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Abstract
In this paper, we present a 3D printed tumor spheroidal model suitable for drug discovery. This model is based on a hydroxy-
ethyl cellulose/alginate/gelatin (HCSG) composite biomaterial that has three distinct properties: (1) the HCSG is similar to 
the commercial basement membrane extract in Ki67, MUC1, and PARP1 expressions of MCF-7 cells for embedding culture; 
(2) the HCSG is printable at room temperature; and (3) the HCSG can be large-scale manufactured at an ultralow cost.We 
printed a 3D MCF-7 spheroid model with HCSG and characterized it in terms of cell viability, spheroid size, key protein 
expression, and mitochondrial metabolic activity. We used the 3D MCF-7 spheroid model to evaluate the anti-breast cancer 
activity of 13 amino acid-based flavone phosphoramidates and found that the alanine structure induced a stronger drug 
resistance, whereas phenylalanine hardly caused drug resistance in the MCF-7 cells. This is the first time that 3D bioprinting 
technology has been used in a structure–activity relationship study.
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Introduction

In the development of a commercial drug, late-stage failures 
have frequently occurred due to either efficacy or toxicity 
issues, which wastes massive amounts of time and financial 
resources. Adoption of new techniques in the drug discov-
ery pipeline has been regarded as a solution to this seri-
ous issue. Typically, artificial intelligence [1], cell spheroid 
model [2], organ-on-a-chip [3], organoid [4], 3D bioprint-
ing [5], and similar techniques have been gradually merged 
into the pharmaceutical industry to increase the efficiency of 
drug discovery. Among them, the 3D bioprinting technique 
offers highly biomimetic in vitro models and has attracted 
considerable attention.

Sun et al. developed an in vitro cervical tumor model by 
3D extrusion bioprinting. The viability of HeLa cells encap-
sulated in alginate/gelatin/fibrinogen hydrogels was ~ 90% 
after extrusion. During the culture process, cells within 3D 
hydrogels automatically formed spheroids. Compared to 2D 
planar samples, 3D printed constructs were found to be more 
chemoresistant to paclitaxel [6]. Scaffold-free human breast 
cancer cells were bioprinted to test the chemotherapeutic 
effects of tamoxifen using the Organovo’s NovoGen Bioprin-
tingTM platform in which cancer cells were encapsulated 
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by a biomimetic extracellular matrix (ECM) consisting of 
marrow mesenchymal stem cell-derived mammary fibro-
blasts and endothelial and adipose cells [7]. Recently, Kundu 
reviewed the research progress on 3D tumor models and 
concluded that 3D in vitro cancer models can improve the 
predictability of toxicity and drug sensitivity in cancer; how-
ever, they still have not reached the standardization required 
for preclinical trials [8].

In this paper, we present a new 3D tumor model for pre-
clinical trial, and we use it in structure–activity relation-
ship study as a demonstration. Many drug candidates, espe-
cially those from natural products, have the same molecular 
skeletons but vary in their substitutional atomic groups, 
for example, quinoline alkaloids [9]. These atomic groups 
substantially affect the activity of the drug candidates. The 
relationship between the activities of drug candidates and 
substituents is termed as “structure–activity relationship 
(SAR).” For example, Dirk Vanden Berghe et al. measured 
the half-maximal inhibitory concentrations of a series of 
flavonoids as inhibitors of xanthine oxidase and superox-
ide scavengers and identified the SAR of these flavonoids 
[10]. The SAR is not only the key to many aspects of new 
drug development ranging from primary screening to lead 
optimization but is also useful in the prediction of chemical 
toxicity and assessment of side effect health risks posed by 
existing compounds. The results of an SAR study directly 
determine the structural orientation of the candidate com-
pounds, affecting the efficiency of new drug development.

Recently, 3D cell models, as a replacement for traditional 
2D planar models, started to be used in SAR studies. For 
example, Xiuli Zhang et al. attempted to study the SAR of 
bufadienolides as anti-gastric cancer agents by using the 
technology of three-dimensional matrixless tumor spheroids 
[11]. They found that the SAR results obtained varied with 
those from a traditional 2D planar cell model. However, due 
to a lack of extracellular matrix, the matrixless tumor sphe-
roid model is not highly biomimetic. The matrix-based 3D 
tumor model can be constructed by 3D bioprinting technol-
ogy [12–15]; however, it thus far has not been used in an 
SAR study.

In this study, we printed a spider web-like 3D breast 
tumor model featuring the hydroxyethyl cellulose/alginate/
gelatin (HCSG) composite biomaterial. HCSG is an alter-
native to commercial BME, which can be easily manufac-
tured and standardized. Then, we used the 3D breast tumor 
model to study the SAR of 13 flavone phosphoramidates 
and found that the alanine structure induced a stronger drug 
resistance, whereas phenylalanine hardly caused drug resist-
ance in MCF-7 cells.

Materials and methods

Cell culture

The MCF-7 cells were obtained from Dalian Medical Uni-
versity. The cells were cultured in Dulbecco’s modified 
Eagle medium (DMEM; HyClone) with 10% newborn calf 
serum (NBCS; HyClone) and 1% penicillin/streptomycin 
(HyClone) in a CO2 incubator at 37 °C at 5% CO2. The 
MCF-7 cells were dissociated by trypsin [0.25% in phos-
phate buffer saline (PBS)] at ~ 90% confluence. The culture 
media were changed every 2–3 days.

Matrix preparation

Gelatin powder (Amersco, 9764), sodium alginate pow-
der (Sigma, A0682), and hydroxyethyl cellulose (HEC; 
Aldrich, 434965) were exposed to ultraviolet light over-
night and then dissolved in normal saline. Gelatin and 
sodium alginate mixed to form a composite gel of sodium 
alginate/gelatin (SG) with a sodium alginate concentration 
of 1% (w/v) and gelatin concentration of 5% (w/v). We 
added 1% (w/v) HEC to SG to form a composite gel of 
hydroxyethyl cellulose/sodium alginate/gelatin (HCSG). 
The solutions were sterilized by heating in a stove (70 °C) 
for 1 h and cooling at room temperature for 2 h, and the 
sterilization was repeated 3 times. CaCl2 (Sigma, C7902) 
was dissolved in DMEM at 1.5% (w/v).

Printability test at different temperatures 
and mechanical property test

We printed SG and HCSG with a homemade extrusion-
based bioprinter. The red ink and gel were mixed at a 
volume ratio of 1:10, followed by incubation of the gel 
suspension for 15 min to remove air bubbles. Then, the 
1.5-mL gel suspension was loaded into the printing car-
tridge and physically cross-linked for 15  min. With a 
printing moving speed of 5 mm/s and an electric extrusion 
speed of 6 mm/s, a spider web-like decagon was printed 
that was 5 mm wide and 1 mm high at temperatures of 
10 °C, 15 °C, 25 °C and 37 °C.

The MCF-7 cell suspension was mixed with SG and 
HCSG at a volume ratio of 1:10, respectively. The SG and 
HCSG suspension of MCF-7 cells was applied at different 
temperatures for 30 min to measure the MCF-7 cell viability. 
We then loaded the SG and HCSG suspension of MCF-7 
cells into the printing cartridge and printed at different tem-
peratures. The printed samples were ion cross-linked with 
1.5% CaCl2 for 1 min, followed by washing with DMEM 
medium 3 times and tested for cell viability.
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The rheological behavior of the gel solution was measured 
using a rheometer (TA Instruments, AR2000ex) equipped 
with a Peltier plate thermal controller at 25 °C. To evaluate 
the storage modulus (G′) and loss modulus (G′′), angle fre-
quency sweep experiments were performed by varying angle 
frequencies from 1 to 100 rad/s at a fixed strain of 0.5%. The 
compressive modulus of the alginate and alginate-gelatin 
samples was tested using an MTS mechanical tester. The 
ink solutions were cast in custom-made molds (cylindrical, 9 
mm diameter, 8 mm in height) and then cross-linked by 1.5% 
CaCl2 for 1 min and washed with DMEM for 3 × 5 min. Each 
sample was tested at a strain rate of 1 mm/min and fitted in a 
100-N load cell. The compression modulus was determined 
as the slope of the stress–strain curve at 0-10% strain.

Construction of the MCF‑7 spheroid model

The 2D monolayer culture was realized by seeding MCF-7 
cells at a density of 5000 cells/well in 96-well plates using 
200 μL of culture media.

The MCF-7 cells embedded in BME (Gibco, A1413201) 
were placed on ice. The cell suspension and BME were 
mixed at a volume ratio of 1:1, and the final density was 107 
cells/mL. A 13 μL mixture of BME and cells was added to 
48-well plates, jelled in an incubator for 15 min, and then 
cultured with 300 μL of culture media per well.

MCF-7 cells were cultured in 6-well plates with an 
ultralow attachment surface at a density of 3000 cells/well 
with 2 mL of culture media (supplemented with 500 μL 
every 2–3 days). The culture medium was DMEM supple-
mented with 20 ng/mL of epidermal growth factor (Sigma, 
E9644), 20 ng/mL basic fibroblast growth factor (PeproTech, 
100-18B) and 2% B-27 Supplement (Gibco, 17504044). 
MCF-7 matrixless spheres with a size of 200 μm formed 
after 3 days.

To fabricate the MCF-7 cells embedded in the HCSG 
model, the 13 μL mixture of gel and cells was added to 
48-well plates that were preloaded with 200 μL CaCl2 solu-
tion for 1 min, washed in DMEM for 3 × 5 min, and then 
cultured with 300 μL of culture media per well.

We fabricated the 3D bioprinted MCF-7 tumor sphe-
roid model using a homemade extruded bioprinter. After 
digestion, the MCF-7 cells were collected by centrifuge at 
1000 r/min for 4 min and resuspended in culture medium. 
The cell suspension and HCSG were mixed at a volume 
ratio of 1:10, and the final density in the gel suspension 
was 107 cells/mL, followed by incubation of the gel sus-
pension for 15 min to remove air bubbles. Then, 3 mL of 
the gel suspension was loaded into the printing cartridge 
and physically cross-linked for 15 min. A spider web-like 
decagon was fabricated that was 5 mm wide and 1 mm 
high at 20 °C, and then it was ion cross-linked with 1.5% 

CaCl2 for 1 min. Then, the decagon was gently washed in 
DMEM for 3 × 5 min and cultured in 48-well plates with 
300 μL of culture media per well.

Protein expression assay

The MCF-7 cells in the bioprinted model were fixed by 4% 
paraformaldehyde for 10 min at room temperature, washed 
twice with PBS, permeabilized in 0.1% Trion X-100 for 
5 min at room temperature, and washed twice with PBS. 
Then, we added phalloidin (Invitrogen) at 1/200 dilution 
and incubated it overnight at 4  °C. The samples were 
washed at 3 × 5 min in PBS, followed by 100 nmol/L DAPI 
for 2 min, and then imaged using an inverted fluorescence 
microscope and analyzed with Image ProPlus.

The samples of MCF-7 cells embedded in the HCSG 
and BME model were fixed by 100% cold methanol for 
10 min at room temperature, washed twice with PBS, 
permeabilized in 0.1% Trion X-100 for 5 min at room 
temperature, washed for 3 × 5 min with PBS, and blocked 
with 1% bovine serum B (BSA) in 0.1% PBS-tween for 
1 h. Then, we added anti-Ki67 (ab197234) or anti-MUC1 
(ab223134) at 1/100 dilution and incubated overnight at 
4 °C. The samples were washed for 3 × 5 min in PBS prior 
to counterstaining the DNA with 200 μL of 100 nmol/L 
4′,6-diamidino-2-phenylindole (DAPI) (Sigma, D8417) 
in PBS and then imaged using an inverted fluorescence 
microscope and analyzed with Image ProPlus.

The MCF-7 cell samples embedded in the HCSG and 
BME model were fixed by 4% paraformaldehyde for 10 min 
at room temperature, washed twice with PBS, permeabi-
lized in 0.1% Trion X-100 for 5 min at room temperature, 
and washed twice with PBS. Then, we added anti-PARP1 
(ab191217) at 1/500 dilution and incubated overnight at 
4 °C. The samples were washed for 3 × 5 min in PBS, fol-
lowed by Goat Anti-Rabbit IgG H&L (ab150079) at 1/500 
dilution for 1 h in the dark at room temperature. The samples 
were washed for 3 × 5 min in PBS prior to counterstaining 
the DNA with 200 μL of 100 nmol/L DAPI in PBS and 
then imaged using an inverted fluorescence microscope and 
analyzed with Image ProPlus.

Cell live–dead assay

We assessed the cell survival in the bioprinted model and 
HCSG monolithic model from day 1 to day 15. The sam-
ples were stained in an incubator using a live–dead assay kit 
(KGAF001) for 30 min in which Calcein-AM was 2 μmol/L 
and propidium iodide (PI) was 4 μmol/L. Then, the samples 
were washed with PBS for 3 × 5 min and observed using an 
inverted fluorescence microscope (Olympus IX71).
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Cell mitochondrial metabolic activity monitoring

The cell proliferation of the bioprinted model and HCSG 
monolithic model was measured by MTT (Sigma, M5655). 
First, 30 μL of MTT (5 mg/mL) was added into the 48-well 
plates and incubated in the dark at 37 °C for 4 h. Then, the 
MTT solution was gently pipetted out and 800 μL of gel lysis 
solution [0.055 mol/L of sodium citrate (Sigma, S4651)] and 
0.02 mol/L of ethylenediaminetetraacetic acid disodium salt 
(Sigma, E6635) were added to the well for 10 min to dissolve 
the gel. We collected the gel lysis solution into a 1.5-mL centri-
fuge tube and centrifuged at 50,000 r/min for 3 min; then, the 
supernatant was discarded, and we added 800 μL of dimethyl 
sulfoxide (DMSO) to dissolve the purple crystals. Finally, 150 
μL of DMSO solution was transferred to the 96-well plates, 
and the absorbance value was read using a microplate reader 
(Gene) at 490 nm. Four independent samples were tested in 
each group.

SAR study of 13 isoflavone derivatives on MCF‑7 
cells

In total, the 13 compounds were all isoflavone-7-phosphorami-
date derivatives. The concentrations of the compounds were 1, 
5, 15, 30, 60, and 100 μmol/L against the 2D monolayer model 
and 30, 60, 100, 150, and 200 μmol/L against the bioprinted 
model. The models were incubated with different concentra-
tions of isoflavones for 72 h; then, we measured the absorb-
ance values as mentioned before. The inhibition rate was 
calculated as follows: IR = (ODc-ODm)/(ODc-ODo) × 100%, 
where IR, ODc, ODm, and ODo were the inhibition rate, the 
absorbance value at 0 μmol/L concentration, the absorbance 
value at different concentrations, and the absorbance value of 
DMSO, respectively. We plotted the inhibitory rate–concentra-
tion curve and calculated the concentration of 50% inhibition 
(IC50) using probit regression. Then, the SARs of the isofla-
vone against the MCF-7 cells in the 2D monolayer model and 
spheroids model were compared using the IC50.

Statistical analysis

All data are presented as the mean ± standard deviation (n = 4). 
Statistical significance was determined by Student’s t test using 
IBM SPSS Statistics, and p values of less than 0.05 were con-
sidered statistically significant.

Results

Hydroxyethyl cellulose/sodium alginate/gelatin 
(HCSG) composite biomaterial

We investigated whether the three-dimensional structure 
can be successfully printed according to the design under 
different printing temperatures, that is, the printability of 
the design structure. Figure 1a shows that hydroxyethyl 
cellulose/sodium alginate/gelatin (HCSG) can be printed 
at 25 °C. At this temperature, the viability of MCF-7 cells 
in printed HCSG was as high as 98% (Fig. 1b). As a com-
parison, the SG was a liquefied hydrogel at 25 °C, which 
could not be 3D printed (Fig. 1a), and the optimal print-
ing temperature for SG was ~ 10 °C. However, at this tem-
perature, the viability of MCF-7 cells in printed SG was 
less than 65% (Fig. 1b). Additionally, as shown in Fig. 1b, 
the viability of the MCF-7 cells in the printed HCSG and 
monolithic HCSG was the same regardless of the printing 
temperature, which indicated that the printing process did 
not affect the viability of MCF-7 cells.

We also studied the rheological properties of HCSG 
with SG as the control, as shown in Fig. 1c. The “G′ − ω” 
curve of HCSG was above the “G′′ − ω” curve of HCSG, 
which indicated that HCSG exhibited gel-like behavior. 
Additionally, the “G′ − ω” curves of HCSG were all higher 
than that of SG, indicating that HCSG has a higher vis-
coelastic modulus than SG to hold the complex ear-like 
3D structure, as shown in Fig. 1e. Figure 1d shows that 
the compressive stress–strain curve of cross-linked HCSG 
is above that of cross-linked SG, which indicates that the 
compressive rupture strength of cross-linked HCSG is 
greater than that of cross-linked SG. We calculated the 
compressive modulus as the slope of the linear region 
corresponding to 0–10% strain. The compressive modu-
lus of cross-linked HCSG (13.0 kPa) is ~ 1.6 times that 
of cross-linked SG (7.9 kPa), indicating that cross-linked 
HCSG has a greater stiffness and is easier to shape and 
translocate.

Ki67 is a nuclear protein associated with cell prolifera-
tion [16, 17]. MUC1, which is highly expressed in cancer 
cells, can promote cancer cell invasion, resulting in the 
promotion of cancer metastasis [18]. PARP1, an enzyme 
that repairs single-stranded DNA breaks, is abundantly 
expressed in breast cancer [19]. We also investigated 
Ki67, MUC1, and PARP1 expression of MCF-7 cells 
in the HCSG compared that in the BME as the control, 
as shown in Fig. 2. The difference in Ki67, MUC1, and 
PARP1 expressions between in HCSG and in BME fluctu-
ated over time in a small range. The average differences 
of Ki67, MUC1, and PARP1 expressions in HCSG and in 
BME were ~ 1.5%, ~ 2.0%, and ~ 4.4%, respectively. These 



365Bio-Design and Manufacturing (2020) 3:361–372	

1 3

statistical data revealed that Ki67, MUC1, and PARP1 
expressions in HCSG and in BME were similar. The simi-
lar expression intensity of Ki67 indicated that the effect 
of HCSG on cell proliferation was the same as that of 
commercial BME on cell proliferation. The glycosylation 
of MUC1 can inhibit chemotherapeutic drugs reaching 
their targets in cells. The similar expression intensity of 
MUC1 indicated that HCSG was similar to BME in terms 
of resistance to drugs. The similar intensity of PARP1 
expression further demonstrated that the physiology of 
MCF-7 cells in HCSG was similar to that in commercial 
BME.

Establishment of the HCSG‑based bioprinted MCF‑7 
spheroid model

As mentioned in Hydroxyethyl cellulose/sodium alginate/
gelatin (HCSG) composite biomaterial section, the features 
of HCSG are: (1) that it has a good printability and biocom-
patibility; (2) that the key protein expressions of tumor cells 
are basically the same as those in BME; (3) that the printing 

temperature is room temperature, thus promising the high 
viability of the printed cells; and (4) that it is cost-effective 
and easy to obtain from nature. Thus, HCSG is suitable for 
establishing highly biomimetic 3D bioprinted MCF-7 sphe-
roid models for drug discovery.

We loaded a mixture of HCSG and MCF-7 cells into the 
syringe in a laboratory-made bioprinter and printed a spider 
web-like decagon as a MCF-7 spheroid model (Fig. 3). The 
spider web-like model has two advantages: (1) it has a large 
surface-to-volume ratio, which facilitates the proliferation 
and aggregation of tumor cells and (2) the pores of the spider 
web functionally simulate the vessels in a tumor. Both are 
responsible for mass transfer and nutrition supply in tumor 
models. The height and width of the decagon were 1 and 
5 mm, respectively. The diameters of the three concentric 
circles were 2.5, 3.8, and 5 mm. All the lines in the decagon 
were 250 μm wide. Figure 4e–g shows the state of the cells 
in the “spider web” at different temporal points. At the ini-
tial stage, MCF-7 cells were dispersed in the gel; however, 
after 7 days of culturing, they aggregated resembling a breast 
tumor in the body.

Fig. 1   Comparison of SG and HCSG in terms of printing tempera-
ture, rheological behavior, and mechanical property. a Morpholo-
gies of the printed SG and HCSG at different temperatures, scale 
bar = 1 mm; b Survival rates of MCF-7 cells at 10 °C, 15 °C, 25 °C, 
and 37  °C in SGs, SGp, HCSGs, and HCSGp, respectively. SGs: 
MCF-7 cell suspension in SG monolith, HCSGs: MCF-7 cell suspen-
sion in HCSG monolith, SGp: MCF-7 cells in printed SG, HCSGp: 

MCF-7 cells in printed HCSG; c Rheological behavior of SG and 
HCSG, where G′ is the storage modulus, G′′ is the loss modulus 
and ω is the angular frequency; d Compressive stress–strain curves 
of cross-linked HCSG and SG; e Printed ear-like 3D structure with 
HCSG, where Ea is the design image, Eb is the object picture. Rhe-
ological behavior of SG and HCSG. All data are presented as the 
mean ± standard deviation (n = 4)
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Physiology of MCF‑7 spheroids in the HCSG‑based 
bioprinted model

HCSG-based monolithic model was of MCF-7 cells embed-
ded in casted HCSG gel. According to prior reports [20, 21], 
the structure of the gel affects the activities of cells they 
are embedded in. We studied the viability, proliferation, and 
metabolism of MCF-7 spheroids in the HCSG-based bio-
printed model compared with those in the HCSG monolith 
as a control. We took fluorescence images of the MCF-7 
spheroids in the HCSG-based bioprinted and monolithic 
models from day 1 to day 15, as shown in Fig. 4a. Qualita-
tively, the sizes of the spheroids from the printed model were 
larger than those from the monolithic model. We quantita-
tively analyzed Fig. 4a, and the results are shown in Fig. 4b, 
c. The viabilities of the spheroids in the bioprinted and mon-
olithic models were the same, which were as high as ~ 98%; 
however, the spheroid size in the bioprinted model was big-
ger than that in the monolithic model regardless of the tem-
poral point, which implied that the cell proliferation in the 
bioprinted model was more active than that in the monolithic 
model. Figure 4d shows the Ki67 protein expression intensi-
ties in the bioprinted and monolithic models. The Ki67 pro-
tein expression was more intensive in the bioprinted model 
than that in the monolithic model, which further verified 
that the proliferation of MCF-7 spheroids in the bioprinted 

model was more active than that in the monolithic model. As 
shown in Fig. 4e, the mitochondrial metabolic activities of 
MCF-7 cells in the bioprinted and monolithic models were 
almost the same in the initial 2-day culture; however, from 
day 3, the bioprinted model started to surpass the monolithic 
model significantly. The mitochondrial metabolic activity of 
MCF-7 spheroids in the bioprinted model was larger than 
that in the monolithic model.

SAR of 13 isoflavone derivatives measured using 
the HCSG‑based 3D bioprinted MCF‑7 spheroid 
model

We evaluated the inhibition cell proliferation of 13 flavone-
7-phosphoramidate derivatives (see Table S1 in supporting 
information, named as 1a, 1b, 1c, 1d, 2c, 2d, 3a, 3b, 3c, 3d, 
4a, 4b, and 4c) using the HCSG-based 3D bioprinted MCF-7 
spheroid model compared with the 2D monolayer model, as 
shown in Fig. 5 and Table 1. The inhibitory potency meas-
ured using the 3D bioprinted spheroid model was different 
from that with the 2D cell monolayer model.

First, in the 3D bioprinted model, the dose–response 
curve of the compound conforms to the S curve, from which 
we could calculate the IC50 value of each compound; thus, 
this 3D bioprinted model can be used as a model to evalu-
ate the activity against breast cancer. In addition, the IC50 

Fig. 2   Protein expressions in MCF-7 cells embedded in HCSG and commercial BME. a Ki67 expression in HCSG (gray) and BME (orange); b 
MUC1 expression in HCSG and BME; c PARP1 expression in HCSG and BME. All data are presented as the mean ± standard deviation (n = 4)
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values of the three anticancer drugs in the HCSG 3D spheres 
were greater than those from the 2D model. This result is 
more common in the 3D model. The cells in the center of 
the ball may have certain tumor stem cell characteristics and 
enhanced anti-killing ability.

Second, when the IC50 (3D) of other compounds is greater 
than the IC50 (2D), the IC50 (3D) of compound 3a does not 
increase but decreases slightly, indicating that the compound 
retains the same killing ability for globular MCF-7 cells. In 
fact, the IC50 (3D)/IC50 (2D) values of the three flavonoid 
derivatives (1a, 3a, and 4a) modified by Phe are significantly 
smaller than those of the three clinical drugs.

Third, according to the 3D evaluation, 10 compounds had 
IC50 values less than erlotinib and fluorouracil (5-FU) (two 
positive control), whereas according to the 2D results, only 
compounds 1d, 2d, and 3d were slightly better than erlotinib.

Additionally, these compounds were tested against the 
activity of HepG2, and we compared the IC50 values of the 
13 compounds against two cancers to determine the selec-
tivity of the compounds [22]. Eight of the 13 compounds 
had similar IC50 in both cells. Specifically, 2d, 1a, 1b, and 
2c inhibited MCF-7 more than HepG2 cells, and only the 

3d compound had a higher activity on HepG-2; however, 
none of 3a, 3b, and 3c, which had the same daidazein in 
the nucleus, showed a high selectivity to HepG2. Thus, the 
selective structural law could not be obtained.

The SAR of the amino acid skeleton and isoflavone bone 
structure based on the 3D bioprinted MCF-7 spheroid model 
was different from that based on the 2D MCF-7 monolayer 
model. The SAR data obtained with the “HCSG spider web” 
revealed that the anticancer activity of acetylated isoflavone 
was highest when the substitutional amino acid group was 
phenylalanine. However, the SAR data obtained with the 
traditional nonbiomimetic 2D monolayer culture showed 
that it was alanine. This suggested that drug molecules dis-
play different pharmacologies against 3D bioprinted models 
compared with that against a 2D monolayer culture. This 
phenomenon has also been reported elsewhere [11], possibly 
due to changes in cell phenotypes.

We also tested the influence of microenvironments on 
the SAR study. We observed that, for the same drug candi-
dates (1c, 1d, 2c), the SAR results varied between these three 
tumor spheroid models. The essential difference between 
these three spheroid models was the microenvironment, as 

Fig. 3   3D bioprinted MCF-7 cell model. a Schematic of the extru-
sion-based bioprinter; b, c Appearance of the 3D bioprinted MCF-7 
model; d Image of the laboratory-made bioprinter; e–g F-actin fluo-

rescent images of MCF-7 cells in the 3D bioprinted model stained 
with phalloidin with E, day 1; F, day 7; G, day 15
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listed in Table 2. The HCSG-based bioprinted MCF-7 sphe-
roid model was the most biomimetic model among them. 
We also tested the stability of the tumor spheroid models 
upon interacting with drugs. We observed that the matrix-
less spheroid model was not stable when interacting with the 
drug (Fig. S2 in the supporting information). However, we 
did not observe the disintegration of the tumor spheroids in 
the HCSG-based bioprinted MCF-7 spheroid models.

Discussion

The SAR plays an important role in drug discovery. A trend 
in modern drug discovery is adoption of state-of-the-art 
technologies, such as organ-on-a-chip, organoids, artificial 
intelligence, and 3D cell cultures. This study attempted 
to develop a more suitable in vitro cell model for an SAR 
study. This model meets the following requirements: (1) it 

Fig. 4   a Fluorescence images of live and dead MCF-7 cells in the 
bioprinted and monolithic models from day 1 to day 15, Calcein-AM 
(green) and PI (red), scale bar = 100 μm; b time-resolved cell viabil-
ity of the MCF-7 cells in the printed and monolithic models; c time-
resolved spheroids size in the printed and monolithic models; d time-

resolved Ki67 expression intensity of the MCF-7 cells in the printed 
and monolithic models; e time-resolved mitochondrial metabolic 
activity of the MCF-7 cells in the printed and monolithic models. 
All the data are presented as the mean ± standard deviation (n = 4), 
*(0.01 < P<0.05), **(0.001 < P<0.01),*** (P < 0.001)
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simulates the microenvironment of a tumor as genuinely 
as possible; (2) it is stable when interacting with external 
drugs; and (3) it is easily standardized and manufactured 
for preclinical use.

Figure S1 in the supporting information shows the influ-
ence of microenvironments on the SAR study. We observed 
that, for the same drug candidates (1c, 1d, 2c), the SAR 
results varied between these three tumor spheroid models. 

The essential difference between these three spheroid mod-
els was the microenvironment, as listed in Table 2. We found 
that the HCSG-based bioprinted MCF-7 spheroid model was 
the most biomimetic model among these. We also tested 
the stability of the tumor spheroid models upon interact-
ing with drugs. We observed that the matrixless spheroid 
model was not stable when interacting with drugs (Fig. 
S2 in the supporting information). However, we did not 

Fig. 5   Inhibition curves of 13 isoflavone derivatives against MCF-7 
cells. a “Inhibition rate–concentration” curves of 1a, 1b, 1c, 1d, 2c, 
and 2d obtained with the 2D monolayer model; b “inhibition rate–
concentration” curves of 1a, 1b, 1c, 1d, 2c and 2d obtained with the 
bioprinted 3D model; c “inhibition rate–concentration” curves of 3a, 

3b, 3c, 3d, 4a, 4b, and 4c obtained with the 2D monolayer model; and 
d “inhibition rate–concentration” curves of 3a, 3b, 3c, 3d, 4a, 4b, and 
4c obtained with the 3D bioprinted model. All data are presented as 
the mean ± standard deviation (n = 4)



370	 Bio-Design and Manufacturing (2020) 3:361–372

1 3

observe disintegration of the tumor spheroids in the HCSG-
based bioprinted MCF-7 spheroid models over the course 
of 15 days. Based on the results in Table 2 and Fig. S2, we 
found that the HCSG-based bioprinted spheroid model was 
not only highly biomimetic but also stable when interacting 
with drugs; thus, it is a suitable model for SAR study.

BME, for example, commercial Matrigel, has been con-
sidered as the standard biomaterial to mimic ECM around 
tumor cells in the body [23]. However, its printability is 
poor, and it is difficult to apply in 3D bioprinting. Sodium 
alginate/gelatin is one of the alternatives to BME in the 
field of 3D bioprinting because it is printable, biocompat-
ible, cost-effective, and abundant in nature [24, 25]. How-
ever, SG is not perfect because its chemical components 
vary significantly with the extracellular matrix in vivo and 
because low printing temperatures result in many issues. 
The low temperature not only decreases the survival rate 

of cells but also increases the experimental difficulty of 
printing operations [26]. It can also change the mitochon-
dria and rough endoplasmic reticulum morphology [27]. 
It can even affect cell mitochondrial activity, biogenesis 
and vascular endothelial growth factor expression in vitro 
[28, 29]. Wei Sun et al. partially alleviated the problem 
of SG by doping fibrinogen (8%) into the SG to enrich its 
chemical components [26], but the printing temperature 
remained a serious issue. In this study, we doped HEC 
into SG. HEC is a key component in HCSG. HEC is a 
nonionic hydrophilic polysaccharide biopolymer widely 
used in many medical applications due to its good biocom-
patibility and safety and its ability to stabilize and protect 
colloids [30–32]. HEC is very easy to disperse in cold or 
hot water, provided it a wide range of viscosity and non-
thermal gel properties. Adding HEC to SG increased the 
viscosity of the low-concentration sodium alginate pregel 
solution and enhanced the gelation at 25 °C, resulting in an 
improved printability. We also found that when HEC was 
doped into SG, the key protein expressions of MCF-7 cells 
were similar to those in BME, validating the utilization of 
HCSG in an SAR study.

In fact, HCSG is different from the extracellular matrix 
in chemical components. It cannot perfectly simulate the 
intracellular matrix, as BME does. However, for the applica-
tion of SAR studies, the key issue is the effect of the drug on 
the cell proliferation, vitality, etc. Thus, it is only necessary 
that the expression of proteins related to the proliferation, 
vitality, etc. in the HCSG be consistent with that in BME. As 
shown in Fig. 3, we observed this consistency; thus, HCSG 

Table 1   IC50s of 13 isoflavone 
derivatives with the monolayer 
model and bioprinted model

All data are presented as the mean ± standard deviation (n = 4)

No. Substituents Cell culture

Amino acid Flavone 2D monolayer 3D bioprinted 3D/2D

IC50(μM)
 1a Phe 4′,5-diacetoxygenistein 34.6 ± 0.1 74.4 ± 0.9 2.15
 3a Phe 4′-acetoxydaidzein 52.3 ± 2.0 42.9 ± 1.5 0.82
 4a Phe Daidzein 62.3 ± 0.6 77.0 ± 1.9 1.24
 1b Leu 4′,5-diacetoxygenistein 33.7 ± 1.1 93.3 ± 1.2 2.77
 3b Leu 4′-acetoxydaidzein 59.0 ± 1.6 78.9 ± 2.1 1.34
 4b Leu Daidzein 71.6 ± 1.3 81.8 ± 1.4 1.14
 1c Gly 4′,5-diacetoxygenistein 30.1 ± 0.9 99.6 ± 2.6 3.31
 2c Gly genistein 42.3 ± 1.9 109.2 ± 3.0 2.58
 3c Gly 4′-acetoxydaidzein > 100 80.1 ± 0.8 < 0.8
 4c Gly Daidzein 65.1 ± 0.4 87.5 ± 0.7 1.34
 1d Ala 4′,5-diacetoxygenistein 10.6 ± 0.7 78.5 ± 1.5 7.41
 2d Ala Genistein 12.3 ± 1.3 166.6 ± 2.4 13.54
 3d Ala 4′-acetoxydaidzein 30.7 ± 0.8 72.9 ± 2.3 2.38

Erlotinib 7.8 ± 0.5 100.6 ± 1.6 12.90
5-FU 28.4 ± 1.1 287.7 ± 3.5 10.13
Doxorubicin 0.9 ± 0.1 2.6 ± 0.1 2.89

Table 2   Description of the microenvironments in three tumor sphe-
roid models

Model Microenvironment factors

Cell 
aggrega-
tion

Extra-
cellular 
matrix

Vascu-
larized 
tissue

Matrixless spheroid model Yes No No
HCSG monolithic spheroid model Yes Yes No
HCSG 3D bioprinted spheroid 

model
Yes Yes Yes
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can be used to construct a biomimetic 3D spheroid model 
for SAR study.

Notably, the physiological behaviors of MCF-7 sphe-
roids in the HCSG printed model were more active than in 
the monolithic model (Fig. 4). This is partially because the 
surface-area-to-volume ratio for the bioprinted model (Fig. 
S3 in supporting information) was much greater than that of 
the monolithic model (10 mm−1 vs. 2.05 mm−1), resulting in 
a better mass transfer. The pores in the printed model were 
similar to the dense and rapidly growing vascular network in 
tumor tissues. The fast proliferation rate and the considera-
ble mitochondrial metabolic activity in the bioprinted model 
fully conformed to the characteristics of rapid proliferation 
and high oxygen consumption of tumor tissues.

We analyzed and compared the SAR of isoflavone deriva-
tives on a 2D monolayer culture and 3D spheroid model. As 
shown in Table 1, the SAR based on the matrixless spheroid 
model (1c > 2c > 1d) deviated from the SAR based on the 
HCSG spheroid models. This may be due to the instability 
of the spheroids, which fell apart after the drug acted.

The IC50s of the isoflavone derivatives measured by the 
bioprinted model were relatively large because the tumor 
cells in the spheroid were not easily killed in the later stage, 
which was the same as for the tumor stem cells in vivo. The 
SAR of amino acid skeleton and isoflavone bone structure 
based on the 3D bioprinted MCF-7 spheroid model was dif-
ferent from that based on the 2D MCF-7 monolayer model. 
This suggests that drug molecules display different phar-
macologies against 3D bioprinted models from that against 
a 2D monolayer culture. This phenomenon has also been 
reported elsewhere [11], possibly due to changes in cell 
phenotypes.

Conclusion

We developed a biomimetic 3D tumor spheroid model for 
the study of the structure–activity relationship in terms of 
phenotype. This spheroid model used a new biomaterial, 
hydroxyethyl cellulose/sodium alginate/gelatin (HCSG). The 
key protein expression of the MCF-7 cells in HCSG is simi-
lar to that of commercial BME. HCSG can also be printed 
at 25 °C to ensure a high cell viability. We studied the SAR 
of 13 isoflavone derivatives using the HCSG-based tumor 
model and identified the effects of acetylation and amino 
acid substituents on the activity and resistance of isoflavone 
derivatives. The alanine structure induced a stronger drug 
resistance, whereas phenylalanine barely caused drug resist-
ance in the MCF-7 cells.
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