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Abstract:

 This paper presents the complete development and experimental validation of a microsystem designed to systematically assess the impact of surface topography on cell adhesion and dynamics. The microsystem includes two pools for culturing cells and for including chemicals. These pools are connected by several channels that have different microtextures, along which the cells crawl from one well to another. The impact of channel surface topography on cell performance, as well as the influence of other relevant factors, can therefore be assessed. The microsystem stands out for its being able to precisely define the surface topographies from the design stage and also has the advantage of including the different textures under study in a single device. Validation has been carried out by culturing human mesenchymal stem cells (hMSCs) on the microsystem pre-treated with a coating of hMSC conditioned medium (CM) produced by these cells. The impact of surface topography on cell adhesion, motility, and velocity has been quantified, and the relevance of using a coating of hMSC-CM for these kinds of studies has been analyzed. Main results, current challenges, and future proposals based on the use of the proposed microsystem as an experimental resource for studying cell mechanobiology are also presented.
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1. Introduction

Material surface topography has an extraordinary influence on several relevant properties linked to final material (and device) performance. These properties include friction coefficient [1], wear resistance [2], self-cleaning ability [3], biocompatibility [4], optical response [5], aesthetics, and other properties linked to our senses [6]. As a consequence, topography is a fundamental property for material selection in engineering, especially in areas linked to micro and nanosystem development and to biomedical engineering, where these effects are even more relevant.

In the field of tissue engineering and regenerative medicine, surface topography plays a determinant role in several strategies, both in vitro and in vivo, as it affects the adhesion of cells to materials, substrates, and biodevices; not just for in vitro studies, but also for implantation and living tissue repair. It also influences cell dynamics and orients cellular proliferation, aggregation, and differentiation, having an eventual impact on tissue regeneration [7,8]. Cells are able to feel the microenvironment and substrate texture on which they develop by changing their morphology, cytoskeleton configuration, intra- and extracellular signaling, and gene expression.

Therefore, increasing efforts are continuously being focused on advanced design and manufacturing technologies capable of generating and modifying the structures and surface topographies of biomaterials [9,10,11]. In most cases, material surface properties and topography are a consequence of its natural state. However, they can be also adjusted and controlled by means of machining processes, chemical etchings, and post-processing tools along the product development cycle. Several strategies for modifying material topographies and surface properties (towards hierarchical materials, structures, and multi-scale devices) have made use of conventional surface micromachining [12], laser ablation [13], micromolding [14], biomimetic templating [15], thin film deposition processes based on physical or chemical vapor deposition [16], sol–gel procedures [17], molecular self-assembly [18], and electro-spinning [19,20,21]. All these procedures require an expertise that is sometimes difficult to achieve and repeatability is not easy [22,23].

At present, relevant advances in computer-aided design and in high-precision additive manufacturing technologies are opening new horizons for the control of surface topography, even at a cellular level. Multi-scale and hierarchical structures with biomimetic features are achievable, even though conventional computer-aided design packages are only capable of handling Euclidean geometries and mainly rely on simple operations, thanks to the use of matrix-based programming for the incorporation of fractal details [24,25]. These advancements, together with the recent progress in additive manufacturing and rapid prototyping technologies, have enlarged the choice of materials capable of being additively conformed and allowed for a nanometric control of final geometries.

All this is relevant for materials and devices with advanced functionalities, in many cases the result of multi-scale approaches [26,27], although additional research linked to studying the impact of surface topography on cell behavior and fate are needed. The use of biomedical microdevices may prove useful for a more systematic, rapid and low-cost assessment of such impacts.

This work presents the complete development process and experimental validation of a biomedical microsystem for systematically studying the impact of surface topography on cell adhesion, motility, and overall behavior. The microsystem includes two pools, for culturing cells and for including chemical agents, nutrients, growth or trophic factors, and pathogens, among other possibilities. The pools are connected by several channels with different microtextures and it is expected the cells will crawl from one well to another along the different microtextured channels, as in fact they do in our experimental validation. Thus, the impact of channel surface topography on cell performance, as well as the influence of other relevant factors, can be assessed. The microtextures have been defined from the design stage and the microsystem has been manufactured using a combination of some of the more recent micromanufacturing technologies.

Previous pioneering research has also focused on the use of topographical features to control cell response and has clearly validated the impact on cell orientation, movement rates and cell activation, also putting forward the relevance of topographical control for the development of more adequate prostheses [28,29,30,31,32]. However, in most cases, the topographies are obtained by means of lithographic procedures and chemical attacks, which are difficult to control, require substantial experience, and typically lead to a set of probes with different textures. Consequently, the different probes are cultured independently and the number of experiments for analyzing the effects of surface topography on cell behavior is too high. Furthermore, more often than not, in studies focused on assessing the impact of surface topography on cell behavior by means of combining computer-aided design and rapid prototyping, the textures produced are based on combinations of simple geometries, based on conventional CAD operations using Euclidean geometries, which do not provide adequate representations of natural objects. Due to the complexity of natural materials [33], the use of such simple geometries does not provide biomimetic responses and therefore more recent procedures aimed at the incorporation of biomimetic fractal textures may be preferable [34].

In our opinion, the microsystem presented here is based on a novel approach, as the surface topographies can be precisely defined from the design stage and since it is a single microsystem it can include all the different topographies under study. Therefore, the proposed microsystem may help optimize the use of resources and obtain important information for discussion, even with a few experiments, and also enable the assessment of the impact of different microtextures on cell behavior under identical experimental conditions.

Furthermore, the cell culture microsystem is aimed at the promotion of a real 3D cell culture environment in which the microchannels may help cells to crawl in the right direction for a systematic cost- and time-efficient study. In fact, recent studies have put forward that 1D cell culture resembles the real behavior of cells in three-dimensional environments rather than conventional 2D cell culture on dishes [35].

In our study, the combination of micro-channels with microtextured surfaces for orienting cell movement and for addressing the impact of surface topography on cell adhesion and motility is, to our knowledge, novel. In addition, the cell culture processes have been carried out by coating the surfaces with human mesenchymal stem cells (hMSCs) and conditioned medium (CM), obtained previously from the hMSCs culture supernatant as described earlier [36]. Recent reports have also put forward the extreme relevance of using adequate growth factors and related conditioned media obtained from the cells into tissue engineering scaffolds and cell culture platforms for promoting biological regulation, differentiation, proliferation, angiogenesis, and tissue viability [36,37,38,39].

The present work helps to validate their use in other kinds of biomedical microdevices aimed at studying cell dynamics and overall behavior. Results show outstanding values of cell adhesion and velocity and help to highlight the remarkable impact of surface topography on cell behavior, which can be rapidly studied with the proposed biodevice, which is validated for the first time. The following section summarizes the design and manufacturing procedures, the cell culture methods, and imaging techniques before presenting the main results and discussing them. The main conclusions and proposals for future studies and improvements are included towards the end of the study.



2. Experimental Section


2.1. Design Process

As mentioned in the introduction, the proposed system includes two microchambers at its lower end connected by several microchannels to guide cell movement, each with a different texture defined from the design stage. The cell motility experiment should begin to add cells (with or without growth factors or nutrients) to one of the chambers and, eventually, add growth factors, nutrients, chemicals, pathogens, etc. to the other one, so as to promote or prevent cell movement from one chamber to another. The design presented here is inspired by previous microsystems aimed at interacting with cells [40,41,42], although using better suited scales for interacting at the single-cell level without using ultra-high precision manipulators. In short, the overall structure, which mainly comprises the different walls of the two pools and the six microchannels, has been designed using conventional 3D computer-aided design methods. The CAD files can be converted into .stl format, currently the most common file type used in 3D additive manufacturing.

Different resources, such as digital light processing (DLP), laser stereolithography, selective laser sintering, or melting and fused deposition modeling, among others, can receive .stl files as information input. The specific method chosen would depend on the desired material and precision (in our case we used an EnvisionTEC digital light processing machine with acrylic resin for the master prototypes). The 3D design can also be converted into a black-white mask for mass-production of the overall structure using UV-lithographic approaches, more typical of the electronics industry. Subsequently, in order to incorporate the desired microtextures (capable of interacting at a cellular level) into the channels, additional design operations rely on the generation of fractal-based geometries via matrix-based approaches.

In such approaches, geometries are saved in the form of [X, Y, Z(x, y)] matrices, X and Y being column vectors (with the x and y components of the working grid), and Z(x, y) being a column vector, whose components are the height values for each (x, y) couple. Fractal features can then be introduced to integrate controlled random textures into the regular meshes (z0), as has been previously detailed [40]. In this paper we use fractional Brownian surface models [24,25] to incorporate the desired height fluctuations using the equation:
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(1)




The models use several random functions (Ak, Bk, Ck) and control constants (λ, α, m), and an initial height function “z0” can also be introduced. It is interesting to note that in fractional Brownian models [24,25], the fractal dimension “D” can be related to the exponent α, where D = 3 − α, with 0 < α < 1. Consequently, higher values of “α” lead to more “planar” surfaces or textures and lower values of “α” lead to more “three-dimensional” ones, as detailed in Table 1 for the proposed microdevice. The “λ” parameter can be useful for changing surface roughness, while keeping fractal dimension constant, although in our case we have kept “λ” constant and only used “α” as a design parameter.

Table 1. Influence of parameter “α” on channel fractal dimension and roughness.


	Channel number
	1
	2
	3
	4
	5





	Alpha (α)
	0.9
	0.7
	0.5
	0.3
	0.1



	Fractal dimension
	2.1
	2.3
	2.5
	2.7
	2.9



	Surface roughness (Ra), microns
	24.3
	27.8
	33.2
	37.8
	40.9



	Surface roughness (Rrms), microns
	31.6
	35.2
	42.6
	50.5
	53.6



	Surface roughness (Rt), microns
	201.9
	208.9
	235.6
	307.1
	357.5



	Surface roughness (Rt), microns (prototype)
	135
	160
	185
	220
	255








Consequently, in our case, roughness increases with the increase of fractal dimension, as can be seen from the data in Table 1. We have included roughness data according to some common definitions of roughness including Ra (arithmetic average of absolute values), RRMS (root mean square) and Rt (maximum height of the profile). Recent significant research [32] has focused on the effects of surface roughness and fractal dimension on cell behavior and addressed them in a de-coupled manner with interesting results (also in agreement with most of our conclusions). However, in our case, we are just considering the possibility of controlling surface roughness and fractal dimension from the design stage and obtaining an experimentally validated microsystem that will hopefully be of value for studying the impact of surface microtexture on cell adhesion, dynamics and behavior. Additional details can be found elsewhere [24,25].

Figure 1a shows the computer-aided design of the complete microsystem, including the two square pools and 5 channels, designed using the fractal fractional Brownian surface model, with the following values of “α”: 0.1; 0.3; 0.5; 0.7 and 0.9 and with related fractal dimensions of: 2.9; 2.7; 2.5; 2.3 and 2.1. The microtextures obtained following this strategy are more similar to the irregular surfaces of biological materials than artificial textures based on pillars, struts, wood-pile structures, or similar designs based on Euclidean geometry. An additional planar control channel is included for the purpose of comparison, although in the present study we just concentrate on evaluating the textured channels.

Figure 1. (a) Computer aided design of the multi-channel microsystem; (b) Master prototype obtained by additive manufacture (digital light projection or “DLP”); (c) Nickel mold insert and poly(methyl methacrylate) (PMMA) microsystem replica.
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The channels are 300 μm wide and around 7 mm long and the pools have a volume of 4 × 2 × 0.6 mm3. The intermediate walls between channels are 300 μm wide and 200 μm high, which in some cases promotes cell escape from some channels, as discussed in the results section. We have used a grid for evaluating the aforementioned Brownian function with points separated 25 mm, according to the voxel size of the resin used for the additive manufacture of the master prototypes. As for the additional parameters, we have used z0 = 0, m = 1 and λ = 1.5.

The dimensions of the microsystem have attempted to solve a compromise between manufacturing precision, manipulation facility and the potential for interacting at a single-cell level. We believe that the solution provided is interesting, versatile, and low-cost, as will be discussed towards the end of this paper.



2.2. Manufacturing Process

The master models or “green parts” are obtained by photopolymerization, using a digital light processing machine working on an additive or layer-by-layer approach. For that purpose, a Perfactory SXGA machine (EnvisionTec GmbH) has been used, together with the R11 EnvisionTec acrylate based photo-resin.

Figure 1b includes the initial prototypes (in orange resin) directly obtained by photo- polymerization from the three-dimensional geometries from the computer-aided design files. As the acrylic resin used for obtaining the master models is not apt for cell culture processes, replication technologies were used for producing final micro injected parts in poly(methyl methacrylate) (PMMA), as described further on.

Using the master model, a mold insert for micro injection molding was manufactured. In short, the process included gluing the masters to a thick copper substrate and using evaporation for coating the master and substrate with layers of 7 nm chromium and 50 nm gold. This was followed by immersion in a galvanic bath for nickel electroplating until a thickness of 6 mm was reached, followed by separation from the substrate and cutting and rinsing steps with ethyl acetate and acetone. This process led to a stiff homogeneous metal block that could endure the stresses from the injection molding process, shown in Figure 1c. Details can be found in prior reports [43].

The first action before starting the injection molding trials was to adjust the electroplated nickel mold inserts to a standard mold. Replication was accomplished on a Ferromatik Elektra 50S injection molding machine equipped with the necessary features, such as tool evacuation and vario-thermal-temperization. The latter means that the core of the molding tool was heated up prior to injecting the material. After filling, the tool core was cooled down for safe demolding without damaging the microstructured part. This procedure allowed for the replication of very fine structures with outstanding surface qualities. Figure 1c shows a replicated PMMA sample, together with the nickel mold insert. Micro injection molding stands out for the degree of precision attainable and for the possibility of manufacturing large series of replicas for systematic trials. In our case, 200 copies of the PMMA microsystem were obtained and at least 10 of them were used to adjust the cell-culture processes, as described in the following section.

The repeatability was outstanding and the final parts were compact, but without some of the typical injection molding problems, such as the presence of pores or wrapping, in spite of the precise dimensions of interest. The accuracy was remarkable, and even micrometric details, such as the presence of succinct longitudinal lines, resulting from the initial additive process and the separation between layers in the original acrylic prototypes or masters, could be perfectly replicated. The replicas obtained have several advantages when compared with the original acrylic rapid prototypes. They are made of bioinert polymers typically used in the medical industry (polycarbonate and poly(methyl methacrylate)), and are therefore adequate for in vitro trials. They are also transparent, which constitutes an enormous help for cell culture processes and related fluorescent microscopy tasks, while it is easier to manipulate them thanks to a supporting structure.

Regarding manufacturing precision, we would like to make some comments. It is important to highlight that, since the topographies are fractal and obtained by random processes, once the prototypes are manufactured it is complex to exactly find and visualize the same section in the design and in the final parts, which prevents quantitative roughness assessments. Trying with contact measurement procedures is not viable, as the measurement tip gets stuck to the surfaces due to the magnitude of the designed spikes and to the sudden changes of direction that the tip suffers. Most such contact measurement techniques are focused on the measurement of micro- (normally < 5 μm) and nano-features, and the magnitude of our artificially incorporated textures goes from 25 to 400 μm. As the additive manufacturing process used for the master prototypes had a layer depth of 25 μm and a movement precision of 25 μm, adequate structuring was based on using design features with sizes implying the use of at least 4–5 layers, so as to reach clearly visible features and to minimize the relative effect of the typical stepped geometries obtained in additive processes. Such dimensions and spiky textures prevent contact characterization and optical 3D tools are required.

However, based on our available data some additional interesting data on the precision of the whole process can be provided. For instance, a direct consequence of the precision of the additive manufacture machine is the obtaining of master prototypes, in which the last 25 micrometers of the spiky textures are lost, thus leading to somewhat softer surfaces than those from the original CAD files.

For most applications of microtextured surfaces, such softer results may even be positive, as the devices will be a bit softer to the touch and more resistant, as fine needle-like details of 25 micrometers would anyway break down under the slightest mechanical request. In addtion, after the optical measurements, the maximum profile heights of the different channels have been compiled in Table 1 for comparative assessment with the original values from the CAD files. The differences can be explained by considering not only the loss of the last portion of the spikes during additive manufacture, but also due to a valley depth decrease during metallization and injection, as possibly the material does not perfectly replicate the mold details.

In our opinion, the relevant result is linked to the possibility of controlling, from the design stage, the presence of different topographies on a single microsystem for cell culture. Our measurements show that the variations proposed in the design stage are present and the cell culture trials help to highlight the impact of the different microtextures on cell behavior; so, the main objective of the biodevice is achieved.







2.3. Cell Culture Processes and Imaging Techniques

The hMSCs used here were isolated from human bone marrow samples from healthy anonymous donors provided by the hematology services of Hospital La Princesa, the Jiménez-Díaz Foundation, and the Biobank of the University of Málaga, and expanded as described previously [44,45] with the approval of the ethical committees of the institutions.

Cells were plated and incubated at 37 °C and 5% CO2 using DMEM-LG 10% fetal bovine serum (FBS) from selected batches, and collected by treatment with 0.25% trypsin-EDTA. Cell culture mediums were prepared by the research services of the “Severo Ochoa” Molecular Biology Center (CSIC-UAM) as previously detailed [44,45] with some modifications. For the preparation of the hMSC conditioned medium, we used 8–10 p100 culture plates at 80% confluence for each batch, following previous successful experiences [36]. Cells were washed with PBS and incubated in DMEM-L starved of FBS and supplemented with 2 mM pyruvate for 24 h. Afterwards, the culture medium was collected and cleaned by centrifugation at 1500 rpm in a bench centrifuge for 5 min. The clean supernatant was cooled on ice for 30 min, centrifuged in a Sorvall machine to remove salt precipitations, and kept in 2 mL aliquots at −30 °C until use. We avoided any samples with repeated freeze-thaw. The process has been described previously [36].

To analyze the different microsystem replicas (PMMA) for cell adhesion and motility, materials were sterilized by placing them in a UV oven with a wavelength of 350 nm for 15 min and by thoroughly washing with phosphate buffer saline (PBS). For the adhesion studies, the microsystem replicas were pre-incubated with or without trophic factors (TFs) medium for 24–48 h previously, filled with cells, and left in culture for 24 h before verifying adhesion. For the motility studies, the microsystems were pre-incubated with or without TFs medium for 24–48 h previously, seeding the cells only in one of the pools, and subsequently left in culture for 24 h. The time was previously estimated so as to allow the cells to start crawling along the different channels towards the opposite pool.

The results from cell adhesion and motility on the microsystems were determined by staining with crystal violet. To this end, the cells were washed with PBS and fixed with formaldehyde 3.7% for 30 min, staining them with crystal violet at 0.5% for 30 min, washing the microsystems with water, and then allowing them to dry at room temperature. Representative images of the results were taken with an IX81 Olympus microscope linked to a DP72 digital camera controlled by cellD software. The main results are included and discussed in the following section. Before fixing, cell viability was studied by means of real time microscopy with the cells showing a healthy behavior with expanded cytoskeletons and clearly moving.




3. Results and Discussion


3.1. Impact of Surface Topography on Cell Adhesion

At first, hMSC showed almost no adhesion to the PMMA surface. However, the material offers excellent properties for tailoring microsystems that are useful in biotech applications. Therefore, we considered it of interest to coat the PMMA surface by a pre-treatment with TFs medium. Figure 2 presents the results of the adhesion study after having cultured the cells with TFs medium, on the PMMA multi-channel microsystem under study. In this case, for each channel, a total of five visual fields were photographed and used to reproduce the overall aspect of the cells (stained with crystal violet) adhered to the microsystem. The fractal dimension and roughness of the different channels appears to increase from left to right in Figure 2 with fractal dimension “D”, taking the values of 2.1, 2.3, 2.5, 2.7 and 2.9 (adimensional) for channels 1, 2, 3, 4 and 5 respectively. In order to quantify the influence of channel topography on cell adhesion, the cells per visual field were counted and the mean values with standard deviations are presented in Figure 3.

Figure 2. Results from the adhesion study of cells with growth factors cultured on the fractal microsystem: Cell distribution on the different channels showing the influence of channel geometry (microtexture) on cell adhesion. The roughness of the different channels increases from left to right.
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Figure 3. Results from the adhesion study of cells with TFs medium cultured on the fractal microsystem: Summary of the influence of channel topography on cell adhesion.
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According to our results, an increase in surface roughness and fractal dimension promotes cell adhesion, with an almost linear tendency. The data represented in Figure 3 have been statistically analyzed by carrying out a one-way ANOVA test to address the eventual significant influence of surface roughness and fractal dimension on cell adhesion. The null hypothesis stated “cell adhesion is similar in adjacent channels”, and we found several significant differences as detailed in Figure 3. An honest Tukey post-test was carried out to detect significant differences comparing the channels in couples. The analyses were carried out with confidence intervals of 95%. The data regarding significance of the ANOVA test are included in Table 2 and the results from the Tukey post-test, including p-values, are listed in Table 3. The influence of surface topography on cell adhesion is significant.


Table 2. Results from the ANOVA test. Estimates for the different channels with the expected upper and lower limits for adhered cells per visual field in each channel.



	
Channel

	
Mean

	
Std. error

	
95% Confidence interval






	
1

	
5,200

	
2,868

	
782

	
11,182




	
2

	
16,400

	
2,868

	
10,418

	
22,382




	
3

	
16,200

	
2,868

	
10,218

	
22,182




	
4

	
30,200

	
2,868

	
24,218

	
36,182




	
5

	
37,800

	
2,868

	
31,818

	
43,782










Table 3. Tukey post-test: Two significantly different groups are found: one consisting of channels 1 and 2, with lower roughness, and one with the higher roughness, channels 3, 4, and 5. Based on observed means.



	
Tukey HSD

	
Mean difference (I-J)

	
Std. Error

	
Significant

	
95% Confidence interval




	
(I) Chanel

	
(J) Chanel

	
Lower bound

	
Upper bound






	
1

	
2

	
−11.20

	
4.056

	
0.079

	
−23.34

	
0.94




	
3

	
−11.00

	
4.056

	
0.087

	
−23.14

	
1.14




	
4

	
−25.00 *

	
4.056

	
0.000

	
−37.14

	
−12.86




	
5

	
−32.60 *

	
4.056

	
0.000

	
−44.74

	
−20,46




	
2

	
1

	
11.20

	
4.056

	
0.079

	
−0.94

	
23.34




	
3

	
0.20

	
4.056

	
1,000

	
−11.94

	
12.34




	
4

	
−13.80 *

	
4.056

	
0.021

	
−25.94

	
−1.66




	
5

	
−21.40 *

	
4.056

	
0.000

	
−33.54

	
−9.26




	
3

	
1

	
11.00

	
4.056

	
0.087

	
−1.14

	
23.14




	
2

	
−0.20

	
4.056

	
1,000

	
−12.34

	
11.94




	
4

	
−14.00

	
4.056

	
0.019

	
−26.14

	
−1.86




	
5

	
−21.60

	
4.056

	
0.000

	
−33.74

	
−9.46




	
4

	
1

	
25.00 *

	
4.056

	
0.000

	
12.86

	
37.14




	
2

	
13.80 *

	
4.056

	
0.021

	
1.66

	
25.94




	
3

	
14.00 *

	
4.056

	
0.019

	
1.86

	
36.14




	
5

	
−7.60

	
4.056

	
0.362

	
−19.74

	
4.54




	
5

	
1

	
32.60 *

	
4.056

	
0.000

	
20,46

	
44.74




	
2

	
21.40 *

	
4.056

	
0.000

	
9.26

	
33.54




	
3

	
21.60 *

	
4.056

	
0.000

	
9.46

	
33.74




	
4

	
7.60

	
4.056

	
0.362

	
−4.54

	
19.74






* The mean difference is significant at the 0.05 level.




After application of the Tukey post-test to the data of the analysis of variance, two significantly different groups are found: one consisting of channels 1 and 2, with lower roughness, and one consisting of channels 3, 4, and 5, with higher roughness.









These results can be taken into account for designing various biomedical microsystems and prostheses where cell adhesion should be promoted. It is interesting to note that surface roughness in the channels where the most relevant adhesion is obtained reaches values of around 40 microns for Ra, around 50 microns for RRMS and around 350 microns for Rt. Such values are at least an order of magnitude greater than the diameter of the cells cultured. Consequently, the channels can be considered as a real three-dimensional culture environment, in accordance with the fractal dimension values of the more adequate channels.

The result is in accordance with the adherent nature of mesenchymal stem cells; the increase in roughness and fractal dimension of the channels allows them to extend the number of their focal adhesion points with the surface, thereby helping them maintain their energy balance by themselves. The experiments carried out without the use of growth factors have not been included, as the number of cells per visual field was too low to obtain relevant conclusions (other than the importance of carrying out these studies with the use of such TFs medium).



3.2. Impact of Surface Topography on Cell Motility and Behavior

Figure 4 shows the results from the motility study after filling the origin well with cells and growth factors up to the entrance level of the different channels and after 24 h of subsequent incubation. In this case, for each channel, a total of eleven visual fields were photographed and used to reproduce the overall aspect of the cells (stained with crystal violet) crawling on the microsystem. The whole length of the different channels can be seen from the origin pool, where the cells are cultured, to the end of each channel, just before meeting the final pool. It is important to note that the origin well is full with a network of viable cells and that the cells are able to enter all channels and crawl along them.

Figure 4. Results from the motility study of cells cultured on the fractal microsystem pre-treated with TFs medium: Origin well full of cells and cell distribution of cells along the channels. Fractal dimension and roughness increase from left to right.
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Again, the fractal dimension and roughness of the different channels appears to increase from left to right of the figure, with fractal dimension values of 2.1, 2.3, 2.5, 2.7, and 2.9 for channels 1, 2, 3, 4, and 5 respectively. Before summarizing and discussing the main results, we would like to highlight a couple of important and interesting tribological phenomena, which can be easily appreciated in the following Figure 5 and Figure 6. Figure 5 shows a detailed view of the beginning portion of the three rougher channels (3, 4, and 5), from which several cells were even able to escape and tend to move towards their companion cells from other channels, as if they feel their presence and try to fill the inner space.

Figure 5. Detailed views of cells on the microsystem, escaping from the three rougher channels and migrating through their peripheries, after 24 h of motility study. The fractal dimension and roughness of the channels increases from left to right.
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Figure 6. Detailed views of cells on the microsystem for highlighting the impact of hMSC-CM: (a,b) Cells cultured on pre-treatment surfaces; (c,d) Cells cultured on non-pre-treatment surfaces.
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To avoid the effect, the separating walls between channels should have been made higher, as some peaks reaching values of around 100–120 μm (according to Rt) in these rougher channels, may have helped the cells to reach the upper part of the walls.

In any case, the behavior is quite interesting. We believe that cells may move into the channels possibly searching for higher oxygen concentrations than within the pool, where they are surrounded by several cells, and are attracted by the presence of an hMSC-CM coating on the channels.



The topography of the channels proves to be a key factor in their migration ability, as detailed in the following paragraphs. In addition, they seem to take into account the presence of companion cells from adjacent channels, with which they are connected in a kind of cellular circuit, and tend to communicate and migrate towards them. This phenomenon has been previously observed, where hMSCs move into silicon columns of a silicon/porous silicon micro-patterning, communicating with their partners and migrating by the push forces applied from their companion cells located back in the center of the silicon hexagon [46].

Figure 6 helps put forward the relevance of using hMSC-CM as an aid for cell culture, especially when studying cell dynamics. Images 6a and 6b show a couple of detailed views of cells cultured on the pre-treated microsystem with the hMSC-CM, moving along channel 5, while images 6c and 6d show cells along the same channel but cultured on the surface without pre-treatment. It can be appreciated that the area without cells in the non-pre-treated microsystem is much larger than in pre-treated one.





Thus, the entire results of the work are consistent with the utility of conditioned media, especially when generated by cells themselves, to functionalize biomaterial surfaces. In order to quantify the effect of surface topography on cell motility, we have directly counted the cells present inside the different channels, using the same visual fields that have helped us reproduce the whole microsystem, as shown in Figure 4. Each visual field (photograph) includes 600 μm of channel length and the cells can be easily perceived. As a summary, Figure 7 shows the distribution of cells along the different channels, taking into account the distance to the origin pool where the cells are cultured. In all channels, the zone near to the origin well is more populated with cells, showing that cells are able to enter all channels and start crawling along them. In channels 1, 2, and 3, the distribution of cells decreases with the distance to the origin pool. However, for the rougher channels, after an initial decrease in the number of cells with the distance to the origin pool, we can appreciate a relevant increase in cells in the most distant visual fields. Several cells in channels 4 and 5 almost reach the final pool.

Figure 7. Results from the motility study of cells cultured on the fractal microsystem pre-incubated with hMSC-CM medium: Cell distance to origin well distribution along the different channels.
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Our interpretation is that the presence of an artificial surface roughness may promote opposing effects on the cells. On one hand, the mere presence of obstacles and artificial textures may be sensed by the cells as something that must be avoided to maintain their energy metabolism, as it may lead to stretched cytoskeleton configurations, or they may just be felt as strange and potentially harmful objects. On the other hand, the increase in the surface-to-volume ratio and adhesion with the roughness and the fractal dimension may provide additional anchorage options for cell pseudopodia and help them crawl. At lower roughnesses, the first effect seems to be prevalent, while at higher roughnesses the second effect stands out.



Taking into account that the cells have been cultured for 24 h in the motility study and that they have not reached the final pool, the proposed microsystem may also be useful for quantifying not only the impact of surface topography on cell adhesion, motility, and behavior, but also for obtaining an estimation of cell velocity on different surfaces. For such evaluation, in each channel, we located the positions of the ten most distant cells to the origin well and divided the distances covered by the culture time.

The mean values and related standard deviations are set out in Figure 8, which summarizes the influence of channel surface topography on cell velocity. A general increase in cell velocity with surface roughness and fractal dimension can be perceived, although if such values are too high, cell velocity starts to decrease. We explain this phenomenon by taking into account that an increase of adhesion probably provides additional anchorage options for the pseudopodia, although too much 3D topography, roughness, and fractal dimension prevent cell migration through the channels, and may enable them to escape from the channels.

Figure 8. Results from the motility study of cells cultured on the fractal microsystem pre-incubated with TFs medium: Summary of the influence of channel geometry (microtexture) on cell velocity.
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The data represented in Figure 8 have been statistically analyzed, again using an ANOVA study and a Tukey post-test for paired comparisons. As the null hypothesis stated: “cell velocity is similar in adjacent channels”. The data regarding significance of the ANOVA test are included in Table 4 and the results from the Tukey post-test, including p-values, are listed in Table 5. According to the analysis of variance, the influence of surface topography on cell speed is significant. After application of the Tukey post-test to the analysis of variance data, two significantly different groups are again found, one consisting of channels 1 and 2, with lower roughness, and one consisting of channels 3, 4, and 5, with higher roughness.


Table 4. Results from the ANOVA test. Estimates for the different channels with the expected upper and lower limits for cell speed in each channel.



	
Channel

	
Mean

	
Std. Error

	
95% Confidence Interval






	
1

	
19,600

	
6,610

	
6,286

	
32,914




	
2

	
36,667

	
6,610

	
23,353

	
49,981




	
3

	
75,733

	
6,610

	
62,419

	
89,047




	
4

	
97,800

	
6,610

	
84,486

	
111,114




	
5

	
93,200

	
6,610

	
79,886

	
106,514










Table 5. Tukey post-test: Two significantly different groups are found, one consisting of channels 1 and 2, with lower roughness, and one with higher roughness, channels 3, 4, and 5.



	
Tukey HSD

	
Mean Difference (I-J)

	
Std. Error

	
95% Confidence Interval

	
Significant




	
(I) Chanel

	
(J) Chanel

	
Lower Bound

	
Upper Bound






	
1

	
2

	
−17.0667

	
9.34861

	
0.372

	
−43.6303

	
9.4969




	
3

	
−56.1333 *

	
9.34861

	
0.000

	
−82.6969

	
−29.5697




	
4

	
−78.2000 *

	
9.34861

	
0.000

	
−104.7636

	
−51.6364




	
5

	
−73.6000 *

	
9.34861

	
0.000

	
−100.1636

	
−47.0364




	
2

	
1

	
17.0667

	
9.34861

	
0.372

	
−9.4969

	
43.6303




	
3

	
−39.0667 *

	
9.34861

	
0.001

	
−65.6303

	
−12.5031




	
4

	
−61.1333 *

	
9.34861

	
0.000

	
−87.6969

	
−34.5697




	
5

	
−56.5333 *

	
9.34861

	
0.000

	
−83.0969

	
−29.9697




	
3

	
1

	
56.1333 *

	
9.34861

	
0.000

	
29.5697

	
82.6969




	
2

	
39.0667 *

	
9.34861

	
0.001

	
12.5031

	
65.6303




	
4

	
−22.0667

	
9.34861

	
0.145

	
−48.6303

	
4.4969




	
5

	
−17.4667

	
9.34861

	
0.349

	
−44.0303

	
9.0969




	
4

	
1

	
78.2000 *

	
9.34861

	
0.000

	
51.6364

	
104.7636




	
2

	
61.1333 *

	
9.34861

	
0.000

	
34.5697

	
87.6969




	
3

	
22.0667

	
9.34861

	
0.145

	
−4.4969

	
48.6303




	
5

	
4.6000

	
9.34861

	
0.988

	
−21.9636

	
31.1636




	
5

	
1

	
73.6000 *

	
9.34861

	
0.000

	
47.0364

	
100.1636




	
2

	
56.5333 *

	
9.34861

	
0.000

	
29.9697

	
83.0969




	
3

	
17.4667

	
9.34861

	
0.349

	
9.0969

	
44.0303




	
4

	
−4.6000

	
9.34861

	
0.988

	
−31.1636

	
21.9636






* The mean difference is significant at the 0.05 level.








The results are in accordance with the behavior of hMSCs. Mesodermal stem cells isolated from bone marrow have an adherent nature and are able to respond to their adhesion surface, such as roughness and fractal dimension, in our case. The combination of the PMMA microsystem and its pre-treatment with TFs medium constitutes a valid system to evaluate the effect of different compounds, such as chemical agents, drugs, viruses, or toxins in hMSCs adhesion behavior. This is important due to the regenerative properties against trauma or aging carried out in vivo by these cells. In the microsystem, hMSCs reach a velocity value of 6000 μm/day, helping to show the positive impact of incorporating design-defined fractal microtextures to promote cell motility and eventual tissue growth. Results from 2D cell cultures on planar substrates have previously led to values of 700 μm/day, while the use of micro-patterned grooves has promoted a velocity of up to 1000 μm/day and encouraged interest in using surface patterns to promote cell culture strategies [47]. Recent research has also demonstrated the beneficial use of anisotropic nanopatterns to drive stem cell migration and has shown cell velocity values of up to 960 μm/day along the direction parallel to the pattern and up to 600 μm/day along the direction perpendicular to the pattern [48].

In our opinion, the use of design-defined microtextured channels provides a more three-dimensional approach, in accordance with recent results, highlighting that 1D cell culture is more similar to 3D conditions than more conventional 2D cell culture on planar surfaces [35]. According to Doyle and colleagues, cell migration in both 1D and 3D is rapid, uniaxial, and independent of extra-cellular matrix ligand density, in contrast to 2D cultures, which brings out the need for alternative solutions aimed at a more adequate reproduction of the 3D environment [48]. We truly believe that our approach of providing 1D cell culture along channels with inner three-dimensional features can help with further studies linked to comparing 1D, 2D, and 3D cell culture, as well as take into account non-integer values, using a fractal-based definition of dimension. The noteworthy values of cell velocity obtained help to verify the potential of these kinds of design combinations and of the relevant use of a pre-treatment with TFs medium.



As for the future, we expect to carry out additional experiments with the microsystem replicas for specifically focusing on these interesting behaviors, which may also be influenced by the type of cell cultures, the incorporation of additional chemicals, the use of special surface functionalizations, and the total number of cells cultured. In any case, we truly believe that the presented microsystem is an interesting resource for further studying cell dynamics and behavior, as the results presented show. Another interesting issue is that if cells are cultured for longer times, this is linked to studying the influence of surface topography on the differentiation of cells into relevant tissues and final tissue viability. In future trials, we expect to evaluate which channels are more adipogenic and which more osteogenic, according to groundbreaking research [49].

The use of ultrahigh precision additive manufacturing technologies, especially direct laser writing based on two-photon polymerization [50,51], may help to further reduce the size of the proposed microsystem down to 10 μm-wide channels and surface roughness of around 1–5 μm, as we have already verified [42]. Such size reduction may help with trying to obtain a single row of cells crawling along the channels to obtain a more ideal single cell behavior and to assess the effect of more subtle topographies on cell response. However, such size reduction entails considerable manipulation difficulties and novel challenges linked to cell culture, as well as some yet unsolved limitations regarding mass production.

Combining manufacturing technologies in order to obtain similar microsystems to the one proposed here but covering a wider range of surface topographies, from hundreds of nm to hundreds of μm, will be useful for increasing our knowledge of cell dynamics and response to surface topography. We expect to achieve this in forthcoming studies in collaboration with all colleagues that may find this approach of interest or, at least, of help as a complement to their current methods. Fractal-based design approaches, together with additive manufacture and replication techniques, may well indeed be useful for controlling such textures from the design stage. Additional research will be devoted to applying the proposed textures to the surfaces of more complex biodevices, as the use of biomimetic textures has been reported as a key towards more effective medical devices [52].




4. Main Conclusions

In this study we have presented the complete development and experimental validation of a microsystem aimed to systematically assess the impact of surface topography on cell adhesion, behavior, and dynamics. The microsystem includes two pools: for culturing cells, and for including chemical agents, nutrients, growth or trophic factors, and pathogens, among other interesting possibilities. The pools are connected by several channels with different microtextures, along which cells are able to crawl from one well to another. The impact of channel surface topography on cell performance, as well as the influence of other relevant factors, can therefore be assessed. The microsystem stands out for its ability to precisely define the surface topographies from the design stage and also has the advantage of including the different textures of study in a single device. The cell culture processes carried out, using human mesenchymal stem cells (hMSCs) with the incorporation of growth factors, have helped validate the microsystem performance and bring to light interesting phenomena and behaviors of cells. The impact of surface topography on cell adhesion, motility, and velocity has been quantified, and the relevance of using growth factors for these kinds of studies has been analyzed. The main results are in line with the experiences of several colleagues, but quite a few interesting questions, which will guide future studies, have also arisen.
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