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KEY WORDS Abstract  Nanocrystal formulations have been explored to deliver poorly water-soluble drug molecules.
Despite various studies of nanocrystal formulation and delivery, much more understanding needs to be
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. to tissues and to the whole body. In this study, nanocrystals of tetrakis (4-hydroxyphenyl) ethylene

(THPE) with an aggregation-induced emission (AIE) property was used as a model to explore intracel-
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ethylene; analyses. The results suggested that THPE nanocrystals could be taken up by KB cells directly, as well
Fate; as in the form of dissolved molecules. The cellular uptake was found to be concentration- and time-
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dependent. In addition, the intracellular THPE also could be exocytosed from cells in forms of dissolved
molecules and nanocrystals. Kinetic modeling was conducted to further understand the cellular mecha-
nism of THPE nanocrystals based on first-order ordinary differential equations (ODEs). By fitting the ki-
netic model against experimental measurements, it was found that the initial nanocrystal concentration
had a great influence on the dynamic process of dissolution, cellular uptake, and exocytosis of THPE na-
nocrystals. As the nanocrystal concentration increased in the culture media, dissolution of endocytosed
nanocrystals became enhanced, subsequently driving the efflux of THPE molecules from cells.
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1. Introduction

Drug nanocrystals are crystalline drug particles typically regarded
with a diameter smaller than 1 pm. Nanocrystals have been widely
used to improve oral bioavailability of poorly water-soluble drugs
because of their enhanced dissolution rates and the likelihood of
adhesion to intestine membranes due to their small size' .
Nanocrystal production generally requires straightforward
formulation steps and becomes amenable for scale-up produc-
tion™”. Nanocrystal-based products are also suitable for many
administration routes due to their versatility in different dosage
forms (such as oral tablets and parenteral suspensions)’ °.
Nanocrystals have become one of the most actively researched
drug delivery systems, especially for delivering poorly soluble

Development of nanocrystals has been greatly explored over
recent decades, with a focus on preparation optimization, stabi-
lizer screening, structure characterization, and solubility and
dissolution enhancement, as well as improvement of in vivo bio-
availability'*~'°. However, little is known about how nanocrystals
interact with cells and cellular components, their transmembrane
absorption mechanisms and kinetics, and, more importantly, their
in vivo fate including dissolution kinetics and biological distri-
bution. The lapse in knowledge stems from the current lack of
reliable analytical approaches to truthfully discern and quantify
nanocrystals vs. molecules in a biological milieu'®. The total
amount of nanocrystals plus dissolved drug molecules is generally
analyzed and quantified. As such, the current lack in under-
standing of in vivo behaviors, mechanisms, and biological per-
formance of drug nanocrystals limits advances towards greater
commercial success.

Fortunately, some efforts have been made to explore the in vivo
fate of nanocrystals'”'®. Strategies include observing crystalline
morphology in slices with transmission electron microscopy
(TEM)'", and tracking nanocrystals with autofluorescence or
physically embedded fluorophores®” >*. The last method presents
a promising idea for nanocrystal quantification. Fluorescent
probes that optically quench in water or have aggregation-induced
emission (AIE) properties have been used to discriminate between
nanocarriers and free drugs®~%’. Therefore, these kinds of probes
are effective to explore the in vivo fate of nanocrystals.

In one of our previous studies of drug nanocrystals, paclitaxel
nanocrystals (PTX-NCs) integrated with tetraphenylethylene
(TPE), an AIE probe”®*’, were used to investigate cellular uptake
mechanisms’”*'. TPE has four aromatic rings conjugated together
via rigid ethylene (Fig. 1). When integrated into PTX-NCs, its
molecular motion is restricted and the excited state dissipation
occurs optically via photon emission, generating fluorescence.
‘When released from PTX-NCs and dissolved in bulk medium, its
aromatic groups are free to rotate, losing its fluorescence

Figure 1  Structures of tetraphenylethylene (TPE, A) and tetrakis
(4-hydroxyphenyl) ethylene (THPE, B).

characteristics®> **. Because of the AIE property, understanding
of how PTX-NCs were transported across cell membranes, as well
as the intracellular dissolution kinetics, was achieved. Nonethe-
less, some limitations remained when using TPE as an AIE probe
to study drug nanocrystals. The solubility of TPE is marginal
(about 0.032 pg/mL measured in this study), making it highly
possible to recrystallize once it is released from hybrid TPE drug
nanocrystals. Measured fluorescence may have also resulted from
TPE-NCs, as well as from PTX/TPE-NCs.

To address possible uncertainties of characterizing nano-
crystals because of the poor solubility of TPE, tetrakis (4-
hydroxyphenyl) ethylene (THPE) was used as an AIE probe in
this study. THPE is a derivative of TPE with one hydrogen atom
replaced by hydroxyl group in each phenyl ring (Fig. 1), giving a
much higher water solubility (about 2.6 pg/mL as measured in this
study), about 80 times than that of TPE. In addition, instead of
forming hybrid nanocrystals with another drug, pure THPE
nanocrystals (THPE-NCs) were prepared and used in cellular
studies. Because of its inherent AIE property, THPE-NCs
permitted us to thoroughly explore cellular uptake mechanisms
and kinetics, further our conclusion from the previous study. Ki-
netic modeling was established to interpret transmembrane ki-
netics of THPE-NC suspensions measured at different
concentrations.

2. Experimental methodology

2.1. Materials

THPE of >97% purity was purchased from TCI (Portland, OR,
USA). Gibco® folate free RPMI-1640 medium and fetal bovine
serum (FBS) were purchased from Life Technologies (Grand Is-
land, NY, USA).

2.2.  Preparation and characterization of THPE-NCs

THPE-NCs were prepared by anti-solvent precipitation. Briefly,
2.0 mg of THPE was dissolved in 1 mL of ethanol and then
quickly added to 40 mL of deionized water at 4 °C under stirring
(800 rpm) and sonication in an ice-water bath (FS20D Bath
Sonicator by Thermofisher Inc., Waltham, MA, USA). The
mixture was stirred and sonicated for 10 min. Upon crystalliza-
tion, the suspension was filtered through a 50 nm polycarbonate
filter. The precipitation was re-suspended in 3 mL deionized water
by sonication in an ice-water bath.

Particle size and zeta potential of THPE-NCs were measured
by a dynamic light scattering instrument (Zetasizer 3000HS by
Malvern Inc., Worcestershire, UK) at room temperature. The
morphology of THPE-NCs was detected by a scanning electron
microscope (SEM, Nova Nano SEM by FEI Co., Hillsboro, OR,
USA). THPE-NCs on a 50-nm polycarbonate filter were dried at
room temperature and sputter-coated with gold and palladium for
60 s before imaging.

The AIE property of THPE-NCs was characterized by sus-
pending THPE-NCs in a series of mixtures of ethanol and water at
various v/v ratios. Fluorescence of the samples was measured
using a FluoroMax-2 Spectrofluorimeter (Horiba Ltd., Piscataway,
NJ, USA) with an excitation at 350 nm and an emission at 450 nm.
The samples were centrifuged at 15,000 rpm for 15 min (Sorvall
MX 150 plus centrifuge by Thermofisher Inc., Waltham, MA,
USA) to separate dissolved THPE molecules and THPE-NCs. The
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content of THPE in the supernatant and pellets were analyzed by
HPLC.

THPE concentration analysis was carried out using an Agilent
1200 HPLC system (Agilent, Santa Clara, CA, USA) with an RP-
18 column (150 mm X 4.6 mm with pore size of 5 um; Agilent
Co., Philadelphia, PA, USA). The mobile phase consisted of
acetonitrile and water (46: 54, v/v). The flow rate was 1.0 mL/min
and the detection wavelength was 330 nm. The quantitative lower
limit of THPE in this study was 0.0146 pg/mL.

2.3.  Cell culture

KB cells (nasopharyngeal epidermal carcinoma) were obtained
from American Type Culture Collection (ATCC, Manassas, VA,
USA) and used between passages 18—24. The cells were cultured
in RPMI-1640 medium supplemented with 10% (v/v) FBS and 1%
penicillin streptomycin at 37 °C in a saturated humidity of 5%
CO,. KB cells were seeded at a density of 2 x 10° cells/well and
were cultured for 24 h before incubation with THPE-NCs.

2.4.  Cellular uptake of THPE-NCs

Cellular uptake of THPE-NCs was quantified using confocal mi-
croscopy, flow cytometry, and HPLC. KB cells were prepared as
stated above. THPE-NC suspension was diluted with cell medium
sans FBS to a total THPE concentration of 24, 8, or 2.7 png/mL,
respectively.

For confocal microscopy, KB cells were seeded in confocal
petri dishes. After cell adhesion to dish walls, THPE-NC sus-
pension of 2.7 or 24 pg/mL was incubated with cells for 1, 3, or
7 h. Additionally, cells incubated for 3 h were washed with PBS
and incubated in 1 mL of fresh medium for an additional 1, 2, or
5h (4,5, or 8 h total) to determine. At the end of each time point,
cells were then gently washed with cold PBS three times and
stained with 8§ pmol/L Dil for 30 min at 37 °C. Cells were
immediately imaged by laser scanning confocal microscopy
(Nikon Ai, Nikon Co., Tokyo, Japan).

Cell uptake observed by flow cytometry was carried out as
described in our previous studies’'. KB cells were seeded in 6-
well plates (Corning, NY, USA). After 24 h, medium in each well
was discarded, and 1 mL of THPE-NCs was added and incubated
with cells for 0.5, 1, 2, and 3 h. For those incubated for 3 h, cells
were washed with PBS and incubated in 1 mL of fresh medium for
an additional 1 or 2 h (4 or 5 h total). At all pre-determined times,
cells were washed three times with cold PBS, detached with
trypsin, resuspended in PBS, and measured using flow cytometry
(BD Co., San Jose, CA, USA) within 2 h. A blank control was
obtained using the same procedure, with 1 mL of fresh medium.

Cellular uptake was quantified by HPLC as described in our
previous study>®. Cells were treated by the same procedure as used
in the preparation for flow cytometry. Extracellular media were
immediately centrifuged at 15,000 rpm for 15 min (Thermofisher
Inc.) to separate THPE-NCs from dissolved molecules. Once the
THPE supernatant was removed, THPC-NCs were dissolved in
1 mL of methanol. Respective concentrations of THPE in the
supernatant and dissolved THPE-NCs were determined by HPLC.
In addition, 1 mL of cell suspensions was lysed by sonication
(Selecta Solupuls, Nickon A1, Nikon Co., Tokyo, Japan) in an ice
bath and further dissolved in 1 mL of methanol. The total amount
of THPE was measured by HPLC.

2.5.  PK modeling and simulation of NC cellular uptake

To understand the mechanism and kinetics of cellular uptake of
nanocrystals, transport of THPE uptake and removal from cells
was modeled with first-order kinetic models. Fig. 2 shows the
kinetic pathways taken by extra- and intra-cellular THPE nano-
crystals and molecules. Transmembrane transport is assumed to be
in equilibrium between respective nanocrystals and molecules.
Only dissolution of the nanocrystals is considered, due to the fact
that THPE suspensions were used to incubate with cells.

The ordinary differential equation (ODE) model was solved by
ode 45 in Matlab version 2019.b2 (MathWorks Co., Natick, MA,
USA) and the rate parameters were determined by Isgcurvefit in
Matlab by fitting ODE-predicted concentration values against
experimental data determined by HPLC. The parameters values
were then used in simulation drug concentrations under other
incubation conditions.

2.6. Statistical analyses of data

All data were expressed as mean =+ standard deviation (SD). One-
way ANOVA was used to test the differences between groups and
P < 0.05 or P < 0.01 was considered to be a significant
difference.

3. Results and discussion

3.1.  Nanocrystal characterization

The size of THPE-NCs was found to be 313.5 £ 23.0 nm with a
PDI of 0.240 £ 0.029 (n = 3). The zeta potential of THPE-NCs
was —18.2 + 1.9 mV. An SEM micrograph (Fig. 3) showed
THPE-NCs had a prism-like morphology approximately 300 nm
in length.

To confirm the larger solubility of THPE in relation to TPE,
and to test THPE’s AIE property, dissolution studies of THPE
nanocrystals in various ratios of ethanol:water were carried out.
As shown in Fig. 4, THPE-NC fluorescence decreased as
ethanol content increased from O to 16%, showing gradual
dissolution of THPE-NCs. At 18% EtOH, almost no fluores-
cence was detected, indicating complete THPE-NCs dissolu-
tion. By contrast, complete TPE dissolution only occurred
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Figure 2 Schematic depicting transportation of THPE across cell
membrane, including both molecules and nanocrystals. C denotes
concentration and k rate constant, with subscripts nc and mol repre-
senting nanocrystal and molecule, and en, ex, in, and d representing
endocytosis, exocytosis, intracellular and dissolution.
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Figure 3 SEM image of tetrakis (4-hydroxyphenyl) ethylene
nanocrystals THPE-NCs.

when the content of ethanol was equal to or over 70%31,
suggesting that THPE had a better aqueous solubility than
TPE. Positive correlations were observed between fluorescence
and undissolved THPE-NCs, approximated by two linear re-
gions between 0 and 7.22 pg/mL (» = 0.9953) and between
7.22 and 26.16 pg/mL (r = 0.9982). Depending on the
measured fluorescence, a suitable linear region was selected to
calculate the nanocrystal concentration of a sample. These tests
further validated the AIE property of THPE-NCs.

3.2.  Cellular uptake studies

3.2.1
imaging
Confocal microscopy was a useful tool to observe the drug uptake
by cells directly. In this study, uptake of THPE-NCs by KB cells
was observed qualitatively by confocal laser scanning microscopy
(CLSM, Fig. 5). Since THPE had good AIE property, only un-
dissolved THPE, i.e. THPE-NCs, could emit fluorescence.
Therefore, the observed fluorescence within cells verified that
THPE-NCs could transfer across KB cell membranes intact. As
shown in Fig. 5, KB cell membranes were red after staining with
Dil, a typical lipophilic membrane stain. Blue spots corresponding
to THPE-NCs could be seen inside the red KB cell membranes
inferring nanocrystal internalization into cells. Overall, stronger
THPE fluorescence was observed at incubation with 24 ng/mL
than that with 2.7 pg/mL. The results suggest that increased
THPE-NC uptake was concentration-dependent and further imply
that active transport may be involved in the absorption of THPE-
NCs by KB cells. Note that the membrane staining was not uni-
form among the cells. The poor staining could result from unop-
timized staining conditions including incubation time and
chemical concentration. Additionally, several cells showed greater
fluorescence intensities. This could be due to detrimental effects to
the cell membrane by endocytosed nanocrystals, but remained to
be further evaluated.

For both nanocrystals incubated respectively with 24 and
2.7 pg/mL, greater fluorescence was observed at 3 h compared to
1 h. However, no obvious difference was observed between 3 and
7 h. This indicates that cellular uptake of THPE-NCs may peak
between 1 and 3 h, as well as the possibility that dissolution of the

Cellular uptake determined by confocal microscopy
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Figure 4 The AIE feature of THPE-NCs (A) Vials of THPE-NCs in water/ethanol mixtures of various v/v ratios under UV illumination (B)
Fluorescence measured by fluorospectrometer and dissolved THPE measured by HPLC in the mixtures (C) The relationship between fluorescence

and concentration of THPE-NCs.
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2.7 pg/mL

A
7h

Confocal images of KB cells cultured with THPE-NCs at (A) 2.7 and (B) 24 pg/mL for 1, 3, 7 h, and additional 1, 2, and 5 h
incubation with only fresh medium after 3 h of treatment. THPE was shown in blue and cell membrane in red. Scale bar = 100 pm.

Figure 5

nanocrystals and further cellular uptake of THPE-NCs approached
a dynamically equilibrated state in terms of detected fluorescence
intensity. An obvious decrease of THPE fluorescence appeared for
an additional 1 h (2.7 pg/mL) and 5 h (24 pg/mL) after incubation
with fresh media. This may be caused by dissolution and/or
exocytosis of the intracellular THPE-NCs. It must also be noted
that for 2.7 pg/mL, THPE-NC fluorescence continued to decrease
up to an additional 2 h incubation with fresh media, with no
significant reduction after 2 h. By contrast, THPE-NC fluores-
cence for 24 pg/mL group only decreased significantly after 5 h.
This was likely because the concentration of intracellular THPE-
NCs at 24 ng/mL was too high (up to 5 h) to sensitively detect
fluorescence reduction due to nanocrystal dissolution and/or
exocytosis by CLSM.

3.2.2.  Cellular uptake determined by flow cytometry
Considering that confocal microscopy could not respond to
subtle changes in fluorescence intensity, flow cytometry could
offer higher sensitivity and was used to measure the intracellular
fluorescence intensity (IFI) of single cells incubated with THPE-
NCs. IFI determined for different treatments was shown in
Fig. 6. According to the linear relationships established between
fluorescence and concentration of THPE-NCs (Fig. 4), the rela-
tive IFI at different times compared with that of 0.5 h was
calculated to indicate changes of intracellular THPE-NCs. The
results are presented in Fig. 7 (the fitted lines in the figure are
explained later). Note that the relative comparison should be
interpreted semi-quantitatively, because the quantitative rela-
tionship (Fig. 4) was established in pure solution, not in an
intracellular environment.

On the whole, flow cytometry determination reflected the
same observations regarding drug uptake and removal as were
seen with CLSM. Moreover, a distinct time and concentration
dependence was observed. Significant changes in IFI were seen
within the first 3 h of incubation for all three concentration
groups (P < 0.01) as THPE-NC concentration increased. An
increase in incubation time also improved IFI significantly
(P < 0.01 or 0.05), except for 2.67 pg/mL group, at 3 h. This
result corroborates with our previous study”', in which uptake
of PTX/TPE-NCs by KB cells showed a similar IFI time- and
concentration-dependent trend. The higher the concentration of

B 24 pg/mL
1h

2.67 pg/mL

B2 8 pg/mL
e 524 pg/mL
16000
140001
I
12000 =
_ 10000+ o *KE i, i_
£ 8000 QE = BE =
Sl ==
o BB BE BE B
w0 e <0 RH RBE e
SENENENE
2000- \-"-= = \"= SEANSE
RINGEINGSINGSINGSINGS
0 05 1 2 3 3+1
Time (h)
Figure 6 Intracellular fluorescence intensity (IFI) measured by

flow cytometry after 0.5, 1, 2 and 3 h of incubation with THPE-NCs,
respectively, as well as an additional 1 and 2 h incubation after
removing NCs from the culture media at 3 h. Statistically significant
difference between a data point and its previous time point of the same
concentration is marked by *P < 0.05 or **P<0.01).

PTX/TPE-NCs, the larger the IFI became, comparably to what
was observed in this study with THPE-NCs.

After THPE-NCs were removed from the culture media at
3 h, IFI greatly decreased at all three concentrations after an
additional incubation time of 1 or 2 h, compared with IFI values
at 3 h. Similar observation was also made with PTX/TPE-
NCs*'. This decline may be caused by THPE-NC dissolution in
and/or efflux from cells. However, unlike PTX/TPE-NCs, no
significant difference was detected between an additional in-
cubation of 1 or 2 h (P > 0.05). There could be several possible
reasons. For smaller concentrations (i.e., 2.67 and 8 pg/mL),
equilibrium between intra- and extracellular drug concentrations
had likely been established after an additional hour of incuba-
tion. For higher concentrations (i.e., 24 pg/mL), relative IFI
only reduced from 2.85 to 2.66 between 1 and 2 additional
hours of incubation. This may be due to the slow exocytosis
and/or dissolution after one additional hour of incubation and
the short time internal (1 h).
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Relative intracellular concentration of THPE-NCs derived from IFI and PK modeling at 0.5, 1, 2 and 3 h of incubation with 2.67 (A),

8 (B), and 24 (C) ng/mL of THPE-NCs, respectively, as well as for an additional 1 and 2 h incubation after removing NCs from the culture media

at 3 h. The value at 0.5 h is used as the reference.

3.2.3.  Cellular uptake determined by HPLC

Dilution of THPE-NC suspensions to reach the desired concen-
trations (24, 8, and 2.6 pg/mL) resulted in changes in the total
nanocrystal concentration due to dissolution equilibrium for each
suspension. For samples with total THPE concentration of 2.67, 8
and 24 pg/mL, the undissolved THPE-NCs were 2.06 + 0.02,
6.26 + 0.08 and 20.23 £ 0.05 pg/mL, respectively.

The results shown in Fig. 8 indicated a steady rise of intra-
cellular THPE within 3 h of incubation, confirming THPE uptake
by KB cells. Extracellular THPE-NC dissolution appeared to
reach an equilibrium within 2 h of incubation, after which THPE-
NC concentration continued to decrease primarily through nano-
crystal endocytosis. After 3 h, nanocrystals were removed and
replaced with fresh media. At this point, intracellular THPE
concentrations greatly declined after an additional incubation of 1
or 2 h, indicating exocytosis from cells. At the same time, both
extracellular dissolved THPE and THPE-NC concentrations
increased, although the dissolved THPE concentration was much
higher than that of THPE-NC. Similar results were obtained for all
three concentrations.

3.3.  PK modeling of cellular uptake kinetics

Cellular uptake pharmacokinetics (PK) was modeled by Egs.
(H—=@).

anc_ex/dt = - kd (S - Cmol_ex) + knc_eanc_in - knc_encnc_ex (1)
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Figure 8

Time (h)

deol_ex/dt = kd (S - Cmol_ex) + kmul(cmol_in - mol_ex) (2)
anc_in/dt = - kd (S - Cmul_in) + knc_en Cnc_ex - knc_eanc_in (3)
deOl‘i"/dt = kd (S - Cmol_in) + kmul(Cmol_ex - Cmol_in) (4)

where S is the water solubility of THPE; Cic cxs Ciol_ex> Cnc_ins
and Cpo in are concentrations of extracellular nanocrystals,
extracellular molecules, intracellular nanocrystals, and intracel-
Iular molecules, respectively. kq is the dissolution rate constant of
THPE nanocrystals, assumed to be the same in the extra- and
intracellular space. ko is the transmembrane rate constant of
THPE molecules, identical in both the endo- and exocytosis di-
rections. It is assumed that molecular transmembrane movement is
passive. ke ox and kp. o are rate constants of nanocrystals in the
exo- and endocytosis directions, respectively. The rate constants
are different, based on the assumption that nanocrystal uptake and
exocytosis are transporter-facilitated® =’

The ODE model was fitted against experimental HPLC data to
determine the rate constant parameters (Kq, Kmol, knc_ex and Knc_en)-
Because only the total amount of intracellular drug was deter-
mined, intracellular concentrations of dissolved THPE and THPE-
NCs were also derived from the data fitting (Fig. 9). The fitted
kinetics parameters were listed in Table 1. Using the derived rate
parameters, respective concentration profiles were generated to
mimic the incubation experiments when THPE-NCs were
removed from extracellular culture media.

C Extracellular solubilied THPE
B Extracellular THPE-NC
[E——=Total intracellular THPE

Time (h)

Cellular uptake measurement of KB cells by HPLC after 0.5, 1, 2 and 3 h of incubation with 2.67 (A), 8 (B), and 24 (C) pg/mL of

THPE-NCs, respectively, as well as an additional 1 and 2 h incubation after removing NCs from the culture media at 3 h.



Intracellular uptake and kinetic modeling of nanocrystals

1027

~—— Fitted Cp\ oy
Fitted Crorex ~ EXP Crolex

—— Fitted Cpe.in Exp Ciotatin

— Fitted Cpryopin

Fitted Cyoral.in

Exp Cocex

- N N
o o »
¥ h 3

>

[
L

______

=]
®
i
1
I
[

=]
'S

Concentration of THPE (pg/mL)
”

o

1
1
[

o
w
@
y
o
w
+
w
¥
N

o
L
+

5
L

Concentration of THPE (pg/mL)

- b = e ws NN
D ®ONBDD®SN

oN &

Tl A R P WP )

: +
+

Concentration of THPE (ug/mL)

Time (h)

Figure 9 The fitted (line) and predicted curves (dash line) of
cellular uptake in KB cells after 0.5, 1, 2 and 3 h incubation with 2.67
(A), 8 (B), and 24 (C) pg/mL of THPE-NCs, respectively, as well as
an additional 1 and 2 h incubation after removing the drug from the
culture media at 3 h. Experimentally measured data are shown as dot.

Table 1  Simulation-derived kinetics parameters.
Parameter 2.67 pg/mL 8 pg/mL 24 pg/mL
ka 0.065 0.250 1.200
lea o 0.667 0.200 0.123
Kknc_ex 0.225 0.347 0.614
kmol 0 0.434 0.710
Sum of squared 0.1022 0.2737 3.638

residues

Fitting of the PK model to the experimental data appeared to
be tight, given the small sum of squared reside values between the
fitted and experimental data. As shown in Table 1, THPE-NC
concentrations of 2.67 and 8 pg/mL had relatively better fitting
quality than 24 pg/mL, with sum of squares of residuals being
0.1022 and 0.2737, respectively. Table 1 also showed that the
simulated kinetics parameters were dependent on the suspension
concentration of THPE-NCs. As concentration increased, disso-
lution (ky) and exocytosis (k,c.ex) of the nanocrystals, and cross-
membrane diffusion of the molecules (k) increased, but

nanocrystal endocytosis (kpc.en) decreased. For 2.67 pg/mL only,
endocytosis was faster than exocytosis. A ky, of zero was
determined for this concentration, from the data fitting. This was
likely caused by the fact that only 22.8% of THPE existed as
dissolved molecules in the THPE-NC suspension, with the lowest
dissolved concentration of 0.61 pg/mL. At the same time, a kg of
0.065 meant that very little intracellular THPE-NC dissolution
occurred. Thus, a very small concentration gradient existed for
dissolved THPE to move across the cell membrane, resulting in
the negligible k,,, value.

The poorer fitting parameters for 24 pg/mL may be due to
several reasons. One was that the significantly high THPE-NC
concentration, compared to 2.67 and 8 ng/mL, mathematically put
more weight on the fitting resulting in the larger sum of squared
residues (Table 1). Another was that true equilibrium may not
have been established within the time of incubation, given that the
extracellular dissolved THPE concentration was 3.6 pg/mL
(significantly higher than the aqueous solubility of 2.6 pug/mL).

Intracellular THPE-NC concentrations could not be deter-
mined accurately by HPLC, as separation methods such as ultra-
centrifugation would destroy the equilibrium between intact and
dissolved nanocrystals. On the other hand, flow cytometry was
capable of measuring the fluorescence of THPE-NCs in KB cells,
thereby indirectly measuring intracellular THPE-NC concentra-
tions. The measured IFI and calculated C,.., at different time-
points, normalized against the values at 0.5 h, were therefore
compared. Fig. 7 showed that for 2.67 or 8 pg/mL, a good fit was
achieved, suggesting that the change of calculated C,..., seemed
to corroborate with the relative IFI at 1, 2 and 3 h. Subsequently,
after the additional incubation with fresh media, a consistent trend
between the percent change in measured and calculated Ciyoex
was also seen, despite the difference in absolute values of con-
centration used. Calculated Cp,q)cx increased by 62.5% and 44.7%
for the 2.67 and 8 pg/mL groups, respectively, and the measured
Cholex increased by 56.7% and 46.7%, respectively. This sug-
gested that the fitting model was successful in estimating intra-
cellular THPE-NC values.

However, the fitted ODE model deviated from experimental
data after incubation of cells with fresh media. One ostensible
reason lies in inherent limitations of the PK model, in which
several assumptions were made. First, cross-membrane transport
of dissolved THPE was regarded as passive. However, it was
unclear whether, and to what extent, transporter-assisted or
receptor-mediated pathways existed for THPE. Second, dissolu-
tion kinetics was treated identical for both intra- and extracellular
nanocrystals. The rationale behind this assumption lies in THPE’s
very low solubility and being a non-electrolyte. While its solu-
bility is different between the intra and extracellular space because
of the variation in environmental makeups, such difference could
be marginal as compared with experimental errors in measure-
ment. Nonetheless, it is possible that nanocrystals dissolved
slower inside cells because of the differences in intracellular liquid
volume and composition. Further investigation was thus war-
ranted. Third, ke en VS. knc_ex Would likely change in situations
where no extracellular THPE was present, leading to model dis-
crepancies when using the same rate parameter values before and
after removal of extracellular THPE. Finally, measurement un-
certainties, such as those involved in separating nanocrystals from
cellular components using centrifugation, also existed. Regardless,
the simulated results indicated that, when extracellular THPE-NCs
were removed, equilibrium shifted to complete dissolution of all



1028

Jifen Zhang et al.

intracellular NCs, followed by passive molecular exocytosis. Both
experimental and simulation results hinted that it was easier for a
nanocrystal to be taken up by a cell than to be released. These
mechanisms may be different, and/or require different energy
input, and would be investigated in future studies.

4. Conclusions

This study used THPE, an AIE fluorophore, as a model compound
to explore cellular uptake mechanisms and dissolution kinetics of
nanocrystals inside cells. Confocal imaging and flow cytometry
indicated that nanocrystals could be taken up directly by cells in
the form of solid nanoparticles as well as dissolved molecules.
Flow cytometry and HPLC analysis suggested that cellular uptake
kinetics of NCs were concentration-dependent. Compared with
our previous study of PTX/TPE-NCs’', similar changes in intra-
cellular fluorescence distribution and intensity, as well as intra or
extracellular drug content were observed during incubation with
nanocrystals and additional incubation with fresh media. Kinetic
simulation further indicated that exocytosis of intracellular THPE-
NCs bore different kinetics and/or mechanisms compared with
endocytosis, possibly due to limited intracellular dissolution and a
greater energy requirement to transport NCs to the environment.

The observation made with a dye molecule in this study alludes
that nanocrystals of a pharmaceutical compound can be internal-
ized by cells and the endocytosed nanocrystals dissolve and
release drug molecules that further diffuse out of the cells.
Moreover, because solubility and other particulate properties
(including particle size and crystal morphology) vary significantly
from one compound to another, it is expected that for nanocrystals
of a different chemical, its cellular update kinetics may be dras-
tically distinct.
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