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Abstract: The development of three-dimensional environments to mimic the in vivo cellular re-
sponse is a problem in the building of disease models. This study aimed to synthesize and validate
three-dimensional support for culturing monoclonal plasma cells (mPCs) as a disease model for
multiple myeloma. The three-dimensional environment is a biomimetic microgel formed by alginate
microspheres and produced on a microfluidic device whose surface has been functionalized by
a layer-by-layer process with components of the bone marrow’s extracellular matrix, which will
interact with mPC. As a proof of concept, RPMI 8226 cell line cells were cultured in our 3D culture
platform. We proved that hyaluronic acid significantly increased cell proliferation and corrobo-
rated its role in inducing resistance to dexamethasone. Despite collagen type I having no effect on
proliferation, it generated significant resistance to dexamethasone. Additionally, it was evidenced
that both biomolecules were unable to induce resistance to bortezomib. These results validate the
functionalized microgels as a 3D culture system that emulates the interaction between tumoral cells
and the bone marrow extracellular matrix. This 3D environment could be a valuable culture system
to test antitumoral drugs efficiency in multiple myeloma.

Keywords: biopolymers; biocomposites; multiple myeloma; microgel; hyaluronic acid; collagen

1. Introduction

Multiple myeloma (MM) is a B-cell hematologic malignancy characterized by a mono-
clonal plasma cell (mPC) infiltration with heterogeneous localization in the bone marrow
compartment [1,2]. The mPCs accumulate in the bone marrow microenvironment through
interactions between bone marrow extracellular matrix components and resident cells
receiving multiple signals, which promote their survival and drug resistance [3–5].

One of the resistance phenomena involved in MM is the cell adhesion mediated drug
resistance (CAM-DR) [1,6]. The adhesion of tumoral cells to the components of the extra-
cellular matrix or to the bone marrow stromal cells [1,7,8] confers a multi-drug resistance
phenotype [6,7]. The bone marrow extracellular matrix mainly consists of laminin, type
I and IV collagen, fibronectin, glycosaminoglycans heparan sulphate, hyaluronic acid,
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and chondroitin sulphate [1,9]. In MM, hyaluronic acid promotes proliferation in IL-6-
dependent myeloma cells [10], as well as drug resistance to dexamethasone (DEX) [11].
In the case of collagen, syndecan-1 mediates the adhesion of tumor cells to it via heparan
sulfate chains. Syndecan-1 plays a role in mediating MM cell interactions with the bone mar-
row niche [12,13], and recently it has been shown that syndecan-1 promotes Wnt/β-catenin
signaling in MM. Wnt signaling has been related to proliferation, dissemination, drug
resistance, and disease progression [14,15].

Given the influence of the microenvironment on the resistance and development of the
disease, it is not surprising that the expansion of primary MM cells outside the bone marrow
niche has been unsuccessful [16–18]. The survival and growth of primary human MM cells
have been demonstrated in co-culture with mesenchymal cells, osteoblasts, osteoclasts,
macrophages, and dendritic cells [19–22]. Besides, it has been evidenced that cell responses
in 3D cultures are similar to in vivo behavior, unlike 2D cultures [16,23]; therefore, current
research focuses on the design of 3D culture systems to reproduce mPC behaviors and their
susceptibility to drugs mediated by the bone marrow microenvironment.

The goal of our proposal was to use a biomimetic microgel to recapitulate the en-
vironment of tumor cells in vivo. The culture platform proposed in this work to create
a three-dimensional environment for MM cells used microspheres with gel consistency.
The microspheres were made of alginate and coated with a polyelectrolyte multilayer
produced by the layer-by-layer method. The agglomerate of these microspheres is what
we call a microgel. When the cells were grown in the microgel (in the space between
the microspheres) the effect was similar to growing them dispersed in a hydrogel. The
only difference was that in the microgel, the cells could migrate, and the particles were
mobile, permitting the environment to accommodate cell growth or extracellular matrix
production [24,25].

In the layer-by-layer procedure [26], the anionic character of the alginate microsphere’s
surface was used to electrostatically attach a polycation layer. In this study, type I collagen
was attached in an acidic medium. The attraction between the negative charges of the
microsphere surface and the positive charges of the polycation allowed the deposition of a
polycation layer to coat the microsphere’s surface. A second layer of polyanion could be
attached—which, in our case, was hyaluronic acid—producing a second coating, and so
on. Multilayer hyaluronic acid coatings and collagen on flat supports have already been
studied by Zhao 2014 [27].

Multiple myeloma cells are not adherent in culture; both cells and microspheres are
suspended homogenously by orbital shaking in a liquid medium in the desired proportions.

As a proof of concept, we tested cell viability and proliferation with the RPMI 8226 cell
line. The study of the RPMI 8226 cell line has particularly attracted the interest of different
research groups, and various works in the literature concentrate on the response of this cell
line. The goal of this work was to show that microgel is a suitable 3D environment and
recapitulates the generation of drug resistance in response to cell interactions with their
extracellular matrix components. As a result, the platform application starting off in the
MM disease model could extend the study to a broad set of cell lines and biomolecules for
drug testing.

To show how our culture platform can be used to test the effect of antitumor treatments,
we analyzed the MM cell responses in culture to bortezomib (BRZ) and dexamethasone
(DEX). The combination of these two drugs is a commonly used treatment in patients
with MM. While BRZ is a proteasome inhibitor, DEX is a corticosteroid [28–30], and the
synergistic activity of both drugs increases the anti-tumor effect [29].

Proteasome inhibitors prevent the degradation of denatured proteins, which, when ac-
cumulated, could cause cell toxicity and induce apoptosis [31]. Bortezomib in MM induces
cleavage of survival proteins, such as Mcl1, and triggers apoptosis [31,32], or downregula-
tion, of adhesion molecules such as VLA-4 [33]. On the other hand, DEX induces apoptosis
by the activation of intrinsic apoptotic pathways [30,34], a downregulation of antiapoptotic
genes, and an upregulation of pro-apoptotic genes [30,35], among other action mechanisms.
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Studies have been performed on the risk-benefit balance of DEX dosing on patients with
MM, where the use of high doses of DEX was found to overcome resistance to the disease
despite generating higher toxicity than low-dose delivery [36–38].

2. Materials and Methods
2.1. Microgel Production

The production of alginate microspheres was carried out using a flow-focusing poly
(dimethylsiloxane) microfluidic device (Figure 1A inset) with 500 × 500 µm channel size,
allowing the production of microspheres with a 170–190 µm average diameter and low
size dispersion. For this purpose, a 1.5% w/v alginate (Sigma-Aldrich, St. Louis, MO, USA)
and ultrapure water solution were used as dispersed phase and chloroform (Scharlab,
S.L., Barcelona, Spain) as continuous phase; flow rates were set at 0.13 and 6.2 mL/min,
respectively. After formation within the device, alginate microspheres were dropped in a
gelation aqueous solution of 10% w/v calcium chloride (Scharlab). Gelation occurs via ionic
cross-linking of the alginate chains with calcium ions. After crosslinking, microspheres
were collected and thoroughly washed in ultra-pure water.
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Figure 1. (A) Schematic representation of the of the flow-focusing microfluidic device; (B) histogram of alginate microspheres
diameter; (C) FESEM image of a representative microsphere.

In order to be visualized by Field Emission Scanning Electron Microscope (FESEM,
ULTRA 55 model, ZEISS, Oberkochen, Germany), microspheres were subjected to a fixa-
tion protocol—first being immersed in a 3% glutaraldehyde solution (Sigma-Aldrich) in
phosphate-buffered saline solution (PBS, Sigma-Aldrich) for 30 min, and then being washed
twice in PBS for 10 min. After sample dehydration, they were sequentially immersed in
ultra-pure water/ethanol solutions with increasing ethanol content of 30, 50, 70, 80, 90, 95,
100, 100, and 100%, for 10 min each. Finally, samples were dried with supercritic fluid in
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Leica EM CPD300 equipment (Leica Microsystems Inc., Buffalo Grove, IL, USA), getting
them ready to be visualized by FESEM.

2.2. Surface Functionalization

Microspheres were functionalized using the layer-by-layer technique, an electro-
static self-assembly method in which alternating layers of collagen (Advanced BioMatrix,
Inc., San Diego, CA, USA) and hyaluronic acid (Sigma-Aldrich) are deposited one over
the other, as described by Zhao 2014 [27]. Initially, 1 mg/mL collagen (3 mg/mL) and
hyaluronic acid (10 g, ~1.5–1.8 × 106 Da) solutions in ultra-pure water were prepared and
stirred overnight at 4 ◦C and pH 5, balanced with HEPES buffer (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (Sigma-Aldrich) to ensure complete dissolution. Micro-
spheres were initially prepared by immersion in ultra-pure water at pH 5 to negatively
charge their surface. In the following steps, layer-by-layer depositions were performed in
orbital agitation at 600 rpm. First, microspheres were transferred and maintained in the
collagen solution for 20 min to deposit the first layer, then washed in ultra-pure water at
pH 5 for 20 min to eliminate any non-adhered collagen molecules while keeping collagen
coating positively charged. Second, microspheres were transferred and then kept in the
hyaluronic acid solution for 20 min to deposit the first hyaluronic acid layer, followed by
washing in ultra-pure water for an additional 20 min. The first and second steps were
repeated alternatively to produce two sets of microspheres: one with 9 layers of coating
(4 layers of hyaluronic acid and 5 layers of collagen), with collagen as the last layer; and
another with 10 layers of coating (5 layers of hyaluronic acid and 5 layers of collagen), with
hyaluronic acid as the last layer.

2.3. Characterization

Micro-BCA assay was performed using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA), applying the standard protocol of the kit to quantify the
total amount of collagen after each coating and using microspheres without any coating
as baseline alginate. The assay was performed in quadruplicates and read on a Victor3
Plate Reader (PerkinElmer, Waltham, MA, USA). The results were evaluated by averaging
the samples at 570 and 550 nm. Moreover, the presence of collagen and hyaluronic acid
at the surface was qualitatively assessed by the Fourier Transform Infrared Spectroscopy
(FTIR, Bruker Scientific LLC, Billerica, MA, USA) detecting the appearance of their specific
absorption peaks.

2.4. Cell Culture

Multiple myeloma cell line RPMI 8226, a kind gift from Dra. Beatriz Martin (Josep
Carreras Leukaemia Research Institute), were grown in RPMI 1640 (Gibco, Thermo Fisher)
and supplemented with 15% fetal bovine serum (FBS, Gibco), 1% L-glutamine (Sigma-
Aldrich), and 1% penicillin/streptomycin (Gibco, 10,000 U/mL). 1.5 × 105 cells were
cultured in suspension in a 24 well-plate with orbital shaking (VWR, Radnor, PA, USA)
at 300 rpm. Conventional culture without agitation was also performed as 2D control.
The total volume of the culture medium was 500 µL. In the case of the microgel, the
volume ratio microspheres/liquid medium was 20:80 (100 µL dry microspheres/400 µL
liquid-medium). The liquid medium was partially renewed every day. To do that, 400 µL
of fresh media were added to the culture well, maintaining it in agitation for 15 min to
favor the distribution of nutrients. The agitation was interrupted for 1 h to allow cells and
microspheres to precipitate to carefully remove 400 µL of the culture medium.

Three replicates per condition were used for flow cytometry studies. Each was ana-
lyzed independently in the DEX assay, while in the BRZ and cell cycle assay they were
unified into a single tube that was analyzed in the cytometer. In addition, to prevent the
equipment obstruction by the alginate microspheres, each sample was passed previously
through a 70 µm filter.
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2.5. Proliferation Assay

The proliferation studies were carried out on days 2, 5, and 7 in two independent ex-
periments. First, cell number was obtained by Quant-iT Picogreen dsDNA kit (Invitrogen,
Thermo Fisher). Cell digestion of the samples was performed with a lysis buffer solution
(LBS) prepared for 100 mL using 0.653 g of sodium phosphate dibasic (Panreac Quimica
SLU, Barcelona, Spain), 0.648 g of sodium phosphate monobasic (Panreac), and 1 mL of
EDTA (Gibco, 0.5 M) dissolved in ultra-pure water at pH 6.5. On the day of the digestion,
3.875 U/mL of papain (Sigma-Aldrich) and 1.5 mg/mL of L-cysteine were added to the
LBS, and 500 µL were added to each sample and kept under agitation at 60 ◦C for 18 h.
Due to the chelating action of EDTA during the lysis incubation, the alginate of the micro-
spheres becomes soluble and there is no need to separate it from the cells. Once the lysis
procedure was completed, DNA was incubated with the PicoGreen solution following the
manufacturer’s instructions (4 replicas per condition) to use alginate microspheres without
cells as a baseline. Analysis was carried out afterwards on an opaque plate, Optiplate96F
(PerkinElmer), using a Victor3 plate reader (PerkinElmer) at 485/535 nm. Secondly, a cell
cycle assay was performed by flow cytometry with a DNA-PREP kit (Beckman Coulter,
San Diego, CA, USA). Briefly, after two washes with PBS, the samples were centrifuged
at 300× g for 5 min. Then, 100 µL of DNA PREP LPR permeabilization solution were
added to each sample and vigorously vortexed for 10 s, and 1 mL of DNA PREP Stain was
added to each sample and incubated in the dark for 30 min at room temperature. DNA
PREP Stain contains propidium iodide and RNAse to remove cytoplasmic RNA that can
bind with propidium iodide and generate false-positive events [39]. Finally, samples were
acquired in a Navios flow cytometer (Beckman Coulter) and data were analyzed on Kaluza
2.1 software (Beckman Coulter). One of the problems with the cell cycle assay by flow
cytometry is the formation of cell aggregates that can lead to a generation of doublets of
G0–G1 cells, which can be interpreted as the G2-M peak. To avoid this, the acquisition of
the events was carried out at a low flow rate, which has the advantage of reducing the
formation of aggregates. On the other hand, the cells isolated from the three replicas of
each experiment were analyzed in a single flow cytometer tube to have enough events,
improving sensitivity and allowing a representative cell cycle analysis.

2.6. Viability Assay and CAM-DR Effect

The CAM-DR effect was evaluated by exposing 1.5 × 105 cells to BRZ (STADA,
Bad Vilbel, Germany, 2.5 mg/mL) and DEX at 8.75 mg/mL (Fortecortin, Merck KGaA,
Darmstadt, Germany) for 48 and 72 h, respectively. In addition, a control without drugs
was prepared for each condition (data not shown) to normalize the viability results of each
CAM-DR condition. As DEX is used in humans in a broad interval of doses, we performed
a pre-test dosage of DEX ranging between 1 and 103 µM in a 2D conventional culture to
determine the final concentration of DEX used for the CAM-DR tests.

Cell viability assay was assessed by flow cytometry using Annexin-V kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) and 7-Amino-Actinomycin D (7-AAD, Becton Dick-
inson, San José, CA, USA, EEUU). First, 1.5 × 105 cells were washed two times with PBS
and resuspended in 300 µL of 1X binding buffer solution (Miltenyi Biotec). Then, 10 µL
of Annexin-V conjugated with fluorescein isothiocyanate (FITC) and 5 µL of CD-138 con-
jugated with BD Horizon V500 (Becton Dickinson) were added and cells were incubated
in the dark for 20 min at room temperature. After an additional wash with 1–2 mL of 1X
binding buffer solution, cells were centrifuged at 300× g for 5 min and resuspended in
200 µL of 1X binding buffer solution. Then, 10 µL of 7-AAD were added and incubated
for 15 min in the dark at room temperature and, finally, the samples were analyzed in a
FACSCanto-II flow cytometer (Becton Dickinson) and data analysis was carried out by
Kaluza 2.1 software.



Materials 2021, 14, 7121 6 of 15

2.7. Statistical Analysis

The ANOVA one-way analysis (Bonferroni test) was used to determine statistically
significant differences between groups by the IBM SPSS Statistics software version 20.0
considering p ≤ 0.05 significant, and data were presented as mean ± SD.

3. Results
3.1. Alginate Microgel

Alginate microspheres were produced with a flow-focusing microfluidic device
(Figure 1A). The flow of the dispersed and continuous phases was optimized to obtain
microspheres with diameters below 240 microns. Figure 1B,C show a histogram of the
microsphere’s diameter and a scanning electron microscopy picture of a microsphere after
drying with the critical point method to avoid the collapse of the gel, respectively. The
average microsphere diameter was 177 ± 23 µm.

3.2. Biomimetic Functionalization

Layer-by-layer is a suitable technique to coat the surface of the microspheres with
a stable layer of a protein, a polysaccharide, or a combination of both. Two series were
prepared, one of them with ten layers ending with hyaluronic acid and the other one with
nine layers ending with collagen. In order to confirm the coating protocol, an experiment
was performed by coating the alginate film’s surfaces and assessing the presence of collagen
and hyaluronic acid on the surface by FTIR. The infrared beam is capable of penetrating
beyond the thickness of the coating, which is expected to be 30 µm with the implemented
coating protocol according to reference [40]. Thus, the spectrum (Figure 2A) reveals the
characteristic peaks of the three components of the system: alginate, hyaluronic acid, and
collagen. A wet alginate film is also shown for comparison.

Figure 2A shows the characteristic peaks of alginate in the interval of 1200–870 cm−1,
corresponding to the carbohydrate region, as well as the peak at 1410 cm−1, attributed
to the symmetric stretching band of the COO-group [41,42]. As for the collagen peaks,
the peak at 1232 cm−1, corresponding to vibrations on the plane of amide III due to C-N
stretching and N-H deformation, stands outwhich, in our case, is slightly above 1276 cm−1

and may be due to the interactions of collagen with hyaluronic acid and/or alginate [42,43].
The same situation can be found in Figure 2B with respect to the characteristic peak at 2925
cm−1, attributed to the stretching vibration of C-H in both hyaluronic acid and collagen,
that in the layer-by-layer surfaces split into one peak at 2840 cm−1 and another one at
2917 cm−1. This fact can be attributed to interactions between the two components [44,45].
Finally, in the case of hyaluronic acid, Figure 2A shows a peak at 1315 cm−1 corresponding
to the C-H vibration and a slight increase at 1057 cm−1 for C-O stretching and vibration [46].

A quantitative study was carried out to assess the increment of the total amount of
collagen in the coating with an increasing number of layers. Micro-BCA analysis (Figure 2C)
shows that collagen content increases continuously with the number of collagen- hyaluronic
acid bilayers. Following the results shown in Figure 2C, the content of collagen in the first
layer adhered to the alginate surface is 6.02 ± 1.55 µg/mg microspheres. Subsequently, after
the layer of hyaluronic acid (two layers) was incorporated, the measured value of collagen
content was 6.25 ± 0.48 µg/mg microspheres, similar to the one observed in the first layer.
This means that the hyaluronic acid layer did not hinder the quantification of collagen
present in the first layer. However, differences were observed with the incorporation of
the second layer of collagen (three layers) with 8.95 ± 1.29 µg/mg microspheres. With the
incorporation of the second layer of hyaluronic acid (four layers), the observed value of
collagen content of 8.69 ± 0.85 µg/mg microspheres was slightly lower than that measured
in the three layers sample. This behavior is shown in the following bilayers (Figure 2).
Finally, with the incorporation of the fifth and last layer of collagen (nine layers), values of
14.77 ± 1.95 µg/mg microspheres were reached. Despite the fact that in the Micro-BCA
test, reactants can reach internal collagen layers, hyaluronic acid layers hinder the diffusion
in some way through the coating, and the amount of protein is underestimated. Regardless,
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the continuous increase of the collagen amount shown in Figure 2C proves the deposition
of both collagen and hyaluronic acid layers in the coating. A quantitative assessment
of the amount of deposited hyaluronic acid was prevented by the chemical similarity
with alginate.
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3.3. Proliferation and Viability

Six series of culture conditions were considered: conventional 2D control culture (2D),
suspension control (SUP), control with uncoated alginate microspheres (UCM), micro-
spheres with the last layer of hyaluronic acid (HAM), microspheres with the last layer
of collagen (COLM), and as the final condition, a mixture of 50% HAM and 50% COLM
microspheres (MIX) was used. A schema of the culture series is represented in Figure 3. In
all the systems, mPC cells were cultured in suspension in the liquid medium, instead of a
conventional 2D culture. In the case of the microgels, in addition to the liquid medium,
the environment of the cells contained the microspheres that exhibit the biomolecules of
interest in this study. To show the homogeneity of the suspension of the microspheres
during culture, alginate microspheres were stained with Alcian blue and dispersed in the
aqueous medium in the same proportion as in the cell cultures. Figure 3E shows a picture
of the suspension on the orbital shaker. Following the culture, microspheres were extracted
by filtration and suspended cells were analyzed with the different techniques. The fact that
cells were cultured in suspension differentiates the microgel from a 3D scaffolding system
in which cells and material would be closely packed or formed by cells encapsulated in a
gel; in our case, microspheres are not porous, as seen in Figure 1C, so cells cannot penetrate
the microspheres.
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culture (SUP condition); (C) suspension culture incorporating non-functionalized alginate microspheres (UCM condition);
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with Alcian blue and suspended in the aqueous medium of the same proportion as the cell culture.

The influence of the presence of hyaluronic acid and collagen in the microgel on cell
proliferation was assessed by the cell cycle test and the cell number measured as total DNA
content in the Picogreen test on days 2, 5, and 7. On the other hand, a study of cell viability
was performed to corroborate the non-cytotoxicity of the materials used. In general, the
results showed significant differences among the various systems on days 2 and 5, while on
day 7, the culture became saturated as the volume of the well and the supply of nutrients
became insufficient for the attained number of cells. As a consequence, all the systems
presented similar results.

The cell cycle of cells cultured in UCM and COLM conditions showed a small and
remarkable decrease in the fraction of cells arrested in the G0–G1 phases with respect to
the SUP condition on days 2 and 5 (Figure 4A) which, at the same time, was responsible
for the slight increase in cell number observed on day 5 (Figure 4B). This increase was
approximately 2.15 × 105 ± 1.16 × 105 and 1.56 × 105 ± 7.4 × 104 cells for UCM and
COLM, respectively, as compared to SUP. Consequently, as the results with COLM were
very similar to the UCM results, we can deduce that the presence of collagen does not alter
the proliferative capacity of the mPCs. However, the presence of microgels when the last
layer is hyaluronic acid yields the improvement of cell proliferation. In the cell cycle assay,
a clear decrease in the fraction of cells arrested in the G0–G1 phases between the HAM
and MIX conditions was observed with respect to SUP, UCM, and COLM (Figure 4A). This
effect was corroborated by the PicoGreen results, where there was a slight increase in cell number
on day 2, but a significant difference on day 5 of culture. The cell number at day 5 in the HAM
and MIX conditions was 5.73 × 105 ± 1.2 × 105 and 5.92 × 105 ± 1.55 × 105 cells higher than in
the SUP condition, respectively. The difference with respect to UCM and COLM was smaller but
still significant: 3.6 × 105 and 3.76 × 105 cells higher than in the UCM condition, respectively, and
4.13 × 105 and 4.32 × 105 cells higher than in the COLM condition, respectively (Figure 3B). In
this way, the use of both techniques allowed us to corroborate that the presence of hyaluronic acid
promotes cell proliferation while the presence of collagen does not.

On day 7 of the culture, it was possible to see how the cell number in each condition
was very similar (Figure 4B). This clearly indicated that the platform had reached its
saturation level due to the high growth rate of this cell line. The viability results (Figure 4C)
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showed that even when the culture was saturated, there was no increase in cell mortality,
as each condition maintained an average viability of 91 ± 2.3% at day 7. These data are
relevant since, as shown in Figure 4B, there was a considerable reduction in the cell number
between days 5 and 7 in each of the conditions, more remarkable in the HAM and MIX
conditions. Therefore, the idea that this reduction in proliferation was a result of the
presence of dead cells can be discarded. The cell cycle assay presented an increase in the
percentage of cells arrested in G0–G1 phases in each of the conditions on day 7 compared
to day 5, with differences of 4.98% in the SUP condition, 9.41% in UCM, and 8.05% in
COLM. This increase was relevant in the HAM and MIX conditions (15.88% and 14.86%,
respectively). The increase in the percentage of cells in the G0–G1 phase due to culture
saturation meant that the cells were maintained in a quiescent state, explaining the decrease
in the number of cells between days 5 and 7 observed in Figure 4B.
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3.4. Drug Resistance

Apoptotic cells were evaluated by flow cytometry through Annexin-V and the 7-AAD
staining method. Due to the clinical repercussions of using a low or high dose of DEX
in MM patients [36–38], a viability test was performed to adjust the DEX dosage. This
experiment was carried out in a conventional 2D culture at 72 h, varying the dosage from 1
to 1000 µM. The results shown in Figure 5A support the use of a 1000 µM concentration in
CAM-DR trials, which produce mortality of around 70%. After 72 h of DEX exposure under
SUP control conditions, no significant differences were observed among the conventional
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2D culture (77.78 ± 8.1%), SUP (75.64 ± 5.95%), and UCM (79.17 ± 3.35%) (Figure 5B).
However, when the microgel was functionalized, the mortality decreased, reaching values
of 30.40 ± 2.41% for the HAM, 39.51 ± 3.63% for COLM, and 44,56 ± 5.11% for the MIX,
which meant a reduction of 39% with respect to control conditions (Figure 5B).
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Figure 5. Percentage of apoptotic cells after exposition to DEX (A,B) and BRZ (C). 2D culture at varying DEX dose (A);
influence of the presence of hyaluronic acid or collagen on the development of drug resistance (B,C). The level of statistical
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with uncoated alginate microspheres; HAM, microspheres with a last layer of hyaluronic acid; COLM, microspheres with a
last layer of collagen; MIX, mixture of 50% HAM and 50% COLM microspheres.

In the case of BRZ, since no relevant literature was found on the impact of the use of
various treatments using low or high doses of BRZ on MM patients, we decided to establish
a known concentration found in the literature (10 nM) for the assay [47]. Therefore, after
48 h of drug exposure, high mortality was observed in control conditions, reaching 94.64%
in 2D, 96.37% in SUP, and 88.77% in UCM. In the HAM and COLM microgels, the mortality
was also quite high but lower than in the control conditions: 76.2% in HAM, 84.9% in
COLM, and 80.7% in MIX (Figure 5C). Due to the high mortality presented 48 h after cell
culture, the three replicates of the BRZ samples were unified into a single flow cytometry
tube to provide sufficient events for the results to be representative.
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4. Discussion
4.1. Biomimetic Microgel as a 3D Culture Environment for mPCs

The development of a realistic in vitro disease model for MM that could be used to
discover new antitumoral drugs or to personalize patient treatments is still a challenge.
Such a culture platform requires an artificial three-dimensional environment in which the
mPCs generate the same resistance to drugs as they do in vivo. The problem represented a
huge challenge due to the importance of the medullar niche in disease development, where
the adhesion of myeloma cells to bone marrow stromal cells and extracellular matrix has
been shown to influence proliferation, growth, invasion, and drug resistance of mPCs [18].
In a microenvironment lacking the key biomolecules that interact with mPCs, such as
conventional 2D culture, the cellular response to the drug is altered due to its unnatural
niche [36]. In addition, there is evidence that the behavior of the mPCs in a 3D culture
differs morphologically and physiologically from cells in 2D culture [37]. Due to this issue,
the development of new 3D systems that mimic the in vivo cell behavior and provide more
predictable results to in vivo tests is being performed [16,17].

The aim of this study was to carry out the development of a culture platform based on a
microgel and to corroborate that the system allows an effective interaction of the mPC with
the extracellular matrix components on the surface of the microspheres. Although MM is
a heterogeneous disease, the study was performed on the RPMI 8226 cell line, one of the
most studied cell lines in MM, as evidenced by the large number of literature on the subject.
In vitro tests with this cell line allowed us to confirm that the response observed in our system
was the result of the interaction between mPC and the biomolecules included in the surface of
the microgel. These results lay the foundation of a dynamic 3D culture model that might, in
the future, be used for drug assays in the primary cells of MM patients. Microgels constitute
an environment closer to the in vivo niche than the conventional 2D culture. In this way, the
implication of two biomolecules, hyaluronic acid and collagen, have been proven on mPCs
proliferation and CAM-DR effect towards DEX and BRZ. In comparison to other 3D platforms,
where cells are confined or aggregated in the form of spheroids, the system developed by
maintaining the culture in suspension at a 20:80 microgel/cell volume ratio allows larger
cell mobility in comparison to hydrogels. In addition, microgel configuration permits the
maintenance or even the increase of cell-cell contact, while favoring the interaction of mPCs
with the biomolecules present in the microgel.

The microsphere functionalization method selected was layer-by-layer, a fast and
simple coating technique. At the same time, it provided a great versatility to the devel-
oped platform to simultaneously perform the study of different biomolecules well. The
stability of the collagen/hyaluronic acid’s layer-by-layer coating in the culture medium has
been proven by Zhao 2014 [27], who maintained flat substrates with this coating for up to
14 days in culture. On the other hand, the stability of the alginate core of the functionalized
microspheres was assessed in the assays performed using uncoated alginate microspheres
in up to 5-day-old cultures in proliferation and drug resistance tests. Moreover, in poly-
electrolyte multilayers, bonding between layers is based on electrostatic interaction; this
opens a wide range of possibilities to design and manufacture in mild conditions microgels
functionalized with different biomolecules. Thus, heparin, heparan sulphate, chondroitin
sulphate, or other collagens hypothesized to be involved in CAM-DR could be incorporated
into the 3D environment with the procedures discussed here. Even formulation including
microspheres functionalized with different biomolecules can be designed to mimetize the
bone marrow niche, as we did in this work with the MIX microgel. Such an environment
can be used to further study the individual or synergic effects of bone marrow extracellular
matrix components on CAM-DR against different known or new drugs, or even to develop
drugs capable of inhibiting the interaction of mPCs with specific biomolecules.

In this line, as a proof of concept, the effect of hyaluronic acid and collagen on mPC
cells has been studied. The results obtained in this work show that, although there are
no significant differences in terms of cell proliferation between SUP, UCM, and COLM
conditions, a slight increase in the number of cells in the UCM and COLM conditions with
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respect to SUP can be appreciated (Figure 4B). This may be due to the presence of our
developed 3D culture system based on microgel, which allows increased cell-cell contact
(Figure 3C,D), slightly favoring cell proliferation. However, when the last layer of the
coating is hyaluronic acid, cell proliferation significantly increased on day 5 with respect
to the rest of the conditions (Figure 4B). The same proliferative behavior was observed
in the MIX condition, where the proliferative effect was attributed to the presence of
HAM microspheres, since COLM did not show any influence on proliferation. Even if the
coating contains both biomolecules, the cellular response when the last layer is hyaluronic
acid or collagen is completely different. It is known that hyaluronic acid in human IL-6-
dependent cell lines induced proliferation through an IL-6-mediated pathway involving
the phosphorylation of retinoblastoma proteins [10]. This suggests that the mechanism
of action of hyaluronic acid on the proliferation of RPMI 8226 IL-6-independent cells acts
through signaling pathways different than in the IL-6-dependent MM cell line. This fact
is not surprising since, with the same cell line, it was observed that the drug resistance
induced by hyaluronic acid to DEX was mediated through distinct signaling pathways in
IL-6-independent and IL-6-dependent MM cell lines [11].

4.2. RPMI 8226 Cell Line in the Presence of Hyaluronic Acid or Collagen Generates Drug
Resistance to Dexamethasone

The implication of hyaluronic acid in drug resistance in the cell line RPMI 8226 has
already been described in 2D cultures [11]. In our 3D culture platform, the interaction with
HAM microspheres reduced mPC mortality significantly, to around 39%, when compared
with control conditions (Figure 5B). The same reduction was observed in collagen condi-
tions, although the resistance of the RPMI 8226 cell line to DEX induced by collagen has not
been previously described. Further research will be necessary to clarify the mechanisms
of collagen-induced drug resistance on MM cells. As the union to collagen is mediated
by syndecan-1, which, in turn, promotes Wnt signaling, our strongest hypothesis is that it
may be responsible for the drug resistance [12,15].

In the case of BRZ, cell viability in UCM and in the microgels functionalized with
hyaluronic acid or collagen in the last layer was higher than in 2D and SUP conditions
(Figure 5C). This difference may be the result of the favored cell-to-cell contact in a microgel
environment which, in turn, slightly favors cell proliferation, resulting in the presence of a
higher percentage of viable cells, as mentioned above. However, these differences are not
significant enough to attribute to hyaluronic acid and collagen a CAM-DR effect against
BRZ, as occurs with DEX.

Therefore, with the generation of these results, our work proves the utility of the
culture platform in testing the effect of drugs targeting the interaction of mPCs with specific
biomolecules or ligands by functionalizing the microspheres with those biomolecules and
performing viability studies. This represents a step further in the development of realistic
disease models for MM. Once the interaction of the microgel with the MM cell line has
been confirmed, the validation of the culture system using primary cells from MM patients
appears as a short-term future perspective.

5. Conclusions

We presented a culture platform based on a biomimetic microgel formed by alginate
microspheres whose surface has been coated with certain biomolecules of the bone marrow
extracellular matrix. This represented a three-dimensional system, where mPCs were
grown in suspension in a liquid medium but separated by distances similar to the cell sizes
themselves, as the bone marrow components were capable of generating drug resistance.
As a proof of concept, the effect of hyaluronic acid on the proliferation and generation
of DEX resistance in the RPMI 8226 cell line has been proved. We also showed how
the presence of collagen did not have a significant influence on proliferation and yet
was capable of inducing resistance to DEX. The behavior of a microgel with half of the
microspheres with hyaluronic acid on their surface, and collagen on the other half, was
analogous to a microgel with all the microspheres coated with hyaluronic acid. The lack of



Materials 2021, 14, 7121 13 of 15

CAM-DR effect against BRZ, induced by the interaction with hyaluronic acid and collagen,
has been confirmed. Although our results bear the limitation of having been obtained with
a single cell line, this work shows a promising view in terms of establishing microgels
functionalized with components of the bone marrow extracellular matrix as a disease
model for MM. Additional analysis of other cell lines and biomolecules will be necessary
to extend the use of this culture platform for studies involving patient cells.

Author Contributions: Conceptualization, J.C.M.-P. and J.L.G.R.; investigation, resources, and formal
analysis, J.C.M.-P., L.A.M., B.D.-B., A.S. and J.L.G.R.; writing—original draft preparation, J.C.M.-P.,
J.L.G.R. and A.S.; writing—review and editing, S.C.T., L.C., S.L.-M. and G.G.F.; funding acquisition,
J.L.G.R., A.S. and S.L.-M. All authors have read and agreed to the published version of the manuscript.

Funding: Funding by the Generalitat Valenciana PROMETEO/2016/063 project is acknowledged.
This work was partially financed with FEDER funds (CIBERONC (CB16/12/00284)). The CIBER-BBN
initiative is funded by the VI National R&D&I Plan 2008–2011, Iniciativa Ingenio 2010, Consolider
Program. CIBER actions are financed by the Instituto de Salud Carlos III with assistance from
the European Regional Development Fund. Financial support from the Portuguese Foundation
for Science and Technology (FCT) in the framework of the UID/FIS/04650/2019, PTDC/BTM-
MAT/28237/2017, and PTDC/EMD-EMD/28159/2017 projects and from the Basque Government
Industry Departments under the ELKARTEK programs is also acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: Riunet.upv.es.

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

References
1. Vincent, T.; Mechti, N. Extracellular matrix in bone marrow can mediate drug resistance in myeloma. Leuk. Lymphoma 2005, 46, 803–811.

[CrossRef] [PubMed]
2. Anderson, K.C.; Carrasco, R.D. Pathogenesis of Myeloma. Annu. Rev. Pathol. Mech. Dis. 2011, 6, 249–274. [CrossRef] [PubMed]
3. Márk, Á.; Varga, G.; Timár, B.; Kriston, C.; Szabó, O.; Deák, L.; Matolcsy, A.; Barna, G. The effect of microenvironmental factors on

the development of myeloma cells. Hematol. Oncol. 2017, 35, 741–745. [CrossRef] [PubMed]
4. Wang, J.; De Veirman, K.; De Beule, N.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Vanderkerken, K.; Menu, E. The

bone marrow microenvironment enhances multiple myeloma progression by exosome-mediated activation of myeloid-derived
suppressor cells. Oncotarget 2015, 6, 43992–44004. [CrossRef] [PubMed]

5. Robak, P.; Drozdz, I.; Szemraj, J.; Robak, T. Drug resistance in multiple myeloma. Cancer Treat. Rev. 2018, 70, 199–208. [CrossRef]
[PubMed]

6. Meads, M.B.; Hazlehurst, L.A.; Dalton, W.S. The bone marrow microenvironment as a tumor sanctuary and contributor to drug
resistance. Clin. Cancer Res. 2008, 14, 2519–2526. [CrossRef]

7. Fei, M.; Hang, Q.; Hou, S.; He, S.; Ruan, C. Adhesion to fibronectin induces p27Kip1 nuclear accumulation through down-
regulation of Jab1 and contributes to cell adhesion-mediated drug resistance (CAM-DR) in RPMI 8,226 cells. Mol. Cell. Biochem.
2014, 386, 177–187. [CrossRef]

8. Hideshima, T.; Mitsiades, C.; Tonon, G.; Richardson, P.G.; Anderson, K.C. Understanding multiple myeloma pathogenesis in the
bone marrow to identify new therapeutic targets. Nat. Rev. Cancer 2007, 7, 585–598. [CrossRef]

9. Sethi, T.; Rintoul, R.C.; Moore, S.M.; MacKinnon, A.C.; Salter, D.; Choo, C.; Chilvers, E.R.; Dransfield, I.; Donnelly, S.C.; Strieter, R.;
et al. Extracellular matrix proteins protect small cell lung cancer cells against apoptosis: A mechanism for small cell lung cancer
growth and drug resistance in vivo. Nat. Med. 1999, 5, 662–668. [CrossRef]

10. Vincent, T.; Jourdan, M.; Sy, M.-S.; Klein, B.; Mechti, N. Hyaluronic Acid Induces Survival and Proliferation of Human Myeloma
Cells through an Interleukin-6-mediated Pathway Involving the Phosphorylation of Retinoblastoma Protein. J. Biol. Chem. 2001,
276, 14728–14736. [CrossRef]

11. Vincent, T.; Molina, L.; Espert, L.; Mechti, N. Hyaluronan, a major non-protein glycosaminoglycan component of the extracellular
matrix in human bone marrow, mediates dexamethasone resistance in multiple myeloma. Br. J. Haematol. 2003, 121, 259–269.
[CrossRef] [PubMed]

12. Ridley, R.; Xiao, H.; Hata, H.; Woodliff, J.; Epstein, J.; Sanderson, R. Expression of syndecan regulates human myeloma plasma
cell adhesion to type I collagen. Blood 1993, 81, 767–774. [CrossRef]

13. Grant, S. R-spondin(g) to syndecan-1 in myeloma. Blood 2018, 131, 946–947. [CrossRef] [PubMed]

Riunet.upv.es
http://doi.org/10.1080/10428190500051448
http://www.ncbi.nlm.nih.gov/pubmed/16019524
http://doi.org/10.1146/annurev-pathol-011110-130249
http://www.ncbi.nlm.nih.gov/pubmed/21261519
http://doi.org/10.1002/hon.2354
http://www.ncbi.nlm.nih.gov/pubmed/27766647
http://doi.org/10.18632/oncotarget.6083
http://www.ncbi.nlm.nih.gov/pubmed/26556857
http://doi.org/10.1016/j.ctrv.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30245231
http://doi.org/10.1158/1078-0432.CCR-07-2223
http://doi.org/10.1007/s11010-013-1856-7
http://doi.org/10.1038/nrc2189
http://doi.org/10.1038/9511
http://doi.org/10.1074/jbc.M003965200
http://doi.org/10.1046/j.1365-2141.2003.04282.x
http://www.ncbi.nlm.nih.gov/pubmed/12694247
http://doi.org/10.1182/blood.V81.3.767.767
http://doi.org/10.1182/blood-2017-12-821504
http://www.ncbi.nlm.nih.gov/pubmed/29496699


Materials 2021, 14, 7121 14 of 15

14. Sukhdeo, K.; Mani, M.; Zhang, Y.; Dutta, J.; Yasui, H.; Rooney, M.D.; Carrasco, D.E.; Zheng, M.; He, H.; Tai, Y.-T.; et al. Targeting
the β-catenin/TCF transcriptional complex in the treatment of multiple myeloma. Proc. Natl. Acad. Sci. USA 2007, 104, 7516–7521.
[CrossRef] [PubMed]

15. Ren, Z.; van Andel, H.; de Lau, W.; Hartholt, R.B.; Maurice, M.M.; Clevers, H.; Kersten, M.J.; Spaargaren, M.; Pals, S.T. Syndecan-1
promotes Wnt/β-catenin signaling in multiple myeloma by presenting Wnts and R-spondins. Blood 2018, 131, 982–994. [CrossRef]

16. Kirshner, J.; Thulien, K.J.; Martin, L.D.; Marun, C.D.; Reiman, T.; Belch, A.R.; Pilarski, L.M. A unique three-dimensional model for
evaluating the impact of therapy on multiple myeloma. Blood 2008, 112, 2935–2945. [CrossRef] [PubMed]

17. Bam, R.; Khan, S.; Ling, W.; Randal, S.S.; Li, X.; Barlogie, B.; Edmondson, R.; Yaccoby, S. Primary myeloma interaction and growth
in coculture with healthy donor hematopoietic bone marrow. BMC Cancer 2015, 15, 1–14. [CrossRef]

18. Caligaris-Cappio, F.; Bergui, L.; Gregoretti, M.; Gaidano, G.; Gaboli, M.; Schena, M.; Zallone, A.; Marchisio, P. Role of bone
marrow stromal cells in the growth of human multiple myeloma. Blood 1991, 77, 2688–2693. [CrossRef]

19. Zhang, W.; Gu, Y.; Sun, Q.; Siegel, D.S.; Tolias, P.; Yang, Z.; Lee, W.Y.; Zilberberg, J. Ex Vivo Maintenance of Primary Human
Multiple Myeloma Cells through the Optimization of the Osteoblastic Niche. PLoS ONE 2015, 10, e0125995. [CrossRef]

20. Reagan, M.R.; Mishima, Y.; Glavey, S.V.; Zhang, Y.; Manier, S.; Lu, Z.N.; Memarzadeh, M.; Zhang, Y.; Sacco, A.; Aljawai, Y.;
et al. Investigating osteogenic differentiation in multiple myeloma using a novel 3D bone marrow niche model. Blood 2014, 124,
3250–3259. [CrossRef]

21. Zheng, Y.; Cai, Z.; Wang, S.; Zhang, X.; Qian, J.; Hong, S.; Li, H.; Wang, M.; Yang, J.; Yi, Q. Macrophages are an abundant
component of myeloma microenvironment and protect myeloma cells from chemotherapy drug–induced apoptosis. Blood 2009,
114, 3625–3628. [CrossRef] [PubMed]

22. Chauhan, D.; Singh, A.V.; Brahmandam, M.; Carrasco, R.; Bandi, M.; Hideshima, T.; Bianchi, G.; Podar, K.; Tai, Y.-T.; Mitsiades, C.;
et al. Functional Interaction of Plasmacytoid Dendritic Cells with Multiple Myeloma Cells: A Therapeutic Target. Cancer Cell
2009, 16, 309–323. [CrossRef] [PubMed]

23. Lee, J.; Cuddihy, M.J.; Kotov, N.A. Three-Dimensional Cell Culture Matrices: State of the Art. Tissue Eng. Part B Rev. 2008, 14,
61–86. [CrossRef] [PubMed]

24. Clara-Trujillo, S.; Marín-Payá, J.C.; Cordón, L.; Sempere, A.; Gallego Ferrer, G.; Gómez Ribelles, J.L. Biomimetic microspheres for
3D mesenchymal stem cell culture and characterization. Colloids Surf. B Biointerfaces 2019, 177, 68–76. [CrossRef]

25. Lastra, M.L.; Gómez Ribelles, J.L.; Cortizo, A.M. Design and characterization of microspheres for a 3D mesenchymal stem cell
culture. Colloids Surf. B Biointerfaces 2020, 196, 111322. [CrossRef]

26. Silva, J.M.; Reis, R.L.; Mano, J.F. Biomimetic Extracellular Environment Based on Natural Origin Polyelectrolyte Multilayers.
Small 2016, 12, 4308–4342. [CrossRef]

27. Zhao, M.Y.; Li, L.H.; Li, B.; Zhou, C.R. LBL coating of type I collagen and hyaluronic acid on aminolyzed PLLA to enhance the
cell-material interaction. Express Polym. Lett. 2014, 8, 322–335. [CrossRef]

28. Jagannath, S.; Richardson, P.G.; Barlogie, B.; Berenson, J.R.; Singhal, S.; Irwin, D.; Srkalovic, G.; Schenkein, D.P.; Esseltine, D.L.;
Anderson, K.C. Bortezomib in combination with dexamethasone for the treatment of patients with relapsed and/or refractory
multiple myeloma with less than optimal response to bortezomib alone. Haematologica 2006, 91, 929–934. [CrossRef]

29. Gandolfi, S.; Laubach, J.P.; Hideshima, T.; Chauhan, D.; Anderson, K.C.; Richardson, P.G. The proteasome and proteasome
inhibitors in multiple myeloma. Cancer Metastasis Rev. 2017, 36, 561–584. [CrossRef]

30. Burwick, N.; Sharma, S. Glucocorticoids in multiple myeloma: Past, present, and future. Ann. Hematol. 2019, 98, 19–28. [CrossRef]
31. Anderson, K.C. Proteasome Inhibitors in Multiple Myeloma. Semin. Oncol. 2009, 36, S20–S26. [CrossRef]
32. Podar, K.; Gouill, S.L.; Zhang, J.; Opferman, J.T.; Zorn, E.; Tai, Y.-T.; Hideshima, T.; Amiot, M.; Chauhan, D.; Harousseau, J.-L.;

et al. A pivotal role for Mcl-1 in Bortezomib-induced apoptosis. Oncogene 2008, 27, 721–731. [CrossRef]
33. Hatano, K.; Kikuchi, J.; Takatoku, M.; Shimizu, R.; Wada, T.; Ueda, M.; Nobuyoshi, M.; Oh, I.; Sato, K.; Suzuki, T.; et al. Bortezomib

overcomes cell adhesion-mediated drug resistance through downregulation of VLA-4 expression in multiple myeloma. Oncogene
2009, 28, 231–242. [CrossRef]

34. Chauhan, D.; Hideshima, T.; Rosen, S.; Reed, J.C.; Kharbanda, S.; Anderson, K.C. Apaf-1/Cytochrome c -independent and
Smac-dependent Induction of Apoptosis in Multiple Myeloma (MM) Cells. J. Biol. Chem. 2001, 276, 24453–24456. [CrossRef]

35. Chauhan, D.; Auclair, D.; Robinson, E.K.; Hideshima, T.; Li, G.; Podar, K.; Gupta, D.; Richardson, P.; Schlossman, R.L.; Krett, N.;
et al. Identification of genes regulated by Dexamethasone in multiple myeloma cells using oligonucleotide arrays. Oncogene 2002,
21, 1346–1358. [CrossRef] [PubMed]

36. San Miguel, J.F.; Weisel, K.C.; Song, K.W.; Delforge, M.; Karlin, L.; Goldschmidt, H.; Moreau, P.; Banos, A.; Oriol, A.; Garderet, L.;
et al. Impact of prior treatment and depth of response on survival in MM-003, a randomized phase 3 study comparing
pomalidomide plus low-dose dexamethasone versus high-dose dexamethasone in relapsed/refractory multiple myeloma.
Haematologica 2015, 100, 1334–1339. [CrossRef]

37. Tabchi, S.; Nair, R.; Kunacheewa, C.; Patel, K.K.; Lee, H.C.; Thomas, S.K.; Amini, B.; Ahmed, S.; Mehta, R.S.; Bashir, Q.; et al.
Retrospective Review of the Use of High-Dose Cyclophosphamide, Bortezomib, Doxorubicin, and Dexamethasone for the
Treatment of Multiple Myeloma and Plasma Cell Leukemia. Clin. Lymphoma Myeloma Leuk. 2019, 19, 560–569. [CrossRef]

38. Rajkumar, S.V.; Jacobus, S.; Callander, N.S.; Fonseca, R.; Vesole, D.H.; Williams, M.E.; Abonour, R.; Siegel, D.S.; Katz, M.;
Greipp, P.R. Lenalidomide plus high-dose dexamethasone versus lenalidomide plus low-dose dexamethasone as initial therapy
for newly diagnosed multiple myeloma: An open-label randomised controlled trial. Lancet Oncol. 2010, 11, 29–37. [CrossRef]

http://doi.org/10.1073/pnas.0610299104
http://www.ncbi.nlm.nih.gov/pubmed/17452641
http://doi.org/10.1182/blood-2017-07-797050
http://doi.org/10.1182/blood-2008-02-142430
http://www.ncbi.nlm.nih.gov/pubmed/18535198
http://doi.org/10.1186/s12885-015-1892-7
http://doi.org/10.1182/blood.V77.12.2688.2688
http://doi.org/10.1371/journal.pone.0125995
http://doi.org/10.1182/blood-2014-02-558007
http://doi.org/10.1182/blood-2009-05-220285
http://www.ncbi.nlm.nih.gov/pubmed/19710503
http://doi.org/10.1016/j.ccr.2009.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19800576
http://doi.org/10.1089/teb.2007.0150
http://www.ncbi.nlm.nih.gov/pubmed/18454635
http://doi.org/10.1016/j.colsurfb.2019.01.050
http://doi.org/10.1016/j.colsurfb.2020.111322
http://doi.org/10.1002/smll.201601355
http://doi.org/10.3144/expresspolymlett.2014.36
http://doi.org/10.3324/%25x
http://doi.org/10.1007/s10555-017-9707-8
http://doi.org/10.1007/s00277-018-3465-8
http://doi.org/10.1053/j.seminoncol.2009.02.001
http://doi.org/10.1038/sj.onc.1210679
http://doi.org/10.1038/onc.2008.385
http://doi.org/10.1074/jbc.C100074200
http://doi.org/10.1038/sj.onc.1205205
http://www.ncbi.nlm.nih.gov/pubmed/11857078
http://doi.org/10.3324/haematol.2015.125864
http://doi.org/10.1016/j.clml.2019.05.001
http://doi.org/10.1016/S1470-2045(09)70284-0


Materials 2021, 14, 7121 15 of 15

39. Rieger, A.M.; Nelson, K.L.; Konowalchuk, J.D.; Barreda, D.R. Modified Annexin V/Propidium Iodide Apoptosis Assay For
Accurate Assessment of Cell Death. J. Vis. Exp. 2011, 50, e2597. [CrossRef] [PubMed]

40. Götz, A.; Nikzad-Langerodi, R.; Staedler, Y.; Bellaire, A.; Saukel, J. Apparent penetration depth in attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectroscopy of Allium cepa L. epidermis and cuticle. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2020, 224, 117460. [CrossRef]

41. van Hoogmoed, C.G.; Busscher, H.J.; de Vos, P. Fourier transform infrared spectroscopy studies of alginate-PLL capsules with
varying compositions. J. Biomed. Mater. Res. 2003, 67A, 172–178. [CrossRef] [PubMed]

42. Mahapatra, C.; Jin, G.Z.; Kim, H.W. Alginate-hyaluronic acid-collagen composite hydrogel favorable for the culture of chondro-
cytes and their phenotype maintenance. Tissue Eng. Regen. Med. 2016, 13, 538–546. [CrossRef] [PubMed]

43. Júnior, Z.S.S.; Botta, S.B.; Ana, P.A.; França, C.M.; Fernandes, K.P.S.; Mesquita-Ferrari, R.A.; Deana, A.; Bussadori, S.K. Effect
of papain-based gel on type I collagen—Spectroscopy applied for microstructural analysis. Sci. Rep. 2015, 5, 11448. [CrossRef]
[PubMed]

44. Susi, H.; Ard, J.S.; Carroll, R.J. The infrared spectrum and water binding of collagen as a function of relative humidity. Biopolymers
1971, 10, 1597–1604. [CrossRef] [PubMed]

45. de Oliveira, S.A.; da Silva, B.C.; Riegel-Vidotti, I.C.; Urbano, A.; de Sousa Faria-Tischer, P.C.; Tischer, C.A. Production and
characterization of bacterial cellulose membranes with hyaluronic acid from chicken comb. Int. J. Biol. Macromol. 2017, 97,
642–653. [CrossRef]

46. Yang, Y.; Zhao, Y.; Lan, J.; Kang, Y.; Zhang, T.; Ding, Y.; Zhang, X.; Lu, L. Reduction-sensitive CD44 receptor-targeted hyaluronic
acid derivative micelles for doxorubicin delivery. Int. J. Nanomed. 2018, 13, 4361–4378. [CrossRef]

47. Cao, Y.; Qiu, G.Q.; Wu, H.Q.; Wang, Z.L.; Lin, Y.; Wu, W.; Xie, X.B.; Gu, W.Y. Decitabine enhances bortezomib treatment in RPMI
8226 multiple myeloma cells. Mol. Med. Rep. 2016, 14, 3469–3475. [CrossRef] [PubMed]

http://doi.org/10.3791/2597
http://www.ncbi.nlm.nih.gov/pubmed/21540825
http://doi.org/10.1016/j.saa.2019.117460
http://doi.org/10.1002/jbm.a.10086
http://www.ncbi.nlm.nih.gov/pubmed/14517874
http://doi.org/10.1007/s13770-016-0059-1
http://www.ncbi.nlm.nih.gov/pubmed/30603434
http://doi.org/10.1038/srep11448
http://www.ncbi.nlm.nih.gov/pubmed/26101184
http://doi.org/10.1002/bip.360100913
http://www.ncbi.nlm.nih.gov/pubmed/5166550
http://doi.org/10.1016/j.ijbiomac.2017.01.077
http://doi.org/10.2147/IJN.S165359
http://doi.org/10.3892/mmr.2016.5658
http://www.ncbi.nlm.nih.gov/pubmed/27571872

	Introduction 
	Materials and Methods 
	Microgel Production 
	Surface Functionalization 
	Characterization 
	Cell Culture 
	Proliferation Assay 
	Viability Assay and CAM-DR Effect 
	Statistical Analysis 

	Results 
	Alginate Microgel 
	Biomimetic Functionalization 
	Proliferation and Viability 
	Drug Resistance 

	Discussion 
	Biomimetic Microgel as a 3D Culture Environment for mPCs 
	RPMI 8226 Cell Line in the Presence of Hyaluronic Acid or Collagen Generates Drug Resistance to Dexamethasone 

	Conclusions 
	References

