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cell-culture platforms almost always show 
superior biological efficacy with NP-based 
drug delivery systems.[2b,4] This consistent 
disparity in performance is attributed 
mainly to the inability of conventional 2D 
cell-culture method to replicate the 3D 
environment of tissues/tumors. Just one 
contributing factor is the lack of an extra-
cellular barrier on the top side of the cell 
layer in the culture plate that the same 
cells would have in a 3D environment.[5] 
Thus, while 2D cell culture allows NPs to 
reach their intended target easily by dif-
fusing over a relatively short distance and 
binding to cells, the same NPs delivered in 
vivo are impeded by extracellular factors 
such as the densely packed cell clusters 
themselves and the relatively small pore 
sizes within the fibrillar collagen of extra-
cellular matrix (ECM) and the tortuosity of 
the interstitial space.[6]

Cell shape may also have a substantial 
influence on cellular uptake of NPs.[7] Cells in 2D cultures are 
limited to a planar and spread morphology and do not assume 
the 3D morphologies of their native tissues.[8] Another impor-
tant variable is that the amount of cell membrane exposed to 
NPs depends significantly on whether the cells are cultured in 
2D or 3D; NP internalization would be expected to vary accord-
ingly. The extent to which cell shape is altered depends largely 
upon the stiffness of the culture substrate, which affects the 
biological activity of cells and their responses.[9] For example, 
human mammary epithelial cells respond to matrix stiffness 
by altering their expression of at least 1500 genes spanning 
multiple functional categories.[10] Cells in 2D monolayer cul-
tures are generally exposed to a uniform and static medium 
with an elastic modulus (E) of 2–4 GPa, whereas cells in tissues 
are exposed to a dynamic environment with E ranging from 
200 Pa (lung) to 18 kPa (prostate) to 18 GPa (cortical bone).[11] 
Therefore, culturing all cells on the same substrate may yield 
misleading results, especially when the uptake of certain NPs 
into the cells is enhanced or repressed by one or more pro-
teins whose expression on the cell membrane is dependent on 
stiffness.[12]

The above factors have led to a growing interest in developing 
technologies to better mimic the 3D environment for screening 
NP uptake. Though the most realistic 3D model is almost 

In vitro cellular uptake of nanoparticles (NPs) is typically evaluated using a 
monolayer of cells seeded on a 2D culture plate, with the assumption of reli-
able and reproducible outcomes. However, recent developments reveal that 
2D culture may produce errors in the measurement of cellular uptake of NPs 
due to issues including sedimentation and diffusion of NPs in cell-culture 
media. To shed more light on the effect of culture methods on the uptake of 
NPs, the same number of prostate cancer cells is cultured in 2D and 3D sub-
strates and their uptake of quantum dots (QDs, as a model NP) and entrance 
mechanisms are assessed. Significantly fewer QDs are taken up, but they are 
more evenly distributed among the cells, in the 3D compared to the 2D culture 
method; in addition, QDs enter the cells via different mechanisms of endocy-
tosis in 2D than they do in 3D approaches. Findings regarding cell cycle phase 
distribution also vary between 3D and 2D samples, which results in a signifi-
cantly lower percentage of QDs being taken up in 3D compared to 2D culture. 
These findings indicate that the culture environment drastically influences 
NP–cell readouts, which may lead to misinterpretation of in vitro outcomes.
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3D Cell Culture

1. Introduction

Nanoparticles (NPs) have gained increasing attention as car-
riers to deliver therapeutic agents into cancer cells by taking 
advantage of the enhanced permeation and retention effect.[1] 
Monolayer 2D cell cultures are customarily used as an in vitro 
testing platform to evaluate the biological efficacy of NP-based 
drug-delivery systems.[2] Although much of our basic under-
standing of NP-based drug delivery has been derived from the 
use of such platforms, conventional 2D cell culture does not 
adequately represent the in vivo scenario such as that offered by 
animal models.[3] In fact, compared with in vivo conditions, 2D 
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Figure 1. A) Schematic illustration of the collagen scaffold. Plastic compression of highly hydrated collagen gels was used to fabricate a dense fibrillar 
scaffold structure (i.e., collagen patch); the panel on the right shows scanning electron microscopy (SEM) of the collagen patch fibrillar ultrastruc-
ture with and without cells. B) AlamarBlue cell viability assay and flow cytometry for analysis of cell viability using propidium iodide for LNCaP cells 
embedded inside collagen scaffolds; proliferation assay for 2D and 3D cell-culture conditions at t = 24 and 48 h (two-tailed t-test results (* = p < 0.005) 
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certainly organ explant culture,[13] it may not be the most prac-
tical, given the limited supply and the complexity of imaging and 
tracking NPs.[3b] A popular current approach for 3D culture is 
suspending cells in liquid medium to form multicellular sphe-
roids.[14] However, although cell spheroids are the most conven-
ient type of 3D culture in terms of preparation, limited spheroid 
size, heterogeneity of cell lineage, and lack of matrix interaction 
make them potentially unrealistic for the measurement of NP 
uptake.[2b,15] Scaffolds are another type of 3D cell-culture system 
designed to bridge the gap between 2D and 3D cell culture.[16] 
A customizable physical, mechanical, and biochemical environ-
ment as well as the ease of tracking NPs is among the advan-
tages of scaffolds; however, possible batch variations, lack of 
transparency, changes in scaffold properties over time, and diffi-
culties in sample harvesting for analysis have all been mentioned 
as challenges for investigating NP uptake.[3b] Many microfluidics 
devices have been developed to study the biological behaviors 
of cells, tissues, and organs.[2b,17] Despite the valuable insights 
for drug discovery offered by this technique,[18] it remains skill 
intensive, limited in batch size, and requires the immobilization 
of cells. Additionally, microfluidics requires flow networks repre-
sentative of in vivo microvascular beds and hydrogels sufficiently 
strong to withstand the stresses imparted by perfusion.[19] There-
fore, there is a strong need for a 3D cell-culture platform with 
high functionality to investigate NP uptake.

In this study, we show differences in cell–NP interactions 
between the conventional 2D model, a cell-imprinted model 
(which can give cells a 3D structure similar to the one they 
assume in their native tissues), and 3D collagen-fibrillar scaf-
folds (which enable high-density 3D culture). Here, we use 
commercially available quantum dots (QDs) as a model NP 
due to their ability to sustain fluorescence, their minimal cyto-
toxic effects on live cells, and their ability to yield reproducible 
results.[20] In addition to the 3D model, we also employed a cell-
imprinted substrate to allow the cells to take on their 3D shapes. 
We hypothesize that using the cell-imprinted substrate allows us 
to focus solely on the impact of cellular morphology on uptake. 
The 3D scaffolds are designed with an elastic modulus emu-
lating the stiffness of a cancerous medial apex of the prostate 
(E = 15 kPa).[21] LNCaP cells (a human prostate-cancer cell line) 
are used as the model system, and the scaffold is designed to 
mimic the tumor environment, e.g., cells are surrounded with 
collagen nanofibers imitating the ECM. In fact, our findings sug-
gest that the effects of cell-culture environment on cell–NP inter-
actions also need to be accounted for when studying NP uptake.

2. Results and Discussion

2.1. Biological Evaluation of 2D Cell Culture and 3D Cell-Laden 
Collagen Scaffolds

3D collagen nanofibrillar scaffolds embedded with LNCaP cells 
were intended to encourage more-complex cellular organization 

and to provide environmental stiffness close to cells’ residen-
tial tumor microenvironment (i.e., the cancerous medial apex 
of the prostate region, where E = 15 kPa).[21] In the 3D culture 
system, cells’ native tissue memory may be invoked by allowing 
them to self-assemble and re-orient in their own native spatial 
arrangement. Moreover, 3D culture substrates encourage cells 
to form more realistic in vivo like cell–cell interactions. Fur-
thermore, in 3D cell models, the appropriate ECM layer (i.e., 
collagen fibers) and the densely packed cell clusters simulate a 
more-realistic mass transfer gradient than would be possible in 
2D.[3a,5,6]

Plastic compression of highly hydrated collagen gels 
was used to fabricate a dense fibrillar scaffold structure 
(Figure 1A).[22] To ensure that cells cultured in the 3D environ-
ment were alive and healthy after compression, cell viability 
was measured and compared with that of cells cultured in the 
2D plate. Results indicated that cells retained their metabolic 
activity and membrane integrity following scaffold preparation 
(Figure 1B). Furthermore, cell counts showed that 2D and 3D 
cultured cells underwent similar fold changes in proliferation 
after 24 h (Figure 1B). However, after 48 h, the change in 2D 
cell number increased dramatically beyond the growth exhib-
ited in the 3D scaffolds (Figure 1B).

2.2. Effects of Morphology of Cell Culturing Substrate  
on the Uptake of QDs

To analyze the uptake of QDs, LNCaP cells were cultured in 
three different cell-culture environments: (i) 2D conventional 
polystyrene culture plate, (ii) cell-imprinted substrate having 
multiscale features of LNCaP cells (where the same type of cells 
were used to make a template for the fabrication of the sub-
strates; see Figure 1C for details), and (iii) 3D collagen nanofi-
brillar patches, by which cells are embedded and distributed 
inside the scaffolds (i.e., semi-in vivo conditions; see Figure 1C).

To assess the intracellular accumulation of QDs, we cal-
culated the percentage of cells in which NP uptake occurred 
(uptake%) and geometric mean fluorescence intensity (gMFI) 
values from flow cytometry, which indicate the mean number 
of NPs taken up per cell. After dissolving the collagen scaffolds, 
the number of cells embedded in the scaffolds was counted 
and the same number of cells (i.e., 8 × 105 and 3.2 × 106) was 
seeded on the cell-culture plate and cell-imprinted substrates. 
The 2D cell-culture plate with cell density 8 × 105 had cellular 
uptake of 96%, while QDs entered only 77% of cells seeded on 
cell-imprinted substrate. For 3D culture, uptake percentage was 
dramatically lower: 28%. We also performed the same experi-
ment with a higher cell density (3.2 × 106) but the same NP-
to-cell ratio, a factor thought to affect cell–cell interactions and 
cell cycle phase distribution and, consequently, NP uptake.[23] 
While an increase in density did not affect NP uptake by 
2D-cultured cells, NP uptake increased to 86% and 40% for 
cell-imprinted substrate and 3D collagen scaffolds, respectively. 
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and (** = p < 0.05), sample size (n) = 3). C) Schematic illustration of cell-imprinting method; cells were seeded on a polystyrene culture plate and 
their morphologies transferred to a silicone replica by mold casting. After a curing step, the cell debris was removed and the silicone cast acted as a 
negative replica with an imprinted pattern of the cell surfaces. SEM images show the morphology obtained on the cell-imprinted replicas for LNCaP 
cells (tilt angle: 45°; magnification (left to right): 200, 2k, 10k; scale bar (left to right): 500, 50, and 10 µm).
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The same trends were observed for 
gMFI, i.e., mean number of NPs taken 
up per cell. The highest intensity was 
in 2D-cultured cells, followed by cell-
imprinted substrate, and finally 3D 
culture. Although the cell-printed sam-
ples exhibited a 20% lower uptake than 
2D-cultured cells, gMFI decreased more 
drastically, by threefold. This was also 
observed with 3D-cultured cells, which 
showed a 70% lower uptake and 25-fold 
lower gMFI (Figure 2A,B).

In 2D-cultured cells, the distribution 
of QDs taken up (arrows in Figure 2C) 
was irregular among cells, i.e., some cells 
took up significantly more QDs than 
others. This could be due to sedimenta-
tion and diffusion of the QDs on the 2D 
culture plates, as shown previously.[24] For 
cell-printed samples, the accumulation 
of QDs taken up per cell was more bal-
anced, although several aggregates were 
identified. Conversely, in 3D-cultured 
samples, QDs accumulated very evenly 
among the cells, with no large aggregates.

After endocytosis, NPs are exposed to 
a range of pH levels (4.5–6.0) within dif-
ferent cellular compartments.[25] At pH 
values of 5 and lower, the stability of QDs 
decreases causing them to aggregate, 
which results in a lower fluorescence 
intensity.[25,26] This leads us to predict 
that the difference of gMFI between 
2D and 3D would be even greater, if 
this effect is taken into account, as our 
results show that QDs taken up in 2D 
cultured cells are more aggregated as 
compared to 3D-cultured cells.

Adv. Biosys. 2018, 2, 1800046

Figure 2. Uptake of red-fluorescent quantum 
dots (QDs) and ranking of the concentration 
of QDs in the cells. LNCaP cells were exposed 
to QDs (concentration = 1 × 10−9 m and 
volume = 2 mL RPMI-1640 containing 10% FBS) 
for 2 h before flow cytometry measurements and 
imaging. A) The uptake of QDs and geometric 
mean fluorescence intensity (gMFI) of QDs in 
the cells were evaluated by flow cytometry. gMFI 
for cell-imprinted substrate and 3D cell culture 
were normalized to the 2D cell culture. B) Flow 
cytometry distributions of cell fluorescence 
intensity after 2 h exposure to NPs for cells cul-
tured in 2D cell culture, cell-imprinted substrate, 
and 3D cell culture at two different cell densities 
(i.e.,8.0 × 105 and 3.2 × 106). C) Confocal images 
after 2 h exposure show NP accumulation and 
distribution in the cells. Blue, nuclei (DAPI); 
green, plasma membrane (FITC); red, red-fluo-
rescent QDs (* = p < 1.0 E-5 by two-tailed t-test 
compared to control, sample size (n) = 3).
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2.3. Effects of Morphology of Cell Culturing Substrate on the 
Endocytic Pathways of QDs

Cells may take up QDs through several different mechanisms, 
which fall into five main types of endocytosis: phagocytosis, 
caveolin-mediated endocytosis, clathrin-mediated endocytosis, 
clathrin/caveolae-independent endocytosis, and micropino-
cytosis.[27] To investigate whether 2D and 3D culture of cells 
can alter the mechanism of uptake, we evaluated six potential 
endocytic inhibitors for 2D and 3D cell-culture conditions. 
We selected the endosome interfering reagent bafilomycin A1 
(BAF), the caveolae-mediated endocytic inhibitor filipin III, the 
clathrin-mediated inhibitor chlorpromazine (CPZ), the macro-
pinocytotic inhibitor 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), 
the inhibitor of F-actin assembly cytochalasin D (CytD), and 
the inhibitor of phospholipase C (i.e., downstream of G-protein 
coupled receptor associated pathway) U-73122. AlamarBlue via-
bility assays at multiple concentrations of the inhibitors for the 
2D cell-culture condition (Figure S1, Supporting Information) 
showed that the inhibitors were not toxic to the cells at any con-
centration assessed, except for U-73122 at the concentration of 
4 µg mL−1, where viability decreased to 55% (Figure S1, Sup-
porting Information). For 2D-cultured cells, three concentra-
tions of each inhibitor were tested for uptake by flow cytometry 
(Figure S2a, Supporting Information). Results varied greatly 
among the inhibitors tested (Figure S2a,b, Supporting Informa-
tion). For U-73122, both uptake percentage and gMFI remained 
almost unaffected at concentrations below 4 µg mL−1. At 
4 µg mL−1 U-73122, uptake dropped to 76%, and gMFI dropped 
by twofold, which might be attributed to toxicity. While uptake 
percentage remained the same in the case of CytD, addition of 
the inhibitor raised fluorescence intensity 1.5-fold, indicating 
an increase in QDs per cell. In cells incubated with filipin III, 
inhibitors at all concentrations saw a marginal decrease in 
uptake, with no notable differences in gMFI. The only notable 
change produced by incubation with CPZ, a 1.5-fold increase 
in gMFI, occurred at the highest inhibitor concentration—but 
uptake percentage remained unaffected in all three cases. Cells 
incubated with either EIPA or BAF were completely unhin-
dered, as there was no significant difference in uptake or gMFI. 
For cells grown in the 2D model, uptake data following incu-
bation with inhibitors proved to be non-reproducible, despite 
replication of experimental conditions. As shown in Figure S2b 
(Supporting Information), histograms were inconsistent, as 
data underwent curve shifts.

The highest tested concentration for each inhibitor, except 
for U-73122, was used for uptake measurements in 3D cell 
culture. At the concentrations used, inhibitors did not cause 
a significant difference in uptake percentage in 3D cultured 
cells (Figure 3A,B); except for U-73122 (2 µg mL−1) and 
CytD (15 µg mL−1), which caused reductions in uptake per-
centage of 7% and 22%, respectively. However, incubating 
cells with an inhibitor led to a significant difference in gMFI 
in most cases. Incubation with BAF, CPZ, or EIPA resulted 
in higher fluorescence intensities for 3D cells. 2D cells also 
experienced gains (≈10%) in intensity following incubation 
with CPZ and CytD. It is increasingly being understood that 
these chemical inhibitors are not highly specific and their effi-
cacy is dependent on the cell line.[28] By suppressing certain 

uptake pathways, these inhibitors may have upregulated other 
mechanisms.[28] CytD has previously been shown to slightly 
increase the uptake of QDs in human epidermal keratinocytes 
(HEKs).[25] Previously, it was shown that incubation with CPZ 
led to an increase in the uptake of holo-transferrin and lac-
tosylceramide in certain cell lines.[28] A possible reason could 
be that CPZ being an amphipathic molecule integrates into 
cell membrane and increases its fluidity, resulting in a higher 
uptake.[29] Addition of U-73122 induced a twofold decrease in 
gMFI in the 3D cell model; filipin III also caused a 10% reduc-
tion (histograms in Figure 3B,C). Uptake measurements were 
erratic for 2D-cultured cells, as distribution changed quite dra-
matically from trial to trial. Although experimental conditions 
were kept the same, less-reproducible results were obtained 
for 2D-cultured cells than for 3D cells, which in contrast pro-
duced consistent results for all inhibitors (Figure 3B). Several 
studies have shown that the mechanism of action of QDs 
(e.g., toxicity) depends on multiple factors derived from both 
physicochemical properties and environmental conditions.[30] 
In a previous study, it was found that the G-protein-coupled 
receptor-associated pathway regulates the uptake of QDs in 
HEKs.[25] However, when we inhibited this uptake pathway, 
we observed no significant decrease in NP uptake for LNCaP 
cells seeded in 2D culture plates. This could be attributed to 
either environmental conditions or the cell type, as it has been 
reported that NP uptake mechanisms can differ significantly 
among cell lines.[31]

Viability assays using AlamarBlue revealed that all of the 
inhibitors tested showed no cytotoxicity to the cells except 
U-73122. To further understand the effect of U-73122 on met-
abolic activity, cell viability was measured in both 2D and 3D 
cultures at 4 and 8 h, as it had induced the strongest inhibi-
tory effects during the previous uptake experiment (Figure S3, 
Supporting Information). After 4 h of incubation, 2D cells exhib-
ited significant reductions in viability at all three tested inhib-
itor concentrations: 1, 2, and 4 µg mL−1 of U-73122 resulted in 
drops of 18%, 20%, and 27%, respectively. For the 3D model, 
cells incubated with 4 µg mL−1 of the inhibitor experienced a 
significant drop in viability, falling by 20%. Moreover, 2D cells 
incubated for 8 h with U-73122 at concentrations of 1, 2, and 
4 µg mL−1 demonstrated significant drops in viability of 16%, 
30%, and 47%, respectively. Again, in the case of 3D cultures, 
the only cells to undergo a notable drop in viability were those 
incubated at 4 µg mL−1, which exhibited a 22% decrease.

2.4. Effects of Cell Cycle on the Uptake of QDs for 2D  
and 3D Cell-Culture Conditions

A previous study reported that cell-cycle phase plays a critical 
role in the uptake of NPs.[23] In fact, the accumulation of NPs in 
cells could be ordered according to phase: G0/G1 < S < G2/M. 
Phase distribution was found to differ between 2D and 3D 
culture conditions (Figure 4A). Motivated by this finding, we 
sought to examine NP uptake in both 2D and 3D with syn-
chronized cell-cycle phase distributions. Fetal bovine serum 
(FBS) starvation was implemented to arrest and synchronize 
the 2D and 3D cells, and phase percentage was determined 
using propidium iodide (PI) guided flow cytometry. Starvation 
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was effective in synchronizing the 2D and 3D cells (Figure 4A 
and Figure S4, Supporting Information). Upon confirmation 
of phase synchronization for cells cultured in 2D and 3D con-
ditions, uptake percentage and gMFI were measured. In the 
case of 2D-cultured cells, uptake percentage changed very 
little (Figure 4B), with samples sustaining a drop of only 5% 
in uptake as a result of the 20% increment in G0/G1 cells. 
However, gMFI decreased twofold compared to control cells 
(Figure 4B). The pronounced drop in NP uptake was attrib-
uted to cell size, since it has been reported that quantity of NPs 
taken up per cell is dependent on size.[7] For cells at different 
phases in the cell cycle, G2 take in the most NPs, followed by 
S, and finally G0/G1. These differences in uptake do reflect 
cell size, which increases as cells approach the M phase. Thus, 
the increase in the G0/G1 population accounts for the decline 
in NP uptake. Consistent with previous reports, increasing the 
population of G0/G1 cells produced a significantly smaller cell 
area (i.e., 20%), an average reduction of 80 µm (Figure 4C).[7] 
Furthermore, uptake percentage dropped more dramatically 
(by 66%) in 3D serum-starved cells in comparison to 3D con-
trols. Additionally, fluorescence intensity dropped almost 
threefold. However, the most noteworthy result is that uptake 
percentage in 3D cells was 80% lower than in 2D cells. This 
indicates that when cell phase is synchronized, the difference 
in cellular uptake between 2D and 3D models is greater than 
previously assumed.

2.5. Effects of Sedimentation on the Uptake of QDs

Even dispersion of NPs via cellular uptake has been reported 
to be hindered by particle sedimentation and diffusion.[24] In 
some circumstances, particles can aggregate and sediment 
very quickly, leading to a concentration at the monolayer sur-
face higher than the initial particle dose, which results in pro-
found effects on cellular uptake.[24] In fact, previous research 
has shown that cellular uptake is independent of parameters 
such as size and shape, depending instead on sedimentation 
and diffusion velocities.[24] Those sprang from comparison of 
the uptake of gold NPs in typical 2D cultured cells with a 2D 
inverted configuration. Similarly, we analyzed NP uptake in 2D, 
2D inverted, and 3D cells. Those findings allowed us to exclude 
the sedimentation effect, yielding a more-accurate comparison 
of 2D and 3D model uptake.

To investigate the effect of sedimentation, the 2D culture 
experiment was replicated using QDs (Figure 5A). Cells 
were grown on glass cover slides and inverted prior to QD 
exposure using specially designed holders. Samples were 
then incubated with QDs and analyzed via flow cytometry. 
Inversion reduced uptake percentage to 88% (Figure 5B 
and Figure S5, Supporting Information) as well as eliciting 
a staggering fivefold drop in gMFI. Confocal microscopy 

(Figure 5C) confirmed these results. 2D control samples 
exhibited extensive uptake and aggregation. Conversely, 
uptake in inverted cell samples was far more modest, with 
very few particles taken up per cell. Despite the decrease, 
inverted 2D cells exhibited almost threefold higher uptake 
than 3D cells (i.e., 88% vs 28%) and fourfold higher gMFI 
(i.e., 18% vs 3.7%). This indicates that even when accounting 
for the effect of sedimentation, the 2D model still signifi-
cantly overestimates NP uptake.

3. Conclusions

Our results show conclusively that the choice of cell model, 
whether 2D or 3D, significantly affects the uptake of NPs. 
Cell populations grown in 2D culture plates consistently 
demonstrated greater overall uptake percentage and NPs 
taken up per cell compared to those grown in 3D cell scaf-
folds. Morphologically, 2D cells differed from their 3D 
counterparts in part due to the high area of contact with the 
plastic surfaces of culture vessels. While cells grown in a 3D 
scaffold retain their native shape and spatial arrangement, 
2D-cultured cells flatten out on the bottom of the petri dish. 
Endocytic inhibitors induced differences in uptake between 
the two cell models. After exposure to certain inhibitors, fluo-
rescence intensity revealed significant increases in 3D cells 
that were absent in 2D. This may indicate that the more “real-
istic” cellular matrix of the 3D scaffold allowed the inhibi-
tors to alter the mechanism and pathway of NP uptake. Cell 
cycle should also be considered in cellular uptake studies. We 
found that cycle synchronization significantly affects uptake 
in 2D and 3D models, but to different extents. In addition 
to morphology, cell configuration also played a key role in 
the uptake of NPs. For control 2D-cultured cells, QDs were 
found to sediment, leading to high levels of measured uptake 
and gMFI. This was supported by the finding in 2D inverted 
cells that uptake was significantly reduced. Nonetheless, 
uptake percentage and gMFI in 2D were still twofold higher 
than in the 3D scaffold, even with the exclusion of sedimen-
tation. Differences in cellular uptake attributable to several 
parameters including cell shape, matrix/substrate stiffness, 
NPs’ aggregation, sedimentation, and diffusion. Further 
work is necessary to determine the contribution of each of 
the factors toward cellular uptake of NPs. Therefore, the cul-
ture model should be carefully considered and reported in 
future publications.

4. Experimental Section
Cell Preparation: LNCaP cells were directly purchased from ATCC 

and cultured in RPMI-1640 medium (Hyclone, UT, US) with 10% FBS 
(Hyclone, UT, US) and 1% pen/strep (Anti-Anti, Gibco, US).
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Figure 3. A) Uptake of red-fluorescent quantum dots (QDs) and geometric mean fluorescence intensity (gMFI) in LNCaP cells either seeded on a 
polystyrene culture plate (i.e., 2D condition) or embedded in collagen scaffold after 1 h incubation with inhibitors were evaluated by flow cytometry. 
(bafilomycin A1 (BAF): 2 µg mL−1; filipin III: 2 µg mL−1; chlorpromazine (CPZ): 15 µg mL−1; 5-(N-ethyl-N-isopropyl)-amiloride (EIPA): 15 µg mL−1; 
U-73122: 1, 2, and 4 µg mL−1; cytochalasin D (CytD): 15 µg mL). Flow cytometry distributions of cell fluorescence intensity after 2 h exposure to QDs 
for cells cultured in either B) 2D or C) 3D cell culture in the presence of the inhibitors prior to uptake experiments (* = p < 0.05, ** = p < 1.0 E-7, and 
*** = p < 1.0 E-18 by two-tailed t-test compared to control, sample size (n) = 6).
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Fabrication of Cell-Imprinted Substrate: LNCaP cells were seeded 
in 6-well plates at either 8 × 105 or 3.2 × 106 cells per well. The plates 
were kept for 24 h in the relevant cell-culture medium supplemented 
with 10% FBS and 1% pen/strep in an incubator. For the fabrication of 
cell-imprinted substrates, polydimethylsiloxane (Sylgard 184, RTV, Dow 

Figure 4. The cell cycle and its role in NP uptake. To synchronize LNCaP cells in 2D and 3D 
conditions, cells were serum starved for 42 h prior to uptake experiments. A) Comparison of 
cell cycle analysis of serum-starved cells and controls for both 2D and 3D conditions, showing 
percentages of G0/G1 phase, S phase, and G2/M phase of serum-starved and control cells 
(sample size (n) = 6). B) Uptake of QDs and geometric mean fluorescence intensity (gMFI) in 
LNCaP cells cultured in either 2D or 3D conditions (* = p < 1.0 E-5 by two-tailed t-test com-
pared to control, sample size (n) = 3). C) Cell area of LNCaP cells cultured in 2D conditions 
under normal and serum-starved conditions for 42 h. Cell area was calculated using Image J for  
250 cells in both conditions (sample size (n) = 250 cells).

Corning) was used. The silicone resin and curing 
agent were mixed at a ratio of 10:1 w/w and kept 
under vacuum for 1 h at room temperature. The 
cell-culture medium was removed, and cells were 
rinsed and fixed with phosphate buffered saline 
(PBS) 1X and 4% paraformaldehyde (PFA) solution 
in PBS 1X, respectively. After removing the fixation 
solution, the surface of each well was covered with 
a layer of elastomer (≈2 mm) and the plate was kept 
at 37 °C overnight. The cured silicone was peeled 
off the cell-culture plates and extensively washed 
using 1 m NaOH solution to remove remaining cells 
and other chemicals. The resulting cell-imprinted 
substrates were placed in 6-well plates and the 
relevant cells seeded at either 8 × 105 and 3.2 × 106 
cells per well in the appropriate cell-culture medium, 
supplemented with 10% FBS and 1% pen/strep. 
Figure 1 presents the scheme of cell imprinting.

Formation of Cellular Compressed Collagen 
Gel (i.e., Collagen Scaffold): To fabricate collagen 
scaffolds containing LNCaP cells, the RPMI-1640 
culture medium (Hyclone, UT, US) was removed 
via centrifugation, and the LNCaP cell pellet 
re-dispersed in 1.1 mL 1X Dulbecco’s modified 
Eagle’s medium (DMEM) (Hyclone, UT, US). The 
resulting LNCaP cells-DMEM was mixed with 0.9 mL 
sterile rat tail type I collagen solution in acetic acid 
(3.84 mg mL, Millipore, MA, US) and neutralized 
with 0.1 m NaOH (Sigma-Aldrich) (≈55 µL). The 
collagen solution (1 mL) was distributed into 24-well 
plates (15.6 mm in diameter) and placed in a tissue 
culture incubator for 30 min at 37 °C for collagen gel 
polymerization. Collagen gels were then compacted 
by application of a static compressive stress of 
≈1400 Pa for 3 min (see ref. [22] for details), eliciting 
98–99% volume reduction (Figure 1).

Nanoparticle Uptake: To measure QD (Qtracker 
655 Cell Labeling Kit, Invitrogen, US) uptake in a 2D 
environment, cells were seeded in 6-well plates at 
a density of 8 × 105 cells per well. Cells were kept 
in 2 mL of the relevant medium with 10% FBS and 
incubated overnight at 37 °C in 5% CO2. The cells 
were then incubated in 1 mL of FBS-free medium 
for an additional 30 min. To prepare 1 × 10−9 m QDs, 
1 µL each of Qtracker Component A and Component 
B was mixed in a 1.5 mL microcentrifuge tube and 
kept for 5 min at room temperature. Two milliliters 
of fresh growth medium containing 10% FBS was 
added to the tube and vortexed for 30 s. Cells (either 
2D or 3D) were incubated with QD solution and 
given 2 h in the incubator to take up the QDs. For 
the 2D condition, each well was washed twice with 
2 mL of PBS, and cells were detached using 0.25% 
trypsin (Corning, US). Cells were then spun down 
and re-suspended in 4% PFA in PBS. After 30 min 
in the incubator, cells were once again spun down 
and re-suspended in PBS. For the 3D condition, 
2 mL of RPMI-1640 with 10% FBS containing 
6 mg of collagenase from Clostridium histolyticum 
(Sigma, US) was used to break the peptide bonds 
in collagen scaffolds. Samples were transferred into 
a 96-well plate and analyzed via the Guava easyCyte 
flow cytometer with 10 000 cells gated on the basis 

of forward and side scatter. A 488 nm laser was used to excite the QDs 
and the data were stored and processed using FlowJo_V10 software. 
An unstained sample (i.e., no QDs) was used to determine the gate. 
Different preparation methods were applied for flow cytometry for 2D 
and 3D samples following NP uptake. For 2D, trypsin was used to detach 
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the cells. It was speculated that trypsin may cleave NPs bound to the 
surface of 2D cells. To investigate whether trypsin’s degradative effects 
influence the measurement of NP uptake, the concentration of NPs in 
the supernatant was measured after addition of trypsin. Its contribution 
was less than 1% of NP uptake. For the 3D scaffold, collagenase was 
used to dissolve the cell-laden patches post-NP incubation. 2D cells 
were incubated with a collagenase solution after NP uptake to determine 
whether it caused any change in fluorescence activated cell sorting 
(FACS) measurement, but no significant change was detected in the 
uptake of NPs (Figure S6, Supporting Information).

AlamarBlue Assay—(A) Cell Viability in Scaffolds: Collagen scaffolds 
containing LNCaP with 1.0 × 106 cells were prepared and kept in an 
incubator at 37 °C overnight. Two milliliters of the relevant medium 
containing 6 mg collagenase from C. histolyticum (Sigma, US) was used 
to break the peptide bonds in collagen scaffolds. Cells were collected 
and washed by adding 2 mL PBS 1X (Hyclone, US), centrifuging at  
125 × g for 10 min, and then decanting the supernatant from the pelleted 
cells. Cells were re-suspended in the relevant medium containing 
10% FBS (Hyclone, US), counted, and seeded in a 96-well plate 
(Flat Bottom Black, Clear Bottom, Corning, US) (100 µL at 1.0 × 106  
cells per milliliter concentration) for 6 h at 37 °C and 5% CO2 before 
proceeding with the assay. To include appropriate assay controls, 
cells in a cell-culture flask were collected, washed, and seeded into 
the 96-well plate at the same cell concentration (1.0 × 106 cells per 
milliliter). An amount of 10 µL of AlamarBlue reagent (Invitrogen, 
US) was directly added to cells in the 96-well plate. Absorbance at 
wavelengths of 570 and 600 nm (as a reference) was measured after 
6 h. The percent difference in reduction between treated and control 
cells in cytotoxicity/proliferation assays was calculated. The results 
represent data from three independent experiments with statistics for 
five replicates.

AlamarBlue Assay—(B) Toxicity of the Inhibitors: The cytotoxicity of the 
inhibitors on LNCaP cells was evaluated for both 2D and 3D conditions 
using the AlamarBlue cell viability assay. For the 2D model, 6-well plates 
were seeded at an initial cell density of 8 × 105 cells per well. For the 
3D model, collagen scaffolds were prepared with an initial cell density 

of 1.0 × 106 cells per scaffold to account for the 80% encapsulation 
efficiency. Cells in both 2D and 3D environments were kept in 2 mL 
of medium with 10% FBS in an incubator (37 °C, 5% CO2) overnight. 
Cells were then further incubated in 1 mL of FBS-free medium for an 
additional 1 h. Inhibitor solutions were prepared for the uptake assay, 
and cells were kept in 1.8 mL of FBS-free medium containing inhibitors 
for 1 h. Then 200 µL of FBS was added to each well, followed by 200 µL 
of AlamarBlue. After 2 h, 200 µL of each sample was transferred into 
a Costar flat transparent 96-well plate, and cell viability was measured 
with a Biotech Synergy plate reader. Measurements were taken 2, 4, and 
8 h after AlamarBlue was added. To include appropriate assay controls 
for 2D conditions, cells were seeded in a 9-well plate with the same 
cell concentration (1.0 × 106 cells per milliliter), and for 3D conditions, 
collagen scaffolds were prepared with an initial cell density of 1.0 × 106 
cells per scaffold. The results represent data from four independent 
experiments with statistics for three replicates.

Analysis of Cell Viability Using PI by Flow Cytometry: An amount of 
2 mL of the relevant medium containing 6 mg of collagenase from 
C. histolyticum (Sigma, US) was used to break the peptide bonds in 
collagen scaffolds. Cells were collected and washed twice with 2 mL 
of PBS 1X (Hyclone, US), centrifuged at 125 × g for 10 min, and then 
the supernatant was decanted from the pelleted cells. Cells were 
re-suspended in a flow-cytometry staining buffer (eBioscience, US) at a 
concentration of 1.0 × 106 cells per milliliter. PI staining solution (5 µL, 
10 µg mL−1) (Invitrogen, US) was added to 200 µL of each sample of 
otherwise unstained cells just prior to analysis and mixed gently.

Endocytic Mechanism Studies: LNCaP cells were seeded in 6-well 
plates at 1.0 × 106 cells per well. The endocytic inhibitors CytD (5, 10, 
and 15 µg mL−1), CPZ (5, 10, and 15 µg mL−1), U-73122 (1, 2, and 
4 µg mL−1), filipin III (0.5, 1, and 2 µg mL−1), filipin III (EIPA 5, 10, and 
15 µg mL−1), and BAF (0.5, 1, and 2 µg mL−1) were purchased from 
Cayman Chemical. The doses chosen were nontoxic to LNCaP cells 
(Figure S1, Supporting Information). LNCaP cells were washed with 
RPMI-1640 and serum starved for 1 h before incubation with inhibitors, 
which must be taken up by the cell before they can exert their effect. 
Each endocytic inhibitor (1 mL) was predosed in the cell culture for 1 h 

Figure 5. A) Schematic of upright (left) and inverted (right) configurations for measuring cellular uptake of QDs. B) Uptake of QDs and ranking of the 
concentration of QDs in the cells seeded on cell-culture well plates and cover slides under 2D conditions (cellular uptake%: p < 5.0 E-3, gMFI: p < 5.0 
E-4, by two-tailed t-test compared to control, sample size (n) = 5). C) Confocal images after 2 h of exposure show QD accumulation and distribution 
in the cells. Blue, nuclei (DAPI); green, plasma membrane (FITC); red, red-fluorescent QDs.
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in triplicate wells and then dosed with 1 mL of the medium with 20% 
FBS containing QDs with or without inhibitors for another 2 h (total 
volume = 2 mL with 10% FBS). Cells were gently rinsed, detached, 
centrifuged, and re-suspended in 4% paraformaldehyde (Alfa Aesar, US) 
solution in PBS for 30 min in incubator. Cells were kept in a cold room 
(4 °C) until flow cytometry.

Culture Synchronization: To obtain G0/G1-cell-enriched cultures, 
plates were washed three times with PBS and incubated in 0.1% FBS 
regular medium for 48 h. To compare uptake in synchronized versus 
nonsynchronized culture, care was taken to ensure a similar number 
of cells (by cell counting after 48 h of starvation) and preparing the 
nonsynchronized cultures with the same number of cells. G0/G1 
enrichment was analyzed using a cell cycle staining reagent (0.1% 
Triton X-100, Thermo Scientific, US) in 1X PBS containing 2% v/v% 
of 10 mg mL−1 DNase-free RNase (Invitrogen, US) and 2.5% v/v% 
of 1 mg mL−1 propidium iodide (Invitrogen, US) and flow cytometry 
after cell fixation with 70% ice-cold ethanol (VWR, US). To measure NP 
uptake in the G0/G1-enriched cultures, 0.1% FBS regular medium was 
first replaced by fresh medium with 10% FBS for 2 h to reduce starvation 
effects, and only then the cells were exposed to QDs.

Scanning Electron Microscopy: The nanostructure of the collagen with 
and without cells was analyzed using scanning electron microscopy 
(SEM) at 1–2 kV, using InLense SE detection. Collagen scaffolds were 
fixed by immersion in 4% paraformaldehyde solution overnight and 
washed twice with 0.1 m sodium cacodylate buffer (pH 7.4) and then 
postfixed in 1% aqueous osmium tetroxide (OsO4) for 1 h. Samples were 
then washed twice in purified water and dehydrated in an increasing 
ethanol solution series (50%, 70%, 90%, and 100%, 2 × 15 min each). 
Finally, the specimens were critical-point dried (CPD) in liquid CO2, in a 
Tousimis 815B critical-point dryer (Tousimis, MD). CPD-dried samples 
were mounted on standard SEM stubs with adhesive copper tape 
and sputter-coated with 4 nm of Au/Pd in a Denton Desk II machine 
(Denton Vacuum, NJ). Imprinted substrates were also carbon coated 
prior to imaging.

Statistical Analysis: The gMFI data for the control were normalized to 
1 and gMFI data for test groups were normalized to the control. Mean 
and standard deviation are plotted as bar graphs for each group (sample 
size (n) ≥ 3). Two-tailed t-test (MS Excel) was used to determine 
the statistical significance of the data, with an alpha value of 0.05. 
Statistically different groups are marked with an asterisk and p-values 
are mentioned in the figure captions.
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