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Abstract

Nanoparticles are attractive in medicine because their surfaces can be chemically modified for targeting specific disease

cells, especially for cancer. Providing an in-vivo like platform is crucial to evaluate the biological behaviours of

nanoparticles. This paper presents a microfluidic device that could culture two cell lines in parallel in in-vivo like

fluidic microenvironments and be used for testing the tumor targeting of folic acid - cholesterol - chitosan (FACC)

nanoparticles. The uniformity and uniformity of flow fields inside the cell culture units are investigated using the finite

element method and particle tracking technology. Hela and A549 cells are cultured in the microfluidic chip under

continuous media supplementation, mimicking the fluid microenvironment in vivo. Cell introducing processes are

presented by the flow behaviours of inks with different colours. The two cell lines are identified by detecting folate

receptors on the cellular membranes. The growth curves of the two cell lines are measured. The two cell lines cultured

paralleled inside the microfluidic device are treated with FITC-FACC to investigate the targeting of FACC. The tumor

targeting of FACC are also detected by in vivo imaging of Hela cells growth in nude mice models. The results indicate

that the microfluidic device could provide a dynamic, uniform and stable fluidic microenvironment to test the tumor

targeting of FACC nanoparticles.
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1. Introduction

Receptor-mediated nanoparticle drugs are attractive in medicine because they present opportunities to enhance

therapeutic efficiency by accumulating drug within the tissue of interest and reducing undesired, off-target effects,

especially for cancer [1,2]. Folate receptor (FR) is one of important cancer biomarkers and exceptionally upregulated in

many malignant epithelial cells [3]. Folic acid and its conjugates make it possible to differentiate cancer cells by

detecting FR expression [4]. Conventionally, the evaluation of targeted drug has been processed in static cell culture

plates, which neglects the in-vivo environmental conditions of cells [5]. The in-vivo cells live in a complex

microenvironment, including extracellular matrix (ECM), soluble factors, flowing conditions etc. [6,7]. In particular,

most of the tissue cells live in environment with interstitial flow, where the fluid flows at a constant, stable and slow

velocity [8,9]. Interstitial flow has been demonstrated to play an important role in the morphogenesis, function, and

pathogenesis of tissues [10,11]. It is therefore important to establish in-vivo like flow models for studying the effects of

nanoparticles on tumor cells. Albeit the animal models can be used for evaluating the targeting of nanoparticles or for

drug screening, they are time-consuming, expensive, and laborious [12,13] making the demand to develop a biomimetic

in vitro model for testing the tumor targeting of nanoparticles critical.

Microfluidic technology is a crucial tool to provide in-vivo like microenvironments for in vitro cells and is important

to improve the reliability of cell chemotaxis analysis, drug screening and medical diagnostics [14-16]. Taking the

advantages of microfluidic chips, such as the considerable reduction of reagent consumption, the continuous supply of

fresh media containing oxygen and nutrients at a controlled flow rate and the precise control of fast analyses, a number

of biomimetic in vitro models have been developed for drug research [17-19]. Wang et al. have designed a microfluidic

chip to establish an oxygen gradient and applied to study cytotoxicity of two anticancer drugs on A549 cells [20]. An et

al. have developed a microfluidic cell culture array to perform combinational chemotherapy on prostate cancer PC3

cells [21]. These microfluidic devices could not culture two or more types of cell lines simultaneously. Jastrzebska et al.

have proposed a multi-functional microsystem for cells migration analysis and evaluation of photodynamic therapy
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procedure in co-culture, mono-culture as well as mixed culture [22,23]. Zhang et.al have developed an in vitro liver

model in a microfluidic device to imitate and detect prodrug metabolism. HepG2 cells and MCF-7 cells are co-cultured

in the device [24]. Jarvis et al. have designed a microfluidic co-culture device to assess penetration of nanoparticles into

cancer cell mass. The co-culture microfluidic device characterized with an inner tissue culture chamber and two

flanking outer vascular channels connected to the tissue chamber via micron sized pores [25]. Ai et al. have proposed a

microfluidic device consists of two sets of thin interconnecting grooves to culture the macrophage cells and myocardial

cells [26]. These devices can culture two cells in 2D simultaneously and be used for testing drug targeting. However, the

large volume of medium flowing through the culture chamber may induce high shear stress, which may have a

detrimental effect on active cells. The stability and uniformity of flow fields inside the culture chamber may need to be

further improved. 3D co-culture, such as spheroids, multilayers and scaffolds have been created in microsystems

recently [27-29]. Zuchowska et al. have proposed a microfluidic 3D co-culture model based on spheroids for studying

the effects of nanoencapsulated meso-tetraphenylporphyrin [30]. Ozkan et al. have developed a 3D tissue-on-a-chip

platform for dynamic determination of nanoparticle transport and toxicity [31]. Nagaraju et al. have proposed a

microfluidic tumor—vascular model to study breast cancer cell invasion and intravasation [32]. These microfluidic

devices can achieve cell-cell communication in 3D co-culture. Cell-cell communication is a very important, but

complex physiological behavior in life entity [33,34]. In this way, there are many complex influence factors of

efficiency of drug. Thus, the experimental results may be various. Besides, due to the porous structure of the 3D culture

system, the flow field distribution may be non-uniform and quantitative analysis may be complicated.

In this work, a robust microfluidic chip that could culture two cell lines in parallel under the same fluid

microenvironment has been designed. The uniformity and stability of flow fields inside the culture chambers have been

investigated using the finite element method (FEM) together with the wall shear stress. Cell introducing processes are

presented by the flow behaviours of inks with different colours, and Hela and A549 cells are cultured in the microfluidic

chip. The two cell lines are identified by detecting folate receptors on the cellular membranes with the growth curves of

4



the two cell lines been measured. The targeting of FACC on the two cell lines are investigated by treating the cells with

FITC-FACC. The tumor targeting of FACC are also detected by in vivo imaging of Hela cells growth in nude mice

models.

2. Material and methods

2.1 Design of the microfluidic device

To culture two cell lines paralleled, an axisymmetric structure of the microfluidic chip is designed (as shown in Fig.

la). The symmetry axis goes through the center of medium inlet and center of guide hole, which divides the

microchannels into left and right branches. The microfluidic chip consists of four layers with the top layer being the

valve control layer, including twelve through-holes matched with twelve plugs. The fluid flow into the chip could be

controlled by adjusting the state of plugs using mechanical force. The second layer of the microfluidic chip is the cell

introducing layer consisting of two cell introducing channels, seven through-holes matched with the medium inlet, two

cell inlet, two cell outlets, two medium outlets, a guide hole matched with plug 1. The guide hole locates at the

intersection of the left and right branches. When introducing cells, plug 1 is squeezed into the guide hole. Then the

connection between the left branch and right branch is interdicted, which can avoid the mixing of two cell lines. When

infusing cell culture medium, plug 1 is pulled out, plug 5-8 are squeezed into the corresponding through-holes, medium

could flow into the left branch and right branch equally. The third layer is the intermediate layer, which is a 0.1

mm-thick cover plate with through-holes aligned at the reservoir and the cell culture chambers. The film is elastic,

which could be deformed by the squeezing of plugs. The cell suspension can be accurately introduced into cell culture

chambers. The bottom layer is the cell culture layer, including the reservoir, main channel, bifurcated channels and cell

culture units. The structures of six cell culture units are uniform.

In previous works, the existence of multiple flow paths around the cell culture chamber has been demonstrated to be

useful for constructing a uniform and stable flow fields inside the chamber [35,36]. In this work, microgaps around the

cell culture chamber has also been designed (as shown in Fig. 1b). The shape of the culture chamber is octagon
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circumscribed with an ellipse. The major axis of the ellipse is 2 mm and the minor axis is Imm. The depth of culture

chamber, microgaps and channels are all 100 pm. The circumferential width of microgap is 30 um. The culture medium

infused from the medium inlet flows into the left and right main channels, then goes through bifurcated channel I,

bifurcated channel 11, flows into and out of the cell culture chamber through the microgaps by convection and diffusion.

The main channel has a width of 300 pm, the bifurcated channel I has a width of 147 um and the bifurcated channel 11

has a width of 70 um. Both of the main channel and bifurcated channel I are divided into two uniform branches. The

hydraulic diameters of the main channel and the bifurcated channels obey Murray’s law, which mimics the structural

arrangement of blood vessels transporting nutrients to cells. The existence of hierarchical bifurcation microchannels and

micropillar array can greatly reduce the flow velocity of the culture medium and make the culture medium flow into and

out the culture chamber in many directions, which is in favor of maintaining the uniformity and stability of flow fields

inside culture chamber.

The axisymmetric structures of the microfluidic chip can achieve the paralleled introducing of two cell lines based on

flow balance [23]. Since the liquid volume of the microfluidic chip is extremely small (about 5 pl), a slight disturbance

(e.g. the progressive error of pump) would break the flow balance at the position of connection between the left branch

and right branch. Thus, a controllable valve is needed and a holder is designed to fix the microfluidic chip and control

the state of plugs as shown in Fig. 1c. The holder consists of an upper plate, four adjustable bolts and a bottom plate. In

order to fix the positions of plugs and tubes, seven holes aligned at the inlets and outlets of microfluidic chip are

designed. The states of plugs can be controlled by adjusting the bolts, which subsequently controls the fluid flow inside

the microfluidic chip.

2.2 Fabrication of the microfluidic device

Four layers of the microfluidic chip are fabricated with polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) by

replicating structures on the masters [36]. The volumes of PDMS for the valve control layer, the cell culturing layer, the

transition layer and the cell culture layer are 16.2 ml, 0.8 ml, 0.8 ml and 8.1ml, respectively. The masters of the valve
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control layer and the cell culture layer with PDMS are put in self leveling drying baker for 0.5 h to level the PDMS. The

masters of the cell introducing layer and the transition layer with PDMS are put in the spin coater to accelerate the flow

of PDMS, then put in the self-leveling drying baker. The polymers are oven-cured (80 °C, 1h). After cooling, the PDMS

layers of the valve control layer and the cell culture layer are gently peeled from the masters and trimmed to size. The

PDMS piece of the cell introducing layer and the transition layer are thin, and to avoid the PDMS pieces being teared

the PDMS pieces are peeled from the master after being bonded. The PDMS pieces are treated by oxygen plasma for 50

s, aligned using the visual alignment equipment and bonded irreversibly [37].

The plugs used for controlling the flow are fabricated by infusing PDMS into pipette tips, oven-curing PDMS and

cutting the pipette tips into suitable length. The upper plate and bottom plate are incised by a CO; laser ablation system

(JinBoshi, JBSCO2-50) into designed sizes [38].

2.3 Simulation of cell culturing process

To verify that two cell lines could be cultured paralleled in the chambers, the cell introducing and culturing processes

have been presented visualized by the flow behaviours of inks (SHANGHAI HERO co., Itd, shanghai) with different

colours. The switching of channels is controlled by plugs. The blue ink represents Hela cell suspension, the red ink

represents A549 cell suspension and the yellow ink represents culture medium. When introducing the cell suspensions,

plug 1 inside the through-hole is pressed while the medium inlet and medium outlets are being blocked. When the

culture medium is introduced, plug 1 inside the through-hole is taken out, the cell introducing channels are interdicted

by pressing plug 5-8, at the same time the cell inlets and outlets are blocked.

2.4 Evaluation of flow fields inside the microfluidic chip

In order to evaluate the flow fields inside the culture chambers, the Multiphysics Software COMSOL (version 5.3,

Burlington, MA) is used. The six chambers are labelled as R1, R2, R3, L1, L2, L3, respectively. The 3D finite element

model based on laminar Poiseuille flow is developed, and the flow field is obtained by solving the Navier-Stokes

equation. Water under 37°C is selected as the fluid material [36,39]. A sinusoidal variation (v =925 + 462.5 * sin (& * t),
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um / s) is set as the medium inlet velocity. Other simulation conditions are configured as follows: 1) zero traction is set

at the outlet and no slip boundary is set on the surface, 2) the time step is (0, 0.1, 2) and 3) the bottom of the culture

chamber is set as z=0 mm plane. To investigated the uniformity of flow fields inside the six chambers, the area average

velocities of each culture chamber are calculated when t=2 s, z=0.05 mm. To study the uniformity of the flow fields

inside the single chamber, the velocities along four diagonal lines of the R1 chamber are calculated when t=2 s, z=0.05

mm. To study the stability of flow fields inside the cell culture chamber, the average velocity inside the R1 chamber

under varying medium inlet velocity is calculated at z=0.05 mm. Shear stresses induced by fluid flow affect the

proliferation, differentiation and expression of cells [40,41]. It is important to limit shear stress to a moderate level

(10210 dyne/cm?) [42]. Since the cells attach to the bottom of culture chambers, the wall shear stresses are

investigated when t=2 s, z =0 mm.

The particle tracking technology is used to further evaluate the flow fields in the chambers, and Polystyrene (PS)

microbeads (Sphere Scientific Co., Ltd., China) are used as tracking particles. The experiment processes are carried out

according to the protocols described in our previous work [35]. The PS microbead suspension with concentration of

0.01% is perfused into the microfluidic devices by a Harvard PHD-Ultra syringe pump (Harvard Apparatus, Inc., USA) ,

and the movements of 25 microbeads within the chambers are observed by an inverted microscope (Olympus 1X71,

Japan), recorded and dealt with Image Pro Plus 6.0 (Media Cybernetics Inc., USA). Constant flow rate of 50 ul/h, 70

ul/h, 100 pl/h, 120 pl/h and 150 pl/h are set on the pump, respectively.

2.5 Cell culture

The A549 cells and Hela cells (Cell Bank of the Chinese Academy of Sciences, Shanghai, China) are cultured

simultaneously in the same microfluidic chip. The device is sterilized and coated with fibronectin according to previous

works [35,36]. Before introducing the cells, the microchannels are filled with culture medium containing 89% DMEM,

10% FBS and 1% PS (Gibco, USA) to remove the surplus proteins and gas. All of the inlets and outlets are sealed by

medium to isolate the microchannels with atmosphere. A549 cells and Hela cells are detached from the cell culture dish
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with 0.5% trypsin respectively, suspended in the culture medium, counted with the hemocytometer, and diluted into the

same densities of 1x10° cells/ml. 50 ul cell suspensions of Hela and A549 cells are injected into the chip from two cell

inlets respectively, and the microfluidic chip is placed in static in a 5% CO, incubator at 37 °C for 6 h. Then the

perfusion of culture medium is started with a flow rate of 100 pl/h and completed inside the incubator. The culture

medium in the syringe is changed every 24 hours. Observations of cell cultures are carried out using an inverted

fluorescence microscope (Leica, Germany, DMDO000B) every 24 hours. The pictures are analyzed by using Image Pro

Plus 6.0 and the cell numbers are counted. The relative growth rate (Na — Ng)/N3 is calculated, where Ny is the cell

number at time A, Ng is the cell number at time B, and A > B).

2.6 Measurement of folate receptors on cell membrances

50 ul cell suspensions of Hela and A549 cells with densities of 1x10°® cells/ml are injected into the same chip

simultaneously from two cell inlets. Folate receptors on membrance of Hela and A549 cells are measured after culturing

for 78 h inside the microfluidic chip. 100 pl rabbit monoclonal anti-human folate receptor (1:500) antibody (Abcam,

USA) is infused into the chambers and incubated for 2 h at 37°C. The medium inlet and outlets are sealed by culture

media. Then 100 ul TRITC-labeled goat anti-rabbit immunoglobulin antibody (1:150, Bioworld, USA) is infused into

the chip and incubated for 20 min. The staining solution is removed and washed three times with PBS. The fluorescence

in each sample is monitored by an inverted fluorescence microscope (Leica, Germany, DMDO0O00OB).

2.7 Evaluation of tumor targeting of FACC nanoparticles

The folic acid-cholesterol-chitosan (FACC) nanoparticles have been prepared through aminoacylation reaction and

synthesized by lyophilization according to the protocols described in our previous work [43]. The FACC nanoparticles

present to be spherical morphology with particle size about 100 nm. In order to test the distribution of FACC

nanoparticles in Hela and A549 cells, FITC-conjugated FACC nanoparticles are created according to the published

protocol [44]. Hela (folate receptor-positive) and A549 (folate receptor-negative) cells are seeded into the microfluidic

chip at a density of 1x10° cells/ml and incubated for 78 h at 37°C. After culturing for 78 h, FITC-FACC nanoparticles
9



are infused into the microfluidic chip. The two cell lines are incubated by FITC-FACC nanoparticles for 10 min and be

washed by PBS. The fluorescence in each sample is monitored by an inverted fluorescence microscope (Leica, Germany,

DMDO000B).

In order to further demonstrate the targeting of FACC nanoparticles, the distribution of FACC in nude mouse and

different organs are investigated. The athymic nude mice used in this study are 4-6 weeks old and weigh at about 18-22

g. Each mouse is anesthetized with isoflurane before being injected subcutaneously under left armpit with 0.1 mL sterile

PBS containing 3x10° Hela cells. After the mean diameters of tumor mass reach 2-5 mm in volume, the mice are used

for in vivo imaging studies. All animal experiments are carried out in compliance with the Animal Management Rules

of the Ministry of Health of the People’s Republic of China (document no. 55, 2001). All experiments are approved by

Dalian Medical University Licensing Committee. The processes of the experiment are shown as follow. First, 12

athymic nude mice bearing tumor are evenly and randomly divided into two groups. Second, each Hela tumor-bearing

mouse in group 1 is injected with 10 pl DIR derivative-loaded FACC nanoparticles and each Hela tumor-bearing mouse

in group 2 is injected with free DIR derivative. Third, the dynamic behavior of DIR-FACC nanoparticles are monitored

by the Living Image 3.1.0 software (Caliper Life Sciences, Hopkinton, MA, USA). The subjected mouse is firstly

anesthetized and imaged at predetermined intervals (3 h, 6 h, 12 h, 24 h, 48 h and 72 h) post-injection. All fluorescence

images are acquired with c1-s exposure (f/stop = 4). Besides, to confirm the in vivo distribution of FACC nanoparticles,

mice are sacrificed 72 h post injection. The excised organs and tissues (heart, liver, spleen, lung, kidney and tumor) are

also non-invasively imaged by the self-built NIR imaging system.

3. Results and discussion

3.1 Cell culturing process simulated by the flow of inks

In order to demonstrate the process of cell culturing, the flow behaviours of inks (SHANGHAI HERO co., Itd,

shanghai) with different colours are presented. Different colours represent different processes with the blue ink

representing Hela cell suspension, the red ink representing A549 cell suspension and the yellow ink representing culture
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medium. As stated above, the holder is used to fix the microfluidic chip and subsequently controls the state of plugs (as

shown in Fig. 2a). The precondition of culturing Hela and A549 cells paralleled is introducing the two cell lines without

mixing. When introducing the two cell lines, the medium inlet and medium outlets are blocked off by pressing down

Plug 1. Hela cells are introduced into the left branch of culture chambers from cell A inlet, and A549 cells are

introduced into the right branch of culture chambers from cell B inlet. The redundant cell suspensions spill from cell

outlets. Fig. 2b shows that the left and right branches are filled with blue and red inks separately, which indicates two

types of cell suspensions are mixed. After the cells attaching to the bottom of culture chamber, the process of infusing

the culture medium into the chip is also simulated (as shown in Fig. 2c). The cell inlets and cell outlets are blocked off

by pulling out Plug 1. Culture medium is then infused into the medium inlet. The yellow ink flows almost

simultaneously through the left and right branches. The result indicates that the two types of cells could be cultured in

the same fluid environment. Fig. 2d shows the microfluidic chip is full with yellow ink, which indicates that the culture

chambers are filled with culture medium and the waste medium is able to flow out from medium outlets. The results

show that the microfluidic chip can be used for culturing two types of cells paralleled and testing the tumor targeting of

nanoparticles.

3.2 Numerical simulation of the flow field

The flow fields inside the culture chambers are studied using COMSOL Multiphysics software. The uniformity of the

velocities of the six chambers are investigated when the velocity of medium inlet is 925 um/s and the cross profile is

7z=0.05 mm (as shown in Fig. 3a). It can be seen from the colour bar that the velocity inside each cell culture chamber

are almost the same intuitively. The area average velocities of the six chambers have also been calculated to investigate

the uniformity of the six chambers (as shown in Fig. 3b). The area average velocities of the six chambers are all 65.9

pm/s. The results indicate that the six culture chambers have exactly the same flow microenvironment and can culture

two cell lines in parallel, which can be used for testing the targeting of nanoparticles.

A uniform supply of culture medium is required to guarantee the same fluid environment for all the cells in one
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culture chamber [45]. To study the uniformity of the velocities inside one chamber, the flow fields inside R1 chamber

are investigated when velocity of medium inlet is 925 pm/s and cross profile is z=0.05 mm (as shown in Fig. 3¢). The

black lines are the streamlines. Inside the chamber, the colour bar illustrates that the velocities of most of area are the

same; whereas the velocities near the microgaps are bigger. The velocity profiles along the lines A-A', B-B', C-C' and

D-D' indicate that nearly 86.7% of velocities are uniform. Most of cells attach to the area of internal ellipse of the

chamber (yellow line in Fig. 3c). The average and standard deviation of the velocities within the yellow line is

calculated to be 48.7 £ 2.1 um/s, which further indicates that the velocities inside the culture chamber are uniform.

A stable fluid environment can guarantee the balance of nutrition and metabolic waste in a manner similar to the

situation in vivo [46]. A sinusoidal variation of velocity (v=925+462.5*sin(nt*t) um/s) is set in the medium inlet as an

external disturbance to investigated the stability of flow fields inside the culture chamber. Since the flow fields of the

six chambers are the same, it is reasonable to only investigate one of the six chambers’. The velocity variations with R1

chamber are investigated. Fig. 3d shows that the average velocity inside the chamber has a fluctuation within 5.7% of

the change in inlet velocity. The results indicate that the designed structures can share the fluctuation of the fluid and as

a result maintain a stable fluid environment inside the culture chamber.

Since the cells are attached to the bottom of chambers, the wall shear stress inside the R1 chamber has also been

investigated (as shown in Fig. 3e). It can be seen that the average wall shear stress is 1.87x10 dyne/cm?, which

belongs to the level of interstitial flow [42] and is similar with in-vivo condition.

3.3 Flow behavior of tracking particles inside the culture chambers

Flow of the PS microbeads inside the chambers are presented and recorded as shown in Fig. 4a. Trajectories of 25 PS

microbeads inside the six chambers are shown in supplementary information Fig. S1. In terms of the experimental

results of tracking particles, the blue lines in Fig. 4b show the trajectories of the PS microbeads inside the R3 chamber,

which are nearly in accordance with the fluid streamlines in the simulation model.

To estimate the uniformity of velocities inside the culture chambers, the average velocities of the 25 microbeads
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distributed uniformly inside the R1, R2, R3, L1, L2 and L3 chambers are measured, which are 42.174+3.21 pm/s,

41.374£2.62 pm/s, 44.63+4.11 pm/s, 43.92+4.03 pm/s, 42.10+£3.07 um/s and 43.33+£2.93 um/s respectively (Fig. 4c). The

average velocities and standard deviations inside the six chambers are shown in Fig. 4c. The results indicate that the

average velocities and standard deviations inside the six chambers are similar, which means the same microenvironment

can be formed in the six cell culture units of the chip. Besides, the microfluidic chip can form a uniform fluid

microenvironment inside one culture chamber. Such a phenomenon is due to the reason that the microgaps provide

alternative directions for fluid flow, consequently enhancing the uniformity of fluid flow in the chamber.

To study the stability of velocity inside the culture chambers, five constant flow rates of 50 ul/h, 70 pl/h, 100 pl/h,

120 pl/h and 150 pl/h are initiated in the medium inlet. Fig. 4d shows the variation of average velocity in the medium

inlet and six chambers. The variation of average velocity inside chamber is about 6.5% of velocity variation in medium

inlet. The results show that the flow fields within the six chambers are stable owing to the reason that the redundant

microchannels can provide alternative routes to accommodate external disturbances and maintain the stability of flow

fields.

3.4 Hela and A549 cells cultured inside the microfluidic chip

Densities of Hela and A549 cells. To study the effects of fluid flow on cell proliferation, the cell densities of Hela

and A549 cells cultured in microfluidic chips have been measured within 102 h. The two cell lines cultured in culture

plates are used as comparisons. Fig. 5a shows the growth curves of Hela and A549 cells cultured in plates and chips

respectively. A dramatic increase of the densities of the two cell lines can be observed between 30 h and 78 h, which are

consistent with standard s-shape cell growth curves. During the culturing time, the relative growth rates of Hela cells in

plate, A549 cells in plate, Hela cells in chip and A549 cells in chip are 465.2% and 368.0%, 463.1% and 366.0%. As the

culture time under 54 h, the relative growth rates of Hela cells in plate and A549 cells in plate are 194.0% and 138.5%,

which are higher than these cells in chips (Hela cells in chip is 110.8% and A549 cells in chip is 82.2%). When the

culture time is above 54 h, the relative growth rates of Hela cells in chip and A549 cells in chip are 136.1% and 155.7%,
13



which is evidently higher than that in the culture plate (Hela cells in plate is 92.3% and A549 cells in plate is 122.0%).

The cells in plates grow faster than those in chips at the initial stage, which may be because that the static fluid

environment make for the accumulating of endogenous growth [47]. With the increase of culturing time, the cells in

chips grow faster than those in plate and one of the possible causes is that the dynamic fluid environment can provide

balance between the accumulating of endogenous growth factor and the removing of metabolic waste. The results

indicate that the microfluidic chip is beneficial to the proliferations of Hela and A549 cells.

Distribution of folate receptors on cell membrane. In order to distinguish the Hela and A549 cells cultured inside

the chambers, the distribution of folate receptors on cell membranes are investigated (as shown in Fig. 5b and Fig. 5¢).

The two cell lines cultured in the same microfluidic chip are treated with rabbit monoclonal anti-human folate receptor

and TRITC-labeled goat anti-rabbit immunoglobulin antibody after culturing for 78 h. Fig. 5d shows the fluorescence

intensity of TRITC. It can be seen that the fluorescence intensity in Hela cells is higher than that in A549 cells,

indicating that the Hela cells express more folate receptors than A549 cells. The results indicate that the microfluidic

chip is suitable for testing the folic acid (FA) loaded targeting nanoparticles. Besides, the using of microfluidic chip

could reduce the reagent consumption and improve the experiment throughput.

In vitro cellular uptake of FACC nanoparticles. In order to test the distribution of FACC nanoparticles in Hela and

A549 cells, FITC-conjugated FACC nanoparticles are synthesized. After culturing for 78 h, FITC-FACC nanoparticles

are infused into microfluidic chip. The two cell lines are incubated by FITC-FACC nanoparticles for 10 min and be

washed by PBS. As shown in Fig. 5e, the intracellular areas of Hela cells present green fluorescence. While the green

fluorescence inside A549 cells are weak and the membranes of A549 cells present green fluorescence (as shown in Fig.

51). The intracellular uptake efficiency of FITC-FACC in Hela cell is much higher than that in A549 cell, indicating that

the FACC nanoparticles have targeting on Hela cells. The results also prove that the microfluidic chip can be used for

testing tumor targeting of nanoparticles.

3.5 In vivo tumor targeting of FACC nanoparticles
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To further demonstrate the tumor targeting of FACC nanoparticles, the distribution of FACC in nude mouse and

different organs are investigated. Fig. 6a shows the distribution of DIR-FACC in nude mouse varying with time. The

DIR solution is used as a comparison. The results indicate that the injection with FACC nanoparticles has stronger

fluorescence intensity on the tumor parts compared to the injection with DIR solution. Fluorescence intensity on the

tumor parts of the two groups decrease with time. The decrease rate of fluorescence intensity in DIR-FACC Nps group

is lower than that in DIR solution group, indicating that the DIR-FACC in vivo has slow release characteristic. After

72h, the mice are sacrificed and the excised organs and tissues (heart, liver, spleen, lung, kidney and tumor) are also

imaged by the self-built NIR imaging system (as shown in Fig. 6b). It can be seen that the fluorescence in DIR-FACC

Nps group mainly concentrate in tumor, liver, lung. The fluorescence in DIR solution group mainly concentrate in the

liver, lung, and less distribution of fluorescence in the tumor tissue. The results further indicate that FACC nanoparticles

have targeting on folate receptor positive tumor.

4 Conclusions

A microfluidic chip has been developed to culture two cell lines paralleled in the in-vivo liked fluidic

microenvironment. The chip features with six cell culture units distributed symmetrically on the left and right branches.

The simulation results show that the designed chip can provide a uniform and stable flow fields inside the culture

chambers. In addition, the wall shear stress on the bottom of culture chambers could be controlled in an interstitial flow

level. The imitation of cell introducing processes demonstrate that the chip could achieve sampling of two cell lines

simultaneously without mixing. The densities of Hela and A549 cells further prove that the chip is favorable to cell

culture. The fluorescence intensities inside Hela and A549 cells treated with FITC-FACC indicate the targeting of

FACC. The in vivo imaging of Hela cells growth in nude mice models has also demonstrated the tumor targeting of

FACC. In conclusion, the designed microfluidic chip could provide an in vivo like fluidic microenvironment and be

used as an in vitro model for testing the tumor targeting and toxicities of nanoparticles.
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b Cell culture chamber

Bottom plate

Fig. 1 The structure of the microfluidic chip. (a) Schematic illustrations of the 3D layered structure of the microfluidic

chip, including valve control layer, cell introducing layer, transition layer and cell culture layer. (b) SEM image of the

cell culture unit.
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Fig. 2 Simulation of cell culturing process. (a) The object of the whole device. (b) The simulation of cell introducing

process. (¢) The simulation of culture medium infusing process. (d) The simulation of process that the microfluidic chip

is full with culture medium. The blue ink represents Hela cell suspension, the red ink represents A549 cell suspension

and the yellow ink represents culture medium.
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Fig. 3 Finite element simulation of fluid velocities inside the culture chambers. (a) The distribution of velocity inside

the cell culturing layer at Z=50 pm. (b)The area average velocities of the six chambers. (c) The simulation result of

velocity field inside the R1 culture chamber, cross sections are plotted along the proximal diagonals (lines A-A’ and

B-B’) and the distal diagonals (lines C-C’ and D-D’). The yellow line is tangent to the cell culture chamber. (d) The

average velocity inside R1 chamber under the sinusoidal variation velocity in medium inlet. (¢) Simulation result of

wall shear stress inside R1 chamber, the cross sections are same with Fig. 2c.
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Fig. 4 The particle tracking experimental results. (a) The particle tracking experimental platform. (b) The trajectories of

PS microbeads in the R3 chamber. The black dots are the PS microbeads. The red arrows represent the flow directions

and the blue lines represent the trajectories of the picked PS microbeads. The scar bar is 200 pm. (¢) The average

velocities of PS microbeads in the six chambers under medium inlet flow rate of 100 pl/h. (d) The average velocities of

PS microbeads in the six chambers vary with the velocity in the medium inlet.
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Fig. 5 Cells grow inside the microfluidic chip. (a) The densities of Hela and A549 cells inside the culture plates and

Fluorescence intensity
o
S

microfluidic chips. (b) Distribution of folate receptors on membrance of Hela cells cultured inside the microfluidic chip.

(c) Distribution of folate receptors on membrance of A549 cells cultured inside the microfluidic chip. (d) Fluorescence

intensity of TRITC in Hela and A549 cells cultured in microfluidic chip. (e) Hela cells treated by FITC-FACC

nanoparticles. (f) A549 cells treated by FITC-FACC nanoparticles.
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