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a b s t r a c t

3D microgels with various mechanical properties have been important platforms tumor metastasis anal-

ysis, and widely adjustable stiffness is crucial for deeper researches. Herein, by mixing biodegradable

polylactic acid (PLA) nanofibers in the modified alginate with different concentrations of Ca2+, we sig-

nificantly enhance the stiffness range of microgels while retaining the pore size, which provides bionic

microenvironment for tumor analysis. As a proof of concept, we simulated the mechanical characteris-

tics of breast tumors by encapsulating cells in 3D microgels with diverse stiffness, and analyzed cellular

behaviors of two typical breast cancer cell lines: MCF-7 and SUM-159. Results showed that with the ad-

dition of 2.0% (w/v) PLA short nanofibers, the Young’s modulus of modified alginate increased more than

three-fold. Besides preserving high survival and proliferation rates, both cells also displayed stronger mi-

gration ability in soft microgel spheres, where RT-qPCR analysis revealed the underlying changes at the

genetic level. This systematic study demonstrated our method is powerful for creating widely adjustable

3D mechanical microenvironment, and the results of cellular behavior analysis shows its promising ap-

plication prospects in tumorigenesis and progression.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In physiological or pathological conditions, extracellular matrix

(ECM) undergoes complex and diverse changes in structural and

mechanical properties to support critical interactions with cells. In-

cluding stiffness, shear stress, stretching, ligand density, composi-

tion, and topography, have been confirmed to regulate cell behav-

iors. Particularly, tissue stiffening, an unique phenomenon of can-

cer progression, has attracted plentiful researches on specific cell

behaviors in 2D planar systems [1–4]. However, as cells are sur-

rounded by 3D ECM niches in vivo, the dimensionality shift may

directly cause differences in ligand distribution, cell adhesion mode

and cell stiffness-sensing, which would definitely affect cell be-

haviors [5,6]. For instance, in context of pathological diseases, cell

metastasis is always accelerated by the increasing stiffness of tra-

ditional 2D substrates, while observations on 3D ECM mimics may

be contradictory [7]. Thus, 3D ECM has been shown to be neces-
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sary to further explore the ability of artificial platforms, specifically

in cell mechanical sensing.

To date, the fabrication of diverse 3D models has been achieved

by many methods, such as cell spheroid culture, 3D bioprinting,

tissue-engineering scaffolds with customizable properties, hydro-

gels, cell sheets, bioreactors with dynamic loading, and microflu-

idics [8]. Among them, microfluidics show the advantages of high

throughput, stability and automation, making it possible to ob-

tain a great quantity of samples with consistent spatial distribu-

tion and structures using low amounts of reagents [9–12]. In terms

of materials, hydrogels combine the unique properties of softness,

low immunogenicity and tunable mechanical characteristics [13–

15]. Thus, monodisperse microgels produced with these elements

not only offer exquisite control on homogeneous internal struc-

tures, but also shows the advantage in ECM physical features sim-

ulation [16]. Additionally, the limited size of microgels can avoid

cells inactivation at internal positions caused by deficient oxygen

and nutrients [17].

However, the microgels still present some limitations in the

simulation of tumor stiffness due to their nature of high water
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Scheme 1. The synthesis process of microgels and the illustration of cell behavioral

differences regulated by the variable stiffness in microgels.

content and flexibility [18]. To achieve high stiffness, simply in-

creasing the weight concentration is not feasible, as it leads to a

simultaneous change in porosity and viscosity, which brings out

challenges including microflow shearing and microchip clogging

[19]. Moreover, while the mechanical properties can be altered

by the amount, type of crosslinking ions or methods, stiffness

changes on orders-of-magnitude is hardly achieved [20]. To solve

this problem, nanofibers have shown the prospect in simulation

of increased collagenous fibrils in hardened tissue [21]. For exam-

ple, Joshi et al. have successfully combined β-TCP incorporated PLA

nanofibers with gelatin for biomimetic bone tissue engineering, the

compressive stress was amplified about 8-fold [22]. It showed the

nanofiber-hydrogel hybrids contained widely adjustable mechani-

cal properties, which could fit the stiffness of some specific or dis-

eased tissue.

Herein, we present an innovative strategy to reinforce 3D mi-

crogel constructs by formulating composite hydrogel composed of

modified alginate and different amount of micron-scale polylac-

tide (PLA) nanofibers for solid carcinoma engineering (Scheme 1).

The modified alginate with PVGLIG (proline-valine-glycine-leucine-

isoleucine-glycine) and RGD (arginine-glycine-aspartate) peptides

provided corresponding sites for cell migration and adhesion. By

adding microscale PLA nanofibers uniformly by ultrasound, the

composite microgels with increased stiffness showed the similar

pore size, proving that we have created a 3D mechanical matrix

platform with univariate variables. Following this strategy, solid

breast tumors within the pathological breast stiffness range (2–

20kPa) were successfully simulated by using different composite

gel ratios and two breast cancer cells with different invasive abili-

ties, epithelial phenotype breast cancer cells MCF-7 and more ag-

gressive mesenchymal SUM-159 [23]. Obviously, high proliferation

and invasion ability of both cell types in soft matrix were observed.

Furthermore, RT-qPCR analysis revealed the underlying changes at

the genetic level. In this study, the proposed 3D microgel with ho-

mogeneous microstructure and adjustable stiffness effectively sim-

ulates the mechanical microenvironment of solid breast tumors,

and demonstrates the advantages in-vitro simulation and tissue en-

gineering.

Firstly, PLA nanofibers with well-controlled diameters were fab-

ricated by electrospinning process (Fig. 1a). Prior to use, morphol-

ogy of nanofibers should be thoroughly characterized. As shown

Fig. 1. The synthesis and characterization of PLA nanofibers. (a) Schematic diagram

for the fabrication of PLA nanofibers and PLA nanofiber reinforced alginate mi-

crogels. SEM images of (b) PLA nanofibers and (c) aminolyzed micron-length PLA

nanofibers. Scale bars represent 10μm and 5μm, respectively. (d) PLA nanofiber

reinforced alginate microgels for cell encapsulation, red arrows point out the PLA

nanofibers. Scale bar: 100μm. (e) Width and (f) length distribution of aminolyzed

micro-short PLA nanofibers. Fitting performed assuming normal distribution, mean

values ± SD: d=0.8062± 0.1966μm, L=5.9048± 2.1419μm, both n=100.

in Fig. 1b, the SEM micrograph of PLA fibers had random orien-

tation and uniform width after electrospinning, and the average

width was about 0.52± 0.12μm, which fitted the Gaussian distri-

bution (Fig. S1 in Supporting information). However, the fibers pro-

duced by electrospinning directly are always with irregular length

in the tens or hundreds of microns, which might clog the out-

lets of microchips and hinder the uniform generation of micro-

scale microgels. The homogeneous PLA nanofibers that shorter

than the diameter of microgels are urgently needed to avoid the

large agglomeration. Thus, the electrospun PLA nanofibers were

aminolyzed in 5% ethylenediamine to obtain the micro-short scale,

in order to disperse it uniformly in hydrogels [24]. And relevant

experiments were optimized to discovery the influence of aminol-

ysis time on the degree of fiber breakage. In Fig. S2 (Support-

ing information), PLA nanofibers became shorter and thicker as

the increasing time of ammonolysis. For the 3h ammonolysis (Fig.

1c), the PLA nanofibers were decomposed into micrometer-scale

lengths, which had been suitable for making uniformly sized mi-

crogel spheres (Fig. 1d). Therefore, the 3h ammonolysis PLA fibers

with an average width and length of 0.8062± 0.1966μm (Fig. 1e)

and 5.9048± 2.1419μm (Fig. 1f) could be employed in the compos-

ite hydrogels. And to guarantee the composite hydrogels biocom-

patible and stability, RGD and PVGLIG (MMP sensitive sequence)

were introduced efficiently on alginate in response to cell adhesion

and migration (Fig. S3 in Supporting information).

Next, we fabricated the microfluidic device to produce cell-

loaded alginate/PLA hydrogel spheroids by flow-focusing (Fig. S4

in Supporting information) [25]. And the height and length of all

microchannels were around 100μm and 200μm. Subsequently, the

conditions of the continuous phases were optimized by fixing the

velocity of dispersed phase. As shown in Videos S1–S4 (Support-

ing information), when the flow rate of the continuous phase was
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Fig. 2. Performance characterizations of microgels. (a) Modulus of 2.0% Alginate

with different Ca2+ concentration and with PLA nanofibers. N=3, E’= elastic com-

ponent, E’’= viscous component, G∗ =Young’s modulus. (b) Swelling performance of

different formulations. The microgels generated in oil and soaked in water for 24h

for diameter recording. (c) SEM images of three composite hydrogel formulations,

scale bar: 100μm.

speeder than 600 μL/h, the dispersed phase at a rate of 40 μL/h

could be cut into microgel spheres. To conform to the size require-

ment (∼200μm), we ultimately chose two continuous phases at

the flow rate of 600 μL/h. The obtained microgels were collected

in 20% 1H,1H,2H,2H-perfluoro-1-octanol for demulsification.

Subsequently, to simulate varying degrees of stiffening in breast

cancer, different amounts of PLA nanofibers added in the com-

pound gels should be explored. And the three groups in Table

S1 (Supporting information) were finally selected. As shown in

Fig. 2a and Fig. S5 (Supporting information), the viscosity mod-

ulus of 2.0% alginate with different concentrations of Ca2+ were

far below the elastic modulus, indicating the Young’s modulus

was mainly affected by the modulus of elasticity. After the cor-

responding experimental groups that added different amounts of

PLA, the viscous modulus of the composite hydrogel still kept

the same trend, while the elastic modulus was greatly increased,

thereby raising the overall stiffness about 1.54, 1.88, 3.17 times,

up to 2.02± 0.25 kPa, 7.45± 0.49 kPa and 16.76± 1.18 kPa, respec-

tively. Meanwhile, the swelling phenomenon during long-term cul-

ture also is a crucial feature, and the swelling ratio which re-

flected microgels cross-linking density was determined by the hy-

drodynamic diameter calculation of the microgel formulation in oil

or water. As shown in Fig. 2b and Fig. S6 (Supporting informa-

tion), the sizes of pure alginate groups are swelled from 204.73±
4.19μm, 209.39± 4.10μm, 207.80± 3.84μm to 233.57± 5.10μm,

224.14± 4.51μm, 214.25± 5.49μm. Microgels cross-linking with

only 10mmol/L Ca2+ swelled the most remarkable with 14.09%

increasing. After adding PLA, the stability of the gel was further

improved. The particle sizes are swelled from 222.64± 7.34μm,

216.89± 6.82μm, 209.89± 12.65μm to 238.88± 11.73μm, 221.25±
11.87μm, 211.72± 6.41μm, showing the swelling rates of three gel

formulations were reduced to 7.29%, 2.01%, and 0.87%, respectively.

Fig. 3. State of MCF-7 and SUM-159 cells within the modified microgels with tun-

able stiffness. (a) Counting and quantitative viability analysis of encapsulated cell

in microgels, n=50. (b) Proliferation curves of cells encapsulated in heterogeneous

environments. N=3. (c) Analysis of cell cycle in 3D conditions for 48h by flow cy-

tometry. N=3.

Simultaneously, SEM images in Fig. 2c and Fig. S7 (Supporting in-

formation) demonstrated the homogeneity of pore size of three

formulas, which were about 23.21± 7.71μm, 24.47± 4.50μm and

20.18± 8.50 μm, respectively. Statistical results showed that chang-

ing the cross-linking state within a certain range Ca2+ concentra-

tion would not affect the pore size of gels obviously, thus avoid-

ing the influence in nutrients or the metabolic waste transport.

Besides, the distribution of PLA micron nanofibers and the mor-

phology of the cells encapsulated in different gel could be clearly

observed from SEM images in Fig. S8 (Supporting information).

We proceeded to explore the role of stiffness on cell viability

and proliferation in tumor microenvironments simulated by micro-

gels. As shown in Fig. S9 (Supporting information), activity of MCF-

7 and SUM-159 cells maintained no significant difference for all

three conditions, similar results were obtained for other cell lines

as well (Fig. S10 in Supporting information). And through counting

and quantitative analysis of encapsulated cells of 1–3 days cultiva-

tion in Fig. 3a, the viability was at the range of 88.63% to 96.37%,

which proved the high cytocompatible of nanofibers-composited

hydrogels. Due to the modification of RGD and PVGLIG motifs, the

hydrogel provided suitable sites for cell-matrix intergration and

further improved cell growth and proliferation. In Fig. 3b, we es-

timated cell numbers on day 0, 1, and 3 by CCK8 assay and de-

fined the fold change in proliferation by normalizing to the day 0

data. Two kinds of cells in the soft (2.02 kPa) and medium-stiffness

(7.45 kPa) microenvironments showed significantly higher growth

than the stiff (16.76 kPa) condition in 72 h. Subsequently, cell cy-

cles were detected by flow cytometry. In Fig. 3c, the cells grown

in the soft environments showed more distribution in the G2/M

period, indicating the higher proliferation ability, which were con-
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Fig. 4. Migration ability and gene expression two kinds of breast cancer cells under different mechanical stiffness stimulations. Images of (a) MCF-7 and (b) SUM-159

migration for 1, 3, 5 days. (c) Efficiency of cell migration after 3 days of culture in varying stiffness 3D constructs. n ≥ 50, N=3. (d) Immunofluorescence intensity of N-

cadherin and E-cadherin in two kinds of cells, N=3. (e) Gene expression heat map shows several critical protein expression genes associated with cell migration. All gene

expression levels are normalized with housekeeping gene GAPDH from each culture condition (-��Ct was applied for normalization), N=3. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P <

0.001, n.s. is no significance.

sistent with the CCK8 results. In conclusion, both MCF-7 and SUM-

159 cells tends to proliferate in a softer 3D microenvironment.

It is well known that breast cancer cells MCF-7 and SUM-159,

exhibiting epithelial phenotype and mesenchymal phenotype, dis-

played with low and high metastatic potential in 2D plane, respec-

tively (Fig. S11 in Supporting information). To study whether cell

migration viability is highly correlated with 3D ECM stiffness, we

encapsulated cells in 200μm microgels and observed cell migrated

from the inside of the gel to the outer space in 5 days.

In Figs. 4a and b, cells exhibited similar tendency of metastatic

potential, that were more frequently forming bulges on the surface

of spheroids in soft condition. While cells located at the bottom

of spheroids could migrate out and attach on the 2D bottom sur-

face. For each culture condition, we measured more than 50 mi-

crogels in each independent replicate, and repeated 3 times in Fig.

4c. For MCF-7, the spheroids with surface cell bulges or bottom

cell attachment were significantly decreased from 29.44% ± 2.53%

to 19.48% ± 0.82% and 11.77% ± 0.23% with the increased stiff-
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ness. And SUM-159 presented the migration percentage of 41.30%

± 2.50%, 27.25% ± 1.57% and 22.23% ± 1.21%, respectively, after en-

capsulated for 72h under the same condition as MCF-7. It proved

that cells with a mesenchymal phenotype still maintained the high

migratory capacity in 3D microenvironment. Certainly, with a lim-

ited number of encapsulated cells, cell protrusions on the microgel

surface could also be observed, but for a longer time (Fig. S12 in

Supporting information).

Furthermore, we sought to further testify motility of encapsu-

lated cells by immunofluorescence staining of N-cadherin and E-

cadherin. As shown in Fig. S13 (Supporting information), cultured

for 72h, both N-cadherin and E-cadherin were observed in two

type of cells. And the expression of E-cadherin was slightly lower

in cells within the soft microgels, indicating the weakened inter-

cellular cohesion. Thus, cells easily dispersed and infiltrated to the

periphery. Obviously, with the increasing ECM stiffness, the de-

crease of N-cadherin expression level suggested the weakening of

cell migration and invasion ability as well (Fig. 4d). Instead, the ex-

pression of epithelial markers E-cadherin in MCF-7 and mesenchy-

mal markers N-cadherin in SUM-159 were more deeply affected by

ECM stiffness, respectively, which was determined by cell charac-

teristics. In summary, cell migration became tough in stiff 3D mi-

croenvironment. Therefore, we speculated that cells need time to

find or pave a way to pass through the ECM with more physical

constraints.

After demonstrating the association between migration and

ECM stiffness in encapsulated cells, the changes induced by en-

vironmental confinement should be more visualized by gene ex-

pression. Matrix metalloproteinases (MMPs) are known to play an

important role in developmental and homeostatic remodeling of

ECM by mediating the degradation of ECM proteins, while tissue

inhibitor of metalloproteinases (TIMPs) can adjust the MMPs ex-

pression [26]. From the point of view of migration ability, those

genes were selected for further mRNA expression level analysis,

and the detail of sequences were shown in Table S2. As shown

in Fig. 4e, the expression of MMP2, MMP13, MMP14 and TIMP2

in both cells were significantly upward modulation within stiffer

microgels. Meanwhile, the expression of those genes in 2D plane

were downward than 3D condition, except the MMP13 in MCF-

7 cells. Subsequently, MMP9 and TIMP1 of two kinds of breast

cells were significantly down-regulated in stiff 3D microenviron-

ment, and only MMP9 of SUM-159 expressed more in 3D ECM than

2D cultured. These observations were consistent with the known

study that MMP2 and MMP9 could be repressed by TIMP1 and

TIMP2, respectively. In addition, MMP3 and MMP8 of MCF-7 were

significantly up-regulated with ECM stiffness, while the expres-

sion of those two genes demonstrated opposite in SUM-159. As for

TIMP3, the expression was rapid declined in MCF-7 but raised in

SUM-159 as stiffness changed. Those gene expression analysis re-

vealed a complex and sensitive feedback network of cell migration

upon 3D mechanical stimulation, which may provide some insights

into solid tumor research and therapy.

In summary, we employed a composite hydrogel of PLA

nanofibers and modified alginate with different concentrations of

Ca2+, which can typically reinforce the mechanical properties of

microgels with similar pore size. And we also investigated the ef-

fects of 3D microenvironment stiffness on the cell proliferation,

viability, migration, and related gene expression of two types of

breast cancer cells. Highly biocompatible and throughput microgels

propose a new approach for the construction of solid tumors and

observation of tumor migration. We envision that this study will

provide an essential foundation for future investigations on ECM

mechanisms in breast cancer and spark new approaches for ther-

apy.
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