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eted Co(III) Schiff base complexes
inhibit migration of basal cell carcinoma cells†
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Basal Cell Carcinoma (BCC) is the most frequently diagnosed cancer globally and affects about one in five

Americans. Given the frequency of diagnosis, it is surprising that there are very few therapeutic options.

Surgical removal is currently the most common treatment option; however, this can lead to noticeable

scarring and cosmetic issues. As a result, there is a compelling interest in developing non-invasive

therapeutic approaches to this disease. Here, we introduce a new transition metal–DNA derivative called

CoGli–GOPEI that inhibits the migration of murine ASZ BCC cells in laboratory experiments. Notably, this

complex significantly outperforms two established hedgehog-pathway inhibitors: GANT-61 (an

investigational compound) and vismodegib (an FDA-approved drug). These inhibitors target the

hedgehog signaling pathway—specifically the Gli family of transcription factors—to slow cancer

progression. By effectively reducing cell migration, CoGli–GOPEI offers a less invasive alternative to

traditional treatments like surgical resection and chemotherapy. Our results highlight how targeting the

Gli transcription factors within the hedgehog pathway can create a novel therapeutic strategy against

BCC. The ultimate goal of these new derivates is to reduce the spread of cancer cells while minimizing

the downsides of surgery.
Introduction

The use of metals in medicine has grown impressively in recent
years due to a signicantly advanced understanding of the
structures of biologically active metal complexes and metal-
containing proteins.1 One landmark in this area was the intro-
duction of cisplatin and related transition metal derivatives as
anticancer drugs.2–9 It is becoming clear that developing new
inorganic therapeutic agents that can be specically coupled to
a biologically active site by cooperative redox-binding ligation
will have a signicant impact.10–16 Previous research has shown
Co(III) complexes developed for anticancer, enzyme inhibition,
and preventative protein aggregation. With a limited number of
available cancer treatments for patients impacted by cancers
such as Basal Cell Carcinoma (BCC), cobalt-based drugs may
serve as a new therapeutic strategy in targeting prevalent
cancers.17
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Basal Cell Carcinoma (BCC) is a form of skin cancer in the
body's basal cells. It is the most frequently diagnosed cancer
globally and affects about one in ve Americans. BCC of the skin
is commonly caused by exposure to ultraviolet radiation, with
an increased risk of disease development if exposure occurs
during childhood and adolescence.18 Physical characteristics
such as red and blonde hair, light eye color, and light
complexion are associated with increased BCC risk under
ultraviolet exposure.19 BCC lesions are primarily located
throughout the head and neck region, with pigmentation levels
varying between lesions.20,21

Although the mortality rate of BCC is relatively low, available
treatments aren't offered to many patients due to a plethora of
health risks, including disgurements such as scars and
hypopigmentation of the skin, high levels of invasiveness, and
overall difficulties in treating small areas of skin like the
eyelids.17 The variability in current surgical treatments, such as
excision margins and depth for removal, make recurrences in
BCC lesions especially common. Reoccurrence presents
a signicant issue for patients requiring repeated surgical
attention.22 In addition, a uniquely challenging obstacle is the
lack of cellular model systems for which early-stage therapeu-
tics can be adequately evaluated, as no human BCC models
exist, only murine.

Specic cell signaling pathways have been found to play an
intrinsic role in BCC's oncogenesis and disease progression,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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such as the hedgehog (Hh) signaling pathway.23 Mutations of
Patched1 (PTCH1), a BCC tumor suppressant protein, are oen
linked with BCC lesions within this pathway. This mutation is
prominent in patients with Gorlin syndrome, characterized by
many basal cell carcinomas affecting organs throughout the
body due to loss-of-function mutations in PTCH1.24 The Hh
signaling pathway is activated when the Hh signaling protein
binds to PTCH1. Without the Hh protein present in this
signaling cascade, PTCH1 inhibits the activity of Smoothened
(SMO), a transmembrane protein localized to the cell surface.
When SMO is inhibited, the fused (SUFU) suppressor is
attached to glioma-associated oncogene (Gli) transcription
factors and blocks their translocation to the nucleus. When the
Hh protein binds to PTCH1, the disinhibition of SMO occurs,
and SUFU releases Gli transcription factors that can go on to
activate genes that contribute to the formation of BCC lesions.25

Vismodegib is one of eleven FDA-approved chemothera-
peutic treatments for BCCs, of which six are generic versions of
the other ve. This complex is an SMO inhibitor that directly
binds SMO and blocks downstream hedgehog signaling. It is
recommended for patients not approved for surgical removal of
BCCs or radiation therapy treatments (Fig. 1).26 Vismodegib is
taken orally and can reduce the size of lesions to allow patients
to become approved candidates for surgery. However, this
process typically requires several months, and with off-target
effects such as loss of taste, alopecia, and muscle cramps,
alternative approaches are needed.27,28 Finally, chemoresistance
is a signicant concern because secondary BCC lesions may
grow and inhibit therapeutic function.17,20,21

The Gli family of transcription factors has been shown to
play a role in malignant growth and maintenance of multiple
forms of cancer, including BCC, when abnormal pathway acti-
vation occurs.29 Additionally, the highly conserved DNA binding
domain of Gli proteins underscores the importance of nding
effective, non-invasive treatments for this family, as the treat-
ment could be utilized for various cancers that utilize Gli
transcription factors.30

Currently, there are no examples of agents that target the Gli
family of zinc nger transcription factors (ZnFTFs) due to the
Fig. 1 Overview of the hedgehog signaling pathway in active (left) and
inactive (right) states. The two compounds used for comparison are
denoted next to the pathway component of inhibition (vismodegib and
GANT-61)—the binding of hedgehog, Hh, ligands to PTCH1 results in
the release of Gli transcription factors. The overactivation of this
pathway underlies BCC oncogenesis and tumor growth.

© 2025 The Author(s). Published by the Royal Society of Chemistry
absence of targeting. ZnFTFs are transcription factors which
contain a zinc-nger binding domain that binds DNA to aid in
gene regulation.30 This difficulty stems from these transcription
factors do not have well-dened binding pockets.31 Nonethe-
less, efforts have been made to identify molecules that can
achieve binding. One of the more promising molecules that
could inhibit Gli transcription factors is GANT-61, a derivative
of Gli antagonists (GANT). GANT-61 has been shown to disrupt
many Hh signaling pathways associated with various cell
carcinomas.32,33 GANT-61 can achieve this feat by binding
directly with Gli and inhibiting DNA interactions, thus pre-
venting oncogenic transcription. However, GANT-61 exhibits
insufficient bioavailability and solubility, indicating that this
molecule is not an effective treatment for BCC.34

Previous research regarding zinc nger domain disruption
has revealed the potential of cobalt(III) Schiff base conjugates
(CoSB) as inhibitors, providing a potential avenue for use in Gli
inhibition.35,36 These conjugates preferentially bind to histidine
residues in Cys2His2 zinc ngers of Gli transcription factors.35

This action displaces the zinc and changes the zinc nger's
tetrahedral conguration to an octahedral arrangement. The
change in the zinc ngers' molecular geometry – via disruption
of the bba structural motif needed for gene regulation essential
for Gli binding and transcription capabilities – is thus irre-
versibly inhibited.37 Using a Gli-specic oligonucleotide chem-
ically attached to CoSB (CoGli), CoGli can favorably bind to Gli's
zinc nger domain, limiting off-target effects.38

However, complications with delivering negatively charged
DNA molecules into cells (a result of the negatively charged
backbone of the Gli DNA sequence) arise due to the hydro-
phobic interior of cell membranes, which repel the entry of said
molecules.39,40 Thus, an effective delivery method must be
employed to ensure the transfection and subsequent delivery of
DNA-conjugated compounds.

Previous drug delivery research has shown that liposomal
transfection agents and positively charged polymers such as
branched polyethyleneimine (PEI) have been proven as prom-
ising agents to combat this issue.41 PEI is especially applicable
due to its high endosomal and lysosomal escape rates from the
cell. PEI has also been shown to have increased permeabiliza-
tion capability when attached to a relevant complex-delivery
system, such as graphene oxide (GO) nanoparticles.39 The use
of GO nanoparticles has shown promising results for the
intracellular delivery of chemotherapeutics because of rich
surface chemistry and rapid levels of chemical uptake.40,42,43

The modication of GO's surface with polyethyleneimine
(PEI) electrostatically binds DNA-based molecules (such as
CoGli) and delivers them within the cell to reduce levels of
cytotoxicity.38 GOPEI refers to the graphene oxide with poly-
ethyleneimine on the surface. Previous research has demon-
strated GOPEI's higher efficacy over unmodied PEI due to the
increased internalization and retention exhibited upon GOPEI.
Thus, combining CoGli with GOPEI may form a compound
(CoGli–GOPEI) that acts as an Hh pathway inhibitor.38

Therefore, this compound was developed to enable the
intracellular delivery of CoGli, the DNA-targeted, Gli-specic
CoSB inhibitor (Fig. 2). Herein, we report using CoGli–GOPEI
RSC Adv., 2025, 15, 8572–8579 | 8573



Fig. 2 Structure and DNA sequence of CoGli. The Co(III) Schiff base
complex tethered to the Gli transcription factor targeted sequence.
The asterisks denote phosphorothioate linkages on the 30 and 50 end to
prevent degradation by endonucleases. The synthesis was done
according to literature with modifications made to enhance yield.38

Fig. 4 Normalized average percent migration for ASZ cells dosed with
purified CoGli–GOPEI. (A) The chemical structure of CoGli–GOPEI
that was used to dose the cells. (B) The normalized average percent
area of migration is shown for each of the tested doses: 0 mM, 1 mM, 2.5
mM, 4 mM, and 8.5 mM. The separate lines indicate the doses tested on
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as a new compound that inhibits the migration of the murine
ASZ basal cell carcinoma cell line in vitro.
individual plates (black: 0 mM, 1 mM, 2.5 mM, and grey: 0 mM, 4 mM, 8.5
mM). (C and D) The standard error of the normalized means was
plotted, and a 2-tailed paired Student's t-test was used to determine
statistical significance (p < 0.05) between doses. In (C), p= 0.0074 (**),
0.00063 (***). In (D), p = 0.011 (*), 0.0075 (**).
Results and discussion

Gli transcription factors play an essential role in the formation
of BCC lesions through their ability to activate several genes
known to play prominent roles in the formation of lesions.38

The Gli family of ZnFTFs contains Cys2His2 sites, where cobal-
t(III) Schiff-base DNA conjugates have been shown to change the
molecular arrangement for DNA binding.35,44 The challenge for
targeting ZnFTFs due to the lack of dened binding pockets and
their role in developing lesions led to our previously reported
studies using a CoGli–GOPEI conjugate.15,38 The CoSB-Gli DNA
annealing was conrmed with circular dichroism (CD) before
GOPEI was added (Fig. S2†). High-performance liquid chro-
matography was used to purify the CoGli conjugates. All the
aforementioned derivatives were investigated using a transwell
migration assay to determine the percentage of cell migration.

To compare the potential inhibition of CoGli–GOPEI against
industry standards vismodegib (an FDA-approved chemothera-
peutic for BCC lesions) and GANT-61 (a compound in clinical
development for Gli transcription factor specic inhibition), the
individual inhibition potentials of vismodegib and GANT-61
Fig. 3 Normalized average percent migration for vismodegib and Gant-
Gant-61 (blue), showing the normalized average percent area for a given
tailed paired Student's t-test was used to determine statistical significan
dosages tested during a single experiment.

8574 | RSC Adv., 2025, 15, 8572–8579
were tested. Tested concentrations were chosen based on re-
ported values and previous work.45–47 Of the two compounds,
decreased concentrations of vismodegib showed similar inhi-
bition effects. Effectiveness was based on the inhibition of cell
migration. Although neither vismodegib nor GANT-61 signi-
cantly reduced cell migration when assessed with a two-tailed
Student's t-test compared to their controls, even at the highest
doses, approximately 80% normalized migration was observed
(Fig. 3).

Previously, we investigated CoGli–GOPEI regarding cell
migration inhibition in 2Dmodels.15,38 Herein, we describe a 3D
model that shows that the same compound signicantly
inhibits cell migration, showing only 16%migration at a dose of
2.5 mM and even less at higher doses (Fig. 4). Signicance was
determined using a two-tail Student's t-test. This decrease in
cell migration suggests inhibiting the Gli transcription factors
61. The two graphs display dosage for (A) vismodegib (purple) and (B)
dose. Standard errors of the normalized means were plotted, and a 2-
ce (p < 0.05). Each graph has two lines as to indicate the independent

© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 The effects of individual components of the CoGli–GOPEI
compound on ASZ cell migration. (A) The chemical structure of
[Co(acacen)(NH3)2]Cl is depicted and chosen as a representative
cobalt(III) Schiff base complex with the same equatorial ligand as the
cobalt complex used in CoGli–GOPEI. (B) The structure of GOPEI is
shown and used to assess the effects of this CoGli–GOPEI complex on
cell inhibition. (C) The normalized average percent area migration of
ASZ cells for a given dose of [Co(acacen)(NH3)2]Cl (blue). Acacen =

bis(acetylacetone)ethylenediamine. (D) The normalized average
percent area migration of ASZ cells for a given dose of GOPEI (orange).
For (C and D), the standard error of the normalized means was plotted,
and a 2-tailed paired Student's t-test was used to determine statistical
significance (p < 0.05), p = 0.011.
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may disrupt an essential step in BCC's tumor progression. The
improved efficacy is partly due to the conjugate's targeted and
preferential delivery component (GOPEI), which allows the cell
to uptake CoGli (Fig. 4).38

Graphene oxide was chosen as the delivery platform to aid
cellular uptake, a limiting factor of previous complexes' thera-
peutic impact.34 The positively charged nature of PEI provides
enhanced electrostatic interaction with DNA-conjugate mole-
cules. GOPEI served as a functional delivery system for cellular
uptake while limiting side effects such as decreased cell
movement and cellular cytotoxicity (Fig. 5). [Co(acacen)(NH3)2-
Cl] was used as a control complex to determine the impact of
these CoSB conjugates on cell migration (Fig. 5A), as these
derivative mimics the CoSB used in CoGli–GOPEI (Fig. 4A). The
same concentrations were used for GOPEI and
[Co(acacen)(NH3)2Cl] as controls. Increased concentrations of
[Co(acacen)(NH3)2Cl] caused a two-fold decrease in cellular
migration per tested dose, while at the same concentrations,
GOPEI caused no signicant reduction in cellular migration
(Fig. 5D).

To analyze the raw data, all 8 images taken per well were
used. The percent area of the well covered by cells was calcu-
lated by dividing the computed area covered by cells by the total
area of the well. The percent areas for all 8 images for a given
well were averaged to give each well its average percent area. A
total of 3 averages per dose were calculated (n = 3), each using 8
images. The control wells' average percent area was also calcu-
lated using this procedure. This value was then used to
normalize every well's average percent area. This allowed for a 2-
tailed paired Student's t-test to calculate p-values between doses
to determine statistical signicance, with p < 0.05.
© 2025 The Author(s). Published by the Royal Society of Chemistry
These results highlight the success of the CoGli–GOPEI
delivery and its ability to inhibit the Hh signaling pathway
through the specic targeting of Gli transcription factors. To
our knowledge, this is the rst report on the use of CoGli–
GOPEI in a 3D model, which is a better representation of body
conditions. The statistically signicant inhibition of ASZ cell
migration seen in vitro help guide future in vitro and in vivo
studies of the compound's use as a therapeutic for BCC.

Conclusions

CoGli–GOPEI has previously been characterized chemically and
biologically in static experiments.15,38 Here, we have shown the
characterization and effectiveness of these derivatives in
a dynamic biological environment. Cell migration, tumor
growth, and progression are inuenced by the tumor microen-
vironment in vivo.48 Themicroenvironment that expands during
tumorigenesis and tumor development provides a protection
barrier against the host's immune system by inducing immu-
nosuppressive cytokine production.48,49

Inhibiting the growth and spread of the tumor microenvi-
ronment by limiting cell migration may result in the ability of
complete surgical removal and a lower risk of recurrence. The
success of our compound in this novel environment further
highlights the possibility for clinical translation in the future.
Therefore, the CoGli–GOPEI platform offers an alternative
therapeutic approach for inhibiting the Gli family transcription
factors activated by the hedgehog signalling pathway. Under-
standing cellular behavior in the presence of these targeted Gli
transcription factor inhibitors will provide mechanistic infor-
mation about the role of the hedgehog pathway in cellular
migration in BCC. This work establishes a framework for future
BCC work in limiting tumor progression and provides a plat-
form to build upon for the targeting of Gli family transcription
factors in various cell pathways.

Experimental
Cell culture

ASZ cells were cultured in the growthmedium [M154CF calcium
free base (Gibco, 500 mL) supplemented with fetal bovine
serum (GenClone, 10 mL), 0.2 M calcium chloride (Gibco, 125
mL), and penicillin–streptomycin (Gibco, 5 mL)]. The fetal
bovine serum was chelexed, as described below, prior to its
addition to the growth medium. The sterile media solution was
vacuum ltered (0.2 mm aPES membrane, 75 mm diameter) and
stored at 4 °C. Cells were grown in an environment of 5%
carbon dioxide at 37 °C in T-75 culture asks (Corning). Cells
were split every two days to a new T-75 culture ask with Dul-
becco's phosphate-buffered saline (DPBS, GenClone), pre-made
media, and trypsin (TrypLE Express (1× Dissociation Reagent),
Gibco) that were warmed in a 37 °C water bath for 20 minutes
prior to splitting.

The cell culture was washed twice (2 mL per wash) with the
warmed DPBS and treated with 2 mL of trypsin for cell de-
adhesion, including 10 minute incubation periods between
each step. Aer detachment and centrifugation (10 minutes,
RSC Adv., 2025, 15, 8572–8579 | 8575
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300 rcf, 4 °C in tabletop Eppendorf Centrifuge 5810 R, 15 Amp
Version), much of the trypsin was aspirated, with the remainder
quenched upon the addition of fresh growth medium. 2 mL of
the 5 mL cell suspension was grown in a new T-75 culture ask
with 8 mL of fresh growth medium.
Chelex fetal bovine serum (FBS)

50 grams of Chelex resin (BioRad Chelex100 NC9085110, Mesh:
200/400) was washed with ultrapure water (500 mL) for 20
minutes. The mixture was vacuum-ltered, with the resin being
retained. The washing and recollection of the resin were
repeated 4 additional times with the following components in
their respective order: ultrapure water, 1 M HCl, 1 M NaOH,
ultrapure water, 0.5 M sodium acetate (MilliporeSigma).
Following the nal ltration of sodium acetate, the resin was
equilibrated for 10 minutes in phosphate-buffered saline (PBS
(500 mL), Corning) while stirring. Aer, the mixture was
vacuum ltered, with the resin being retained. The resin was
equilibrated in fresh FBS for 10 minutes (500 mL).

The mixture's pH was adjusted to a pH of 7.4 (Thermo
Scientic Orion Star A211 pH meter). The mixture was ltered,
with the resin being retained. The resin was washed with
ultrapure water (500 mL), and the pH was adjusted to 7.4. The
mixture was vacuum ltered, with the resin being retained. The
resin was added to FBS and stirred for an hour (500 mL). The
mixture was vacuum-ltered, and the resin was discarded. The
collected sterile FBS solution was vacuum ltered (0.2 mm aPES
membrane, 75 mm diameter) and stored at −80 °C until use.
Serum-free media

The serum-free media [M154CF calcium free base (Gibco, 500
mL) supplemented with 0.2 M calcium chloride (Gibco, 125 mL)
and penicillin–streptomycin (Gibco, 5 mL)] is necessary to aid in
the initial migration of cells in the insert due to its lack of FBS
and associated nutrients.
CoGli single strand DNA purication

Co-Gli ssDNA was puried using high-performance liquid
chromatography (HPLC). An analytical-scale Agilent 1260
Innity II system was equipped with a diode-array detector.
DNA elution was monitored at 260 nm. Separation using
a DNAPac™ PA200 Analytical column (4.0 mm × 250 mm, 8
mM, Thermo Fisher). Mobile phases consisted of A: Tris buffer
(pH 8.0) and B: Tris buffer containing 1.25 M NaCl (pH 8.0). The
elution followed (t = 0 min, 32% B; t = 17 min, 46.4% B; t =
17.1 min, 75% B; t = 19.1 min, 75% B; t = 19.2 min, 32% B; t =
24 min, 32% B). Collected fractions were investigated by
MALDI-TOF MS to identify the fraction containing Co-Gli
ssDNA. The product was isolated between 9.7 and 14.5 min.
MS (MALDI-TOF) m/z: [M–H] – calculated for 5840; found
5839.165.

Based on previous literature, CoGli–GOPEI, GOPEI, and the
annealed DNA mixture were combined in a 1 : 3.79 ratio (in
grams) of DNA : GOPEI, comparable to a 1 : 4 ratio used in
literature to ensure complete DNA loading.25
8576 | RSC Adv., 2025, 15, 8572–8579
Preparation of samples for matrix-assisted laser desorption
ionization time-of-ight mass spectrometry (MALDI-TOF-MS)

MALDI matrix was prepared by dissolving 2,5-dihydrox-
yacetophenone (DHAP, 25 mg) in methanol (333 mL), followed
by adding ammonium citrate until solution saturation. Solu-
tions of aqueous analyte (0.5 mL) were mixed with matrix (1 mL).
The combined solution was then deposited on a MALDI grid
and allowed to dry. MALDI-TOF MS data was collected using
a Bruker RapiFlex Tissue Typer using negative mode with
a mass range of 4–20 kilodaltons 150 kV (Fig. S1†).

Desalting of Co-Gli single strand DNA

Aer purication, the isolated cobalt-conjugated ssDNA was
lyophilized and redissolved in type 1 ultrapure water (3 mL).
Desalting was performed using a pre-packed NAP-25 G25
Sephadex column (Cytiva) with water as the eluent. Fractions
were collected and monitored by UV/vis spectroscopy for the
presence of ssDNA. The ssDNA-containing fractions were
combined, and ssDNA concentration was determined by UV/vis
(3260 = 1 770 000 M−1 cm−1).

Complementary strand annealing

The complementary strand of DNA (IDT) was added to the
HPLC-puried cobalt single-strand DNA (IDT) at a 2 to 1 ratio.
The solution was heated at 95 °C for 3 minutes and le to slowly
cool overnight.

Circular dichroism of annealed DNA

Circular dichroism was collected on the Circular Dichroism
Spec J-1700 in Northwestern University's Keck Biophysics
Facility. All experiments were conducted using a 10 mm Quartz
cuvette (Aldrich Chemical), 200–400 nm wavelength range, 50
nm min−1 scan in continuous mode, and 4 second digital
integration time (D.I.T.). A 180 mM PBS buffer blank was run at
a total volume of 700 mL. The complementary single strand of
DNA (IDT) was run with a volume of 700 mL consisting of 680 mL
of 180 mM PBS buffer and 20 mL DNA sample. All annealed
samples had a total volume of 700 mL consisting of 680 mL of
180 mM PBS buffer and 20 mL of respective DNA samples. Data
analysis was performed using the Jansco CD analysis soware
SpectraManager. Baseline correction was performed, and
smoothing was applied at a value of 15. Subtraction was per-
formed at a factor of 0.1 with a step of 0.1 (Fig. S2†).

Transwell migration

All complex stock solutions can be found in Table S4.† All
solutions used during experimentation were homogeneous, and
employing sterile techniques dramatically limits the possibility
of the seen debris being any other foreign particulates. On day
1, the cells were passaged as normal from the above protocol
(Cell Culture), stopping at the post-centrifugation resuspension.
Cell count estimation was obtained using a hemacytometer to
determine the amount needed to obtain approximately 300 000
cells per well of a 6 well culture plate (Corning) when diluted to
a nal volume of 1 mL per well. The plated cells were incubated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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at 37 °C overnight, and the remaining resuspension can be used
to passage a new T-75 culture ask stock (Table S1†).

On day 2, the pre-made media was warmed at 37 °C for 20
minutes. All plated wells were media changed and replenished
with appropriate complex concentration and fresh growth
medium for a nal volume of 900 mL per well. The cells were again
incubated overnight at 5% carbon dioxide, 37 °C (Table S2†).

On day 3, the DPBS, media, and trypsin were pre-warmed to
37 °C. The cell passaging procedure described above was fol-
lowed through resuspension, with the only difference being the
volumes used for washing (2 mL) and trypsin (400 mL) per well. A
total volume of 500 mL per insert (8.0 mm pore size, 12 mm
diameter, tissue culture treated; Millicell) was composed of cell
resuspension (200 mL), desired complex concentration, and
fresh serum-free medium. A total volume of 500 mL in the well
was composed of fresh growth medium and the desired
complex concentration. Inserts were staged in empty wells and
transferred to the well solutions once all components had been
added independently. The plate was incubated for 2 days at 5%
carbon dioxide at 37 °C (Table S3†).

On day 5, the DPBS was warmed in the 37 °C water bath for 20
minutes. Media solutions were removed from both insert and well
for all, and cells were xed with 4% paraformaldehyde in PBS (600
mL, Thermo Fisher Scientic) at room temperature during the 10
minute incubation period. Paraformaldehyde was removed and
replaced with methanol (600 mL, Sigma-Aldrich) in each insert to
permeabilize the cells, which were then incubated at room
temperature for 10 minutes. Methanol was removed, and crystal
violet stain (400 mL, Sigma-Aldrich) was added to each insert,
which was incubated at room temperature for 30 minutes. The
crystal violet stain was removed. Each insert was washed three
times with DPBS (600 mL). The inserts were immediately imaged
using Olympus BX53 Wideeld microscope 10× magnication at
Northwestern University's Biological Imaging Facility (BIF) and Q-
capture Pro 7 soware. The Q-capture Pro 7 soware's resolution
was 2560 × 1920 FF, auto white balance applied, and auto adjust
exposure applied. Filters were not used when capturing images,
and a total of 8 images were captured per insert.
Transwell migration image processing and analysis

Image processing was done using the free image processing
package Fiji. The analysis settings were dened by selecting the
area and area fraction before image processing occurred. Color
deconvolution is applied using the H&E vector, where image 1 is
selected for subsequent processing. Of the three images
produced from color deconvolution, image 1 displays the best
shade separation between the stained cells and the background.
A minimum threshold with the red setting was applied prior to
the watershed threshold being performed. Each image was
analyzed, and the area fraction value was recorded and saved.

All data analyses were performed in Microso Excel to
calculate a well's normalized average percent area migration
(average percent area) of ASZ cells. First, all 8 images taken per
well were used. The area of the well covered by cells was calcu-
lated using Fiji soware for each image. The percent area was
then calculated by dividing the computed area covered by cells by
© 2025 The Author(s). Published by the Royal Society of Chemistry
the total area of the well. The percent areas for all 8 images for
a given well were averaged to give each well its average percent
area. The process mentioned earlier was used to calculate the
control wells' average percent area (i.e., the wells with a 0 mM
dose). This value was then used to normalize every well's average
percent area, resulting in a normalized average percent area for
each well. From these normalized values, a 2-tailed paired
Student's t-test was used to calculate p-values between doses to
determine statistical signicance with p < 0.05.
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found in the ESI.†
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