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Abstract: The cancer xenograft model in which human cancer cells are implanted in a mouse is one
of the most used preclinical models to test the efficacy of novel cancer drugs. However, the model is
imperfect; animal models are ethically burdened, and the imperfect efficacy predictions contribute
to high clinical attrition of novel drugs. If microfluidic cancer-on-chip models could recapitulate
key elements of the xenograft model, then these models could substitute the xenograft model and
subsequently surpass the xenograft model by reducing variation, increasing sensitivity and scale, and
adding human factors. Here, we exposed HCT116 colorectal cancer spheroids to dynamic, in vivo-like,
concentrations of oxaliplatin, including a 5 day drug-free period, on-chip. Growth inhibition on-chip
was comparable to existing xenograft studies. Furthermore, immunohistochemistry showed a similar
response in proliferation and apoptosis markers. While small volume changes in xenografts are hard
to detect, in the chip-system, we could observe a temporary growth delay. Lastly, histopathology
and a pharmacodynamic model showed that the cancer spheroid-on-chip was representative of
the proliferating outer part of a HCT116 xenograft, thereby capturing the major driver of the drug
response of the xenograft. Hence, the cancer-on-chip model recapitulated the response of HCT116
xenografts to oxaliplatin and provided additional drug efficacy information.

Keywords: cancer-on-chip; xenograft; microfluidic; colorectal cancer; pharmacodynamics;
pharmacokinetics; drug efficacy; oxaliplatin

1. Introduction

Cancer is the leading cause of death in the Western world [1]. Continuous improve-
ments in treatment have extended survival times; nevertheless, high attrition rates in
clinical trials of novel drugs hamper treatment improvement [2,3]. One reason for high
attrition rates is the limited translational quality of in vitro and animal models [4].

One of the most used animal models in cancer drug discovery is the mouse xenograft
model [5]. In this model, human cancer cells are implanted in an immune-deficient mouse.
The xenograft adds certain physiologic aspects compared to in vitro assays, such as phar-
macokinetics, homeostasis, and three-dimensional, vascularized tumor growth. However
the predictive power of the model toward human cancer response has limitations due to
the reduction in biological complexity, species differences, and experimental variation [6].
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Despite these shortcomings, the xenograft model remains a key assay for in vivo efficacy
testing of novel drugs before clinical trials.

Basic human cell culture models are no direct alternative for xenograft models in pre-
clinical efficacy testing, as they are incapable of capturing all relevant aspects of an in vivo
tumor. Recently, microfluidic ‘cancer-on-chip’ technology has led to major improvements
in modeling tumor physiology in vitro. Cancer-on-chip models can recapitulate essential
in vivo characteristics of cancer, such as continuous perfusion to maintain homeostasis,
angiogenesis, controllable oxygen and nutrient gradients, interaction with stromal cells,
and mechanical stimulation [7–12]. Recently, the possibility to offer dynamic, in vivo-like
drug concentrations has been added to this repertoire [12–14]. Despite all these promising
aspects, cancer-on-chip technology has not yet been sufficiently validated to significantly
replace existing preclinical, in vivo assays. Validation against xenograft models will be
an essential step for cancer-on-chip models to be used as valid alternatives in preclinical
efficacy testing. Moreover, such validation will offer an indispensable foundation for
further development of even more advanced cancer-on-chip models with added human
complexity [15].

Comparison of the drug response in cancer-on-chip models to xenografts is budding,
and multiple studies have performed such side-by-side experiments [16–18]. These first
studies were based on cancer-on-chip models that included vascularization, stromal cell
coculture [18,19], patient-derived cells [16], and dynamic drug concentrations [17]. The re-
sults of the side-by-side comparisons were highly encouraging, with cancer-on-chip models
and xenografts based on the same cells responding similarly upon treatment with the same
drugs. However, these early studies focused on live–dead stains [16], volume-based growth
readouts [17], in situ immunofluorescence [17], or gene expression [18] for comparison
between cancer-on-chip and xenograft models. An important readout in xenograft studies
is provided by histopathology and immunohistochemistry, which provides data on cancer
cell morphology and tissue structure. Furthermore, immunostaining of tissue sections
reduces the probability of signal distortion compared to in situ immunofluorescence, where
dampening of the signal can occur due to the thickness of the cancer tissues [20]. Therefore,
side-by-side histological analysis of both cancer-on-chip and xenograft models will be an
indispensable step in the validation of cancer-on-chip models.

Here, we performed a side-by-side comparison between the response to oxaliplatin of
HCT116 colorectal cancer spheroids in a cancer-on-chip model versus HCT116 xenografts in
existing studies. We evaluated the effect of oxaliplatin on volume growth and proliferation
and apoptosis markers. Moreover, we explored how histological information can be used
to scale the overall growth data of spheroids in the cancer-on-chip model to xenografts to
provide an improved comparison with data from the in vivo xenograft.

2. Materials and Methods
2.1. Device Design and Fabrication

The microfluidic chip consisted of two detachable parts (Figure 1a,b). The top part
contained a 21 × 2 × 1 mm (length × width × height) straight channel for continuous
perfusion of nutrients and drug. The bottom part contained a single U-shaped well for
holding a single spheroid. The well had a diameter of 2 mm and a depth of 0.8 mm to
facilitate placement and growth of spheroids from 0.5 mm to 1 mm diameter (Figure 1a,b).
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Figure 1. Design and validation of the chip system for mimicking oxaliplatin efficacy in a HCT116
xenograft model. (a,b) Chip design. The two-part chip consists of a 21 × 2 × 1 mm (l × w × h) top
channel for continuous perfusion and dynamic drug concentrations and a U-shaped well for spheroid
placement and growth. (c) H&E staining shows low differentiation and little extracellular matrix in
the spheroid on-chip, as in HCT-116 xenografts. Scale bar = 50 µm. (d) Growth inhibition after 48 h
exposure to constant concentrations of oxaliplatin is not confounded by the chip, although control
growth is slightly higher, as shown by comparison to a 96-well ultralow-attachment (ULA) plate; n = 3
spheroids for on-chip, n = 6 spheroids for 96 well; error bars represent the standard deviation (SD).

Chip parts were made of polydimethylsiloxane (PDMS). Chips were fabricated using
PDMS in a 10:1 weight ratio of base to curing agent (Sylgard 184, Dow Corning, USA). The
PDMS was poured on a micro-milled mold (Datron Neo, Germany) and cured at 60 ◦C
overnight. Inlet and outlet holes were punched using Harris UniCore punchers of 1 mm
diameter. Medical-grade adhesive, double-sided tape AR Care 8939 (Adhesive Research,
Limerick, Ireland), 0.11 mm thickness, was applied to the bottom part before coating the
well. For ensuring non-adhesion of the spheroids to the well, a coating of Pluronic F127
was used [21]. Pluronics attach to the hydrophobic PDMS with a central hydrophobic block,
and the hydrophilic tails form a hydrophilic brush which prevents binding of proteins and
cells [21,22]. Pluronics have been shown to prevent cell adhesion for up to 4 weeks, and
they remain intact in microfluidic channels after flow [23,24]. Pluronic F127 has been used
to prevent adhesion of spheroids in chips for up to 10 days [21]. Pluronic F127 20 mg/mL in
deionized (DI) water was applied to the wells and incubated for 2 h at 37 ◦C [21]. To ensure
homogeneous coating, Pluronic F127 was prevented from drying out by a droplet volume
of 6 µL and the placement of a PDMS cap over the well. Chips were placed in a box inside
the incubator with Kimwipes soaked in phosphate-buffered saline (PBS, ThermoFisher,
Waltham, MA, USA) to prevent drying out. After incubation, the Pluronic was removed,
and the well was flushed with 2 µL of medium before placing the spheroids.
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2.2. Cell and Spheroid Culture

HCT-116 colorectal cancer cells (Sigma-Aldrich, Burlington, MA, USA), with a passage
number under 30, were cultured in McCoy 5A medium (ThermoFisher, USA) with 5%
fetal bovine serum (FBS, ThermoFisher) and 1% penicillin–streptomycin (ThermoFisher,
USA). Four days before the start of the chip experiment, 2000 HCT116 cells in 200 µL of
medium per well were placed in a Nunclon Sphera ultralow-absorption round-bottom
plate (ThermoFisher, USA). Cells were spun at 390 G for 5 min and placed in a humidified
incubator at 37 ◦C.

2.3. Chip Experiments

Spheroids were collected from the 96 well plate with a wide-bore P200 pipette tip set
at 50 µL (VWR, Radnor, PA, USA). In several seconds, the spheroid sunk to the bottom
of the tip, and the tip was subsequently brought in contact with the medium in the well,
resulting in the transfer of the spheroid. Subsequently, the top part of the chip was placed
on the adhesive tape, which was already attached to the bottom part. Chips were filled
with medium at a flow of 20 µL/min. Chips were continuously perfused at a flow rate of
2 µL/min using a syringe pump (Harvard PhD2000, Fargo, ND, USA).

2.4. Histopathology

Spheroids were taken off-chip for histopathology by removing the top part of the chip,
by inserting tweezers between the top part and the adhesive tape, without touching the
channel with the tweezers. A PDMS ring with an inner diameter of 8 mm and a thickness
of 3 mm was placed around the well and gently filled with 150 µL of PBS. The spheroid
was harvested with the p200 wide bore pipette tip and transferred to 4% paraformaldehyde
(PFA, Sigma, USA) in PBS. Spheroids were placed in 70% alcohol overnight, dehydrated,
transferred to a biopsy foam pad, embedded in paraplast, and cut into 0.4 µm sections.
Tissue sections were rehydrated and stained with hematoxylin and eosin (H&E) to evaluate
the tissue structure or a diaminobenzidine (DAB) staining for apoptosis (cleaved Caspase-3)
or proliferation (Ki67) with a hematoxylin counterstain. Antibodies used for the DAB
staining were primary antibodies cleaved Caspase-3 (ASP-175) (1:1000, Cell Signaling
#9661, USA) or Ki67 (1:1000, Sigma #SAB5500134, USA) and secondary anti-rabbit antibody
linked to horseradish peroxidase (HRP). Slides were dehydrated and mounted with Pertex
(VWR, Amsterdam, The Netherlands).

2.5. Imaging and Analyses

Brightfield images of the spheroids on-chip were taken at t = 0, t = 2 days, and
t = 7 days at 10× magnification (Leica DM IRM, Wetzlar, Germany). Spheroid size was
determined with open-source software Fiji/ImageJ using the algorithm developed by
Ivanov et al. (Supplementary Figure S1) [25]. Spheroid growth inhibition was based on the
formula as described in the xenograft literature [26], and was defined as

1 − average(Volume endtreatment − Volume starttreatment)

average(Volume endcontrol − Volume startcontrol)
.

Spheroid cell counts were carried out by harvesting the spheroids from the chips as
described in the histopathology section; however, instead of fixation, spheroids were placed
in a 96-well plate in 100 µL of trypsin for 20 min at 37 ◦C. After resuspension, cells were
counted with a Luna automated cell counter (Logos Biosystems, Anyang-si, South Korea).

Immunohistochemistry analyses were conducted with open-source software Qupath
on 20× brightfield images [27]. For Ki67 detection, colors were first deconvoluted for
each image with the “estimate stain vectors” function. Nucleus detection was based on
the parameters used by Robertson et al. [28]. The cutoff for Ki67 positivity was 0.3. CC3
positivity was based on the percentage of positive pixels within the spheroid at a cutoff
value of 0.5.
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2.6. Xenograft Data

To compare growth inhibition on-chip to published xenograft studies, a literature
search was conducted. Inclusion criteria were as follows: indexation in PubMed, analysis
period, and treatment start at a tumor starting volume of 50 mm3 or larger, subcutaneous
placement of tumors, and more than one treatment cycle during the analysis period of
2–5 weeks [26,29–34]. An overview of tumor growth (inhibition) data is provided in
Supplementary Table S1 and Supplementary Figure S2.

To compare the histology and immunohistochemistry between the untreated on-chip
spheroids and HCT116 xenografts, xenograft specimens obtained in an existing xenograft
experiment were used [35]. Briefly, 1 × 106 human CRC cells were injected subcutaneously
in NOD/SCID IL2R gamma−/− (NSG) mice. When tumors reached a volume of ~300 mm3,
mice were sacrificed and xenografts were stored in formalin-fixed, paraffin-embedded
(FFPE) blocks.

3. Results and Discussion
3.1. Chip Design and Validation for Mimicking Xenograft Drug Response On-Chip

To mimic drug efficacy in a xenograft model on-chip, important biological factors and
readouts should be comparable [15]. Injection of the colorectal cancer cell line HCT116
below the skin of the mouse led to a fast-growing tumor with poor differentiation (Supple-
mentary Figure S3). When the tumor achieved a measurable volume (50–300 mm3), oxali-
platin was administered, typically one to several times a week for multiple cycles [26,29–34].
Oxaliplatin concentration in the mouse was characterized by a peak and an exponential
decline, with limited free, non-protein-bound drug, measurable 48 h after administration
(Figure 2a) [36,37]. During the experiment, the diameter of the tumor was measured with
calipers, and the volume was derived. Growth inhibition was based on the volume at
the end of the experiment of the control group versus the treated group. Isolated tu-
mors were further evaluated with histopathology, e.g., on proliferation and apoptosis
markers [26,29–34].

To incorporate these key biological parameters and readouts, especially histopathology,
a detachable two-part chip was designed (Figure 1a,b). The top part consisted of a straight
channel to supply continuous perfusion of nutrients and dynamic drug concentrations [14].
The bottom part contained a 2 mm diameter, 0.8 mm deep U-shaped well to facilitate
placement and unimpeded growth of spheroids (Figure 1b). The well was able to hold the
spheroids under flow without the need for fixation with the extracellular matrix.

The chip was reversibly bonded by medical-grade adhesive tape to enable off-chip
standard histopathology. Spheroids were taken out of the chip, formalin-fixed, paraffin-
embedded (FFPE), cut in sections, and stained with hematoxylin–eosin (HE), or hema-
toxylin and markers for proliferation (Ki67) and apoptosis (cleaved Caspase-3, CC3). HE
staining showed that spheroids contained poorly differentiated cancer cells, with limited
extracellular matrix, as observed in viable regions of the HCT116 xenografts (Figure 1c,
Supplementary Figure S3).

To mimic oxaliplatin concentrations over time found in the blood of mice, dynamic
control of solute concentrations was needed. Dynamic control of oxaliplatin with a molec-
ular weight of 397 Dalton (Da) and estimated diffusion coefficient of 8.2 × 10−6 cm2·s−1

was validated with fluorescein, a small molecule with a molecular weight of 332 Da and
diffusion coefficient estimates of 4–5.7 × 10−6 cm2·s−1 [38,39]. Concentration steps sim-
ilar to oxaliplatin were programmed, and the fluorescence signal was quantified and
compared to expected fluorescence changes. Measured fluorescence follows expected
fluorescence, taking into account expected lags in concentration changes due to Poiseuille
flow (Supplementary Figure S6). Dynamic concentration control of oxaliplatin on-chip has
also been described elsewhere in more detail [14].
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Figure 2. In vivo-like oxaliplatin leads to 70% growth inhibition on-chip based on spheroid vol-
ume, with a temporary reduction of proliferation and increase in apoptosis. (a) In vivo-like oxali-
platin concentration over time found in mice [36], corrected for protein binding [37], translated into
an in vivo-like drug administration schedule. (b) Dynamic, in vivo-like oxaliplatin concentration
led to temporary, partial growth inhibition of the spheroid. N = 4 spheroids per condition. Error
bars represent the SD. * p < 0.001 according to a two-sided, unequal variance t-test. (c) In vivo-like
oxaliplatin reversibly decreased proliferation (Ki67) for 2 days, and increased apoptosis (CC-3), albeit
from a low level. Scale bar = 50 µm. (d,e) Quantification of staining with Qupath [27,28] between
control and treated chips after 2 and 7 days. Depicted data points represent sections from two
separate spheroids. * p < 0.05 according to two-sided, unequal variance t-test with N = 3 sections per
condition. Error bars represent the SD.
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The well was coated with Pluronic F127 to prevent adhesion and non-spheroidal
growth of the spheroid [21]. The U shape of the well allowed for central placement of
the spheroid-by-spheroid transfer via fluid–fluid contact. Central placement prevented
automated imaging challenges and distortion of diffusion of nutrients to the spheroid.

An algorithm in Fiji/ImageJ based on earlier work was used to quantify the spheroid
surface and derive volume (growth) (Supplementary Figure S1) [25]. Due to the non-
adhesion of spheroids, the outer diameter accurately reflected spheroid volume. Trypsiniza-
tion of spheroids of different sizes and subsequent automated cell counting confirmed
the correlation between volume derived from the outer diameter and cell number growth
(Supplementary Figure S4).

The chip system should not confound control growth and drug effect [40]. Ideally,
cancer-on-chip technology can bridge the gap between standard in vitro assays and in vivo
models. It is especially important to verify that cancer cell growth is not disrupted on-
chip, and that the chip does not interfere with drug efficacy. Therefore, spheroids were
exposed to constant oxaliplatin concentrations on-chip and in an ultralow-attachment plate
with U-shaped wells (‘Sphera’). Average starting diameters across treatment conditions
on-chip and in the well plate ranged from 0.45 to 0.48 mm (Supplementary Figure S5).
Although control growth was slightly higher on-chip (2.3 fold in 48 h) than growth in
Sphera plates (1.8 fold), likely due to constant perfusion, growth under treatment was very
similar (Figure 1d). A two-way analysis of variance (ANOVA) for unbalanced data [41]
led to p-values of 2.2 × 10−16, 1.5 × 10−4, and 3.2 × 10−4 for the factors of oxaliplatin dose,
chip versus 96-well plate, and interaction, respectively. The significance of interaction is
driven by the control growth conditions, which also drives the overall significance of the
difference between chip and well plates, as the p-values of chip versus 96-well plate and
interaction were 0.15 and 0.29, respectively, when the control condition was left out of
the ANOVA. Hence, the chip system did not negatively affect cancer spheroid growth or
efficacy of oxaliplatin.

The growth (inhibition) results for validating the chip system also clearly showed
a difference in growth of HCT116 cells in spheroids versus monolayers (2D). Untreated
doubling time increases from 20 h to 48 h for HCT116 spheroids with a typical diameter of
0.5 mm [42].

3.2. In Vivo-like Oxaliplatin Led to 70% Growth Inhibition On-Chip, with a Temporary Halt
of Growth

To mimic growth inhibition in xenograft studies, drug exposure in mice needed to
be recapitulated. Dosages in in vivo studies varied from 5–20 mg/kg per week, given in
1–3 dosages per week [26,29–34]. Here, we used oxaliplatin concentrations measured in
blood plasma in mice over time after a single dose of 8 mg/kg [36]. As the only drug
which is not bound to plasma proteins is active [43], the total oxaliplatin concentration was
corrected for the fraction of oxaliplatin bound to plasma proteins. As the free oxaliplatin
concentration over time in mice was found to be only 33% of total drug concentration, total
plasma levels of oxaliplatin found in mice were decreased by 67%, which resulted in the
unbound oxaliplatin concentration over time [36,37]. The in vivo (unbound) oxaliplatin
concentration over time was translated to a drug administration schedule, and both are
shown in Figure 2a.

Growth inhibition is the primary readout of xenograft experiments. Exposure of
HCT116 spheroids to in vivo-like oxaliplatin on-chip resulted in growth inhibition of 70%,
as measured over a 7 day period (Figure 2b). Growth inhibition of 70% found on-chip
matches well with average growth inhibition of 60% (range 30–80%) found in xenografts
(Supplementary Figure S2, Table S1) [26,29–34].

Immunohistochemistry can give further insight into the molecular mechanisms of
growth inhibition of the drug [32,44]. Immunohistochemical markers were quantified for
the entire spheroid section using Qupath software, which has been used for scoring Ki67 in
clinical breast cancer samples (Figure 2c,d, Supplementary Figures S7 and S8) [27,28]. Im-
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munohistochemistry indicated that drug treatment led to both a reduction in proliferation
marker Ki67 and an increase in apoptosis marker CC3 after 2 days compared to control
spheroids at 2 days (Figure 2c–e). Oxaliplatin treatment of HCT116 xenografts also led to a
decrease in Ki67 and increase in CC3 [32,33,44].

The in vivo-like drug exposure led to a growth stop for the first 2 days, after which
growth recovered. The recovery of growth was accompanied by an increase in the prolifer-
ation marker Ki67 and a decrease in CC3 after 7 days, as compared to treated spheroids
after 2 days (Figure 2c–e). Comparing the Ki67 and CC3 status of the treated spheroid with
the untreated spheroid after 7 days was less straightforward, as the untreated spheroid had,
due to its size, a decreased proliferation rate and a higher baseline apoptosis, especially
surrounding the necrotic core.

To our knowledge, the temporary growth reduction and subsequent growth recovery
have not been described for HCT116 xenografts treated with oxaliplatin in in vivo studies,
possibly due to the limited precision of measuring tumor volume through the skin with
calipers, on a millimeter scale, and the number of animals needed for histological analyses
at multiple timepoints. For HCT116 xenografts treated with gemcitabine, daily histological
sections did show a similar full growth stop and gradual recovery over six days, as mea-
sured with BrdUrd [45]. Knowledge of recovery times of cancer cells in vivo could support
future design of clinical dosage schedules, which, for example, is once per 2–3 weeks for
oxaliplatin, although side-effects also have to be taken into account [46,47].

3.3. The Cancer-On-Chip Model Recapitulates Drug Response as It Is Representative of
Proliferating Cells in the HCT116 Xenograft

In the previous section, it was shown that growth inhibition on-chip and in xenografts
was comparable. Nevertheless, even though spheroids share similarities with xenografts,
such as spheroidal shape and solute gradients, spheroids also differ from xenografts in
several ways, e.g., spheroids are avascular and typically have a diameter 10× smaller than
xenografts. Furthermore, although large spheroids grow more slowly than 2D cultured
cells, spheroids still typically grow faster than xenografts of the same cell line.

The structural and growth differences between xenografts and spheroids raises the
question of whether the spheroid is representative of the whole xenograft tumor or only for
specific areas.

The untreated spheroids on-chip were 95% Ki67-positive after 2 days, which declined
to ~75% after 7 days (Figure 2c,d, Supplementary Figure S7). Histopathological analysis
of untreated HCT116 xenografts showed that only a fraction (46%) of the xenograft was
proliferating (Figure 3a, Supplementary Figure S10). The proliferating cells clustered in
distinct regions toward the periphery of the tumor, likely due to differences in perfusion
and interactions with the host stroma [48–50]. These proliferating regions contained ~80%
Ki67-positive cells (Figure 3b), whereas the nonproliferating regions contained <5% Ki67-
positive cells (Supplementary Figure S12). With H&E staining, the non-proliferative regions
were also characterized by eosinophilic staining, nuclear condensation, and loss of nuclei,
suggesting necrosis (Supplementary Figure S3) [51].

The presence of proliferating and nonproliferating regions in the HCT116 xenograft not
only provides an explanation for the different control growth rates, but can also explain the
comparable growth inhibition found in both the cancer-on-chip model and the xenografts.
The effect of oxaliplatin on the nonviable, nonproliferating, regions will be limited, as they
are not growing, poorly perfused, and already in a (pre)necrotic state (Supplementary
Figure S3) [49]. In the viable, proliferating, regions ~80% of cells were Ki67-positive, for
which the spheroid-on-chip should be representative. Hence, the effect of oxaliplatin in
xenografts is likely dominated by the effect on proliferating cells, which are present on-chip.
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Figure 3. An HCT116 xenograft with a proliferating shell and a nonproliferating core. (a) HCT116
xenografts stained for proliferation marker Ki67 (brown) contained peripheral regions with high prolif-
eration and large areas of nonproliferating tissue toward the core. Scale bar = 2 mm. (b) Proliferating
areas were ~80% Ki67-positive. Ki67 quantification was performed by Qupath software; positive cells
are shown in red [27]. Scale bar = 50 µm.

3.4. A Pharmacodynamic Model Further Validates the Representativeness of On-Chip
Growth Inhibition

The representativeness of the spheroid for the proliferating cells in the xenograft
provided a qualitative argument for why the drug effect is recapitulated on-chip. A
pharmacodynamic (‘the effect of drug on tissue’) model, in which on-chip growth is mapped
to the representative parts of the xenograft to predict treated and untreated growth, could
further validate the ability of the cancer-on-chip model to mimic the effect of oxaliplatin on
HCT116 xenografts, as well as identify translational discrepancies.

As HCT116 xenografts consist of proliferating and non-proliferating cells, the phar-
macodynamic model employed here consisted of two populations, a proliferating and
nonproliferating subpopulation [52,53]. The subpopulations were geometrically divided
(Figure 4a), as the vast majority of proliferating cells were located on the periphery of
the xenografts (Figures 3a and 4a, Supplementary Figure S10). Constant radius growth
was assumed for the modeled xenograft, as constant radius growth has been described
for other colorectal cancer xenografts [50,54] and fits with growth curves for HCT116
xenografts [26,29–34].

Radius growth per day (α) was based on the thickness of the proliferating shell found
in xenografts and the on-chip growth of spheroids in the first 2 days (Supplementary
Figures S10 and S11 and accompanying data). For untreated modeled xenografts, this
resulted in a radius growth of 0.25 mm/day and a tumor volume growth in 14 days from
100 mm3 to 1100 mm3, while, for modeled xenografts treated with oxaliplatin, the resulting
radius growth was 0.11 mm/day and the final tumor volume was 376 mm3 (Figure 4b).

Modeled xenograft growth with and without oxaliplatin treatment fell within the
range of growth found in xenograft studies (Figure 4b); untreated tumor volume growth in
existing HCT116 xenograft studies over 14 days was 5–13-fold, and xenografts treated with
oxaliplatin grew 1.5–7.5-fold over 14 days (Figure 4b, Supplementary Table S1) [26,29–34].
Hence, the outcome of the pharmacodynamic model for untreated and treated xenograft
growth was on the high side, but within the range found in existing xenograft studies.
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Figure 4. The pharmacodynamic model of HCT116 xenograft growth. (a) The modeled xenograft
consisted of a shell of proliferating cells. Constant radius growth was derived from on-chip spheroid
growth and the thickness of the proliferating shell in untreated HCT xenografts (see text). (b) Modeled
growth with and without treatment. Error bars represents the standard error of the mean (SEM),
based on individual growth found in n = 4 chips per condition. Shaded bars on the right represent
the range found in xenograft studies [26,29–34].

The formula describing xenograft growth employed here was as follows [50]:

V(t) = 4/3 π (αt + β)3,

where V is the volume of the tumor in mm3 at day t, α represents the radius growth per
day in mm/day, and β is the starting radius in mm. Starting volume was set at 100 mm3

(β = 2.9 mm), an often-used starting volume in xenograft studies (Supplementary Table S1).
Potential reasons for the relatively high growth predictions could be a slightly higher

proliferation rate in spheroids in the first 2–3 days, a decline in radius growth per day at
higher tumor volumes in xenografts, higher external pressure in xenografts [55] leading to
potential compression of the necrotic core during growth, and measurement errors due to
interference of skin and connective tissue with caliper measurement [56], which could have
a larger influence on smaller starting tumors.

However, according to the immunohistochemistry showing that on-chip spheroids
were representative of the proliferating cells, and the pharmacodynamic model resulting
in modeled xenograft growth (inhibition) on the high side but within the range of actual
xenograft studies, remaining potential translational discrepancies provide room for future
optimization but do not seem to interfere with the ability of the cancer-on-chip model to
represent the effect of oxaliplatin on HCT116 xenografts.

With further validation, cancer-on-chip models could, thus, complement cancer
xenograft models. Different cell lines, dosage schedules, and drug combinations can
be tested for further validation of novel drug efficacy without increasing animal use. Fur-
thermore cancer-on-chip models have the potential to decrease the variability of in-vivo
assays as there is less unwanted biological variation from the animal host. Moreover, con-
tinuous monitoring of cancer growth-on-chip could elucidate drug exposure and response
relations. To mimic human cancer more closely, in addition to expanding cell lines to have
greater coverage of clinical variety, human aspects can be added in a stepwise fashion,
such as human pharmacokinetics, stroma, and immune components, as such cancer-on-
chip models have the potential to progressively complement and substitute the cancer
xenograft model.

4. Conclusions

A cancer-on-chip model was designed and validated to incorporate key elements
of the cancer xenograft assay. On-chip growth inhibition of HCT116 colorectal cancer
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spheroids at in vivo-like oxaliplatin concentrations was comparable to in vivo xenograft
growth inhibition, while providing novel insights into the temporal response. Furthermore,
immunohistochemistry performed off-chip indicated a decrease in proliferation marker
Ki67 and an increase in apoptosis marker CC3 right after treatment.

As the size and structure of xenografts and spheroids differ, we further evaluated the
representativeness of the spheroid on-chip. Immunohistochemical staining suggested that
the on-chip HCT116 spheroid was representative of the proliferating cells in the outer shell
of the xenograft, which likely determine the growth and growth inhibition in the xenograft.
Furthermore, a pharmacodynamic model with a proliferating and nonproliferating cell
population, in which constant radius growth was based on growth (inhibition) found
on-chip, resulted in comparable growth (inhibition) to HCT116 xenografts treated with
oxaliplatin, thus providing additional support for the translational relevance of the cancer-
on-chip model.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/mi13050739/s1. Figure S1: Spheroid size determination by
the Fiji algorithm. Table S1: Xenograft studies used for comparing growth inhibition and growth.
Figure S2: Growth inhibition from existing HCT116 xenograft studies plotted against dose per week.
Figure S3: HCT116 xenograft tissue stained with hematoxylin-eosin (HE). Figure S4: Correlation
between image based tumor volume derivation of the spheroids and automated cell count after
trypsinization. Figure S5: Equality of spheroid start diameter per treatment condition, on-chip and
in the 96 well plate (“sphera”). Figure S6: Validation of dynamic drug control on chip. Figure S7:
Ki67 (proliferation) quantification of HCT116 spheroid sections in Qupath. Figure S8: Detection of
apoptosis marker cleaved caspase 3 (CC3). Figure S9: Limited cleaved caspase 3 (CC3) staining at the
tumor edge of untreated xenografts. Figure S10: Macroscopic view of HCT116 xenografts stained
with HE (left) or Ki67 (right). Figure S11: Quantitative analysis of Ki67 positivity. Figure S12: Less
than 5% Ki67 positive cells in non-proliferating regions of the untreated HCT116 xenograft.
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