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Background: A good understanding of the adhesion behaviors of the nanocarriers in microvessels in chemo-hyperthermia synergistic 
therapy is conducive to nanocarrier design for targeted drug delivery.
Methods: In this study, we constructed an artificial blood vessel system using gelatins with a complete endothelial monolayer formed 
on the inner vessel wall. The numbers of adhered NPs under different conditions were measured, as well as the interaction forces 
between the arginine–glycine–aspartic acid (RGD) ligands and endothelial cells.
Results: The experimental results on the adhesion of ligand–coated nanoparticles (NPs) with different sizes and morphologies in the 
blood vessel verified that the gelatin-based artificial vessel possessed good cytocompatibility and mechanical properties, which are 
suitable for the investigation on NP adhesion characteristics in microvessels. When the temperature deviated from 37 °C, an increase 
or decrease in temperature resulted in a decrease in the number of adhered NPs, but the margination probability of NP adhesion 
increased at high temperatures due to the enhanced Brownian movement and flow disturbance. It is found that the effect of cooling was 
less than that of heating according to the observed changes in cell morphology and a decrease in cell activity under the static and 
perfusion culture conditions within the temperature range of 25 °C–43 °C. Furthermore, the measurement results of change in the RGD 
ligand-cell interaction with temperature showed good agreement with those in the number of adhered NPs.
Conclusion: The Findings suggest that designing ligands that can bind to the receptor and are least susceptible to temperature 
variation can be an effective means to enhance drug retention.
Keywords: artificial vessel, drug delivery, nanoparticle, temperature variation, particle–wall adhesion

Introduction
Nanoparticle (NP)-mediated drug delivery has been proven to have the potential for increasing the efficiency of the 
diagnosis and treatment of target lesions.1–3 Various nanocarriers modified with different ligands are being widely 
investigated and developed to enrich the amount of diagnostic/therapeutic agents in target areas and reduce side 
effects.4–6 In recent years, synergistic therapy that combines NP-mediated drug delivery and the action of external fields, 
such as phototherapy, thermal therapy, and electromagnetic therapy, has attracted attention as a promising approach to 
improve targeted drug delivery and release.7,8 The temperature of treated tissues is generally changed under the influence of 
external fields. After nanocarriers are injected into a subject, the behaviors of NP transport in blood vessels and NP 
adhesion on vessel walls are evidently influenced by the NP properties and microenvironment temperature.9–11

The physical properties of NPs play important roles in NP transport and adhesion in blood vessels. Previous studies 
have shown that small spheres tend to adhere to the wall because the Brownian force acting on the NPs dominates over 
the gravity force with the decrease in particle diameter.12–14 Compared with 100 or 200 nm polystyrene spheres, 50 nm 
spheres marginated more significantly in a flow channel made from polymethyl methacrylate (PMMA) and cultured with 
human umbilical vein endothelial cells (HUVECs).15 Small liposomes NPs with diameters of 65–130 nm move to the 
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wall of a microfluidic chamber due to fast Brownian motion.16 NP shape is another crucial factor that influences NP 
transport.17,18 Studies have found that nanorods are more likely to be internalized by HeLa cells through several 
mechanisms of endocytosis19 and exhibit higher deposition than spheres.20 Non-spherical polymer micelles display 
enhanced margination and can persist in the circulation up to more than one week after intravenous injection.21,22 In the 
different stages of particle transport, the optimal size and shape of the NPs is different, therefore it is necessary to 
investigate the size and shape effect of the NPs on the interaction between NPs and tissues.23,24 Moreover, various 
materials and external stimuli have been widely investigated for their effects on drug delivery, including gold NPs,25,26 

silver NPs,27,28 porous silica NPs,29,30 liposome NPs,31,32 temperature,33 magnetic field,34 and ultrasonic.35 NPs coated 
with ligand molecules can bind specifically to the endothelial surface for targeted drug delivery.36–38 Previous studies 
have reported receptor-targeted delivery systems utilizing ICAM-1 and ICAM-1 specific antibodies to increase the 
binding rate of carrier particles.39,40 Ferritin coated with RGDs can also effectively target tumor tissues via the 
interaction between RGDs and integrins.41,42

Furthermore, attempts have been made to enhance NP deposition, cellular uptake, and intracellular drug release by 
thermal, electric, magnetic, optical, and acoustic activation. Studies have shown that the deposition of ferrimagnetic NPs 
in tumor tissues can improve the treatment efficiency of microwave ablation.43,44 In a previous research, gold NPs were 
utilized as thermal sensitizers to absorb radio frequency radiation power and increase heating efficiency.45 The gold– 
silicon nanoshells were injected into mice, and continuous diode laser irradiation effectively reduced the tumor symptoms 
because of the strong near-infrared (NIR) absorption.46 In addition, MR-guided focused ultrasound can reversibly disrupt 
the blood–brain barrier and facilitate the delivery of polystyrene NPs.47 Notably, the application of external fields is 
commonly accompanied with changes in the temperature of treated tissues, which may affect NP transport and NP–cell 
interactions. Generally, the experimental research on the transport and adhesion behaviors of NPs is commonly carried 
out in an artificial blood vessel.48,49 However, up to now, no study has examined the thermal effect caused by an external 
field on NP adhesion in simulated blood vessels. In addition, the majority of existing experimental studies that used 
microchannel technology are based on parallel plate flow chambers or microchannels composed of PMMA22 or 
polydimethylsiloxane (PDMS)16 with avidin, fibronectin or type I collagen from rat tail covered on the surface of the 
simulated microvessel. The mechanical elasticity and permeability of an artificial vessel wall, which are sensitive to flow 
stress, should be similar to those of a real vessel wall as much as possible to facilitate the activity and growth of 
endothelial cells under continuous perfusion.

The objective of this study is to construct an artificial vessel system to investigate the effects of NP properties and 
environmental temperature on NP transport and adhesion characteristics in a microvessel with a blood flow. A gelatin- 
based material was applied to fabricate the vessel, and HUVEC cells were covered on the inner surface of the vessel. 
Then, a corresponding experimental system was developed to simulate the blood flow and NP adhesion in real vessels. 
Under static and perfusion culture conditions, the effects of temperature and blood flow on the morphology and activity 
of the HUVEC cells were observed and analyzed. The adhesion characteristics of arginine–glycine–aspartic acid (RGD)- 
modified NPs with different sizes and shapes on the vessel wall were explored under different temperatures. Moreover, 
the interaction forces between RGD ligands and receptors on HUVEC cells were measured for further analysis of 
temperature influence on NP adhesion.

Materials and Methods
System
Figure 1 shows the constructed experimental system, which consisted of an artificial blood vessel, a microsyringe pump 
(PhD ultra 70–3007, HARVARD, USA), a temperature control unit, an inverted fluorescence microscope, and an 
inductively coupled plasma-mass spectrometry instrument (ICP-MS). Human whole blood was pumped into the vessel 
to simulate the blood flow in microvessels. After reaching steady-state flow conditions, the NP suspension was injected 
into the whole blood, and then pumped into the vessel. The temperature unit, including a thermostatic water bath and 
a solid-state plug-in stage, was employed to provide constant-temperature circulating flow in the vessel. During the 1 h of 
perfusion with the mixture of the whole blood and NP suspension through the vessel, the inverted fluorescence 
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microscope was used to monitor the experiment and observe the changes in the endothelium cells on the inner wall of the 
vessel. Then, the NP adhesion in the vessel was quantitatively characterized via the ICP-MS.

Gelatin-Based Artificial Blood Vessel
Gelatin was employed to fabricate the artificial blood vessels because of its excellent biocompatibility that allows 
endothelial cells to grow well in the channels; it also has good permeability, mechanical elasticity, and temperature 
sensitivity. Specifically, 2.5 g of gelatin and 0.2 g of glutamine transaminase were dissolved in a 20 mL PBS solution at 
60 °C and at room temperature, respectively. A pre-gelled matrix composed of the gelatin and glutamine transaminase 
solution with a ratio of 10:1 was poured into a PDMS frame and kept at room temperature for two hours until the bubbles 
in the mixture were removed completely. After the pre-gelled matrix was completely congealed, a capillary glass tube 
was placed in the chip frame to extract the gelatin microchannel. Stainless-steel needles with a Teflon hose were inserted 
into both sides of the microchannel after removing the PDMS frame. HUVECs (Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences Cell Resource Center, Beijing, China) were cultured in a culture flask for four 
days; then, the mixture of cells and cell culture media with a concentration of 106 cells/mL was injected into the 
microchannel. The microchannel chip with the HUVECs was cultured in the incubator under the condition of 5% CO2 
and temperature of 37 °C until a complete endothelial monolayer was formed on the inner wall. Then, the mixture of 
human whole blood and NP suspension with a NP concentration of 109 particles/mL was infused into the microchannels 
for an hour at a flow rate of 100uL/h.

The morphology and activity of the cells were examined using calcein acetoxymethyl ester (calcein AM), fluor-
ochrome 4’6-diamino-2-phenylindole (DAPI), and Alexa Fluor 488 phalloidin, which were purchased from Aladdin 
(Shanghai Aladdin Biochemical Technology Co., Ltd.). Calcein AM entered cells and green fluorescence was produced 
in the presence of intracellular esterase activity. The nuclei stained with DAPI exhibited blue fluorescence. The structure 
and distribution of cytoskeletons in the endothelial cells were determined though the green fluorescence produced by 
staining F-actin with phalloidin. Figure 2 shows the results examined under a laser scanning confocal microscope for the 
vessels with diameters of 100, 300 and 500 μm (Figure 2A, cross-sectional view). From the calcein AM staining results 
(Figure 2B), good cell activity was observed for each of the three microvessels, and nearly no red fluorescence was 
produced by the dead cells. The blue fluorescence images of DAPI-stained nuclei of the endothelial cells (Figure 2C) 
revealed that the cells were well dispersed and uniformly distributed on the inner wall. From the green fluorescence 
images of the phalloidin-stained F-actin cytoskeletons (Figure 2C), the actin filaments were found to be distributed 
uniformly, and the endothelial cells were closely connected with each other without superposition and gaps, indicating 
that one complete and annular monolayer of endothelial cells was formed on the inner wall. The barrier function of the 

Figure 1 Sketch of the experimental system. The solution (109 particles/mL) of RGD ligand-modified gold NPs with different shapes and sizes was mixed with the whole- 
blood (106 cells/mL) and then was injected into an artificial blood vessel, which was covered with a layer of endothelial cells on the inner surface. An inverted fluorescence 
microscope and an ICP-MS detector were used to observe the cells and to measure the number of adhered NPs at the temperatures of 25°C, 37°C, 39°C, 41°C and 43°C.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S397721                                                                                                                                                                                                                       

DovePress                                                                                                                         
427

Dovepress                                                                                                                                                              Yue et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


blood vessel walls was effectively simulated, and the good biocompatibility and permeability of gelatin ensured the 
oxygen and nutrient transport in the microvessels. Therefore, this method can be applied for the construction of micro- 
scale blood vessels with good cell activity and can provide a good experimental basis for the study of NP transport and 
adhesion.

NPs and Characterization
Figures 3A–C show the TEM images of the gold NPs with different shapes (spherical and star-shaped NPs with 100 nm 
diameter, nanorod with 25 nm diameter and 102 nm length), which were purchased from Creative Diagnostics (Shirley, 
USA). Carboxyl gold NPs with a PEG3000 linker were citrate-stabilized and supplied in USP-grade purified water with 
high monodispersity and temperature stability and without aggregation. The pH of the NP suspension was measured with 
a pH meter (Fisher Scientific Accumet AP61, USA), and the value was approximately 7.2.

In this study, to investigate the NP adhesion behavior under the influence of receptor-ligand interaction in active- 
targeting drug delivery, the NPs were modified with RGD peptides on the surfaces for mutual recognition with the 
integrin αVβ3 expressed highly on the surface of HUVECs. A mixture of 3-dimethylaminopropyl-3-ethylcarbodiimide 
hydrochloride (EDC, purchased from Aladdin, China) and N-hydroxy succinimide (NHC, purchased from Aladdin, 
China) was prepared with an EDC concentration of 30 mg/mL and NHC concentration of 36 mg/mL. Then it was mixed 

Figure 2 Fluorescence microscopic images of stained endothelial cells in microvessels with different diameters (100, 300 and 500 μm): (A) cross-section of gelatin-based 
microvessels, fluorescences of live endothelial cells stained with (B) calcein and (C) DAPI and Alexa Fluor 488 phalloidin. One complete and annular monolayer of live 
endothelial cells was observed on the inner wall.
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with the NP suspension. After removing the supernatant of the mixture added with 1 mL phosphate-buffered saline (PBS) 
solution, the remaining solution and the RGD solution of 1mg/mL were mixed. The mixed solution was centrifuged and 
kept for 2–4 hours, and the RGD-coated NP solution was prepared after removing the supernatant.

Figures 3D–F show the SEM images and the ultraviolet absorption spectrum of rod gold NPs before and after RGD 
modification. The absorption peak of amide group appeared in the ultraviolet region after the nanorods was modified with 
RGD, due to the formation of amide groups caused by the amidation reaction between the amino group on RGD and the 
carboxyl group on the gold nanorod surface. Comparison of Figure 3D with Figure 3E revealed that a membrane layer 
was formed on the surface of the gold nanorod after the RGD modification. The results of X-ray dispersive spectroscopic 
analysis (Figure 3G–I) show that the three major elements of RGD (C, O and N) were uniformly distributed on the 
surface of gold nanorods, indicating that the surfaces of NPs were modified with RGD.

Atomic Force Microscopy Measurements
Atomic force microscopy (AFM, MFP3D-Bio, Oxford Instruments, UK) was used to measure the RGD–integral αvβ3 
interaction forces at different temperatures. The silicon AFM probes (k=0.2N/m, HQ-13-Au, Asylum Research) were 
functionalized using the dip-coating method, for which the AFM tips were immersed into the RGD peptide solutions, and 

Figure 3 Characterization of NPs: (A–C) spherical, rod and star-shaped gold NPs, The diameter of the spherical and star-shaped NPs is 100nm, and the rod-shaped NPs 
have a 25nm diameter and a 102nm length, (D–G) SEM images and the ultraviolet absorption spectrum of rod gold NPs before and after RGD modification, the 258nm peak 
indicated the formation of amide groups, (G–I) elemental analysis after RGD modification.
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then dried in air. The immersion process was repeated at least five times to ensure that the RGD peptide could cover the 
surface of the AFM tips. After the functionalized probes were dried for at least 24 h, the sensitivity of the photodetector 
was calibrated using an empty petri dish, and the spring constant of the AFM tips was obtained via thermal tuning. The 
force distance was set to 7 μm, and the trigger point was set to 0.5 nN. The force-distance and scan rate were set to 2 μm 
and 0.5 Hz, respectively. Three regions on the substrate were randomly selected, and 6–8 cells within each region could 
be observed in the visual field. By performing 50 individual measurements of the interaction force in each region, a total 
of 150 force curves were obtained for each case.

Temperature Control
A solid-state plug-in stage (Pecon stage insert, PECON, Germany) made from a piece of aluminium was applied to stably 
cool and heat the artificial blood vessel system with high temperature stability and uniform distribution. The vessel 
system was firmly fixed in the stage, which was placed on an upright microscope for on-site living cell imaging. The 
temperature was controlled by the circulating liquid from a thermostatic water bath (CD-600F, JULABO, Germany) 
connected to the plug-in stage. In consideration of the activity of the endothelium cells cultured in the vessels, five 
temperature points (25°C, 37°C, 39°C, 41°C, and 43°C) were selected to investigate the effect of temperature on NP 
transport and adhesion in the microvessels.

Analysis of NP Adhesion
The ICP-MS method was employed for the quantitative analysis of NP adhesion in the artificial vessels. All the glass 
containers were soaked in aqua regia for at least 12 h, and rinsed with ultra-pure water (18.3 MΩ·cm) and dried in an 
oven at 110 °C for 2 min. To ensure that the measurements were performed under the same conditions, the concentrations 
of different NPs in the suspensions injected into the vessel were all set to approximately 109 particles/mL. After 1 hr of 
perfusion with the mixture of the whole blood and NP suspension, the artificial blood vessel sample was dissolved in 
aqua regia until no solid residue remained. Then, the mixed solution was heated at 120 °C until it completely evaporated. 
During the process of evaporation, a hydrogen peroxide solution was continuously added dropwise to the mixture to 
remove the high-concentration HNO3 from the mixed solution, thereby avoiding the damage to the instrument and 
samples. Afterwards, the obtained solid powder after evaporation was dissolved in a container by using 8 mL of 2% 
diluted nitric acid for ICP-MS testing (NexION 300X, Perkin Elmer, USA).

Results and Discussion
Effects of NP Properties
Gold NPs with the same ligand density but different shapes and sizes (ie, sphere, rod, and star; nanorod: 10×41 nm, 
25×41 nm, and 40×208 nm) were injected into the artificial blood vessels as nanofluids having the same NP capacity. The 
experimental results are shown in Figure 4A. The NP adhesion on the vessel wall was enhanced by the decrease in NP 
size because the Brownian force acting on small NPs is larger than that acting on large NPs, leading to a highly vigorous 
random movement and increased margination probability. In addition, the vigorous movement of small NPs causes great 
turbulence of blood flow and large drag force with highly varied magnitude and direction, which can also increase the 
probability of the NPs moving towards the vessel wall and subsequently improve NP adhesion.

As shown in Figure 4A, the number of adhered rod NPs was larger than that of the star-shaped NPs, followed by the 
spherical NPs. A possible reason is that non-spherical NPs can lead to the occurrence of greater disturbance in the flow 
field compared with spherical NPs. This condition can make the fluid drag forces acting on non-spherical NPs change 
drastically and enable the NPs to move irregularly and intensively. Accordingly, the NP margination probability is 
increased, and NP adhesion is enhanced. The difference in adhesion to the wall between the rod and star-shaped NPs 
might depend on NP irregularity related to the NP shape and dimension ratio. Moreover, the surface areas of the NPs 
with an irregular structure are larger than those of spherical NPs, which means that more ligands might be modified on 
the surfaces of irregular NPs and that more ligand–receptor pairs would be formed. An improved ligand–receptor 
interaction can also prevent NP detachment from vessel walls once the NPs adhere to the vessel surface. Based on the 
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results mentioned above, the 10×41 nm rod-shaped NPs were used to explore the effect of temperature on NP adhesion in 
the artificial blood vessel. Figure 4B shows the experimental results, which will be discussed in detail in Effect of 
Temperature on NP Adhesion and Ligand–Receptor Interaction.

Changes in Cell Morphology and Activity with Temperature
To analyze the influence of temperature variation within a reasonable range on NP adhesion, the temperatures of the stage 
(Figure 1) and pumping pipes were controlled at 25 °C, 37 °C, 39 °C, 41 °C, and 43 °C by using a thermostatic water 
bath. Firstly, gelatin-based artificial vessels with endothelial cells on the inner wall were cultured statically and under 
continuous perfusion at controlled temperatures for 1 h. Secondly, the endothelial cells were stained with calcein AM, 
propidium iodide (PI) and phalloidin. PI binds to DNA in the nucleus of dead cells to produce red fluorescence and is 
often used to measure cell activity. Figure 5A shows the changes in cell activity and morphology after 1 h of static 
culture.

As shown in Figures 5B and C, the strongest green fluorescence produced by calcein AM staining was observed at 37 °C, 
and almost no cell death was detected (Figure 5A). The cells with a polygonal outer shape spread out completely with an 
obvious microfilament structure (Figures 5B and C). As the temperature increased, the cells and their pseudopodia gradually 
retracted, tending to become round in shape and leading to increased gaps between the cells. Cell activity was gradually 
attenuated according to the decreased fluorescence intensity and the red fluorescence indicating dead cells. The increase in 
temperature led to an increase in the number of dead cells. Similarly, the cells also had a tendency to shrink and become round 
in shape, and the activity of the cells decreased obviously as the temperature decreased. The changes in cell activity and 
morphology at 25 °C were smaller than those at 39 °C, 41 °C, and 43 °C, leading to the conclusions that the effect of low 
temperature was less than that of high temperature and the cell activity was the best at 37 °C.

Furthermore, the effect of temperature on cells in the continuous perfusion culture was analyzed using calcein AM, 
phalloidin and DAPI staining. Figures 6A and B show the results of calcein AM staining before and after 1 h of continuous 
blood perfusion. Figure 6C presents the patterns of the F-actin of endothelial cells stained with phalloidin and nuclear DNA 
stained with DAPI. As can be seen in Figure 6C, much more blue fluorescent spots at 37 °C can be observed compared with 
those at 25 °C and 41 °C, and the intensities of the blue and green fluorescences at 37 °C were also stronger than the latter. The 
findings show that the endothelial cells at 37 °C can completely spread out and closely connected with each other compared 
with those at 25 °C and 41 °C, indicating that the cells displayed good activity and could adhere well to the surface of the inner 
vessel wall even under the condition of continuous perfusion. The influence of blood flow on cell morphology was not as 
obvious as that under the static culture conditions, and the cells did not obviously elongate; their axis was aligned with the flow 
direction, as can be found in literature.51 A possible reason is that continuous blood perfusion was performed for only one hour 
in this study due to the consideration of cell activity under high temperatures. Some cells gradually shrank from a full 
spreading shape to a round shape as the temperature increased or decreased, which was similar to the phenomenon observed 
under the static culture condition. However, some cells were detached from the inner wall of the vessel at 43 °C under the 

Figure 4 The numbers of adhered NPs under conditions of: (A) different shapes and sizes at the temperature of 37°C, and (B) different temperatures for the rod-shaped 
NPs. The maximal number of adhered NPs was reached at 37 °C for the rod-shaped NPs having a size of 10×41nm.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S397721                                                                                                                                                                                                                       

DovePress                                                                                                                         
431

Dovepress                                                                                                                                                              Yue et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


action of blood flow possibly because the degeneration of fibrin and depolymerization of the cytoskeleton caused by 
temperature variation weakened the adhesion of cells on the growth surface.

Effect of Temperature on NP Adhesion and Ligand–Receptor Interaction
After 1 h of continuous perfusion of the mixture of the whole blood and NP suspension in the vessel, the number of 100 nm 
gold NPs adhered to the vessel was measured by ICP-MS at 25°C, 37°C, 39°C, and 43°C. As shown in Figure 4B, the mean 
number of adhered NPs was 1.20×107, 1.56×107, 9.97×106, and 7.69×106. The maximum was reached at 37°C and decreased 

Figure 5 Effect of temperature on the cells in static culture: (A) images of nuclear PI staining, and the fluorescence intensity was the strongest at 43°C, (B and C) images of 
Calcein-AM staining with a magnification of 10X and 40X. The cell activity was the best at 37°C.

Figure 6 Effect of temperature on the cells in continuous perfusion culture: (A and B) fluorescence staining with calcein AM before and after 1 h of continuous blood 
perfusion (100μL/h), and (C) fluorescence staining with phalloidin and DAPI after 1 h of continuous blood perfusion (100μL/h).
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with the increase or decrease in temperature. The particle adhesion at the temperature of 25°C was better than that at 39°C and 
reached the minimum at 43°C. Our previous simulation work50 showed that an increase in temperature leads to an increase in 
the number of NPs attached to the vessel wall when the influence of temperature on the binding of the ligands on NPs to the 
receptors of endothelial cells is ignored. The reason is that the drag force acting on the particles and the Brownian movement 
of the particles change greatly with the increase in temperature, leading to a high probability of NP margination to the vessel 
wall for adhesion. To explain the experimental results, the ligand–receptor interaction forces between the RGD peptide and 
integral αvβ3 on the cell surface were quantitatively determined by AFM under different temperature conditions.

The control group in the experimental measurements used bare tips, and the experimental group employed RGD-coated tips. 
Figures 7A and B show the distributions of the interaction forces of the two groups at different temperatures. The mean interaction 
forces of the control group (Figure 7C) at 25°C, 37°C, 39°C, and 43°C were 0.5±0.3, 0.6±0.4, 0.4±0.2, and 0.3±0.2nN, 
respectively, and those of the experimental group were 2.5±0.5, 3.2±0.8, 2.2±0.5, and 0.6±0.4nN, respectively. The ligand– 
receptor interaction decreased when the temperature was lower or higher than 37 °C maybe because of the denaturation of the 
receptor integral αvβ3. In addition, the effect of low temperature was less than that of high temperature. The endothelial cells at 
different temperatures were also imaged via AFM (Figure 7D). As observed in previous experiments, the endothelial cells grew 
well at 37°C. The cytoskeleton fibers were clearly visible, but the fibers and pseudopodia disappeared and the cells shrunk to 
a round shape when the temperature increased or decreased, leading to an increase in intercellular space.

Evidently, thermal or cold stimulation can lead to damage in the microfilament structure of endothelial cells, an 
increase in intercellular space, and an increase in the proportion of dead cells on the growth surface of the inner vessel 
wall. These changes can result in decrements in the number of binding receptors and the ligand-binding domain, thus 

Figure 7 AFM measurement of receptor–ligand interaction under different temperatures: (A and B) statistical analysis of 150 measurements of the interactions of the cell- 
bare and cell-coated tips, (C) measurement results of receptor–ligand interaction force, and (D) change in cell morphology under different temperatures.
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lowering the probability of the binding of the ligands to the receptors on the endothelial cell surfaces. Moreover, when 
the temperature was lower or higher than 37 °C, the activity of the cells was decreased and the proteins on the surface of 
the cell membrane were denatured and inactivated gradually, which weakened the binding of integral receptors to ligands 
on the NP surfaces. The two factors can explain the reduced number of NPs attached to the vascular wall when the 
temperature deviated from 37 °C.

Conclusion
We developed a gelatin-based artificial blood vessel system with good biocompatibility and permeability that enable the 
good growth of endothelial cells on the inner surface of the vessel wall under static and perfusion culture conditions. The 
ligand-coated NPs with a small particle size and non-spherical shape exhibited good adhesion in the blood vessel system, 
demonstrating that the developed system can be used feasibly and reliably to investigate the transport and adhesion 
behaviors of different NPs in microvessels. The number of NPs attached to the vascular wall was the largest at the 
temperature of 37°C Cell activity and morphology were sensitive to the environmental temperature, and the cells in the 
perfusion culture detached from the wall under the action of fluid shear force at high temperatures. When the temperature 
was higher or lower than 37°C, the decrease in cell activity and the contraction of the cytoskeleton structure reduced the 
number of attached NPs due to the weakened ligand–receptor interaction and the decrease in the ligand–receptor binding 
domain. The corresponding change at 25°C was less than that at 39°C, indicating that the effect of low temperatures on 
the cells was less than that of high temperatures. To improve NP adhesion in target tissues under influence of temperature 
variations caused by the action of external fields, a possible strategy is to identify the specific ligand-binding sites of the 
integral receptor that are not considerably influenced by temperature changes. Then, the ligand may be redesigned to 
enhance the ligand–receptor interaction at these ligand–binding sites. A multi-target drug delivery system that employs 
binding receptors that are minimally susceptible to temperature variations is also a potential solution.
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