPH-cytochrome c reductase
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Conclusions

By utilizing spheroids, serial trypsinization, and mass spec-
trometry, one can use this methodology for an accurate eval-
uation of drug delivery and metabolism in an in vitro system.
This is a quantitative approach that can be easily used to spa-
tially locate therapeutics and the metabolites created. By
looking at different delivery configurations for doxorubicin,
we quantified the spatially specific differences that correlate to
different cellular populations in drug concentrations. We ob-
served that the liposomal configurations altered the pharma-
cokinetic and pharmacodynamics profile of doxorubicin for
the distinct populations of cells. Delayed permeation of the
drug and the appearance of metabolites were quantified from
24 to 72 h. The production of metabolites between free drug
and the liposomal configuration was greatly diminished by the
72-h time point. Accurate assessment of drug concentrations
is key to understanding the effectiveness and can potentially
point towards areas of improvement for future novel
therapeutics.
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