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Introduction

Together with surgery and radiotherapy, chemotherapy prolongs 
survival of patients with solid tumors.1 Howevever this ben-
efit may not be a cure because of tumor drug resistance mecha-
nisms.2,3 One of the resistance mechanisms is the limited drug 
access to the tumor mass.3,4 Resistance to drug penetration is a 
critical parameter not reproduced in monolayer cultures of can-
cer cells, which also lack heterogeneity.5,6 The chemotherapeutic 
priming as well as the increase in tumor blood flow have been 
used to selectively increase tumor drug penetration.7,8

Spheroids, three dimensional architectures of cancer cells, are 
found in cancer patients with sizes of 250–750 μm.9 Spheroids 
formed with cancer cell lines mimic both architecture and share 
the limited drug penetration properties since drugs are largely 
confined to the outer cell layers.5 In other ways, spheroids repre-
sent a better model for drug resistance compared with monolayer 
cultures.10-12 where the correlation between apoptosis induction 
in spheroids by free and micellar doxorubicin and its therapeu-
tic efficacy in xenografts have been reported.13 Finally, spher-
oids were as predictive as tumor histocultures of dog melanoma 
tumors in their response to herpes simplex thymidine kinase/
ganciclovir therapy.14

Considerable evidence suggests that drug combination proto-
cols give better results in spheroids and tumor xenografts6,8,15 and 
in patients.16-18 Cell death induction in xenografts and ex vivo 
patient tumors by paclitaxel decreased interstitial blood pressure, 
enhanced paclitaxel penetration and therapeutic efficacy.7,8,19,20 
Because the degree of apoptosis induction has recently been posi-
tively correlated with the clinical outcome, the assessment of the 

To determine whether the spheroid culture can be used to evaluate drug efficacy, we have evaluated the toxicity of free 
or carrier-associated doxorubicin as a single drug or in combination with other antineoplastic agents using the spheroid 
cultures of drug-resistant cancer cells. Paclitaxel, cisplatin, dexamethasone, mitoxantrone, sclareol or methotrexate were 
used in combination with doxorubicin. The effect of the treatment protocols on free, micellar and liposomal doxorubicin 
accumulation in spheroids and on resulting toxicity was evaluated by fluorescence and lactate dehydrogenase 
release, respectively. Enhanced doxorubicin accumulation and toxicity were observed after spheroid pretreatment 
with mitoxantrone or paclitaxel. Effects of the drug combination with doxorubicin were sequence dependent, use of 
doxorubicin as the first drug being the least inducer of toxicity. Finally, spheroids were recognized by a cancer cell-specific 
antibody. Our results suggest the usefulness of spheroids to evaluate chemotherapy combinations.
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toxicity in the challenging spheroid model is of clear therapeu-
tic relevance.5,21 As cells within the spheroid core are exposed to 
suboptimal drug concentrations,22-24 high concentrations and/or 
drug combinations are needed to harness antineoplastic agents 
efficiency. NCI-ADR-RES, doxorubicin-resistant spheroids, were 
used as a model in our study.6

Several studies have investigated doxorubicin accumulation 
and toxicity in spheroids.6,15,25,26 We evaluated combinations of 
clinically relevant drugs belonging to different groups: mito-
xantrone (anthracenedione), cisplatin (alkylating-like), dexa-
methasone (glucocorticosteroid), methotrexate (antifolate), 
sclareol (labdane diterpene), paclitaxel (taxane) and doxoru-
bicin (anthracycline). In vitro use of these drugs in combina-
tion protocols was reported for sclareol and methotrexate,27,28 in 
vivo for paclitaxel, cisplatin and dexamethasone;8,29-31 and with 
patients for doxorubicin, paclitaxel, mitoxantrone and metho-
trexate.16-18,32-34 Their sequential combination with doxorubicin 
in a spheroid model was studied in this report. In addition, we 
used doxorubicin in its free, micellar and liposomal form, which 
allowed us to compare the permeability of spheroids for different 
drug formulations.

The results show an improved accumulation of doxorubicin 
after pretreatment with paclitaxel or mitoxantrone. The cell 
death induction by sclareol, paclitaxel and mitoxantrone (but not 
by cisplatin, methotrexate and dexamethasone) potentiated doxo-
rubicin toxicity in spheroid cultures. In addition, the correlation 
between size of different doxorubicin formulations (micellar or 
liposomal doxorubicin) and toxicity was also analyzed. Finally, 
the binding of a cancer-specific anti-nucleosome antibody to can-
cer cell monolayers and spheroids was compared.
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respectively). Interestingly, sclareol, which did not enhance doxo-
rubicin accumulation, potentiated its toxicity with a 4.5-fold 
increase in LDH release. No potentiation of doxorubicin toxicity 
by methotrexate, dexamethasone or cisplatin was detected.

Enhancement of doxorubicin nanoformulations accumu-
lation and toxicity. Using the same drug combinations, we 
evaluated the influence of doxorubicin formulation as doxo-
rubicin-loaded micelles or liposomes on its accumulation and 
resulting toxicity (Figs. 3–5). Without the pretreatment, micel-
lar doxorubicin accumulation was similar to the free drug (5.8 
and 4.3 nmol per mg of protein, respectively; Fig. 3), whereas 
for the liposomal doxorubicin (as Lipo-Dox) it was lower than 
for free doxorubicin (0.7 and 4.3 nmol per mg of protein, respec-
tively; Fig. 5); a similar pattern was reported by Tsukioka et al.26 
Sclareol, methotrexate, dexamethasone and cisplatin did not 
modify micellar and liposomal doxorubicin accumulation and 
toxicity. Although paclitaxel has been shown to modify liposo-
mal doxorubicin pharmacokinetics with selective doxorubicin 
tumor accumulation,8 in our study, an enhanced doxorubicin 
accumulation was observed only with free doxorubicin (8.7 nmol 
per mg of protein with the pretreatment vs. 4.3 without; Fig. 1) 
and micellar doxorubicin (8.2 and 5.8 nmol/mg of protein, with 
and without the pretreatment, respectively; Fig. 3), but not with 
the liposomal doxorubicin (0.9 and 0.8 nmol/mg of protein, with 
and without the pretreatment, respectively; Fig. 5).

Conversely, mitoxantrone promoted the accumulation of free 
doxorubicin (12.1 nmol per mg of protein with the pretreat-
ment vs. 4.3 without; Fig. 1), micellar doxorubicin (10.9 nmol 
per mg with the pretreatment vs. 5.9 without it) and liposomal 
doxorubicin (2 nmol per mg with vs. 0.8 without mitoxantrone 
pretreatment). Although LDH release obtained with MDOX 
and free doxorubicin was similar, the toxicity of MDOX was 
increased 1.5-fold with paclitaxel and 1.8-fold with mitoxantrone 
pretreatments.

Scheduling effect of drug administration on resulting toxic-
ity. We next used the spheroid model to compare three sequences 
of drug combinations for toxicity induction: doxorubicin as the 
second drug (priming by cell death induction), doxorubicin as 
the first drug (reverse) and co-administration (Fig. 6). Except for 
sclareol, the priming schedule was the poorest inducer of LDH 
release. Use of doxorubicin as the first drug resulted in the high-
est resulting LDH release. A lower toxicity with priming com-
pared with reverse and co-administration schedules should be 
correlated with its lower adverse effects in clinical trials.16,37,38

Recognition of spheroids by a cancer cell-specific antibody. 
Finally, as we observed clear differences between drug formu-
lations including free, micellar or liposomal doxorubicin, we 
wanted to determine whether spheroids could be used as a model 
for targeted delivery of drug formulations. The recognition of 
spheroids by a cancer-specific monoclonal antibody (2C5) that 
reacts with cancer cell surface-associated nucleosomes was stud-
ied (Fig. 7).35 Earlier, the 2C5 conjugation allowed the selective 
enhancement of doxorubicin-loaded liposomes and paclitaxel-
loaded micelles accumulation in tumors together with increased 
therapeutic activity.35,36 We found that anticancer nucleosome-
specific antibodies binds selectively to NCI-ADR-RES spheroids 

Results

Cell death induction by pretreatment. Spheroid cultures are 
characterized by their limited drug and nanoparticle penetra-
tion5,20,26,35 along with altered protein expression patterns in 
spheroids compared with monolayers and are now being used as 
advanced in vitro tumor models.5,10-12 Using spheroids we tested 
combination protocols that could allow enhanced doxorubi-
cin penetration and resulting cytotoxicity. Since facilitation of 
antineoplastic drug or nanoassembly penetration of spheroids 
or tumors was shown to require the induction of apoptosis, we 
determined cytotoxic concentrations for six different drugs in 
spheroids.8,19,20,36 For this purpose, spheroids were cultured for 
48 h with concentrations of drugs allowing lactate dehydroge-
nase (LDH) release as a marker of cell death. LDH release was 
increased by 1.5- to 2.5-fold after 48 h incubations with 10 μM 
of dexamethasone or cisplatin or with 40 μM of sclareol, metho-
trexate, paclitaxel or mitoxantrone (Fig. 1). These drug concen-
trations are in accordance with those used in previous reports.22,23 
The use of such high doses of these drugs is supported on the one 
hand by the doxorubicin IC

50
 above 100 μM in NCI-ADR-RES 

spheroids,6 and on the other hand by the data on limited periph-
eral penetration of cisplatin and doxorubicin in HCT116 spher-
oids.23 Induction of cell death by this pretreatment was confirmed 
by TUNEL staining (Fig. 1B). Compared with DNase I (positive 
control), pretreatments with lower drug concentrations resulted 
in lower quantities of dead cells, confirming the need for higher 
cell death-inducing drug concentrations as reported.8,20 Almost 
no fragmented DNA was detected in untreated spheroids, as 
previously reported.10,25 Fragmented DNA signal intensities were 
apparent for the six-inducers used in mentioned concentrations 
based on the corresponding LDH releases observed (Fig. 1A). 
Thus, the concentrations selected above were used in combina-
tion with doxorubicin.

Enhancement of free doxorubicin accumulation by cell death 
induction. We next analyzed to what extent cell death induction 
by paclitaxel, mitoxantrone, cisplatin, dexamethasone, sclareol 
or methotrexate influenced doxorubicin accumulation (Fig. 2). 
Strong differences in doxorubicin accumulation were observed: 
only mitoxantrone and paclitaxel increased doxorubicin accumu-
lation (by 2.8- and 2-fold, respectively). The doxorubicin analog 
mitoxantrone allowed the highest doxorubicin accumulation. 
Furthermore, a similar doxorubicin accumulation was detected 
after the pretreatment with 40, 60 or 80 μM of mitoxantrone 
(data not shown). The increase in fluorescence was not due to the 
auto-fluorescence of mitoxantrone or paclitaxel. No signal was 
detected without the addition of doxorubicin.

Enhancement of free doxorubicin toxicity. We next evalu-
ated the influence of the pretreatment on doxorubicin toxic-
ity. Enhanced doxorubicin accumulation when spheroids were 
pretreated with mitoxantrone or paclitaxel was correlated with 
an increased toxicity (1.4- and 2.2-fold compared with doxoru-
bicin alone, respectively) (Fig. 2). Although mitoxantrone fur-
ther improved doxorubicin distribution in spheroids compared 
with paclitaxel, the latter showed superior toxicity when com-
bined with doxorubicin (2.5- and 4-fold increased LDH release, 
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Figure 1. The effect of cytotoxic doses of priming drugs on NCI-ADR-RES spheroids. NCI-ADR-RES spheroids were cultured with sclareol (SCL), dexa-
methasone (DXM), cisplatin (CIS), methotrexate (MTX), paclitaxel (PTX) or mitoxantrone (MXO) for 48 h before determination of LDH release with a 
Cytotox 96 cell viability kit (A) and apoptosis induction by a Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (B). Concen-
trations used are indicated in micromolars. LDH release was normalized to untreated cells cultured in the same conditions. Pretreated spheroids were 
fixed and submitted to TUNEL assay: (A) untreated spheroids, (B) DNase I (positive control), (C) SCL, (D) MTX, (E) CIS, (F) DXM, (G) MXO (H) PTX. Scale bar 
represents 200 μm. Data represent the mean ± SD, n = 3. Student’s t-test; *p < 0.05, **p < 0.01 compared with untreated cells.
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enhancement in doxorubicin delivery by 
sclareol or methotrexate, contradictory to 
previous reports.18,29 On the other hand, 
as expected based on the previous reports, 
paclitaxel permitted an increase in doxo-
rubicin distribution in spheroid cells.8,19,20 
The 40 μM dose of paclitaxel used to 
improve doxorubicin accumulation is 
400 times higher than the 100 nM used 
by Wong et al. to increase siRNA lipo-
plexes penetration in FaDu spheroids.19 
This 400-fold increase in effective pacli-
taxel concentration between FaDu and 
NCI-ADR-RES spheroids should be cor-
related with the 520-fold lower IC

50
 value 

of NCI-ADR-RES monolayers com-
pared with FaDu cells monolayers lines 
(7.3 nM and 3.8 μM, respectively).37,38 
Moreover, the use of a high paclitaxel 
dose of 200 mg/m2 in combination with 
doxorubicin induced high rates of partial 
and complete responses in breast cancer 
patients (29 and 58%, respectively).37

Paclitaxel and mitoxantrone allowed 
an increased distribution of doxorubicin 
in spheroids, and paclitaxel, mitoxantrone 
and sclareol enhanced doxorubicin toxic-
ity. While the increase of doxorubicin 
accumulation with mitoxantrone priming 
was superior to that obtained with pacli-
taxel previously shown to enhance drug 

delivery and therapeutic efficacy in mice,8 the resulting toxicity 
was higher with paclitaxel before doxorubicin.

Regarding the mechanism of the phenomena observed, we 
would like to speculate as follows. The enhancement of doxoru-
bicin accumulation by mitoxantrone might be due to the inhibi-
tion of Hypoxia Inducible Factor 1α (HIF-1α) by this drug.39 
Indeed, HIF-1α silencing decreased the resistance to cisplatin 
and doxorubicin in the non-small cell lung cancer in vitro.40 
Finally, the additive reduction in cell viability observed after the 
incubation with doxorubicin and mitoxantrone could be due to 
a synergistic action of these drugs on DNA intercalation and 
unwinding.39 Recently, mitoxantrone was reported to inhibit the 
activity of cancer-associated kinases, focal adhesion kinase (FAK) 
among them.41 Interestingly, FAK silencing in colon carcinoma 
spheroids sensitized them to 5-fluorouracil suggesting an indirect 
doxorubicin potentiation by mitoxantrone.42

Potentiation of doxorubicin toxicity by paclitaxel pretreatment 
corresponds well to the previous reports.8,43 While sclareol did 
not promote doxorubicin accumulation, it increased its toxicity. 
A synergistic action of sclareol and doxorubicin has been demon-
strated with monolayers,27 and our results support the existence 
of this synergy using three-dimensional cultures.

When drug combination experiments were repeated with 
micellar or liposomal doxorubicin, mitoxantrone allowed an 
almost 2-fold increase in micellar (13 nm sized) and liposomal 

compared with the control isotype-matching antibody (Fig. 7A). 
Moreover, in spheroids, the signal intensity of 2C5-treated cells 
was 6.9 times higher than for the control antibody (Fig. 7A), 
but was only 1.6 times higher than control in monolayer cul-
tures (Fig. 7B) suggesting higher selectivity of this antibody for 
spheroids.

Discussion

We report for the first time the use of a spheroid cancer model to 
evaluate the activity of drug combinations with different doxo-
rubicin forms (free, micellar or liposomal) as well as administra-
tion schedules. We tested drug combinations for their ability to 
promote doxorubicin delivery in cancer cell spheroids. Although 
dexamethasone was shown to increase the accumulation of car-
boplatin and gemcitabine in tumor xenografts of lung, colon or 
breast cancers,30 we observed no effect in our case with NCI-
ADR-RES cells, similar to the results reported with ovarian car-
cinoma xenografts.29 Chemotherapy combinations may be tumor 
type specific, since earlier the ovarian cancer cell line failed to 
demonstrate any doxorubicin potentiation, and no influence of 
cisplatin on doxorubicin accumulation was observed.29 A differ-
ent incubation time with cisplatin may be required to observe an 
enhancement since this agent’s sensitizing property was shown to 
be time-dependent both in vitro and in vivo.29,31 We observed no 

Figure 2. Enhancement of doxorubicin accumulation and toxicity after pretreatment of NCI-AR-
RES spheroids. NCI-ADR-RES spheroids were preincubated with cytotoxic doses of priming drugs 
before the addition of doxorubicin (DOX, 100 μM): sclareol (SCL + DOX), dexamethasone (DXM 
+ DOX), cisplatin (CIS + DOX), methotrexate (MTX + DOX), paclitaxel (PTX + DOX), mitoxantrone 
(MXO + DOX) or doxorubicin alone (DOX). The accumulation of doxorubicin (black bars) was 
quantitated by fluorescence and was expressed in nanomoles of doxorubicin per mg of protein. 
LDH release (white bars) was measured (Fig. 1). Same concentrations as in Figure 1 were used. Data 
represent the mean ± SD, n = 3. Student’s t-test; *p < 0.05, **p < 0.01 compared with DOX alone 
group.
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(100 nm sized) doxorubicin accumulation. 
This increased penetration of 100 nm nanoas-
semblies is in agreement with increased tumor 
accumulation of 200 nm latex beads obtained 
after tumor pretreatment with paclitaxel.8 
On the contrary, paclitaxel only promoted 
increased distribution of free and micellar 
doxorubicin. The previous studies that have 
reported increased delivery of drug- or siRNA-
loaded liposomes in spheroids or tumors after 
paclitaxel pretreatment used oropharyngeal 
FaDu cells.19,43 In our study, we used doxorubi-
cin-resistant NCI-ADR-RES cells and this may 
explain the difference of the penetration of the 
liposomal doxorubicin.

Similar toxicities observed here for doxorubi-
cin and MDOX in spheroids are in agreement 
with previous studies.13,26 Whereas paclitaxel 
and mitoxantrone promoted MDOX accumu-
lation, toxicities were not different from that 
for the free drug. This does parallel the lower 
therapeutic efficacy of MDOX compared with 
doxorubicin.13 Since dose-dependent tumor 
growth retardation with doxorubicin micelles 
was reported, a higher concentration of MDOX 
may be required for increased cytotoxicity.47 
Although mitoxantrone increased liposomal 
doxorubicin accumulation, no toxicity was 
noticed, in accordance with Tsukioka et al.26

When we analyzed the resulting toxicities obtained 
after the use of doxorubicin as either first or second drug 
or simultaneous administration of doxorubicin and either 
paclitaxel, mitoxantrone, methotrexate, cisplatin, dexa-
methasone or sclareol, it was the use of doxorubicin as 
the first drug that resulted in the highest LDH release. 
The lower toxicity of dexamethasone followed by doxo-
rubicin is in agreement with the higher in vitro survival 
of cardiomyocytes when incubated with doxorubicin 24 h 
after dexamethasone.44 In contrast, high toxicity obtained 
after simultaneous or reverse administrations is consistent 
with the good clinical results of liposomal doxorubicin 
(Caelyx), dexamethasone and thalidomide in myeloma 
patients.38 Synergy between doxorubicin and sclareol was 
demonstrated in vitro after their co-administration.27 We 
obtained a similar LDH release with the three sequences, 
suggesting that the interaction between these two anti-
neoplastic agents is not schedule-dependent. The higher 
LDH release observed after co-administration of doxoru-
bicin and methotrexate contradicts reports on the absence 
of any benefit of methotrexate addition in doxorubicin 
treatment of sarcoma.45 No superior LDH release was 
obtained from methotrexate pretreated spheroids com-
pared with those receiving doxorubicin. This result is 
consistent with the low clinical effectiveness of metho-
trexate and 5-fluorouracil pretreatment before doxorubi-
cin administration.46

Figure 3. Enhancement of micellar doxorubicin accumulation and toxicity after pretreat-
ment of NCI-AR-RES spheroids. NCI-ADR-RES spheroids were preincubated with cytotoxic 
doses of priming drugs before addition of micellar doxorubicin (100 μM): sclareol (SCL 
+ MDOX), dexamethasone (DXM + MDOX), cisplatin (CIS + MDOX), methotrexate (MTX 
+ MDOX), paclitaxel (PTX + MDOX), mitoxantrone (MXO + MDOX) or media as control 
(MDOX). The accumulation of doxorubicin (black bars) was quantitated (see Fig. 2). LDH re-
lease (white bars) was measured (see Fig. 1). Data represent the mean ± SD, n = 3. Student’s 
t-test; *p < 0.05, **p < 0.01 compared with MDOX alone group.

Figure 4. Cytotoxicity of empty and doxorubicin-loaded micelles. NCI-ADR-RES 
spheroids were preincubated with cytotoxic doses of priming drugs before 
addition of PEG 2000 micelles (MIC) either empty (white bars) or DOX-loaded 
(black bars). LDH release was measured with the Cytotox 96 cell viability kit and 
normalized to untreated cells. Data represent the mean ± SD, n = 3. Student’s 
t test; *p < 0.05, **p < 0.01 between empty and DOX-loaded micelles.
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Although the most toxic drug combina-
tion schedule identified in our experiments, 
namely doxorubicin before methotrexate, has 
not been used in clinical trials, a doxorubicin 
before paclitaxel schedule induces more com-
plete clinical responses than paclitaxel before 
doxorubicin.16 Similar toxicities measured with 
doxorubicin and paclitaxel in priming, reverse, 
and simultaneous schedules are consistent with 
the breast cancer clinical studies.16,37 Indeed, the 
three schedules allowed clinical responses with 
less toxicity in the priming schedule.16,37 In addi-
tion, higher cardiac toxicity was reported when 
the two drugs were injected within a 15 min 
interval compared with a 12 or 16 h interval.16,37 
While clinical responses were detected for both 
doxorubicin preceding and following cispla-
tin, the 5-y survival of ovarian cancer patients 
treated first with doxorubicin then cisplatin was 
superior to the opposite schedule (44 and 11%, 
respectively).47 We observed higher LDH release 
from spheroids treated first with doxorubicin 
then cisplatin than with cisplatin then doxorubi-
cin (3- and 1.4-fold LDH release, respectively). 
LDH release was higher after co-administration 
of the two drugs compared with doxorubicin 
alone, although no clinical improvement with 
this combination was observed in hepatoblas-
toma patients.48 Concerning the interaction 

between doxorubicin and mitoxantrone, their coadmin-
istration or incubation with doxorubicin prior to mito-
xantrone resulted in at least 2-fold higher LDH release 
than the incubation with mitoxantrone prior to doxo-
rubicin suggesting schedule-dependency for these two 
drugs. While similar LDH release was obtained with 
the reverse and simultaneous schedule, the treatment of 
breast cancer patients with mitoxantrone and doxorubi-
cin did not show any clinical improvement over doxoru-
bicin alone.34

Our results suggest that induction of cell death is not 
sufficient to enhance the toxicity of doxorubicin since 
while similar LDH release and TUNEL signals were 
obtained with methotrexate, mitoxantrone, paclitaxel, 
sclareol, dexamethasone and methotrexate (Fig. 1), only 
sclareol, paclitaxel and mitoxantrone potentiated doxo-
rubicin toxicity evaluated following the LDH release 
(Figs. 2–5). Enhancing doxorubicin toxicity is a major 
concern since the acquisition of doxorubicin resistance is 
linked to a poor prognosis.2 We report evaluation of che-
motherapy regimens involving doxorubicin in a spher-
oid model. Combination of doxorubicin with sclareol, 
paclitaxel or mitoxantrone increased doxorubicin toxic-
ity. The use of doxorubicin as the second drug resulted 
in less toxicity than the addition of mitoxantrone, pacli-
taxel, cisplatin, sclareol, dexamethasone or methotrex-
ate after doxorubicin or their co-administration, the 

Figure 5. Enhancement of liposomal doxorubicin accumulation and toxicity after pretreat-
ment of NCI-ADR-RES spheroids. NCI-ADR-RES spheroids were preincubated with cytotoxic 
doses of priming drugs before addition of Lipo-Dox (LDOX, 100 μM): sclareol (SCL + LDOX), 
dexamethasone (DXM + LDOX), cisplatin (CIS + LDOX), methotrexate (MTX + LDOX), pacli-
taxel (PTX + LDOX), mitoxantrone (MXO + LDOX) or LDOX alone (LDOX). The accumulation 
of doxorubicin (black bars) was quantitated (Fig. 2). LDH release (white bars) was measured 
(Fig. 1). Data represent the mean ± SD, n = 3. Student’s t-test; **p < 0.01 compared with 
unprimed group.

Figure 6. Schedule-dependency of drug combinations on NCI-ADR-RES spher-
oids. Three regimens of drug combinations were evaluated, priming (inducer 
drug for 48 h before DOX 24 h, white bars), reverse priming (DOX for 48 h as a first 
line agent before second drug for 24 h, gray bars) and co-administration of both 
drugs (black bars). LDH release was measured 72 h after addition of the second 
drug or their co-administration and was normalized to untreated cells. Data 
represent the mean ± SD, n = 3. Student’s t-test; *p < 0.05, **p < 0.01 compared 
with DOX alone.
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doxorubicin / PEG 1:2). The polymer/drug film was formed by 
removal of organic solvent using rotary evaporation. The film 
was hydrated with 10 mM HEPES 150 mM NaCl pH 7.4 for 
30 min at 37°C with orbital shaking. Finally, the preparation 
was filtered through 0.45 μm and Ultracel-100K filters to remove 
un-encapsulated drug. Size and size distribution of the micelles 
obtained were determined by dynamic light scattering using a 
Beckman Coulter N4 PLUS size analyzer using weight analysis. 
The encapsulation efficiency of doxorubicin estimated by fluores-
cence was 65–80%.

Formation of spheroids. NCI-ADR-RES cells were grown 
at 37°C at 5% CO

2
 in DMEM supplemented with 50 U/mL 

penicillin, 50 μg/mL streptomycin and 10% FBS. Spheroids of 
400–500 μm diameter were formed from 10,000 cells in 96-well 
plates according to Yang et al. with modifications.10 DMEM with 
1.5% agarose was used instead of poly(2-hydroxyethyl) methac-
rylate to prevent cell adhesion, and plates were centrifuged for 
15 min at 1,500 rcf instead of 5 min at 800 rpm. Spheroid for-
mation was monitored using a Nikon Eclipse E400 microscope 
(Nikon, Inc.) at 10× magnification and with a Spot Insight 3.2.0 
camera with Spot Advanced software (Spot Imaging).

Sectioning. For sections, spheroids were first fixed overnight 
with neutral buffered formalin containing 0.5% methylene 
blue. They were then embedded in freezing medium and cut 
with a Minotome Plus Cryosta (Triangle Biomedial Systems) 
microtome to obtain 16 μm sections. Finally, the sections were 
counterstained with 5 μM Hoechst 33342 and imaged by epiflu-
orescence microscopy with the Nikon Eclipse E400 microscope.

Doxorubicin accumulation. Doxorubicin accumulation in 
spheroids was evaluated by fluorescence according to the work of 
Mellor and Callaghan with modifications.6 Cells were incubated 

priming regimen was also demonstrated to have low off-target 
toxicity in clinical trials.16,37,38

In addition, this study outlines higher anticancer nucleo-
some-specific monoclonal antibody (2C5) binding to spheroids 
compared with monolayers. This enhanced selectivity toward 
spheroids may be due to the higher fraction of membrane asso-
ciated nucleosomes in spheroids compared with monolayer cul-
tures. Indeed, induction of cell death enhanced 2C5 binding to 
surviving ST 49 cells after apoptosis induction and evidence of 
dead cells in untreated spheroids was reported.25,49

In conclusion, this study strengthens the likelihood that 
spheroids can be used to adequately assess drug combinations as 
the schedule-dependencies observed for dexamethasone, cisplatin 
and paclitaxel were in agreement with the data from clinical stud-
ies16,37,38,47 and in accordance with in vitro studies for sclareol and 
dexamethasone.27,44 Finally, the different efficacies obtained with 
drug combinations including free, micellar or liposomal doxoru-
bicin and the cancer cell-specific antibody binding to spheroids 
open opportunities for the testing of tumor-targeted drug formu-
lations in spheroid models.

Materials and Methods

Materials. NCI-ADR-RES cells were obtained from the National 
Cancer Institute. DMEM (Dulbecco’s modified Eagle’s medium), 
heat-inactivated fetal bovine serum (FBS), streptomycin and 
penicillin were purchased from Cellgro (Herndon). Doxorubicin 
hydrochloride (D1515-10MG), paclitaxel (T7402-5MG), 
dexamethasone (D1756-25MG), mitoxantrone dihydrochlo-
ride (M6545-10MG), HEPES [4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid], DNase I, Triton X-100, triethylamine, 
methotrexate (M9929-25MG) and sclareol (357995-1G) were 
from Sigma Aldrich. DSPE-PEG 2000 [1, 2-distearoyl-sn-
glycero-3-phosphoethanolamine-(polyethylene glycol)-2000] 
(ammonium salt, 880128C) was from Avanti Polar Lipids. 
Cisplatin was from Bedford Laboratories. Donkey anti-mouse 
FITC (fluorescein isothiocyanate) antibody was from (715-096-
150, Jackson Immuno Research). Hoechst 33342 was purchased 
from Invitrogen (H3570). Monoclonal cancer-specific antinu-
clear autoantibody 2C5 was produced by Harlan Bioproducts 
using a hybridoma cell line from our laboratory.35 Mouse 
myeloma ascites IgG2a was purchased from MP Biomedicals. 
Amicon Ultracel-100K filters were obtained through Millipore 
(UFC810024). Sodium dodecyl sulfate (SDS), plates, flasks, aga-
rose with a high gelling temperature (ICN800666, Superfrost 
Plus Gold slides (12-550-15), and fluoromount were from Fisher 
Scientific. Optimal cutting temperature medium (RT 62550-01) 
was from Electron Microscopy Sciences. Liposomal doxorubi-
cin (Lipo-Dox) was purchased from Sun Pharma. Accumax was 
from Innovative Cell Technologies, Inc. The CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit was from Promega (G1788).

Preparation of doxorubicin micelles. Micelles containing 
doxorubicin were prepared according to Shuai et al. and Tang 
et al.47,54 Doxorubicin HCl in methanol was first reacted with 
triethylamine (1:2 molar ratio, 1 h RT). Then, doxorubicin base 
was mixed with PEG-2000-DSPE in chloroform (molar ratio 

Figure 7. Binding of 2C5 antibodies. NCI-ADR-RES cells grown as spher-
oids (A) or monolayers (B) were incubated with 2C5 or control isotype-
matching antibody. Solid, untreated cells; gray line, isotype-matching 
control; black line, 2C5 antibody.
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spheroids were analyzed by flow cytometry with a FACSCalibur 
flow cytometer (Beckton Dickinson) recording 20,000 gated 
events. The ratio of mean fluorescence intensity values of 2C5 to 
isotype-matched IgG control incubated cells was used to evaluate 
binding selectivity.

DNA fragmentation assay. Terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) was done with a 
Fluorescein FragEL DNA Fragmentation Detection Kit (QIA33-
1EA, Calbiochem) as indicated by supplier. A positive control 
(DNase I treatment) was included. Samples were analyzed with 
the Nikon Eclipse 400 epifluorescence microscope.

Cell viability. Cell viability after treatments was measured 
with a Cytotox 96 Non-Radioactive Cytotoxicity kit (Promega) 
as reported by Howes et al.52 Spheroids were cultured in a medium 
containing 5% of serum as recommended by the supplier. Lactate 
dehydrogenase (LDH) release was normalized to total LDH con-
tent following spheroid lysis with a medium containing 0.9% 
Triton X-100.
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with drug 24 h and dispersed by incubation for 2 h with 2% SDS 
at 37°C and vortexing. Briefly, spheroids were incubated with 
doxorubicin in medium. After dispersal, doxorubicin accumula-
tion was measured with a Multi-mode microplate reader (Synergy 
HT, Biotek; λ

ex
 = 485/20 nm λ

em
 = 590/35 nm). Doxorubicin 

concentration was calculated based on standards in 2% SDS. 
The amount of doxorubicin was expressed as nmol/mg of protein 
after protein determination using a micro BCA assay (Pierce). 
For pretreatment experiments, spheroids were incubated with 
cisplatin, sclareol, dexamethasone, methotrexate, mitoxantrone 
or paclitaxel at 40 μM either for 48 h prior to incubation with 
doxorubicin for an additional 24 h. In experiments performed 
with liposomal doxorubicin (LDOX) or micellar doxorubicin 
(MDOX), formulations were used at an equivalent concentration 
of free doxorubicin.

Antinuclear antibody binding. Spheroids were dissociated by 
incubation with Accumax for 30 min at 37°C before the resus-
pension in PBS. Cells from monolayers were grown to about 
80% confluency, detached and suspended in PBS. Cells from 
spheroids or monolayers were incubated for 1 h at 4°C with the 
2C5 monoclonal anti-nucleosome antibody (final concentration 
30 ng/mL) or the corresponding isotype-matched control anti-
body in PBS with 1% bovine serum albumin. After washing, 
cells were stained with the FITC-conjugated secondary anti-
body at 1/100 for 1 h at 4°C. Finally, cells from monolayers or 
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