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Abstract: Fluid flow in human body is generally known to influence a variety of cellular behaviors.
Different nanoparticle properties as well as cell type, interaction with other cells and cellular
environments also show significant effect on nanoparticle uptake and drug efficacy. The aim of this
study was to evaluate the effect of shear stress on cellular behaviors of biocompatible and
biodegradable nanoparticles to cancer cells (A549 cell lines) in a biomimetic microfluidic system.
We prepared a gelatin-oleic conjugate (GOC) as an amphiphilic biomaterial to prepare
self-assembled gelatin-oleic nanoparticles (GON). Coumarin-6 and paclitaxel were used as the
fluorescence marker and model drug, respectively, and were loaded into GONs by incubation
(C-GONSs; PTX-GONSs). Additionally, we evaluated the cellular uptake of fluorescence labeled
C-GONs and the drug efficacy of PTX-GONSs. The cellular uptake of C-GONs by A549 cells in the
absence of shear stress revealed that the mean fluorescence intensity was slightly decreased
compared to that in the presence of shear stress. The results also indicated that negatively charged
PTX-GONs had a lower cancer killing effect under dynamic conditions than that under static
conditions. It also suggested that fluidic shear stress did not significantly affect drug uptake and
efficiency in case of PTX-GONs. The cellular interactions between nanoparticles and cells in drug
delivery should be carefully examined according to the physicochemical properties of
nanoparticles such as the type of materials, size and mainly surface charge in a biomimetic
microfluidic condition.

Keywords: gelatin-oleic conjugate; self-assembled biodegradable nanoparticles; biomimetic shear
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1. Introduction

In order to develop optimal nanoparticles for biomedical use, numerous studies have been
conducted to determine the basic mechanism of nanoparticle interactions at the single-cell level
[1-3]. It was previously shown that different nanoparticle properties, such as size, shape, material,
and surface coating, as well as cell type, interaction with other cells, and cellular environment,
influence nanoparticle uptake and cellular behavior [4-8]. Therefore, understanding the interactions
between nanoparticles and cells within a physiological cell environment is important for the cellular
uptake of drug and drug delivery systems. However, the therapeutic results obtained in animal
study often somewhat differ from cell-based experiments. One of the most noticeable reasons for this
phenomenon is the using of static condition during experimental process, which does not
compatibly mimic the dynamic in vivo environment.
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Fluidic stimuli at different shear stress levels contribute to the interactions between
nanoparticles and cells and may affect intracellular uptake of nanoparticles during drug delivery;
however, the role of shear stress in drug delivery remains largely unexplored. Few studies have
evaluated the interactions between nanoparticles and cells within a biomimetic dynamic
environment. Previous studies have shown decreased targeting of poly(lactic-co-glycolic acid)-based
nanoparticles [9,10] and increased delivery efficiency of liposome and polystyrene nanoparticles
with increasing shear stress [11-13]. Other studies determined the charges of nanoparticles and
found that the interaction of positively charged nanoparticles with myoblast cells was enhanced in
the presence of shear stress, whereas negatively charged nanoparticles showed decreased
interactions [14]. These findings suggest that different materials and charges of nanoparticles in a
biomimetic dynamic microenvironment affect the cellular uptake of nanoparticles.

Among different type of materials used to prepare nanoparticles, gelatin is a common
biomaterial because it is biodegradable, non-toxic, biocompatible, and easy to modify chemically
[15]. Oleic acid (OA) is also biocompatible and biodegradable fatty acid to be used for nanoparticle
preparations. OA was conjugated to gelatin through the carbodiimide/N-hydroxysuccinimide
(EDC/NHS) reaction, i.e., fattigation method, to increase the hydrophobic interaction between
gelatin molecules, followed by formation of the gelatin-oleic conjugate (GOC). Gelatin-oleic
nanoparticles (GON) were prepared via self-assembly of GOC using desolvation method with a
cross-linker, glutaraldehyde. The presence of a small amount of cross-linker stabilizes nanoparticles
when they are dispersed in water for extended periods of time. In our previous report, we
demonstrated the self-assembly of gelatin-oleic nanoparticles using a desolvation method [16]. The
nanoparticles were applied to load paclitaxel (PTX), an insoluble anticancer agent for controlling
drug release. Although PTX is used an effective anti-cancer drug against a wide range of solid
tumors [17], it has limitation for use due to poor aqueous solubility of drugs. Nanoparticle delivery
system using biodegradable materials, e.g., solid lipid, liposome, and etc., have been developed for
overcome the problems [18][19]. Most anticancer drugs have limitations in clinical administration
because their often requires the use of adjuvants or excipients, which may cause serious side effects.
The preparation of GON without using harmful solvents is essential for practical applications.

Shear stress generated by blood flow in the vascular microenvironment and interstitial flows in
the tumor microenvironment have been suggested to play key role in cancer metastatic process. The
aim of this study was to evaluate how low shear stress (0.5 dyne/cm?) in dynamic environments
affects the delivery of GON to epithelial A549 cancer cell lines in a biomimetic microfluidic system
(BMS) mimic to the extracellular environment. Specifically, we evaluated the cellular uptake of
fluorescence-labeled coumarin 6-GON and assessed drug efficacy when paclitaxel-loaded GON was
delivered. The difference between the presence and absence of shear stress was found to be a key
factor in these assessments.

2. Results

2.1. Physicochemical properties: GONs, C-GONs and PTX-GONs

Desolvation method, which is demonstrated the method and characterization of GONs in our
previous study, was used to prepare GONs [15]. Because contrary solubility of gelatin, OA, and
other reagents, water—ethanol cosolvent was used. Briefly, GOC was dissolved in 50 % ethanol, and
adding ethanol to precipitate GOC which is insoluble in ethanol. The precipitation and nucleation
speed should be controlled by adjusting the rate and amount of ethanol added. This method was
used to ensure the nano-size of the gelatin-oleic particles. The free amino groups of GONs were then
reacted with cross-linker, glutaraldehyde, for stabilization, and detailed mechanism of cross-linking
described in previous study [15]. The DLS results in Table 1 show the size of the GONs were below
200 nm which were easily accumulated and entrapped by tumors (passive targeting). The
polydispersity indexes of GONs were around 0.1, indicating a narrow particle size distribution of
nanoparticles [20]. Using the conventional method, gelatin nanoparticles were above 200 nm and the
two-step desolvation process is typically applied to prepare gelatin nanoparticles [21-23]. In this
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study, small particle sized and high uniformed GONs were prepared just by one-step desolvation. In
previous studies, gelatin nanoparticles often possess low zeta potential (from 0 to -10 mV) [21,24].
Nevertheless, GONs had a high absolute negative zeta potential, indicating enhancement of the
colloidal stability as the surface charge resists particle aggregation [25]. The presence of oleic
moieties could be increased the hydrophobic interaction between gelatin molecules. The most of the
amino groups of gelatin had reacted with OA, which reduces the cation charge on the surface of the
GONs. Accordingly, the surface charge of the GONs was determined by the carboxyl groups
(COOH) of gelatin and the particle were electrostatically stabilized with anionic surface charges.
Figure 1 shows TEM and SEM images of the GONs. These images supported that GONs were
spherical, compact, and uniform. In conclusion, GONs cross-linked by glutaraldehyde were
uniform, stable, and appropriate for tumor targeting.

Table 1. Particle size and zeta potential of gelatin-oleic nanoparticles (GONs), coumarin-6-loaded
GONss (C-GONSs), and paclitaxel-loaded GONs (PTX-GON:s).

Nanoparticles Particle size (nm) PDI Zeta potential (mV)
GONs 163 +7.91 0.105 +0.03 -64.6 +1.37
C-GONs 199 +1.48 0.164 +0.03 -36.1 +8.28
PTX-GONs 309 + 3.56 0.0643 + 0.05 -23.7 +1.18

* PDI: polydispersity index.

(a)

p

50KV X50,000 100nm WD 5.8mm

Figure 1. Electron microscopy images of GONs at two different magnifications (x30K and x50K): (a)
TEM and (b) SEM

To evaluate the cellular uptake of GONs, coumarin-6 was loaded into GONs (C-GONs) using
incubation method. During the incubation process, the GON structure was stabilized to load
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coumarin-6 into GONs via two mechanisms: penetrating into some pores of the nanoparticles and
absorbing through the outer layer of the nanoparticles by physical absorption or hydrogen bonding.
As shown in Table 1, the sizes of C-GONs and PTX-GONs increased and the absolute zeta potential
decreased but was still negatively charged; therefore, the stability of the C-GONs was maintained.
Images of the C-GON and PTX-GON are shown in Figure 2. The shape of C-GONs as well as
PTX-GONs remained spherical after loading. The DL and EE were determined using an indirect
method. Table 2 shows the DL and EE of PTX into the GONs. PTX was successfully loaded into
GONs with an EE of 63.74% and a DL of 8.15%.

Table 2. Encapsulation efficiency (EE) and drug load efficiency (DL) of paclitaxel-loaded GONs.
(mean + SD; n =3)

Nanoparticles EE (%) DL (wt. %)
PTX-GONs 63.7 £11.6 8.15+4.65
(@)
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Figure 2. Scanning electron microscopy (SEM) images of (a) coumarin-6-loaded GONs and (b)
PTX-loaded GONS.

2.2. Cellular uptake of coumarin-6 loaded GONs

To compare the cellular internalization of GONs by cancer cells in the presence and absence of
shear stress, A549 cells were selected as a model cancer cell line. The cells were incubated for 1 h
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under static or biomimetic flow conditions with 0.5 dyne/cm? shear stress. The results showed that
the mean fluorescence of cells measured for C-GON uptake was slightly decreased in the presence of
shear stress (Figure 3). The flow cytometry results were confirmed by fluorescence microscopy
(Figure 4). The cells were incubated with C-GONs under the same conditions as used for the flow
cytometry experiment. Green fluorescence imaging was conducted to visualize the intracellular
GONs, and blue fluorescence imaging was used for the cell nucleus. It could be attributed to the
diminution of cell-drug vehicle contact time due to the presence of shear force. This result is in
agreement with the obtained result in our previous study carried out with negatively charged
polystyrene nanoparticles [25], wherein no significant difference in the cellular uptake of anionic
polystyrene nanoparticles was found in dynamic milieu.
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Figure 3. Cellular uptake of coumarin-6-loaded GONs by A549 cancer cells under static or
biomimetic dynamic conditions for 1 h (mean + SD; n = 3).

Fluorescence image of coumarin 6 loaded GONs (x40)

Static condition Dynamic condition

Figure 4. Fluorescence images of internalized GONs in A549 cancer cells after treatment with
coumarin-6-loaded GON under static or biomimetic dynamic conditions for 1 h.

2.3. Cell-killing efficiency of paclitaxel loaded GONs
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Before comparing the effects of fluidic shear stress on drug efficacy in the A549 cancer cell line,
we evaluated the capability of anti-tumor treatment with different concentrations of PTX-GON
under static conditions for 24 h. The range of concentrations of PTX used for the test corresponded to
the plasma levels of the drug achievable in humans [26] (Figure 5). The decrease in cell viability, as
measured by the MTT test, may have resulted in the inhibition of cell growth or from cytotoxicity.
The cells were also incubated with drug-free GONs (0 ug/mL of PTX) to ensure that the cytotoxicity
was caused by PTX itself. The vehicle of nanoparticles used to test cytotoxic activity had the same
concentration of blank GONSs as the sample containing the highest concentration of PTX (25 pug/mL).
Firstly, no cytotoxicity activity was observed for the blank GONSs, even in the presence of shear
stress. Therefore, the cytotoxicity of PTX-GONs was attributed only to PTX because GONs consist of
nontoxic, biocompatible, and biodegradable materials. These results also suggest that GONs
maintain the pharmacological activity of PTX and efficiently deliver PTX to the cells. The extent of
cytotoxicity was influenced by the PTX concentration, the higher the concentration applied, the
greater number of cells were inhibited. Next, MTT assay was performed on PTX-GON under static
and dynamic conditions to compare the effects of fluidic shear stress on drug efficacy. The cell
viability of A549 cells after treatment with PTX-GON at two different PTX concentrations (2.5 and
12.5 pg/mL of PTX) after 24 h under static or dynamic condition is shown in Figure 6. The cell
viability of A549 cells decreased as PTX concentration increased, regardless of static or dynamic
conditions. Unlike the non-biodegradable PSN or biodegradable liposome (Doxil) as investigated
previously [25,30], cell viability by biodegradable PTX-GON under dynamic condition was slightly
higher compared to under static condition but this difference was not statistically significant. This
finding is in accordance with the identical cellular uptake of C-GONs obtained in the presence or
absence of shear stress shown in Figure 3 and Figure 4. Although PTX-GONs possess larger particle
size than C-GONs, those two kinds of nanoparticles are still negatively charged and display similar
tendency in cellular uptake. Therefore, it can be inferred that in case of GONSs, surface charge seems
to play more crucial role than particle size in cellular internalization process as reported previously
[25].
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Figure 5. Cell-killing efficiency of PTX-GON under static conditions for 24 h with changing
concentration of PTX (mean + SD; n = 3).
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Figure 6. Cell-killing efficiency of PTX-GON under static or biomimetic dynamic conditions for 24 h.
(mean + SD; n = 3).

3. Discussion

It is known that cellular behaviors of nanoparticles are complicated by biomimetic shear stress
depending on their physicochemical properties such as components, charge, and biodegradability.
Considering that nanoparticles are biodegradable, poly(lactic-co-glycolic acid) nanoparticles
decreased targeting to epithelial or endothelial cells under shear stress [9,10]. Biodegradable
liposomal nanoparticles showed different delivery efficiencies depending on their charges.
Positively charged liposomes showed increased cellular uptake, whereas negatively charged
liposomes showed decreased or no change in cellular uptake of nanoparticles in the presence of
shear stress [13,14]. Additionally, in case of non-biodegradable nanoparticles, negatively charged
silica nanoparticles showed increasing cellular uptake at low shear stress [27]. In our previous study,
comparing the delivery of cationic and anionic polystyrene nanoparticles (PSNs) to HEK 293T cells
under static and dynamic conditions revealed no significant differences in the mean fluorescence of
cells measured for anionic PSN uptake in the presence of shear stress [28]. In this research, it was
observed that the cellular uptake of C-GONs under dynamic condition slightly diminished in
comparison with static condition. The interaction of nanoparticles with cells depends on the specific
properties of the nanoparticle, including size, hydrophobicity, surface charge, type of nanoparticle
as well as protein corona [25,30]. Among these properties, surface charge is an important factor for
determining particle binding to the cellular membrane surface as well as defining possible routes of
intracellular uptake [25].

In this study, shear stress generally decreased the cellular uptake of PTX-GONs, resulting in
lower cell-killing efficiency under dynamic conditions. It was proved that the size and charge of
particles play a crucial role when shear forces and in vivo applications are considered [14]. The
achieved results showed that after incubating with coumarin-6 or PTX, the particle size of GONs
have been found to be increased as compared to the initial GONSs, especially PTX-GONs with nearly
doubled particle size. This phenomenon could be attributed to the absorption of chemical agent onto
the surface of nanoparticles. The absorption of PTX whose molecular structure is more complex than
coumarin-6 leads to more significant change in resultant particle size. It could be hypothesized that
the cellular uptake of PTX-GONs reduced under dynamic condition due to the weakening in
interaction between nanoparticles and cells. Generally, larger negatively charged particles need
more time to be uptaken by cells via endocytosis or active transport, however with the presence of
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shear stress [25], the interaction between particles and cells was somewhat constrained by the flow
force.

Under the biomimetic fluidic condition, cancer cells are exposed to various physical forces, e.g.,
fluidic shear stress, hydrostatic pressure, tension, and compression, in the tumor microenvironment
[29-31]. Shear stress is generated on the surface of the cell monolayer by fluid flow can prompt mass
transport and modulate cellular activities; thus, shear stress can affect cancer cell viability and the
potential for metastasis [32]. Additionally, because physicochemical factors in the cellular
microenvironment and complex nanoparticle properties may affect cellular behaviors, a more
detailed investigation of cellular interactions with nanoparticles which have different
physicochemical properties such as size, charge, formulation and protein corona in vivo under
biomimetic dynamic environment is required. Furthermore, research approaches overcome the in
vitro-in vivo gap with 3D models or co-cultures in combination with the dynamic fluidic system
[33,34]. Utilizing biomimetic dynamic fluidic system may better predict cell behavior and drug
distribution in vivo environment.

4. Materials and Methods

4.1. Materials

Gelatin was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). OA was obtained from
Shinyo Pure Chemicals Co., Ltd. (Osaka, Japan). Glutaraldehyde solution was purchased from
Sigma-Aldrich Corporation (St. Louis, MO, USA). 1-Ethyl-3-(3-dimethylamino-propyl) EDC and
NHS were purchased from Sigma Chemical Co. Ltd. (St. Louis, MO, USA). Biomimetic microfluidic
system components and fluidic cell chamber (p-Slide VI 0.4) were purchased from Ibidi GmbH
(Munich, Germany). Paclitaxel (PTX) was obtained from Dae Woong Pharmaceutical Co. Ltd. (Seoul,
Korea). The 2-mercaptoethanol (2-ME) was purchased from Yakuri Pure Chemicals Co., Ltd. (Kyoto,
Japan). High-performance liquid chromatography (HPLC)-grade solvents were supplied by Thermo
Fisher (Waltham, MA, USA). All other chemicals were of analytical grade and were used without
further purification.

4.2 Preparation of GON, C-GON, and PTX-GON

4.2.1. Synthesis of GOC

The synthesis of GOC to prepare GON was carried out according to the modification of
experimental procedure developed by our laboratory [15]. Briefly, a 150-uL of OA was dispersed in
30 mL of 60% ethanol, and 37.5 pL of NaOH (1 M) was added to completely dissolve the OA. Then,
364.45 mg of EDC and 291.73 mg of NHS were added to this solution, followed by vortexing. The
resulting solution was placed in a shaking incubator (BioFree, Seoul, Korea) for oleic activation
reaction at 37 °C at a shaking speed of 100 rpm for 20 min. At the end of this reaction, 135 uL of 2-ME
was added and shake under the same conditions for 10 min to inactivate the unreacted EDC.

Next, 200 mg of gelatin was dissolved completely in 8 mL of 60% ethanol and 250 uL of NaOH
(1 M) was added. Then, gelatin solution poured into the activated oleic acid solution and incubated
in a shaking incubator for 12 h at 37 °C at a shaking speed of 100 rpm. After this reaction, acetone
was added to precipitate the GOC, and the dispersion was then centrifuged at 4000 rpm with
discarding the supernatant. The GOC was washed twice with excess amount of ethanol and warm
water to remove OA, gelatin, and other remaining agents by centrifugation at 4000 rpm. The final
product was dried in an oven at 40 °C.

4.2.2. Preparation of GON using desolvation method

Firstly, 10 mg of GOC was dissolved completely in 3 mL of 50% ethanol using sonication.
During the GOC solution was then stirred at 700 rpm, 4 mL of ethanol was slowly dropwise using a
peristaltic pump, and then the GOC solution was converted into colloidal state. The crosslinking
reaction was conducted at 37 °C for 10 h with 8% glutaraldehyde. The colloidal dispersion was then

d0i:10.20944/preprints201704.0023.v1
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centrifuged at 12,000 xg for 30 min and the supernatant was removed to obtain the GONs followed
washing three times with distilled water by centrifugation at 12,000 xg and freeze-drying at 50 °C
for 2 days. (Freeze Dryer, Ilshin Lab Co., Ltd., Kyunggi-do, Korea).

4.2.3. Preparation of C-GON and PTX-GON

Coumarin-6 or PTX was loaded into GONs by incubation method (Fig. 7(a)) [16]. In this
method, 10 mg of GONSs was dispersed in water and 10 ug of coumarin-6 or 1 mg of PTX was added
at a shaking speed of 100 rpm for 24 h at 37 °C. The resulting solution was centrifuged and the
coumarin-6-loaded GONs (C-GONs) and paclitaxel-loaded GONs (PTX-GONs) were purified as
described above.

4.3. Characterization of GON, C-GON, and PTX-GON

4.3.1. Dynamic light scattering (DLS)

The particle size and zeta potential of the nanoparticle samples (GONs, C-GONs, and
PTX-GONSs) were in triplicate measured using a PAR-III Laser Particle Analyzer System (Otsuka
Electronics, Osaka, Japan) with a He-Ne laser light source (5 mW) at a 90° angle.

4.3.2. Morphology: transmission electron microscopy (TEM) and scanning electron microscopy
(SEM)

The morphology of the GONs was confirmed by TEM (TECNAI G2 F30 S-TWIN, FEI Company,
USA) and FE-SEM (JSM-6700F, JEOL, Japan). To observe the TEM images, the nanoparticle solution
samples were mounted on a copper grid covered with formvar film and dried in a vacuum dryer
before loading onto the microscope. To observe the SEM images, the powder of the nanoparticles
was mounted and coated with Au-Pd.

4.3.3. Drug loading content (DL) and encapsulation efficiency (EE)

The supernatant and washings were collected from the nanoparticle preparation process and
were analyzed using an UV/VIS spectrophotometer (DU730, Beckman coulter, CA, USA) to
determine the amount of PTX that was not encapsulated inside the GONSs. These values were used to
calculate the amount of drug loaded and EE. The UV/VIS for PTX determination was conducted at
the detection wavelength of 227 nm. The amount of drug in the GONs was determined by
subtracting the amount of unloaded drug from the amount of drug initially added. DL and EE were
calculated using the following equations:

DL (%) = weight of the drug in nanoparticles « 100
v weight of nanoparticles

EE(%) = amount of the drug in nanoparticles % 100
o amount of the feeding drug

4.4. Cell culture

The human lung adenocarcinoma cell line, A549 (KCLB No. 10185), was used in the present
study. The cell lines were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). The A549
cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. Fluidic cell chambers were used for performing biomimetic microfluidic
experiments. 30 pL of cell suspension (1 x 10° cells/mL) was seeded into each channel of a fluidic cell
chamber and then 100 uL of the corresponding cell medium was added. The cells were allowed to
attach and stabilize in the incubator at 37 °C containing 5% CO: and 95% air.
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Figure 7. Schematic diagram; (a) preparation of paclitaxel loaded gelatin-oleic nanoparticles by
incubation method (b) schematic diagram of a cross-section of a fluidic cell chamber in biomimetic
microfluidic experiment

4.5. Biomimetic microfluidic experiment

After the cells were grown for 24 h under static conditions and stabilized, the fluidic cell
chamber was connected to the biomimetic microfluidic system (BMS). The system, which consisted
of a peristaltic pump, media, fluidic cell chamber, bubble trap and tube, was calibrated in previous
study [28,35]. The BMS except the pump was placed in the incubator (37 °C and 5% CQOz) during the
fluidic experiment. When the peristaltic pump was running, the cell media containing GONs flowed
throughout the cell chamber of laminar flow, and the cell monolayer experienced shear stress (0.5
dyne/cm?) (Fig. 7(b)). In static conditions, cells incubated with media containing GONs in the
absence of fluidic shear stress. As controls, cells were incubated with only fresh cell media without
GONs under static condition.

4.6. Determination cellular uptake

4.6.1. Flow cytometry

A flow cytometer was used to measure the fluorescence intensity of cellular uptake C-GONSs.
After incubating cells with C-GONSs for 1 h at 37 °C and 5% CO2 under static or dynamic conditions,
the tubes were removed from the fluidic cell chamber and the chambers were washed three times
with phosphate-buffered saline (PBS, pH 7.0) for 5 min to discard the C-GONs from the cell
suspension. 50 pl of a 0.25% (w/v) trypsin-EDTA solution (Invitrogen, Carlsbad, CA, USA) was
added to detach the cells from the bottom of the cell chamber for 3 min. Then, the cells were
harvested by washing the channels twice with 100 uL of PBS. The mean fluorescence intensity of
treated samples was analyzed using a flow cytometer (BD FACS Canto II, BD Biosciences, Franklin
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Lakes, NJ, USA). Typically, 10,000 events were assayed for each sample, and the experiments were
performed in triplicate. Control samples contained only cells.

4.6.2. Confocal laser scanning microscopy

To compare the cellular internalization of C-GONs under the two different static and dynamic
conditions, the cells were incubated with C-GONs for 1 h at 37 °C and 5% CO:2 under static or
dynamic conditions. After incubation, the cells were washed three times with PBS (100 L, 5 min) to
remove C-GONs from the cell suspension. The cells were fixed with 4% paraformaldehyde in PBS
(100 pL, 30 min) at 37 °C followed by washing with PBS twice for 5 min each. The cell nuclei were
stained with 3 ug/mL Hoechst #33342 (Invitrogen) in PBS for 15 min in the dark and washed twice
with PBS. Next, the cells were imaged using a fluorescence microscopy (Eclipse Ti-U, Nikon,
Melville, NY).

4.7. Cell viability assay

The cell-killing efficiency was assessed following exposure of the cells to shear stress by
replacing the cell medium with PTX-GONSs. The cells were seeded into a p-slide chamber at a
density of 3 x 105 cells per well and incubated for 24 h to allow the cells to attach to the dish. After
growth to 90% confluence, the cells were washed twice with PBS to remove the residual growth
medium. Next, cells were treated with 150 pL of fresh medium containing PTX-GONs at different
concentrations (concentration of PTX: 0.025, 0.25, 2.5, or 25 pg/mL) and blank GONs under static
conditions for 24 h. To evaluate the effect of fluidic shear stress, the cells were treated with 2.5 pg/mL
PTX-GONSs under static and dynamic conditions for 24 h. Following the 24-h treatment with the
drug, cell viability was determined using the MTT assay. Briefly, cells were washed twice with PBS
to eliminate the remaining drug and replaced with new medium (150 uL) supplemented with 10%
MTT solution, and then covered with tinfoil. After incubation at 37 °C for 1 h, the medium was
removed, 150 uL. of DMSO was added to dissolve the crystals, and the samples were gently shaken
on an orbital shaker for 15 min. Finally, the supernatant was replaced in a 96-well plate. The
absorbance of each well at 570 nm was measured using a Synergy H1 plate reader (BioTek,
Winooski, VT, USA). Three independent experiments were performed in triplicate and the results
were normalized to cells incubated in cell medium alone.

4.8. Statistical analysis

The experimental data were expressed as the mean + standard deviation (SD). The statistical
significance (p value) of the observed differences was analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison post hoc test. A p value of < 0.1 was considered
statistically significant (*p < 0.05, **p <0.01, ***p < 0.001).

5. Conclusions

We investigated the effect of fluidic shear stress on drug delivery using natural biocompatible
GON s by the desolvation method. The GONs showed quite suitable physicochemical properties for
tumor-targeted delivery. These results indicate that biomimetic shear stress influenced drug uptake
and cellular behaviors. The cellular uptake of coumarin-6-loaded GONs by A549 cancer cells in the
absence versus the presence of shear stress revealed slightly decreased mean fluorescence intensity.
This study also indicated that PTX-loaded GONs had a lower cancer killing effect under dynamic
conditions compared to under static conditions due to the weaking in nanoparticle-cell interaction.
Under the setup shear force, the contact time between drug carrier and cancer cell was somewhat
limited. The application of a biomimetic dynamic system may lead to better prediction of cell
behavior and drug distribution in dynamic in vivo environments. Our results clearly demonstrate
that shear stress as an important aspect of the dynamic in vivo environment should be considered in
characterizing physicochemical properties, cellular uptake and shear-sensitive drug delivery for
patients with ischemic cardiovascular and renal diseases.
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