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A B S T R A C T   

The combinational density of immobilized functional molecules on biomaterial surfaces directs cell behaviors. However, limited by the low efficiency of traditional 
low-throughput experimental methods, investigation and optimization of the combinational density remain daunting challenges. Herein, we report a high- 
throughput screening set-up to study biomaterial surface functionalization by integrating photo-controlled thiol-ene surface chemistry and machine learning- 
based label-free cell identification and statistics. Through such a strategy, a specific surface combinational density of polyethylene glycol (PEG) and arginine- 
glutamic acid-aspartic acid-valine peptide (REDV) leads to high endothelial cell (EC) selectivity against smooth muscle cell (SMC) was identified. The composi-
tion was translated as a coating formula to modify medical nickel-titanium alloy surfaces, which was then proved to improve EC competitiveness and induce 
endothelialization. This work provided a high-throughput method to investigate behaviors of co-cultured cells on biomaterial surfaces modified with combinatorial 
functional molecules.   

1. Introduction 

The ability to dictate cell behaviors and tissue regeneration is crucial 
for many biomedical devices [1–7]. For example, surface endotheliali-
zation is highly desired for many implantable cardiovascular devices, 
such as intravascular stents and artificial heart valves [8–10]. 
Co-grafting of multiple functional molecules could endow biomaterials 
with specialized properties to achieve complex biological goals [11–13]. 
While the spatial presentation and density of functional molecules 
largely determine cell responses [14], systematic quantitative studies on 
surface co-grafting remain challenging due to the difficulties associated 
with preparing and testing massive samples in orthogonal experiments 
[15–17]. 

High-throughput screening methods have been developed to inves-
tigate the interactions between cells and a vast number of biomaterials 
using highly integrated chips [18–23]. For example, miniaturized chips 
of polymer microarrays were used to study macrophage polarization and 

stem cell differentiation on the surfaces of biomaterials [24,25]. 
Compared with microarrays, chips with continuous gradients possess 
higher integration as every position along the gradients has unique 
properties [26]. Surfaces with chemical gradients are ideal for studying 
how the density of grafted molecules affects cell behaviors [14,27–29]. 
Furthermore, chips with orthogonal gradients formed by two indepen-
dent gradients possess even higher integration and could be used to 
study the combinational effects of two different functional molecules on 
cell behaviors [30–32]. 

Despite the recent progress made in high-throughput experimental 
methods, the cumbersome manual data acquisition and analysis restrict 
the systematic study of biological effects on biomolecule co-grafted 
surfaces [17]. In addition, traditional cytological analysis always in-
volves fluorescent labeling steps, which may increase the cost of the 
massive screening process, affect cell conditions, and impede real-time 
analysis [26]. Accordingly, the integration of an efficient, automatic, 
and low-cost method for cell characterization is essential for the 
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high-throughput screening process. Artificial intelligence has provided 
new solutions for efficient image processing and analysis [33]. Recently, 
our group has developed a machine learning-based image analysis 
method using combinational models to identify endothelial cells (ECs) 
and smooth muscle cells (SMCs) in a co-culture system [34]. The algo-
rithm achieved automatic identification and statistics of co-cultured 
cells without any fluorescent labeling. 

In this work, we developed a high-throughput workflow to screen the 
optimal surface combinational densities of two functional molecules to 
direct endothelialization by integrating chips with orthogonal gradients 
and machine learning-based automatic cell recognition (Fig. 1). 
Arginine-glutamic acid-aspartic acid-valine peptide (REDV) is a func-
tional peptide that promotes the adhesion of ECs. In our previous study, 
we found that grafting REDV with a nonfouling polymer could enhance 
the preferential growth of ECs over SMCs on the surface through the 
synergistic action of the nonspecific resistance and specific cell inter-
action [12]. Herein, with the high-throughput setup, we were able to dig 
deeper into the phenomenon and found the optimal combinational 
densities of polyethylene glycol (PEG) and REDV. The surface modified 
with PEG and REDV at their optimal densities showed a high competi-
tive coefficient of ECs over SMCs. The composition was translated as a 
coating formula to medical nickel-titanium alloy sheets, which showed 
excellent EC selectivity and induced endothelialization. 

2. Results and discussion 

2.1. Chips with orthogonal gradients 

The chips with orthogonal gradients of two functional molecules can 
be considered material libraries with high integration. Thiol-terminated 
PEG and REDV were conjugated onto the surface of acrylated glass sides 
through thiol-ene chemistry. The orthogonal gradients were fabricated 

via a two-step reaction using light filter-controlled gradient ultraviolet 
(UV) irradiation. Specifically, surface acrylated glass slides (SA-slides) 
were fabricated by modifying glass slides (1 cm × 5 cm and 2 cm × 2 cm) 
with 3-Methacryloxypropyltrimethoxysilane (MEMO) (Fig. 2a). To find 
out the appropriate reaction condition to prepare the orthogonal gra-
dients, a series of concentrations of the mono-thiolated PEG were 
reacted with SA-slides, and the conjugation densities were measured 
(Fig. S1). The results indicated that 5 mM of thiol-terminated molecules 
achieved the highest grafting amount by a short UV light irradiation (40 
mW/cm2, 15 s). To leave adequate acylate groups for the second reac-
tion step, 2.5 mM PEG was used to modify the chip surface in the first 
reaction step. A light filter with gradient transmission (Fig. S2) was used 
to generate the first continuous gradient of PEG (Fig. 2b). The obtained 
samples were first characterized by water contact angle (WCA) mea-
surement. As shown in Fig. 2c, the WCA of the surfaces decreased (from 
73.5 ± 1.0 to 34.5 ± 0.9◦) along the direction of the gradient, due to the 
increased PEG grafting density. To visualize the gradients, fluorescein 
isothiocyanate isomer labeled PEG (PEG-FITC) was mixed in the reac-
tion solution before fabrication. As shown in Fig. S3a, the fluorescence 
intensity increased continuously along the gradient, consistent with the 
WCA result. The grafting density of PEG was calculated via a standard 
curve correlating the fluorescence intensity and PEG density (Fig. S3c), 
showing that the PEG density increased from 19.3 ± 3.0 to 55.5 ± 1.5 
ng/cm2 along the gradient (Fig. 2d). A chip with the REDV gradient was 
also fabricated and characterized, showing a similar trend with the PEG 
gradient (Fig. 2e, f, and Figs. S3b, d, f). X-ray photoelectron spectroscopy 
(XPS) was used to further characterize the REDV gradient. Five spots 
along the chip were chosen, and the grafting densities calculated using 
intensities from nitrogen atoms were consistent with that calculated 
with the fluorescent intensity (Fig. 2g and h, Table S1). 

The chip with orthogonal gradients was fabricated on a 2 cm × 2 cm 
SA-slide via the two-step reaction (Fig. 3a). After the formation of the 

Fig. 1. Schematic illustration of the high-throughput workflow. For the rapid study of cell competitiveness induced by the combinational densities of surface co- 
grafted PEG and REDV, the chips with orthogonal gradients of PEG and REDV were fabricated on glass slides through thiol-ene chemistry. The adhered cells 
were then photographed and analyzed by a machine learning-based method to identify the optimal composition to induce endothelialization. Finally, the optimal 
composition was translated as a coating formula for implantable cardiovascular devices. 
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PEG gradient in one direction, the light filter was rotated for 90◦ to 
fabricate the REDV gradient in the orthogonal direction. The obtained 
surfaces were characterized by fluorescence intensity and WCA mea-
surement. The chip showed orthogonal gradients with green color 
labeled PEG and red color labeled REDV (Fig. 3b, Fig. S4). Since both 
functional molecules increase the surface hydrophilicity, the WCAs 
decreased along the diagonal line (Fig. S5). As shown in Fig. 3c and d, 
the grafting density of PEG and REDV in the orthogonal gradients were 
determined through fluorescence calibration, and similar results were 
obtained compared with that of the single gradients (Fig. 2d, f). 

2.2. Machine learning-based cell recognition 

The chip with orthogonal gradients enables high-throughput testing 

of the cellular behaviors with combinational densities of PEG and REDV. 
When culturing cells on the chip, data can be easily collected using a 
microscope. However, in a co-culture system of ECs and SMCs, tradi-
tional methods to identify and count different types of cells from the 
image still need fluorescent labeling and semi-automatic statistics. To 
realize real high-throughput testing, we developed a label-free machine- 
learning method to automatically analyze the cells in the co-cultured 
system [34]. As shown in Fig. 4b, the machine learning workflow is 
composed of three steps. First, a modified UNet model (ResUNet) is used 
to predict binary images of cell nuclei based on brightfield images. Then, 
two unsupervised clustering algorithms of density-based spatial clus-
tering of applications with noise (DBSCAN) and K-means are used to 
return the coordinates of each nucleus. Finally, single-cell images are 
segmented from the brightfield images based on the returned 

Fig. 2. Fabrication and characterization of the single gradients. Scheme of the a) surface modification approach and b) fabrication of continuous gradients. The c) 
water contact angle and d) PEG grafting density of the chip with a single PEG gradient. The e) water contact angle and f) REDV grafting density of the chip with a 
single REDV gradient. g) High-resolution N spectrums and h) grafting densities of 5 spots along the REDV gradient. 
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coordinates and sent into a convolutional neural network with a skip 
connection (ResNet50V2) for classification. In this way, each cell in 
brightfield images can be located and identified. In the combinational 
method, the ResUNet and ResNet50V2 require supervised training 
before application. Considering that the PEG coating may affect cell 
morphology, we trained the models with cell images collected on single 
gradients of PEG and then applied the models to orthogonal gradient 
samples (Fig. 4a). The images were obtained under a microscope at the 
magnification of 100 × (Fig. 4c and d). On the testing set, ResNet50V2 
achieved a classification accuracy of above 0.95 while ResUNet had a 
dice loss of 0.11 (Fig. 4e and f), suggesting the reliability of the models in 
analyzing the cell images. As the cell recognition was achieved by using 
brightfield images, the impacts of fluorescence labeling towards cell 
conditions were avoided, as a result, this method may also realize 
real-time monitoring for cell behaviors including adhesion, prolifera-
tion, and migration of different cell types in a co-culture system. 

2.3. High-throughput screening of the combinational densities of PEG and 
REDV 

With the established high-throughput experimental and data 
analytical methods, we used the workflow to study the effect of 
combinational densities of PEG and REDV on the cell competitiveness of 
ECs and SMCs. Equal amounts of ECs and SMCs were seeded on the 
orthogonal gradient chips (SA-slides were used as controls). After co- 
cultured for 4 h, stitched large images of the cells were acquired using 
automatic scanning of a microscope. The picture was further divided 
into 255 subareas (15 × 15) by a python script as the inputs of the 
machine learning models. The models then output the marked images 
(Fig. 5a and b) and quantitative data of EC and SMC counting in each 
subarea (Fig. 5c). To prove the correctness of the machine learning 
method, we also manually counted the cell numbers in five randomly 
selected areas after the cells were fluorescently labeled. As presented in 
Fig. S7, the cell adhesion densities obtained with these two approaches 
were consistent, suggesting the reliability of the cell identification and 
counting results from the machine learning method. 

The cell counting results of the whole chip were shown in Fig. 5. 

Along the gradient of REDV, the attachment of both types of cells 
increased as the peptide promotes adhesion by binding with integrin 
α4β1 [35]. On the other hand, the cell attachments were more sensitive 
to PEG densities in the low REDV density region, suggesting that the 
specific interaction between REDV and cell surface outperformed the 
nonspecific resistance from grafted PEG. Along the PEG gradient, the 
cell attachments first decreased as the PEG density increased. When the 
PEG density is greater than 50 ng/cm2, the cell attachment numbers 
recovered to some extent, possibly due to the exhibited hydrophobicity 
caused by the assembling of the terminal methoxy groups [36]. 

The screening results showed that the combination of non-specific 
antifouling PEG and specific recognizing REDV peptide leads to cell 
selectivity in some but not all areas on the chip, indicating the impor-
tance of the combinational density of the two functional molecules 
(Fig. 5e). By contrast, the EC density is slightly lower than SMC density 
on the ungrafted SA-slides with a competitive coefficient of − 0.13, 
suggesting no EC selectivity (area α in Fig. 5c, marked with red dashed 
frames in Fig. 5c–e). As shown in Fig. 5c, f, g, and Fig. S8, we selected 
and compared the cell adhesion on 3 areas with extreme characteristics 
including area β (high PEG density but low REDV density), area γ (low 
PEG density but high REDV density), and area δ (high densities of both 
PEG and REDV), with that of the ungrafted control slide. Although the 
area β showed a moderate cell selectivity with a competitive coefficient 
of 16.1, the attached EC number is low due to the nonspecific resistance 
to cell adhesion from the PEG molecules. The area γ and δ showed 
similar cell adhesion behavior regardless of the difference in PEG den-
sities, showing weak cell selectivities with the high REDV grafting 
density. 

The highest competitive coefficient on the chip appeared in area ε 
(marked with orange dashed frames in Fig. 5c–e), with a moderate PEG 
density of 40.7 ng/cm2 and a low REDV density of 15.6 ng/cm2. To 
understand the key factors affecting the competitive coefficients, we 
further analyzed the cell attachments on a series of areas that have 
similar density ratios of PEG/REDV (molar ratio 1.52–1.72) with that of 
the area ε (Fig. 5d, h-m). The results showed that both the ECs and SMCs 
attached more on the surface with increased densities of the immobi-
lized molecules. Although the molar ratio of these two molecules kept 

Fig. 3. Fabrication and characterization of the orthogonal gradients. a) Scheme of the fabrication process of the chip with orthogonal gradients. b) Fluorescent image 
(Scale bar: 2 mm) of the chip. PEG was labeled green and REDV was labeled red. Grafting densities of c) PEG and d) REDV along the two directions of the chip with 
orthogonal gradients. 
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the same, the competitive coefficient first showed an upward trend to 
reach the peak, and then dropped quickly when the densities increased. 
The ratio of two different functional molecules immobilized on a 
biomaterial surface was often considered the key factor to determine cell 
behavior at the interface [14]. However, our results showed that the 
absolute density of the functional molecules in a co-grafting system also 
plays a key role to determine the biological effects at the material 
interface. With our high-throughput screening approach, the optimal 
combinational densities of immobilized PEG and REDV were efficiently 

identified to maximize the cell-selective function. 

2.4. Validation on macro-surfaces 

We identified the optimal combinational densities of the PEG/REDV 
on the chip with continuous orthogonal gradients. However, the cell 
adhesion on a micro-surface on the chip might be affected by its 
neighboring areas. The next question needs to be answered is that 
whether such combinational densities exhibit the same biological 

Fig. 4. Machine learning-based label-free cell analysis. a) Schematic illustration of the process. To obtain the training dataset for the machine learning models, cells 
were cultured on a chip with a single PEG gradient. Strictly paired brightfield images and fluorescent images (100 × ) of the cells were collected for the training, 
validation, and testing of the models. When analyzing co-cultured cells using the trained models, only brightfield images (100 × ) were collected and used for the 
identification and statistics of cells. b) Schematic illustration of the label-free cell analysis process of the machine learning methods. c) Representative cell images 
obtained on the chip with PEG gradient used for model testing. d) A representative image in the testing set for ResUNet. Left: brightfield image; middle: binarized 
fluorescent image with DAPI labeling; right: the model predicted image. The e) classification accuracy and f) dice loss of ResNet50V2 on the training, validation, and 
testing sets. 
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Fig. 5. Screening of the combinational densities of PEG/REDV on the chip with the orthogonal gradients. a) The processed image of the co-cultured cells on the chip. 
A bright field image of the cells was taken and processed by the machine learning-based label-free cell analysis to identify and count the cells. ECs are shown in red, 
and SMCs are shown in green. b) Zoomed-in image of the area in the orange dashed frame. Heat maps showing c) the EC density, d) the SMC density, and e) the 
competitive coefficient obtained by the machine learning-based analysis. The heat maps were obtained from three independent samples. The area in the upper left 
corner within the red dashed frame shows the EC density, the SMC density, and the competitive coefficient obtained from the SA-slide with no gradient. The orange 
dashed frame highlights the spot with the highest competitive coefficient. The f) grafting densities of PEG and REDV and g) the corresponding cell densities and 
competitive coefficients of the labeled areas in panel c (The results of significant difference analysis were shown in Fig. S8). The h) PEG grafting densities, i) REDV 
grafting densities, j) PEG/REDV ratios, k) EC densities, l) SMC densities, and m) competitive coefficients of the 8 marked areas in panel d. These areas have similar 
PEG/REDV ratios with the area that has the highest competitive coefficient (area c). Statistical significance was assessed with the analysis of variance test, *p < 0.05, 
**p < 0.01, ***p < 0.001. p < 0.05 denotes significant difference. 

H. Hao et al.                                                                                                                                                                                                                                     



Bioactive Materials 28 (2023) 1–11

7

function on an independent large surface as that on the chip. To this end, 
6 areas (as marked in Fig. 5e) including the one with the highest 
competitive coefficient (area 2) were chosen from the orthogonal gra-
dients and translated to 2 cm × 2 cm large surfaces. The samples were 
prepared using light filters with homogeneous transmittances and 
characterized by the WCA test and fluorescence imaging. As shown in 
Fig. 6a, b and S8, the large surfaces showed the same combinational 
densities of the two molecules and WCAs as their corresponding areas on 
the chip. In the co-culture test, the attachments of ECs and SMCs showed 
similar results on the large surfaces as that on the micro-surfaces 
(Fig. 6c, d and S9), demonstrating that the combinational densities ob-
tained from the continuous orthogonal gradients were also valid on 
large, homogeneous samples. 

2.5. Translating to nickel-titanium alloy surfaces 

The ultimate objective of improving EC competitiveness against SMC 
is to induce fast endothelialization on blood-contacting biomaterial 
implantations. Successful translation of the optimal combinational 
densities from the high throughput screening to a surface coating for-
mula for materials used in clinical applications is crucial. To this end, 
medical-grade nickel-titanium alloy sheets were used as exemplary 
substrates and grafted with PEG and REDV under optimal modification 
conditions. Cell adhesion and proliferation were studied on the obtained 
samples using untreated nickel-titanium alloy sheets (Ut-sheets) as 
controls. As shown in Fig. 7a, b, a considerable amount of both ECs and 
SMCs adhered on the Ut-sheets, while PEG and REDV modified sheets 
(P&R-sheets) only supported EC adhesion with excellent EC selectivity. 
After 3 days of culture, the existence of a large number of SMCs astricted 
ECs to limited areas and hindered the formation of homogeneous 
endothelium on Ut-sheets. By contrast, integral endothelium was formed 

on P&R-sheets. The cell proliferation was also studied on acrylate 
modified medical nickel-titanium alloy sheets, showing similar results as 
the Ut-sheets (Fig. S11). 

The integrity of the formed EC monolayers was further characterized 
by staining CD31 (platelet endothelial cell adhesion molecule-1, red), 
vWF (von Willebrand Factor, green) and cell nuclei (blue) (Fig. 7c). 
After 3 days of co-culture, the EC layers showed an island morphology 
that was surrounded by large areas of SMC layers on Ut-sheets. By 
contrast, ECs formed relatively integrated monolayers on the coated 
P&R-sheets with continuous surface expression of vWF and CD31, sug-
gesting successful endothelialization. Vascular endothelium produces 
multiple vasoconstrictive and vasodilatory substances with anticoagu-
lant or antithrombotic functions to maintain vascular homeostasis [37, 
38]. To evaluate the function of EC monolayers formed on P&R-sheets, 
the expressions of tissue-type plasminogen activator (tPA), prostacyclin 
(PGI-2), and nitric oxide (NO), were characterized. As shown in Fig. 7d, 
the EC monolayers formed on P&R-sheets showed significantly higher 
expressions of tPA, PGI-2, and NO than that on the Ut-sheets, respec-
tively. The P&R-sheets supported ECs to form integrated monolayers 
with biological functions, which is highly desired for the implantable 
cardiovascular devices. These results indicate the successful translation 
of the optimal combinational densities of PEG/REDV to a coating for-
mula for implantable biomaterials. 

3. Conclusion 

In summary, we built a high-throughput workflow by integrating 
orthogonal gradient chips with the machine learning-based cellular 
analysis for systematic study of the biological effects of surface co- 
grafted functional molecules. With this setup, the effects of the combi-
national densities of PEG and REDV on cell competitiveness in the EC/ 

Fig. 6. Validation of the combinational densities of PEG/REDV on scaled-up surfaces. The comparison of a) fluorescent intensities and b) WCAs of the micro-areas 
(1–6 in Fig. 5e) from the chip and the corresponding scaled-up samples. The statistics c) and d) photographs of co-cultured ECs and SMCs on the micro-areas of the 
chip and the scaled-up samples (Scale bar: 0.2 mm, the original photo is shown in Fig. S10). Statistical significance was assessed with the analysis of variance test, a 
probability value of p < 0.05 is considered significant, and no statistical significance was found between all results (including fluorescence intensity, WCA, and cell 
density) when comparing the micro-areas and the corresponding scaled-up samples. 
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SMC co-culture was studied, and an optimal composition was identified 
to induce the highest EC selectivity. The biological effects of the com-
positions found through the orthogonal gradients were successfully 
validated on independent large surfaces. In addition, the optimal 
composition was translated as a surface coating formula for implantable 
cardiovascular devices. The workflow provided an efficient way for 
high-throughput study and screening of the biological effects mediated 
by the combinations of different surface immobilized functional 
molecules. 

4. Methods 

Materials. Thiol terminated mPEG (liner, Mw = 1000) and Fluo-
rescein isothiocyanate isomer labeled Mono-thiolated mPEG (PEG-FITC, 
the molecular weight of PEG was 1000) were purchased from Seebio 
Biotech (Shanghai) Co., Ltd. 3-Methacryloxypropyltrimethoxysilane 
(MEMO, 95%) was purchased from J&K Scientific. Irgacure2959 
(I2959, 2-Hydroxy-4’-(2- Hydroxyethoxy)-2-methylpropiophenone) 
was purchased from Sigma-Aldrich. Ethanol, 2-Hydroxy-1-ethanethiol, 
toluene, sulphuric acid (98%), and hydrogen peroxide (30%) were 
purchased from China Pharmaceutical Group Chemical Reagents Co., 
Ltd. L-Cysteine-arginine-glutamic acid-aspartic acid-valine peptide 
(REDV) and carboxytetramethylrhodamine labeled L-Cysteine-arginine- 
glutamic acid-aspartic acid-valine peptide (REDV-TRAMA) were pur-
chased from NJPeptide, China. Light filters with light transmittance 
gradient or constant light transmittance were designed using AutoCAD 
and fabricated by Beijing Daheng Photoelectric Technology Company. 
The water used in this work was purified by the Milli-Q system (Milli-
pore, USA). 

Fabrication of surface acrylated substrate. Glass slides were 
washed with water 3 times and immersed in piranha solution (H2SO4: 
H2O2 = 7:3; v/v) for 15 min. Then, they were washed repeatedly with 
water 3 times and dried with nitrogen. Next, they were immersed in the 
MEMO solution (0.5 vol% in toluene) for 8 h. Finally, the samples were 
washed with toluene, ethanol, and water 2 times, respectively, and dried 
under 37 ◦C. For the fabrication of MEMO-modified medical nickel- 
titanium alloy sheets, the sheets were washed with water and ethanol 
3 times, respectively, dried with nitrogen, and treated with plasma. 
Then the sheets were treated with MEMO solution, washed, and dried in 
the same way described above. 

Fabrication of gradients and scaled-up samples. Aqueous reac-
tion solutions of I2959 (0.05 wt%) and PEG (or REDV, 2.5 mM) were 
prepared using distilled water. To create single gradients, 12.5 μL/cm2 

of the reaction solution was pipetted onto an SA-slide, and an equal- 
sized light filter with a light transmittance gradient was placed on top 
of the solution to form a thin layer in contact with the glass slide, the 
slide was then exposed to UV light (40 mW/cm2) for 15 s, washed with 
water 5 times to remove unbound PEG (or REDV), and dried with ni-
trogen. To create orthogonal gradients, after creating an initial PEG 
gradient, the slide was covered by the reaction solution of REDV and 
I2959 and exposed to UV light in the same condition with the light filter 
rotated for 90◦. For the fabrication of scaled-up samples, light filters 
possessing constant light transmittance were used instead of that with 
light transmittance gradients. Medical nickel-titanium alloy sheets 
modified with PEG and REDV were fabricated in the same way, with 
MEMO-modified medical nickel-titanium alloy sheets used instead of 
SA-slides. 

Surface characterization. The water contact angle of the samples 

Fig. 7. Endothelialization on the coated nickel-titanium alloy surfaces. a) Photographs and b) the corresponding cell densities of ECs and SMCs on Ut-sheets and 
P&R-sheets after different culture times (Scale bar: 0.1 mm, the original photo is shown in Fig. S12). Pre-stained ECs and SMCs were seeded on the samples, and 
photographed after certain periods (4 h for adhesion, 1–3 days for proliferation). c) The morphology of cell monolayers formed on Ut-sheets and P&R-sheets. The ECs 
were stained for CD31 (green), and vWF (red) and both ECs and SMCs were stained for nuclei (blue) (Scale bars: 0.1 mm, the original photo is shown in Fig. S13). d) 
The concentrations of tPA, PGI-2, and NO released in the culture media from ECs grown on the Ut-sheets and P&R-sheets. Statistical significance was assessed with 
the analysis of variance test, *p < 0.05; **p < 0.01; ***p < 0.001; ns means not significant. p < 0.05 denotes significant difference. 
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was carried out with a contact angle measurement (Kruss DSA 100). 5 μL 
distilled water was applied with a syringe needle to the sample. The 
values quoted are the average of five measurements on parallel samples. 

To characterize the presence of single and orthogonal gradients by 
fluorescence intensity, PEG containing 2 mol% PEG-FITC and REDV 
containing 2 mol% REDV-TRAMA were used to fabricate the gradients. 
Fluorescent photographs were taken using a fluorescence microscope 
(Nikon intensilight C-HGFI) and merged using NIS-Elements AR soft-
ware for orthogonal gradients. The fluorescent photographs of gradients 
were divided equally into certain parts along the gradients (for single 
gradients, the fluorescent photographs were divided equally into 10 
parts, while for orthogonal gradients, 1.5 mm of edges was firstly 
removed for fluorescent photographs of each channel, the rest part was 
then divided equally into 15 parts), and the mean intensity for each part 
was computed and averaged using ImageJ software. The values quoted 
are the average of three measurements on parallel samples. For the 
calculation of grafting density, aqueous solutions of different concen-
trations of PEG (containing 2 mol% PEG-FITC or REDV containing 2 mol 
% REDV-TRAMA) were pipetted onto SA-slide and dried to form spots 
with different PEG (or REDV) density. After fluorescence imaging, the 
fluorescence intensity of the spots was computed and averaged using 
ImageJ software (the values quoted are the average of five measure-
ments on parallel samples), a standard calibration curve of fluorescence 
intensity and density was then obtained and used to calculate the 
grafting densities of gradient samples. 

XPS data were obtained with a Thermo Scientific ESCALAB 250Xi 
equipped with an Al Ka X-ray source (1486.6 eV). All spectra were 
collected at a take-off angle of 30◦ to the surface of the sample. 5 points 
on the REDV gradient were characterized, the corresponding grafting 
densities were calculated with the theoretical density of MEMO (465 
pmol/cm2) [31,39–42], the ratio of C/N (RC/N) from XPS data, and the 
molecular formula of REDV (C23 N8H40O10S) and MEMO (C10H20O5Si) 
by using the following formula: 

REDV density=
10

8RC/N − 23
× 465 pmol

/

cm2 

Cell isolation and culture. Human primary umbilical vein endo-
thelial cells (ECs) and human primary umbilical artery smooth muscle 
cells (SMCs) were isolated freshly from human umbilical veins and ar-
teries after approval by the local medical ethics committee and used for 
experiments between 3 and 8 passages. 

ECs were cultured in EC medium supplemented with 10% fetal 
bovine serum, 20 mg/mL ECGF, and 1% UI/mL streptomycin-penicillin 
in a culture dish at 37 ◦C and 5% CO2. SMCs were cultured in SMC 
medium supplemented with 10% fetal bovine serum and 1% UI/mL 
streptomycin-penicillin in a culture dish at 37 ◦C and 5% CO2. The 
culture medium was changed every 3 days and culture dishes with 
80–90% confluence were used for further cell experiments. 

Cell adhesion. Before cell seeding, All samples were immersed in 
aqueous reaction solutions of I2959 (0.05 wt%) and 2-Hydroxy-1-etha-
nethiol (0.3 vol%) and exposed to UV light (40 mW/cm2) for 10 min, 
and washed with water 5 times. ECs and SMCs were stained by adding 
CellTracker™ Orange CMTMR (5-(and-6)-(((4chloromethyl)benzoyl) 
amino)tetramethylrhodamine) (1 μg/mL) and CellTracker™ Green 
CMFDA (5-chloromethylfluorescein diacetate) (1 μg/mL), respectively, 
for 30 min. Then both ECs and SMCs were detached, resuspended in EC 
medium with 20 mg/mL ECGF and 1% UI/mL streptomycin-penicillin, 
mixed in a 1:1 ratio, seeded on samples in 6-well plates with a cell 
density of 10000 cells/cm2 (5000 cells/cm2 for each type of cells), and 
incubated for 4 h. Finally, the cells were fixed with paraformaldehyde 
and fluorescently photographed using a fluorescence microscope (Nikon 
intensilight C-HGFI). 

Image preprocessing and machine learning models. An inverted 
microscope (ECLIPSE Ti2, Nikon, Japan) was used to capture all the 
images in our study in a phase contrast channel or a fluorescent channel. 

In the training and testing stage, large images of 100 × collected from 
PEG gradients were directly cut into smaller images of 512 × 512 px2 for 
ResUNet. Single cell images (128 × 128 px2) for ResNet50V2 were also 
cut from large images according to the locations of cell nuclei returned 
by clustering algorithms applied on fluorescent channel. Training sets, 
validation sets, and testing sets were randomly divided at the ratio of 
8:1:1. Specific numbers of image in each set were presented in Table S2. 

Please see our previous publication [34] for the detailed model ar-
chitectures and design of the method. For the training of ResUNet, the 
binary training labels were obtained from the original DAPI channel by 
calling cv2.adaptiveThreshold. An adam optimizer was used to mini-
mize the dice loss between the binary labels and predictions. The 
training went for 40 epochs with a batch size of 2. The model achieved 
the lowest loss on the validation set was saved for testing and applica-
tion on orthogonal gradients. The low-bound parameter in the clustering 
step to leave out noises was reduced to 50 (100 in our previous study) 
considering the lower magnification of images here. For the training of 
ResNet50V2, an SGD optimizer with momentum of 0.9 was used to 
minimize the categorical cross entropy. The initial learning rate was set 
as 0.0001 and set to decrease 50% per 15 epochs. The training went for 
60 epochs with a batch size of 32. The model achieved the highest ac-
curacy on the validation set was saved for testing and application on 
orthogonal gradients. At the application stage, the input size of ResUNet 
was adjusted to 1536 × 1536 px2 which is close to an independently 
captured normal image using our microscope (1608 × 1608 px2). 255 
subareas were separately put into models for prediction. The 255 output 
images with markers were then stitched to a large one using a python 
script. The method can at the same time return an excel file containing 
all the predicted numbers of EC and SMC in each subarea. 

Competitive coefficient. The competitive coefficient is expected to 
reflect the adhesion advantage of EC over SMC and the absolute cell 
density at the same time. It should meet two requirements. First, it in-
creases with the density of EC and decreases with the density of SMC. 
Second, it should avoid the situation that 0 is divisor as what will happen 
when simply using the ratio of two cells as the index. Accordingly, it is 
defined as below, where EC and SMC are the densities (/mm2) of the two 
cells. 

Competitive Coefficient=(EC − SMC)δ− SMC 

(EC-SMC) reflects the adhesion advantage of EC over SMC, while 
δ− SMC is a penalty term reflecting the absolute density of SMC. δ is a 
constant used to control the change rate of the penalty term. Because 
SMC was under 60/mm2 in our study, δ was set as 1.05. The curve of 
penalty term as a function of SMC density was presented in Fig. S14. 

Cell Proliferation. ECs and SMCs were stained, detached, resus-
pended, and mixed in the same way for cell adhesion as described above, 
and seeded on samples in 6-well plates with a cell density of 10000 cells/ 
cm2 (5000 cells/cm2 for each type of cells). After certain incubation time 
(4 h, 1 day, 2 days, and 3 days), the cells were fixed with para-
formaldehyde and fluorescently photographed using a fluorescence 
microscope (Nikon intensilight C-HGFI). Cells on each slide were 
counted manually. The values quoted are the average of five measure-
ments on parallel samples. 

Characterization of EC Monolayer. ECs and SMCs suspension in EC 
medium with 20 mg/mL ECGF and 1% UI/mL streptomycin-penicillin 
were mixed in a 1:1 ratio and seeded on samples in 6-well plates with 
a cell density of 20000 cells/cm2 (10000 cells/cm2 for each type of 
cells). After 3 d culture, the cells were fixed with paraformaldehyde and 
treated with 0.1% Triton X-100. Cell staining was performed for nuclei 
(1:100, DAPI, Sigma), von Willebrand factor (anti-vWF-FITC, Invi-
trogen), and CD31 (anti-CD31-red, Sigma). Images were obtained using 
fluorescence microscope (Nikon intensilight C-HGFI). 

To measure the expression of NO, PGI-2, and tPA by EC monolayer, 
the culture medium was changed after 2 d culture, then collected after 
24 h, and measured by NO assay kit, human PGI-2 kit, and human TPA 
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ELISA kit (Feiyubio, China). 
Statistical analysis. Statistical significance was assessed with 

ANOVA test and a probability value of p < 0.05 is considered significant: 
*P < 0.05, **P < 0.01, ***P < 0.001. The error bars represent standard 
deviation of the mean value of each type of experiments. 
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