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Purpose: Liposomal drug delivery can improve the therapeutic index of treatments for multiple 

myeloma. However, an appropriate 3D model for the in vitro evaluation of liposomal drug 

delivery is lacking. In this study, we applied a previously developed 3D bone marrow (BM) 

myeloma model to examine liposomal drug therapy.

Material and methods: Liposomes of different sizes (~75–200 nm) were tested in a 3D BM 

myeloma model, based on multipotent mesenchymal stromal cells, endothelial progenitor cells, 

and myeloma cells cocultured in hydrogel. The behavior and efficacy of liposomal drug therapy 

was investigated, evaluating the feasibility of testing liposomal drug delivery in 3D in vitro. 

Intracellular uptake of untargeted and integrin α
4
β

1
 (very late antigen-4) targeted liposomes 

was compared in myeloma and supporting cells, as well as the effectivity of free and liposome-

encapsulated chemotherapy (bortezomib, doxorubicin). Either cocultured myeloma cell lines 

or primary CD138+ myeloma cells received the treatments.

Results: Liposomes (~75–110 nm) passively diffused throughout the heterogeneously porous 

(~80–850 nm) 3D hydrogel model after insertion. Cellular uptake of liposomes was observed 

and was increased by targeting very late antigen-4. Liposomal bortezomib and doxorubicin 

showed increased cytotoxic effects toward myeloma cells compared with the free drugs, using 

either a cell line or primary myeloma cells. Cytotoxicity toward supporting BM cells was 

reduced using liposomes.

Conclusion: The 3D model allows the study of liposome-encapsulated molecules on multiple 

myeloma and supporting BM cells, looking at cellular targeting, and general efficacy of the 

given therapy. The advantages of liposomal drug delivery were demonstrated in a primary 

myeloma model, enabling the study of patient-to-patient responses to potential drugs and 

treatment regimes.

Keywords: liposomes, targeted delivery, tumor microenvironment, drug sensitivity and resis-

tance testing, multiple myeloma

Introduction
Multiple myeloma is a malignancy of the plasma cells that preferentially reside in the 

bone marrow (BM). The BM microenvironment contains various cell types including 

hematopoietic cells, bone cells, stromal cells, and endothelial cells. Myeloma cells 

interact with the BM cells present, and adhere to extracellular matrix proteins. These 

myeloma–BM interactions, as well as soluble cytokines and growth factors, stimulate 

the survival, growth, and migration of myeloma cells and may induce resistance to 

(chemo)therapy.1,2 Several new therapies aim at targeting these interactions, to poten-

tially overcome the resistance of myeloma cells to therapy.

Systemic therapies, targeting myeloma in its tumor microenvironment, have 

improved patient outcomes over the last decades.3,4 Nevertheless, these treatments 
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still have disadvantages, most important being off-target 

toxicity leading to side effects.5 Drug delivery systems have 

been developed to overcome these disadvantages, aiming at 

higher concentrations of drugs at the tumor/target sites while 

reducing off-target effects in healthy tissue.6 One of the best 

studied drug delivery systems is liposomes, nanoparticles 

composed of a bilayer of lipids, which surrounds an aqueous 

core.6 This dual nature of liposomes allows encapsulation of 

both hydrophilic and lipophilic drug molecules in the aqueous 

core and in the bilayer, respectively.7 Moreover, the feasi-

bility to manipulate liposomes by introducing polyethylene 

glycol (PEG) moieties on their surface (PEGylated, stealth 

or long circulating liposomes), and by coupling functional 

targeting ligands (targeted liposomes), makes them an 

attractive tool for drug delivery.8 The latter can be achieved 

by coupling a peptide or antibody that specifically binds to 

surface receptors extensively expressed on the tumor cells of 

interest.9 In hematological malignancies including myeloma, 

adhesion molecules like integrin α
4
β

1
 (very late antigen-4 

[VLA-4]) mediate interactions with BM stromal cells, 

leading to secretion of factors (eg, IL-6) known to be involved 

in therapy resistance.3 Targeting cell–matrix and cell–cell 

interactions is therefore an attractive strategy both in terms 

of selective targeting of myeloma cells, and for inhibition of 

cell-adhesion-mediated drug resistance (CAM-DR).10,11

At present, the therapeutic potential of novel drugs is 

mainly tested either in vitro using 2D cell cultures or, at a 

later stage, in vivo using animal models for myeloma. Cell 

lines used for 2D culture have been developed from myeloma 

cells isolated from the blood of advanced stage patients, 

which are no longer dependent on the BM for their survival 

and growth. Inherently, these 2D cell cultures do not fully 

reflect the myeloma cells found in earlier stage patients, 

which still rely on the surrounding BM for their survival.12 

Also, the surrounding BM environment (ie, other cell types 

and extracellular matrix) is not taken into account in these 

in vitro models. Animal models do offer the possibility 

to assess therapeutic responses of novel drugs on human 

primary myeloma cells grown in a xenogeneic or humanized 

3D environment.13,14 However, animal models are time-

consuming, expensive, and have limited capacity for drug 

sensitivity testing. 3D in vitro models offer the possibility to 

culture myeloma cells in a system that resembles the human 

BM environment closely, in which both therapeutic impact 

and nonspecific effects can be analyzed. When using pri-

mary patient cells, therapeutic responses can be studied for 

each patient individually, enabling screening for variability 

in patient response to potential treatments.

Previously developed 3D myeloma models have inves-

tigated the effects of conventional chemotherapeutic agents 

within their models, but not liposomal drug delivery 

systems.15–19 Liposomal drugs have been studied in other 

cancers using tumor spheroids, where it was observed that 

nanoparticle delivery was hindered by poor penetration 

into the artificial cancer mass.20–22 Nevertheless, not all 3D 

models share the same characteristics in terms of porosity 

and penetration ability. Our previously developed 3D 

myeloma–BM model allows the penetration and migration 

of a cellular immunotherapy using modified T cells.23 This 

hydrogel-based model contains prevascular networks sup-

porting myeloma survival and in contrast to dense spheroid 

cultures of carcinomas, does not develop into one solid cancer 

mass, but multiple dispersed small tumor masses.

In this study, the behavior and efficacy of liposomal drug 

therapy was investigated using a 3D BM model for multiple 

myeloma. We evaluated the feasibility of testing liposomal 

drug delivery of various sizes within the 3D model. Intracel-

lular uptake of untargeted and VLA-4 targeted liposomes was 

compared in both myeloma cells and supporting cells (mul-

tipotent mesenchymal stromal cells [MSCs] and endothelial 

progenitor cells [EPCs]) within the 3D model, and the effec-

tivity of free and liposome-encapsulated chemotherapy was 

determined, as well as off-target effects. A myeloma-specific 

(bortezomib) and nonmyeloma-specific anticancer drugs 

(doxorubicin) were included in this study. Within the 3D BM 

model, either a myeloma cell line or primary myeloma cells 

cocultured with supporting BM cells received the treatments. 

The used model mimics relevant aspects of the BM microen-

vironment, with the primary myeloma model also reflecting 

the heterogeneity of the myeloma patient population.

Material and methods
Additional details can be found in the Material and methods 

in the Supplementary material.

Liposome preparation
Liposomes were prepared as described previously.24 In 

brief, appropriate amounts of DPPC, mPEG
2000

-DSPE, and 

cholesterol were dissolved in chloroform at a molar ratio of 

1.85:0.15:1, respectively. LissRhod PE or DiD was added 

to the lipid solutions at a final concentration of 0.2% (v/v) 

or 0.1% (v/v) of total lipids, respectively. A lipid film was 

prepared under reduced pressure on a rotary evaporator and 

dried under a stream of nitrogen until complete dryness. 

The resulting lipid film was hydrated with HEPES buffered 

saline at pH 7.4. The liposome dispersion was then extruded 
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(Lipex high pressure extruder, Northern Lipids) ten times 

using Whatman® Anodisc Inorganic Membranes (Sigma 

Aldrich, Darmstadt, Germany) of pore size 100 nm to get 

intermediate-sized liposomes (~100 nm), and subsequently 

extruded with two staked Whatman® Nucleopore™ polycar-

bonate membrane filters (Sigma Aldrich) with 50 nm pores 

to get small-sized liposomes (~75 nm). For larger liposomes, 

extrusion was performed five times with Whatman Anodisc 

Inorganic Membranes pore size 200 nm. Liposomes were 

stored at 4°C until use, either on the same day or the day 

following preparation.

Size distribution of liposomes was determined by using 

NanoSight NS500 (Malvern Panalytical, Royston, UK). The 

methods of loading liposomes with doxorubicin or bort-

ezomib, and preparation of VLA-4 targeted liposomes can 

be found in the Materials and methods in the Supplementary 

material. Characterization of all batches of liposomes can be 

found in Table 1.

Cell lines and primary cells
Human myeloma cell lines L363 and MM1S were purchased 

from the American Type Culture Collection and were retro-

virally transduced (L363-GFP and MM1S-mCherry) as 

described previously.25,26 Human MSCs were obtained from 

the acetabular BM of patients undergoing hip replacement 

surgery as described previously.23 Primary EPCs were obtained 

from umbilical cord blood collected from full-term pregnan-

cies as described previously.27 Human BM was obtained from 

the spina iliaca posterior superior of myeloma patients. The 

CD138+ cell population was isolated from the mononuclear 

cells of the myeloma BM by microbeads (Miltenyi Biotec, 

Bergisch Gladbach, Germany) according to manufacturer’s 

protocol, and used immediately in the coculture system. Used 

protocols were approved by the local ethics committee of the 

University Medical Center Utrecht in accordance with the 

Declaration of Helsinki; all samples were obtained after writ-

ten informed consent. Culture conditions can be found in the 

Materials and methods in the Supplementary material.

3D cocultures
All 3D cocultures were performed as described previously.23 

In short, cells were cultured at 37°C in growth factor-reduced 

Matrigel (Corning, Corning, NY, USA) diluted by an equal 

volume of α-minimal essential media. For cell labeling, the 

Vybrant Multicolor Cell-Labeling Kit was used (DiO, DiI, 

DiD, ThermoFisher, Waltham, MA, USA) according to 

manufacturer’s protocol. MSCs, EPCs, and myeloma cells 

were mixed in a 4:1:1 ratio. Cultures were maintained in 

mixed medium (containing equal amounts of MSC medium, 

EPC medium, and MM medium) which was changed twice 

a week.

Free vs liposomal drug treatment in 3D
3D cocultures of L363-GFP or MM1S-mCherry, MSCs and 

EPCs were precultured for 7 days. At day 7, free or liposomal 

(DiD labelled, small) bortezomib and doxorubicin were 

Table 1 Liposome characteristics describing the fluorescent label and mean/mode diameter (nm) of each prepared liposome batch, 
and if applicable, the VLA-4 coupling efficiency and loaded drug concentration

Sr no Liposome batch Label Diameter (nm)
Mean ± SD

Diameter (nm)
Mode ± SD

VLA-4 peptide 
coupling 
efficiency (%)
Mean ± SD

Loaded drug 
concentration (µM)
Mean ± SD

1. Untargeted (small) DiD 102.1±7.1 73.1±7.2 – –

2. Untargeted (intermediate) DiD 116.2±1.6 97.0±5.8 – –

3. Untargeted (large) DiD 179.1±30.1 68±10a

105±5
143±9
220±12
359±45

– –

4. VLA-4 targeted (intermediate) Rhod 134.2±2.4 110.5±3.8 79.0±3.3 –

5. Untargeted (intermediate) Rhod 135.0±0.7 107.9±7.3 – –

6. Untargeted/VLA-4 targeted (small)
Empty/Bort loaded

DiD 84.6±1.1 74.5±1.2 31.0 (n=1) 15.9±14.2/
21.9±3.6

7. Untargeted/VLA-4 targeted (small)
Dox loaded

DiD 103.0±3.2 78.4±3.2 77.4 (n=1) 376 (n=1)/
247±190

Note: aMultiple peaks were observed in the large liposomes resulting in a heterogeneous size distribution.
Abbreviations: Bort, bortezomib; Dox, doxorubicin; Rhod, rhodamine; VLA-4, very late antigen 4.
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inserted into the center of the 3D coculture using a micropi-

pette. Bortezomib was added in the final concentration of 0, 

2.5, and 7.5 nM. Doxorubicin was added in the final concen-

tration of 0, 0.3, and 3 µM. The total dose per construct was 

equal in both the free drug and liposomal drug conditions. 

All cultures were live imaged at 0, 24, and 48 hours.

After 48 hours, the 3D cultures were washed three times 

with PBS and were fixed overnight using 4% formaldehyde 

(VWR Chemicals, Lutterworth, UK). The fixed cocultures 

were stained with phalloidin and DAPI (both FAK100 kit, 

Merck Millipore, Burlington, NJ, USA) according to the 

manufacturer’s protocol.

Primary CD138+ myeloma cells were isolated from the 

BM of two newly diagnosed patients. The CD138+ myeloma 

cells of both donors were cocultured with MSCs-DiO and 

EPCs-DiO for 14 days to allow tumor mass formation. At 

day 14, free or liposomal (DiD labelled, small) doxorubicin 

was added at the final concentration of 0 and 3 µM. All cul-

tures were live imaged at 0, 24, and 48 hours. All images were 

taken using an SPX8 Laser Scanning Confocal Microscope 

(Leica, Wetzlar, Germany).

Statistical analysis
All experimental groups were handled in technical dupli-

cates. Results are presented as mean ± standard deviation. 

P-values are based on Student’s t-tests (two-tailed) for 

two-way comparisons or ANOVA for multiple hypotheses 

testing using post hoc Bonferroni correction. Data analysis 

was performed using Prism GraphPad Software. P-values are 

considered statistically significant when P,0.05; *=P,0.05, 

**=P,0.01, ***=P,0.001.

Results
Higher resistance to therapy of myeloma 
cells when cultured in the 3D bone 
marrow model
To confirm the added value of the 3D BM–myeloma model 

over traditional 2D cultures, treatment effects of chemo-

therapeutic agents on myeloma cell lines cultured in 2D 

were compared to those cultured in the 3D model. When 

adding the drugs 1 day after assembling the 3D cultures, no 

differences in survival of the myeloma cells were observed 

after 48 hours of treatment, comparing 2D vs 3D cultures 

(Figure 1A). Increased cell survival in 3D was seen when 

adding treatments after 5–7 days of preculture. The difference 

was most pronounced in the 7 days precultured cells. Here, 

a significant treatment resistance of the 3D cultured myeloma 

cells was observed at all concentrations of bortezomib and at 

the highest concentration of doxorubicin (Figure 1B).

In the 3D BM–myeloma model, not only therapeutic 

effects toward the myeloma cells but also the nonspecific 

effects toward the supporting cells could be visualized and 

quantified using confocal microscopy. With increasing 

drug concentrations, increased myeloma cell death was 

observed, as well as increased MSCs and EPCs cell death 

(Figure 1C).

Heterogeneous pore sizes in Matrigel 
meshwork
Matrigel 50% (v/v) plugs, with or without incorporated cells, 

were analyzed using scanning electron microscopy (SEM). 

Pores of various sizes could be visualized in the cross-

sections, ranging between ~80 and 850 nm (Figure 2). Also 

cells incorporated into the gel were visualized (Figure 2B). 

Cellular structures could be identified (plasma membrane, 

nucleus, and nucleolus). As the supporting cells are capable 

of adhering to the surrounding gel, cell–matrix interaction 

could be visualized, and on the sites of these interactions, 

larger pores could be observed within the gel. More distant 

from the encapsulated cell, smaller pores (~80 nm) were 

visualized in the gel (Figure 2C).

Diffusion and intracellular uptake of 
different sized liposomes in the 3D 
bone marrow model
Liposomes of different sizes; small (~75 nm), intermediate 

(~100 nm), and large (~180 nm, Table 1), were added to 

the 3D BM–myeloma model. The liposomes were added 

either to the medium, or were inserted into the center of 

the 3D culture. Diffusion of the liposomes was followed 

for 48 hours. Liposomes added to the medium on top of the 

gel for 48 hours at 37°C displayed no diffusion into the 3D 

BM–myeloma model for either particle size (Figure 3A). The 

small and intermediate liposomes were capable of diffusing 

through the 3D culture after insertion, while the large lipo-

somes were not. An overview of the diffusion of the inserted 

liposomes after 48 hours is shown in Figure 3B. The pres-

ence of liposomes throughout the 3D culture was quantified 

using the mean fluorescence intensity of the liposomes at the 

insertion site (I), the center of the 3D culture surrounding 

the insertion site (3D-C), the border of the 3D culture next 

to the medium (3D-B) and in the medium (M) next to the 

culture over time. Only the small liposomes displayed a clear 

decreasing number of liposomes at the insertion site, with 

elevated numbers of liposomes throughout the 3D culture 

after 48 hours. The intermediate liposomes displayed a high 

retention at the insertion site, with elevated numbers of lipo-

somes throughout the 3D culture after 48 hours, however, 
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lower than for the small liposomes. The large liposomes 

displayed a constant presence at the insertion site; with no 

detectable liposomes throughout the 3D culture. Lastly, an 

increased fluorescence signal was detected in the medium 

over time in all conditions, presumably caused by liposomes 

diffusing from the insertion site into the medium upon admin-

istration (Figure 3C and D).

Simultaneously with diffusion, the intracellular uptake 

of liposomes by all present cell types was also quantified at 

48 hours after insertion into the 3D BM–myeloma model. 

Figure 1 Myeloma cell survival when treated with different concentrations of bortezomib or doxorubicin in 2D vs 3D (n=2).
Notes: (A) L363 and MM1S cells were cultured in 2D, or cocultured in 3D with MSCs and EPCs. One day after preparing the cultures, both bortezomib and doxorubicin 
were added for 48 hours. (B) L363 and MM1S cells were cultured in 2D, or cocultured in 3D with MSCs and EPCs. Seven days after preparing the cultures, both bortezomib 
and doxorubicin were added for 48 hours. Data are presented as mean ± SD. *P,0.05, **P,0.01. (C) Confocal images of a 3D coculture (7 days precultured) containing 
L363-GFP (green) and both MSCs and EPCs (DiD, cyan) 48 hours after treatment addition (top: untreated control, bottom: 7.5 nM bortezomib). After 48 hours, ethidium 
homodimer-1 (red) was added to identify dead cells. Colocalization of the GFP signal and ethidium homodimer-1 identifies dead myeloma cells. Colocalization of DiD and 
ethidium homodimer-1 identifies dead supporting cells (white arrows). The scale bars represent 150 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.
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The uptake of the small liposomes was significantly higher 

than the intermediate and large liposomes by all cell types 

in the 3D culture. The intermediate liposomes also showed 

uptake by the cells throughout the culture, whereas the 

large liposomes showed low association with cells, which 

is consistent with their restrained distribution throughout the 

culture (Figure 4A and B).

Enhanced uptake of VLA-4 liposomes 
in the myeloma cells cultured in the 3D 
bone marrow model
The diffusion of liposomes could be hindered by increasing 

the volume of the 3D culture (and thus total distance to the 

border of the model). On the other hand, cellular uptake could 

be potentially enhanced using VLA-4 targeting (Figure S1). 

To analyze the effect of different volumes of the 3D cultures 

(30 or 50 µL) on the diffusion of liposomes, and the effect 

of VLA-4 targeting on the interaction with myeloma cells, 

intermediate-sized (~110 nm) liposomes were used. This 

size of liposomes allows them to diffuse through the model, 

but is less optimal than when compared with smaller-sized 

liposomes, providing a window to study the enhancing effect 

of VLA-4 targeted liposomes.

Incubation for 48 hours showed that the untargeted 

liposomes diffused throughout the entire larger-sized model, 

which means that particle migration was equivalent to about 

3,000 µm from the insertion site (Figure 5AI). However, 

when quantifying intracellular liposomes after 48 hours of 

incubation, relatively low numbers of liposomes could be 

found at the edges of the cultures. A gradient of intracel-

lular liposome presence was observed from the insertion 

site to the borders of the culture (Figure 5AII), showing an 

effect of the diffusion distance (and thus an effect of culture 

volume/size) on the amount of intracellular liposomes 

throughout the culture.

No differences were observed in the diffusion capacity of 

untargeted vs VLA-4 targeted liposomes over the course of 

48 hours (data not shown). However, the intracellular uptake 

of VLA-4 targeted liposomes was significantly higher than 

untargeted liposomes (Figure 5AII). The targeted liposomes 

showed higher accumulation in myeloma cells than support-

ing cells, which was demonstrated by the colocalization of 

GFP-positive myeloma cells and rhodamine-labeled lipo-

somes (Figure 5B).

Increased myeloma cell killing 
and protection of the supporting 
environment using untargeted or 
VLA-4 targeted liposomes
3D myeloma–BM cultures were treated with free or lipo-

somal (untargeted or VLA-4 targeted, ~75 nm) doxorubicin 

or bortezomib. Forty-eight hours after adding the treatments, 

cytotoxicity on supporting cells as well as on myeloma 

cells was analyzed. Overviews of the results are shown in 

Figure 6A.

Doxorubicin, both free and liposomal, showed a dose 

response on myeloma cell viability for all tested conditions. 

No significant difference on myeloma cell survival was 

observed when comparing free doxorubicin, untargeted, 

and VLA-4 targeted liposomal doxorubicin. Nevertheless, 

a trend was seen showing less viable myeloma cells using 

liposomal doxorubicin, and the lowest number of myeloma 

cells using VLA-4 targeted liposomes (Figure 6B). Inter-

estingly, an opposite effect was seen when analyzing the 

viability of supportive cells at 48 hours after doxorubicin 

addition; significantly less supportive cells were present in 

Figure 2 Scanning electron microscopy images of 5 μm cross-sections of 50% Matrigel containing myeloma cells, EPCs and MSCs cultured for 14 days.
Notes: (A) Gel meshwork with various pore sizes with the majority ,200 nm. The scale bar represents 5 µm. (B) Cross-section of a cell incorporated into the gel. 
The scale bar represents 5 µm. (C) Zoom of (B), showing more details of the cell and meshwork of the surrounding gel. The scale bar represents 3 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells; N, nucleus; NC, nucleolus; PM, plasma membrane.
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the free drug groups, when compared with the liposomal 

treated cultures (Figure 6D).

Bortezomib showed a similar trend for myeloma cell 

survival, with significantly lower viability when comparing 

free drug and VLA-4 targeted liposomal bortezomib treated 

cultures, at a concentration of 7.5 nM (Figure 6C). Also, here, 

an opposite effect was seen when analyzing viable supporting 

cells after bortezomib addition (Figure 6E).

In addition, primary CD138+ cells isolated from two 

myeloma patients were treated with either free doxorubicin 

Figure 3 Diffusion of different sized liposomes in the 3D model: small (~75 nm), intermediate (~100 nm), and large (~180 nm).
Notes: (A) 3D confocal images showing 3D cocultures containing L363-GFP (green) and MSC/EPCs (unstained). DiD labeled intermediate or large liposomes (cyan) were 
added to the medium for 48 hours. The scale bars represent 1 mm. (B) Confocal images showing 3D cocultures into which DiD labeled liposomes (small, intermediate, or 
large) were inserted (cyan). The liposomes were followed directly after insertion (0 hours), after 24 hours, and after 48 hours. The scale bars represent 500 µm. (C) Confocal 
images showing an overview of the entire 3D culture after 48 hours for all three liposome sizes. The scale bars represent 1,000 µm. (D) The presence of liposomes was 
quantified on all time points at the insertion site (I), the center of the 3D culture next to the insertion site (3D-C), the border of the 3D culture next to the medium (3D-B), 
and inside the medium (M). Data are presented as mean ± SD.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.
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Figure 4 Intracellular uptake of liposomes, 48 hours after insertion.
Notes: (A) More intracellular uptake was observed in cultures with the small liposomes (~75 nm), compared with cultures with the intermediate (~100 nm) and large 
liposomes (~180 nm). Intracellular liposome uptake is present both in the small and intermediate liposome plugs. Data are presented as mean ± SD. *P,0.05, **P,0.01. 
(B) Confocal images of intracellular liposomes in 3D, showing nuclei (DAPI, blue), f-actin (phalloidin, red), and liposomes (DiD, cyan). All cultures were washed extensively 
before imaging, to remove all noninternalized liposomes. The scale bars represent 200 µm.
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or (untargeted) liposomal doxorubicin, after culturing 

within the 3D myeloma–BM model for 14 days. Similar 

results were obtained when comparing primary myeloma 

cells to the myeloma cell lines used. Also, here, increased 

myeloma cell death was observed with liposomal doxoru-

bicin compared with free doxorubicin, while cytotoxicity 

toward the supporting cells was higher using free drug 

(Figure 7A–C).

Discussion
A previously developed 3D BM–myeloma model, which 

mimics the BM microenvironment using prevascular 

Figure 5 Enhanced liposomal uptake in myeloma cell clusters when using VLA-4 targeted liposomes.
Notes: (A) I. Confocal microscopy overview picture showing the regions that were quantified in each culture, I = insertion site. The scale bar represents 1,000 µm. 
II. Quantification of intracellular liposomes (~110 nm), in all regions, for both untargeted and VLA-4 targeted liposomes, 48 hours after insertion. All cultures were washed 
extensively before quantification, to remove all noninternalized liposomes. Data are presented as mean ± SD. **P,0.01, ***P,0.001. (B) Confocal images at the border of 
the plug, showing L363 cells (GFP, green), MSCs, and EPCs (DiD, red) and intracellular liposomes (rhodamine, cyan). The scale bars represent 150 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells; VLA-4, very late antigen-4.
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MSC–EPC networks, facilitates the in vitro culture of 

(primary) myeloma cells.23,28 Interactions between the 

myeloma cells and the supporting BM cells improve the 

proliferation and survival of the myeloma cells, and induce 

drug resistance through CAM-DR.1,2 Here, we show that the 

3D BM–myeloma model allows studying the behavior of 

nanoparticle-encapsulated molecules within its engineered 

3D tumor microenvironment. The porous hydrogel system 

supported passive diffusion of liposomes up to ~110 nm. 

The ability to “deliver” liposomes throughout the 3D model 

enabled analysis of both passive and active cellular targeting 

and therapeutic efficacy of the added (encapsulated) drugs 

by analyzing on- and off-target effects. The ability to cul-

ture primary myeloma cells within the model enables the 

future study of variability in patient responses to treatments 

given. Next to liposomal drug therapies directly affecting 

the primary myeloma cells, the model can also be used to 

study myeloma responses to treatments targeting the tumor 

microenvironment or BM–myeloma interactions.

Myeloma cells are known to be more resistant to treat-

ment when cultured in a 3D BM environment compared with 

classical 2D cultures.17–19,29 Similar effects were observed 

Figure 6 (Continued)
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when comparing 2D cultures to our 3D model. Interestingly, 

the resistance was seen only when adding the treatments 

5–7 days after assembling the 3D model, and not when adding 

the treatment directly after assembling the 3D cultures. Pre-

vious studies did show differences in resistance to therapy 

between 2D and 3D cultured myeloma cells, when adding the 

drugs directly after assembling the models.17–19,29 However, 

the described models vary in multiple aspects: the use of only 

MSCs,17,19 the use of other scaffolds and hydrogels,17–19,29 

and the preculture of the MSC scaffolds before the addition 

of myeloma cells.17,19,29 In our model, the cells incorporated 

into the Matrigel still had a rounded phenotype after 1 day 

of culture, with no visible cell–cell interactions. After both 

5 and 7 days of culture, the supporting cells had spread 

within the Matrigel forming networks, displaying cell–cell 

interactions. These results indicate a necessity to wait for 

myeloma–BM interactions to establish within the model 

before testing efficacy of potential treatments.

SEM has previously shown a pore size of ~5–200 nm 

within Matrigel meshworks.30,31 In our model, 50% (v/v) 

Matrigel was used, resulting in a larger variety in pore sizes 

(~80–850 nm) than previously reported. Most pores were 

in the range of 80–100 nm, which was further confirmed 

by an observed diffusion of small- and intermediate-sized 

(~75–110 nm) liposomes, and a lack of detectable diffusion 

when using larger liposomes (.180 nm). In vivo, particles of 

up to 150 nm are taken up into the BM, whereas particles of 

250 nm and above are taken up to a much smaller extent.32,33 

This suggests a biologically relevant porosity of this model, 

capable of mimicking the behavior of the delivered liposomes 

after extravasation to the BM. Other in vivo mimicking 

aspects of the model include the facilitation of cell–cell 

and cell–matrix interactions in Matrigel, which activate 

signaling pathways controlling cell survival, proliferation, 

and differentiation, modulating therapeutic responses.34,35 

The importance of using physiologically relevant in vitro 

models for the evaluation of liposomal drug delivery has 

been emphasized previously. These complex 3D models 

generate results better predictive for further in vivo studies, 

as they more reliably evaluate chemotherapeutic agents and 

their delivery systems.36,37

Liposomal drug delivery has been tested previously 

in vitro in 3D, using mainly tumor spheroids. The nano-

particles delivered to the medium penetrated poorly into 

the solid artificial cancer mass,20–22 as the spheroids do not 

mimic the enhanced permeability and retention effect caused 

by leaky vasculature within tumors, allowing extravasation 

of nanoparticles.38 The in vivo distribution of nanoparticles 

into the myeloid BM occurs via reticuloendothelial sinusoidal 

blood capillaries and the phagoendocytic route,39 which 

is also not simulated in our 3D in vitro model. Therefore, 

liposomes had to be delivered to the engineered BM envi-

ronment in a different manner. The insertion of liposomes 

into the center of the 3D culture enabled their diffusion 

throughout the 3D hydrogel matrix, facilitating the in vitro 

analysis of liposomes in a 3D BM environment, mimicking 

Figure 6 Free and liposomal chemotherapy tested in the 3D myeloma–BM model.
Notes: (A) Confocal overview pictures showing 3D cocultures 48 hours after treatment. MSCs, EPCs, and myeloma cells were visualized staining f-actin (phalloidin, red). The 
border of each plug is indicated by a white dashed circle. The insertion site of each culture is indicated by a dotted white circle. The scale bars represent 1,000 µm. Cultures 
were treated with doxorubicin (six left images) or bortezomib (six right images) both with free drug, untargeted liposomes, and VLA-4 targeted liposomes (both ~75 nm). 
Controls were taken along with no treatments or sham treatments (PBS or empty liposomes). (B) Quantification of viable myeloma cells, 48 hours after doxorubicin 
treatment and (C) bortezomib treatment. (D) Quantification of viable supporting cells, 48 hours after doxorubicin treatment and (E) bortezomib treatment. Data are 
presented as mean ± SD (n=3). **P,0.01, ***P,0.001.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells; VLA-4, very late antigen-4.
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Figure 7 Free and liposomal doxorubicin tested on primary CD138+ myeloma cells cultured in the 3D BM model.
Notes: (A) Quantification of primary CD138+ myeloma cells, 48 hours after doxorubicin treatment. (B) Quantification of supporting cells, 48 hours after doxorubicin 
treatment. Data are presented as mean ± SD (n=2). *P,0.05, **P,0.01, ***P,0.001. (C) Confocal images of the 3D cocultures 48 hours after treatment, showing MSCs/
EPCs (green) and primary CD138+ myeloma cells (yellow). The scale bars represent 100 µm.
Abbreviations: EPCs, endothelial progenitor cells; MSCs, mesenchymal stromal cells.

the behavior of in vivo delivered nanoparticles after distribu-

tion within the BM.

In our model, bortezomib and doxorubicin were tested, 

both extensively studied and used for the treatment of 

hematological malignancies.40,41 For both drugs, liposomal 

formulations have been shown to increase cytotoxicity 

toward myeloma cells in 2D cultures,42,43 which can be fur-

ther increased using VLA-4 targeted liposomes.44–46 Similar 

results were obtained toward myeloma cells in our 3D model. 

Cytotoxicity toward the BM cells was reduced using a lipo-

somal formulation of both drugs, but most pronounced for 

doxorubicin, known to be toxic to a wide variety of tumors 

as well as healthy cells.47,48 The occurrence of systemic 

toxicity caused by novel therapies is mainly tested in vivo 

using animal models. The utilization of 3D models to replace 

animal models could enable a high throughput screening 

system that is capable of looking at both on- and off-target 

effects of these novel therapies, however, only within the 

context of the engineered environment. Complex in vitro 

models containing multiple tissues would be necessary to 

look at distant tissue toxicities.

Although liposomes have previously been tested using 

3D in vitro models, most studies focus on the on-target effect 

of the given therapy and not on the off-target effects.20–22,49 

These off-target effects or consequences for cell–cell interac-

tions are equally important, as they are involved in CAM-

DR.10,11 The 3D BM–myeloma model can be used to study 

therapies targeting these interactions, as shown by selectively 

targeting myeloma cells using VLA-4 targeted liposomes, 

to overcome CAM-DR. Also other novel therapies or drug 

delivery strategies targeting the tumor microenvironment 

can potentially be tested within the 3D BM–myeloma model, 
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such as gamma secretase inhibitors, or the co-delivery of 

cytotoxic agents.50–52

In contrast to 2D culture systems, the 3D BM–myeloma 

model provides the possibility to test therapies on patient-

derived myeloma cells. Currently available treatment options 

for myeloma have improved patient outcomes,4 but do 

not achieve optimal treatment responses for a substantial 

proportion of patients.53 Through personalized testing of 

experimental therapies, a genetic base for the function or 

dysfunction of novel therapies could be unraveled, evaluating 

the most optimal therapy for each individual patient. The 

3D model also offers the possibility to be further extended, 

adding a separate endosteal environment,28 or including 

healthy hematopoietic (stem and progenitor) cells. This 

would enable the analysis of treatment effects within more 

complex and realistic BM environment, looking at on- and 

off-target effects, and the involvement of indirect mediators 

of therapy resistance.

Conclusion
Liposomal drug delivery can be studied in vitro using a 3D 

BM–myeloma model, looking at cellular targeting and gen-

eral efficacy of the given therapy, within the context of the 

engineered BM environment. The advantages of liposomal 

drug delivery were demonstrated in a primary myeloma 

model, enabling the study of patient-to-patient responses to 

potential drugs and treatment regimes. The analysis of treat-

ment effects within a more complex 3D environment enables 

the study of on- and off-target effects, and the involvement 

of indirect mediators of therapy resistance.
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