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Introduction

The toxicity, uptake, and impact on galectin-3
mediated apoptosis of lactose functionalized
PAMAM dendrimerst

Mackenzie S. Fricke,#* Magalee R. Frometa,+® Yannic Kerkhoff,”®
Samuel P. Bernhard,® Ramat S. Tahir,? Elisa Quaas,” William H. Totten,?
Rainer Haag, (2 ° Katharina Achazi (2 ° and Mary J. Cloninger (2 *?

Poly(amidoamine) (PAMAM) dendrimers functionalized with ligands that are designed to interact with
biological receptors are important macromolecules for the elucidation and mediation of biological
recognition processes.
multivalent systems for the study of multivalent protein—carbohydrate interactions. For example, lactose

Specifically, carbohydrate functionalized dendrimers are useful synthetic

functionalized glycodendrimers can be used to discern the function of galectins, galactoside-binding
proteins that are often over-expressed during cancer progression. In order to effectively interpret cancer
cellular assays using glycodendrimers, however, their properties in the presence of cells must first be
assessed. Macromolecules that are taken up by cells would be expected to have access to many
different cell signaling pathways and modes of action that solely extracellular macromolecules cannot
utilize. In addition, macromolecules that display cellular toxicity could not be used as drug delivery
vehicles. Here, we report fundamental studies of cellular toxicity, viability, and uptake with four
generations of lactose functionalized PAMAM dendrimers. In all cases, the dendrimers are readily taken
up by the cells but do not display any significant cellular toxicity. The glycodendrimers also increase
cellular apoptosis, suggesting that they may abrogate the antiapoptotic protections afforded by galectin-
3 to cancer cells. The results reported here indicate that appropriately functionalized PAMAM
dendrimers can be used as nontoxic tools for the study and mediation of both extra and intracellular
cancer processes.

weak carbohydrate-mediated interactions, nature commonly
invokes multivalency. In multivalent interactions, multiple

Many biological processes are mediated by glycan-lectin inter-
actions that induce signal transduction. One of the first such
discoveries by Nowell showed that lectins from red kidney
beans could induce mitosis in lymphocytes."” Since then, many
studies have reported on the influence of cell-surface carbo-
hydrates binding to their receptor lectins.* Although most
of these carbohydrate-lectin interactions are relatively weak,
protein-carbohydrate interactions heavily influence biological
processes such as glycan mediated cell attachment and endo-
cytosis of a virus.*” To enhance the selectivity and specificity of

“ Department of Chemistry and Biochemistry, Montana State University, Bozeman,
MT, 59717, USA. E-mail: mcloninger@montana.edu

b Institut fiir Chemie und Biochemie, Freie Universitdt Berlin, Takustr. 3,
14195 Berlin, Germany

IT and Data Services, Zuse Institute Berlin, Takustr. 7, 14195 Berlin, Germany

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma00782d

1 Shared first authorship.

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

ligands bind to multiple receptors, synergistically enhancing
the overall binding avidity of the system.®™*

To investigate a multivalent system for the display of carbo-
hydrates, we and others have utilized lactose functionalized
dendrimers."*** The poly(amidoamine) (PAMAM) dendrimers
used herein are highly branched macromolecules with repeat-
ing amidoamine units emanating from a central core.”*®
When the amino endgroups are functionalized with lactosides
via a thiourea linkage, the dendrimers present a multivalent
carbohydrate ligand display appropriate for the study of carbo-
hydrate mediated multivalent interactions. The dendrimers
used for this study are shown in Fig. 1, with characterization
data provided in Table 1.**

Glycodendrimers are important macromolecules for the
study and mediation of protein-carbohydrate interactions that,
while known to be important, are often poorly understood.>***3
Glycodendrimers are particularly attractive for the study of galec-
tins, or beta-galactoside binding proteins, which play important
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Fig.1 Schematic representation of the lactose functionalized PAMAM
dendrimers used in this report.

Table 1 Characteristics of lactose functionalized PAMAM dendrimers

Zeta
Glycoden. M,* Lactose Mobility® potential®
generation (kDa) endgroups R,” (nm) (um cm V™'s™) (mV)
G(2) 10.3 15 1.8+ 04 0.00 + 0.01 0.1 +£0.2
G(3) 18.7 25 2.5+£01 0.01 £0.01 0.2 £ 0.3
G(4) 37.8 50 2.9 £0.2 —0.01 £ 0.01 —0.1 £0.2
G(6) 114.6 120 51403 —0.01+002 —01+03
G(6) 58.0 0 44 +0.2 0.33 £0.03 6.9 £ 0.8

“ Weighted mass averages (M,,) were determined by MALDI-TOF.
? Hydrodynamic radii (R,) were determined by DLS in PBS. ¢ Electro-
phoretic mobilities and zeta potentials were determined by PALS at
10 mM in Millipore water.

roles in many intercellular recognition processes including patho-
gen recognition and cancer progression.>**” Moreover, the bur-
geoning identification of the importance of intracellular galectins
in processes including apoptosis also necessitates development
of probes that can be taken up by cells.*”*® Formation of lattices
on the cell surface prolongs the residence time of galectins at
the surface, while glycolipid-lectin, caveolae, clathrin, and
lipid-raft mediated pathways facilitate endocytosis of galectins
and glycopolymers.®***° Thus, in order to meaningfully interpret
assay data for studies using glycodendrimers with galectins,
information about properties such as cellular uptake and toxicity
must be elucidated.

A variety of synthetic multivalent frameworks functionalized
with ligands that bind to galectins have been reported to
be taken up by cells. For example, glycocalix[4]arenes bearing
3'-0-coumarylmethyllactosides,** glycopolymers bearing 3'-O
and 3-O aromatic thiodigalactosides,** beta-cyclodextrins with
appended lactosides,” galactose functionalized polymer-
containing nanoparticles,** and lactose functionalized PAMAM
dendrimers bearing alpha-cyclodextrins*® have all been shown
to be taken up by mammalian cells. This is important because
macromolecules capable of penetrating the cell could induce
intracellular interactions with galectins via mechanisms una-
vailable to compounds that are solely extracellular. When using
cell-based assays to study multivalent galectin-carbohydrate
interactions, different interpretations of assay results must be
considered depending on whether the glycodendrimers remain
in the extracellular space or are endocytosed. Here, we report
that all four generations of lactose functionalized PAMAM
dendrimers shown in Fig. 1 are nontoxic and are taken up by
cancer cells, indicating that both intracellular and extracellular
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galectin-mediated processes can be targeted using even rela-
tively large glycodendrimers.

Because galectin-3 has been reported to play a very impor-
tant role in protecting cancer cells from apoptosis pathways,
but the mechanisms of action are not well understood, use of
intracellular glycodendrimers to study galectin-3 mediated
apoptosis is highly desirable.*®*” Apoptosis is highly regulated
and is a mediator of anti-inflammatory processes; activating
apoptosis in cancer cells is a difficult task since many cancers
have deleted or altered expression of apoptosis regulating
proteins. Galectin-3 has been proposed to bind to Bax (Bcl-2
associated x protein) to regulate intrinsic apoptosis, and multi-
valent binding of a very large modified citrus pectin glycopoly-
mer called GCS-100 (molecular weight up to 250 kDa) was
proposed as a method to disrupt this interaction.*®*® Unlike
the other galectins, galectin-3 possesses a non-carbohydrate-
binding N-terminal domain that allows galectin-3 to oligomer-
ize, causing the receptor function to be multivalent.’*>* When
galectin-3 and lactose functionalized dendrimers associate, a
host of multivalent cross-linking interactions and conse-
quences are enabled.>*>” Here, we demonstrate that the lactose
functionalized glycodendrimers can induce a small amount of
cancer cellular apoptosis. Moreover, addition of galectin-3 with
the glycodendrimers abrogates the observed effect of the glyco-
dendrimers on apoptosis. This suggests that nontoxic glyco-
dendrimers can bind galectin-3 and reduce the antiapoptotic
effect of galectin-3.

In addition to apoptosis, galectin-3 (like many of the galec-
tins) is also involved in many other cancer processes including
angiogenesis, tumour formation, and cancer cellular migration
and metathesis.®**°° The lactose functionalized PAMAM den-
drimers tested here are highly desirable tools for the study of
both intracellular and extracellular galectin mediated processes
involved in cancer progression. The toxicity, uptake, and apop-
tosis studies reported here afford a greater understanding of
the properties of glycodendrimers. Specifically, lactose functio-
nalized PAMAM dendrimers are nontoxic, are readily taken up
by cancer cells, and the results reported here are broadly
important for the design of new materials, including dendri-
mers, to study galectin mediated cellular processes.

Experimental section
Materials

General reagents were purchased from Millipore Sigma and
Thermo Scientific Chemical Companies. PAMAM dendrimers were
purchased from Dendritech. Alexafluor 647 hydrazide and cell
staining reagents were obtained from Thermo Fisher Scientific.
Zeba spin desalting columns (5 mL, 40 kDa and 7 kDa MWCO)
and Sartorius Vivaspin Turbo PES centrifugal filters with 3000 and
10000 MWCOs were purchased from Avantor/VWR. The Apotox-
Glo Triplex Assay was purchased from Promega. Lactose functio-
nalized PAMAM dendrimers were synthesized according to pub-
lished procedures."* Phosphate buffered saline (PBS) is 1x diluted
from the Cold Spring Harbor 10x PBS protocol.

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

DU-145 (ATCC: HTB-81) prostate carcinomas were cultured in
media consisting of Dulbecco’s Modified Eagle’s Medium
(DMEM: Gibco, 61100) with 1.8 g L™" NaHCO; and supplemen-
ted with MEM vitamin (Gibco, 11126), Penn/strep (Gibco,
15140), NEAA (Gibco, 11140), EAA (Gibco, 11130), and 10% v/v
fetal bovine serum (FBS). A549 (ATCC: CCL-185) lung carcino-
mas were cultured in F-12K Medium (Kaighn’s Modification of
Ham’s F-12 Medium, ATCC: 30-2004) supplemented with Penn/
strep (Gibco, 15140) and 10% v/v fetal bovine serum (FBS). For
flow cytometry and confocal microscopy, A549 cells were cul-
tured in DMEM supplemented with 2% glutamine, 100 U mL ™"
penicillin, 100 pg mL ™" streptomycin (all from Gibco BRL), and
10% fetal calf serum (Thermo Fisher) at 37 °C and 5% CO,.
HT-1080 (ATCC: CCL-121) fibrosarcomas were cultured in
media consisting of Dulbecco’s Modified Eagle’s Medium
(DMEM: Gibco, 61 100) with 1.8 ¢ L' NaHCOj; and supplemen-
ted with MEM vitamin (Gibco, 11126), Penn/strep (Gibco,
15140), NEAA (Gibco, 11140), EAA (Gibco, 11130) and 5% v/v
fetal bovine serum (FBS). Cells were cultured in a humidified
incubator with 5% CO, and 37 °C. Before confluency, cells were
subcultured using 0.25% (w/v) trypsin—-0.53 mM EDTA.

Toxicity assay

Whole media was poured off cells, which were then covered in
0.25% trypsin and 0.02% EDTA solution and incubated for
4 min. Cells were gently aspirated using a disposable pipette,
collected in a 15 mL falcon tube and centrifuged for 5 min at
2000 rpm. Trypsin/EDTA solution was poured off and the cell
pellet was resuspended in 1 mL whole media. 10 pL cell
solution was transferred to a sterile tube and diluted with
90 pL media and mixed. 10 puL of this solution was transferred
to another sterile tube and combined with 10 pL Trypan Blue.
10 pL of this cell/dye solution was placed on a hemocytometer,
and cells were counted to determine total cell count. From this
count, the cells were diluted to a 200 000 cells per mL solution
with whole media. Two solutions of controls were made from
this cell solution: toxic control and viable control. The viable
control contained cell solution with Celltox dye at a ratio of
1:500 in whole media. Toxic control contained cell solution,
Celltox lysis solution in 1: 25, and Celltox dye at 1:500. A media
control was made with whole media and Celltox dye at 1:1000.
Dendrimer solutions were concentrated to 8 mg mL ™" in whole
media. In 96 well plates, the solutions were aliquoted with six
replicates. Total volume in each well was 100 pL. For each of the
dendrimer wells, 50 pL of dendrimer solution was combined
with 50 pL of viable cells; final concentrations of glycodendri-
mers per well were as follows. G(2): 390 uM, G(3): 190 uM; G(4):
90 uM, G(6): 35 uM. For the toxic control wells: 50 pL toxic
control solution was combined with 50 uL of whole media. The
viable control wells: 50 uL viable cell solution (1 : 500 celltox dye
with 200000 cells per mL) and 50 pL of whole media. Media
control wells: 100 uL media control solution. Plate was covered
with foil to protect dye from light and placed in an incubator at
37 °C, 5% CO,. At 2 and 24 h, the plate was removed from the
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incubator, and fluorescence was recorded using a Biotek hybrid
1 plate reader at 485g,/520g,, nm. Six replicates were performed.

Synthesis of Alexafluor 647 functionalized glycodendrimers

Glycodendrimers were weighed (4 mg for G(2), 4.2 mg for G(3),
3.6 mg for G(4), and 3.3 mg for G(6)) and each dissolved with DI
water for a final concentration of 2 mg mL™~". An aqueous stock
solution of 2 mg mL™' NalO, was prepared, and 2 equiv./
dendrimer was added to each dendrimer solution and allowed
to stir for 2 h in the dark. Reaction concentrations of NalO,
were as follows: 83 pL for G(2), 64 pL for G(3), 21 pL for G(4),
and 4 pL for G6. NalO, was then removed from the dendrimer
solution using a centrifugal concentrator (MWCO of 3 kDa for
G(2) and G(3) and 10 kDa for G(4) and G(6)). The NalO, solution
was displaced by adding 2 mL of a sodium acetate buffer
(pH 5.5). G(2) and G(3) were centrifuged 4 times at 4000 x g
for 60 min per spin. G(4) and G(6) were centrifuged 4 times at
2000 x g for 60 min per spin. Once the aldehyde intermediates
were in sodium acetate buffer, Alexafluor 647 dye (1 mg,
hydrazide) was dissolved in 500 pL of the sodium acetate buffer
and was added to each reaction vial (1 equiv./dendrimer; 197 pL
for G(2), 154 pL for G(3), 50 pL for G(4), and 15 pL for G(6)). The
vials were incubated in the dark for 24 h at 4 °C, purified via
SEC spin column (G(2) and G(3) used a spin column with a
MWCO of 7 kDa, and G(4) and G(6) used a MWCO of 40 kDa).
All generations were centrifuged once at 1000 x g for 4 min
after thorough washing of resin was done in accordance with
the manual. Characterization of percent functionalization of
the dendrimers with Alexafluor 647 was done by UV-vis using
the reported extinction coefficient of 270000 M~ cm™ " at a
wavelength of 647 nm.®' DI water was used as the blank for
measurements. Ag,, values of 1.40, 0.928, 0.792, and 0.997 were
obtained for G(2), G(3), G(4), and G(6) compounds at 8.61, 4.91,
5.59, and 5.53 UM concentrations, respectively. Concentrations
of the dye present in these glycodendrimer solutions were
calculated using Beer’s law to be 5.19, 3.44, 2.93, and 3.69 UM,
respectively. Thus, the ratio of dendrimer: dye was calculated to
be 1.7 for G(2), 1.4 for G(3), 1.9 for G(4), and 1.5 for G(6).

Flow cytometry

For flow cytometry, 450 pL of A549 cells (100 000 cells per mL)
were seeded in each well of a 24 well plates and incubated for
24 h. Cells were treated with Alexafluor 647 functionalized
glycodendrimers and incubated for 2 and 20 h at a final
concentration of 0.1 pM and 1.0 uM. Prior to the measurement,
cells were washed with PBS and detached using trypsin, trans-
ferred to an Eppendorf tube, centrifuged at 140 x g at 4 °C for
4 min, and resuspended in PBS. Fluorescence of the cells was
measured in a Attune NXT (Thermo Fisher, Germany), and
analysis was done using FlowJo 10.

Confocal microscopy studies of colocalization

For studies of cellular localization using confocal laser scanning
microscopy, 270 pL A549 cells (50 000 cells per mL) were seeded in
each well of an 8 well ibidi p-slides in colorless DMEM cell culture
medium and cultured overnight with CellLight GFP reagents

Mater. Adv, 2025, 6, 3171-3184 | 3173
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targeting lysosomes or early endosomes (CellLight GFP Reagents,
BacMam 2.0, Life Technologies GmbH, Darmstadt, Germany).
After 22 h, cells were treated with Alexafluor 647 functionalized
glycodendrimers and incubated for 2 and 22 h at final concen-
trations of 0.1 uM and 1.0 pM. Cell nuclei were stained with
1 ug mL~ " Hoechst 33342 (Life Technologies GmbH, Darmstadt,
Germany). Confocal images were taken with an inverted confocal
laser scanning microscope Leica DMI6000CSB SP8 (Leica,
Wetzlar, Germany) with a 63x/1.4 HC PL APO CS2 oil immersion
objective using the manufacture given LASX software. Image
processing was done using Fiji®® using a macro for batch analysis.

Colocalization analysis was performed using Image] (NIH)
with custom macros. Images were processed using a two-step
automated workflow. First, transfection positive cells regarded
as regions of interest (ROIs) were identified by applying an
intensity threshold (20 arbitrary units) to the vesicular marker
channel, followed by mean filtering with a radius of 25 pixels
and a second threshold (25 arbitrary units) to define vesicular
structures. ROIs larger than 4000 pixels were selected and
extracted from both channels. Subsequently, colocalization
analysis was performed using the Colocalization Threshold
plugin, implementing the thresholded Manders’ coefficient®®
to quantify the fraction of glycodendrimer signal (red channel)
colocalizing with vesicular markers (green channel). Analysis
was performed on individual frames, and results were conca-
tenated for batch processing.

Apoptosis, viability, and toxicity triplex assay

Cells were added to wells of a 96 well plate so each well
contained 9000 cells. The plate was placed in a humidified
incubator at 37 °C, 5% CO, and >80% humidity to allow cells
to adhere overnight. The next day, test compounds or controls
were added for a final volume of 100 puL per well. A viability
control was provided by 0.1% SDS, a cytotoxicity control was
provided by ionomycin at a final concentration of 100 uM, and
the control for apoptosis was staurosporine at a final concen-
tration of 10 uM. Test compounds were galectin-3 at a final
concentration of 6.60 uM, lactose functionalized dendrimers
were 220, 140, 60, and 20 pM, for G(2), G(3), G(4), and G(6),
respectively. Cells were incubated for 5 h at 37 °C, 5% CO, and
> 80% humidity, as per the manufacturer’s instructions for the
Apotox-Glo Triplex Assay. 20 pL of viability/cytotoxicity reagent
containing both GF-AFC Substrate and bis-AAF-R110 were
added to each well. The plate was further incubated for
80 min, and fluorescence was measured at 400g,/505g, for
viability and 485g,/520g,, for cytotoxicity using a Biotek hybrid
1 plate reader. 100 pL of Caspase-Glo 3/7 reagent was added to
all wells, and the plate was briefly shaken. Incubation for
30 min was carried out at room temperature protected from
light, and luminescence was then measured on the plate reader.
A minimum of three replicate experiments were performed.

Acridine orange/ethidium bromide

A549 cells were suspended to 50000 cells per mL. Cells
(15000 cells per well) were seeded on an 8 well ibidi p-slide
in 300 pL of complete F-12K medium and incubated at 37 °C
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and 5% CO, overnight to adhere. Cells were washed once with
1x PBS and then treated with compounds. All wells had a final
volume of 300 pL with equal amounts of 1x PBS, filtered DI
water, and complete F-12K medium. Control wells included
untreated cells, galectin-3 in 1x PBS (6.6 uM), 0.01% SDS in DI
water, and staurosporine (10 pM, stock was dissolved in 50 mM
DMSO in DI water). Lactose functionalized G(2), G(3), and G(4)
dendrimers were dissolved in complete F-12K medium then
added to their respective wells for final concentrations of
220 puM, 140 pM, and 60 pM respectively. G(6) was dissolved
in DI water then added to its well for a final concentration of
20 pM. All glycodendrimer wells were treated with a final
concentration of 6.6 uM galectin-3. The treated cells were
incubated for 5 h at 37 °C and 5% CO,, then stained with
5 pL of acridine orange (AO) and 5 pL ethidium bromide (EB)
from their stock solutions made at 100 ug mL ™" separately in DI
water. Cells were imaged on an inverted confocal laser scanning
microscope Leica DMIS8 Stellaris (Leica, Bozeman, US) with a
20x%/0.75 HC PL APO CS2 dry objective using the manufacturer-
provided LASX software. Filters were set for acridine orange
(excitation: 488 nm, emission range: 521-542 nm, gain 6.5%)
and ethidium bromide (excitation 514 nm, emissions range:
606-650 nm, gain 7.5%).°* Images were taken immediately, and
cells were counted in 10 random images per well. Three bio-
logical replicates were obtained for each condition. The same
concentrations were repeated using Alexafluor 647 labeled lactose
functionalized G(2) and G(6) dendrimers dissolved in DI water
(excitation: 650 nm, emission 660-690 nm, gain 2.5%).°*%>

Phase angle light scattering/dynamic light scattering

Hydrodynamic radii (Ry,), zeta potentials, electrophoretic mobility,
and conductivity were measured on a Wyatt Mdbius DLS instru-
ment. Prior to experimentation, dendrimer solutions were pro-
duced and filtered through 0.02 um filters (Whatman Anotop 25).
Zeta potentials, electrophoretic mobility, and conductivity were
determined by PALS (phase analysis light scattering) at 10 pM in
Millipore water in a 45 pL Dip Cell. Hydrodynamic radii were
determined in PBS. DLS source attenuation was allowed for the
first scan of a given sample, then auto-attenuation was turned off.
Trials interrupted by attenuation were discarded. Reported data,
based on measurement in at minimum triplicate, was determined
using a regularization fit for an inclusive range of the autocorrela-
tion function.

Statistical analysis

Statistical analysis was performed using the ordinary one way
Anova in GraphPad Prism, version 10.2.3. *P = 0.0299, **P <
0.01, ***P = 0.0004 (Fig. 9A), ****P < 0.0001, ns = not signi-
icant. Data in graphs are shown as mean with SD.

Results
Toxicity studies using lactose functionalized dendrimers

The toxicity of the four lactose functionalized glycodendrimers
shown in Fig. 1 (Table 1) was measured using a fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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viability dye. Three cell lines were investigated: A549 human
lung carcinoma cells, DU-145 human prostate carcinoma, and
HT-1080 human fibrosarcoma cells. These cell lines were
selected for their robustness and endogenous expression of
galectin-3 in order from greatest to least: DU-145, A549, then
HT-1080. Each cell line was incubated in high concentrations
of each generation of lactose functionalized dendrimers (G(2):
390 uM, G(3): 190 uM, G(4): 90 uM or G(6): 35 uM) and Celltox™
dye that fluoresces in the presence of DNA. Fluorescence was
recorded at 2 and 24 h. The results were averaged from six
replicates of each experiment. The concentration of lactose
functionalized dendrimers in the assay was more than double
that used in our previously reported assays used for studying
cellular aggregation.*®®® These concentrations of glycodendri-
mers were selected so that the concentration of lactose was
equivalent in each assay, even when the different generation of
dendrimer was used with different numbers of lactosides per
framework. As shown in Fig. 2, significant dendrimer toxicity
was not observed in any of the cell lines tested.

Other researchers have reported cytotoxicity in human
epithelial colorectal adenocarcinoma cells at all concentrations
studied for G(3) and G(4) cationic or unfunctionalized dendri-
mers.®” These researchers also reported a significant decrease
in cytotoxicity when the surface of the dendrimers was functio-
nalized with lauroyl or PEG chains and hypothesized that the
observed decrease in toxicity was due to the reduced level
of positive charge on the surface of the lauroyl and PEG
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functionalized dendrimers relative to the unfunctionalized
dendrimers with amino termini.®” As shown in Table 1, the
electrophoretic mobilities and zeta potentials for our lactose
functionalized glycodendrimers are negligible, but the electro-
phoretic mobility and the zeta potential for the unfunctio-
nalized G(6)-PAMAM are high. Thus, we conclude that the
lactosides effectively shield any remaining cationic ammonium
ions.*®

Toxicity on A549 cells was further assessed using a viability
and a toxicity test with the four generations of lactose functio-
nalized glycodendrimers (G(2), G(3), G(4), and G(6)). A viability
test was used in which a substrate is only able to enter viable
cells; once the substrate is intercellular, proteases are able to
cleave and activate a fluorescent tag. Thus, the fluorescence
emission is proportional to the number of living cells in the
sample. A toxicity test was also performed in which the sub-
strate is only able to be cleaved and activated by proteases
released from a dead cell. Ionomycin was used as the toxic
control in the toxicity test, and SDS was used as the control for
non-viable cells in the viability test. Again, lactose functiona-
lized dendrimers did not have a significantly deleterious
impact on cellular viability or toxicity compared to the viable
cell controls (Fig. 3).

The viability and toxicity tests were also conducted with
exogenously added galectin-3 to assess whether the interaction
between the glycodendrimers and galectin-3 impacts cellular
viability. Results of the live cell fluorescence assay indicate a

—
v)
-
-
3]
]

DU-145

-
o
1

Normalized Viability
o
3

0.0-
Viable Toxic G2 G3 G4 G6
Control Control

Hl 2 Hours
Bl 24 Hours

G4 Gé

Fig. 2 Toxicity assay using (A) HT1080, (B) DU-145, and (C) A549 cells. Toxicity was compared to untreated cells (“viable control”) and cells with lysis
buffer added (“"toxic control”). Blue bars are measured after 2 h, and red bars are measurements after 24 h of incubation. Error bars demonstrate the

standard deviation of 6 replicates.
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Fig. 4 (A) Viability and (B) toxicity of A549 cells after incubation for

5 hours with control compounds or galectin-3 (6.6 uM) and glycoden-
drimers (G(2), G(3), G(4), G(6)). Error bars represent standard deviation from
three replicate experiments (two replicates for G(4) and G(6) in B).

small decrease in cellular viability when the cells were incubated
with galectin-3 and dendrimers for 5 h (Fig. 4A). The decrease in
viability is comparable for galectin-3 and for co-additions of
glycodendrimer and galectin-3, indicating that the reduction in
cellular viability is caused by galectin-3 rather than glycodendri-
mer or glycodendrimer/galectin-3 aggregates (Fig. 4A). Minor to
no significant toxicity was observed in the dead cell fluorescence
assay when cells were incubated with galectin-3 and dendrimers
compared to the viable control (Fig. 4B).

Cellular uptake of lactose functionalized dendrimers

As noted above, lactose functionalized dendrimers do not exhibit
toxic effects in the three cancer cell lines that were tested.
In addition to toxicity, the cellular localization of the dendri-
mers needed to be determined to rationalize their potential
effects and interactions with the cells. This is especially impor-
tant because galectin-3 has both intracellular and extracellular
roles in cancer progression.®®”’® Multivalent binding partners
for galectin-3 are envisioned to be useful for studies of both
extracellular and intracellular functions of the protein, but if
cellular uptake of the glycodendrimers is not observed, then
modifications will need to be made for studies involving
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Fig. 5 Cellular uptake of lactose functionalized PAMAM dendrimers by
A549 cells is dependent on concentration, exposure time, and dendrimer
generation. Uptake of dendrimers at 0.1 uM (A) and 1 uM (B) after 2 and
20 h. Relative intensity is shown on a log 10 scale.

glycodendrimers and intracellular galectin-3.”* Nanoparticle

surface chemistry and size are known to have a dramatic
impact on cellular uptake mechanism and efficiency. Polyethy-
lenimine (PEI) polymers and PAMAM dendrimers feature pri-
mary amine endgroups and have been demonstrated to mediate
efficient transfection of cells in vivo.”>”®

Qualitative and quantitative observations of the cellular
uptake of the lactose functionalized dendrimers into A549 cells
were monitored by laser scanning confocal microscopy and
flow cytometry using Alexafluor 647-labeled glycodendrimers.
Quantitative studies using flow cytometry show that all genera-
tions of glycodendrimers are taken up by the cancer cells (Fig. 5
and Fig. S1-S9 in the ESIY). Lactose functionalized G(2), G(3),
and G(4) have similar amounts of uptake, and lactose functio-
nalized G(6) has the most facile uptake. At 1 uM, and at 20 h for
both 0.1 uM and 1 pM additions, all generations show signifi-
cant uptake.

The micrographs shown in Fig. 6 and 7 are color-coded such
that the glycodendrimers are magenta, key features of the A549
cell (early endosome (EE) in Fig. 6 or lysosome (Lyso) in Fig. 7)
are yellow, colocalization of the two signals is white, and the
nuclei are cyan. By labelling early endosomes via GFP transfec-
tion, regions of colocalization with the glycodendrimer fluores-
cence signal were used in an effort to corroborate uptake via
endocytosis. Within 2 h of incubation, G(6) can be seen to
accumulate around the perimeters of the cells. No significant
overlay with the early endosomes is observable. Interestingly,
after entering the cell, all generations of glycodendrimers are
seen to surround the nucleus after 22 h. The largest glycoden-
drimer, G(6), had more fluorescence in the micrographs than
the other three generations, which is consistent with the results
from flow cytometry. The lower generations, while all taken
up by the cell, all have very similar micrographs. Additional
images including closeups of transfected cells are available as
Fig. S10-S42 in the ESL.¥

A quantitative comparison of the thresholded Manders’
colocalization coefficient 2 (tM2)** measuring the fraction of
early endosomes that colocalize with the glycodendrimers is
shown in Fig. 61 and J. tM2 supports the qualitative observations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Confocal laser scanning microscopy Z-stack images of glycodendrimers (0.1 pM) internalized by A549 cells at 2 h (A)-(D) and 22 h (E)—(H). The early
endosome (EE) is yellow, Alexafluor 647-labeleddendrimers are magenta, nuclei are cyan. 2 h: (A) G(2), (B) G(3), (C) G(4), and (D) G(6). 22 h: (E) G(2), (F) G(3),
(G) G(4), and (H) G(6). Scale bar is 25 pm. Quantitative comparison of the thresholded Manders’ colocalization coefficient tM2 for the fraction of EE that colocalizes
with the polymer at (1) 2 h and (J) 22 h. The bar charts indicate the mean and standard deviation. The mean value is represented at the bottom of each bar.

described above; G(6) has a much larger tM2 value at 22 h with the
early endosome than any other sample. All other glycodendrimers
at both 2 h and 22 h have low tM2 values.

Labelling lysosomes via GFP transfection was done to try to
garner information on the final resting place of the glycoden-
drimers (Fig. 7). At 2 h, only slight overlap between the lyso-
some and the glycodendrimers is observed (Fig. 7A-D). At 22 h,
lactose functionalized glycodendrimers do appear to have some
colocalization with the lysosomes (Fig. 7E-H).

A quantitative comparison of the tM2 values was also
calculated for the glycodendrimers and the lysosome. As shown
in Fig. 7I and J, the tM2 values are always low at 2 h. tM2 is only
greater than 0.5 at 22 h for G(6) at both low and high
concentration and for G(4) at the higher concentration.
In Fig. 8, the qualitative comparison of the colocalization of
red (glycodendrimer) with green (early endosome or lysosome)
for the samples with the highest tM2 values also indicates that
the most significant colocalization occurs for lactose-functiona-
lized G(6) dendrimer with lysosome at 22 h. Overall, the low
amount of colocalization suggests that the glycodendrimers

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

may take a long time to reach the lysosome and may therefore
be quite useful for studies of intracellular galectin-mediated
pathways.

Apoptosis assays using glycodendrimers

Galectin-3 is widely believed to play a role in protecting cancer
cells from intrinsic apoptosis.*’ ***' Knowing that our lactose-
functionalized glycodendrimers are cell penetrating and non-
toxic, we hypothesized that these glycodendrimers could
restore apoptosis by diverting galectin-3 from its intracellular
binding partners. We tested the induction of apoptosis in A549
cells in the presence of lactose functionalized glycodendrimers
with and without exogenous galectin-3 to see if we could
abrogate the antiapoptotic effect of galectin-3 using lactose
functionalized dendrimers. Intrinsic apoptosis was measured
using a luminogenic substance that is activated when cleaved
by caspases 3 and 7, well-known players in the apoptotic
cascade, and staurosporine was used as a positive control.
As shown in Fig. 9A, a small but notable increase in apoptosis
occurs (relative to untreated cells) when glycodendrimers are
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Fig. 7 Confocal laser scanning microscopy Z-stacked images of glycodendrimers (0.1 pM) internalized by A549 cells at 2 h (A)-(D) and 22 h (E)-(H). The
lysosome (Lyso) is yellow, Alexafluor 647-labeled dendrimers are magenta, nuclei are cyan, and lysosome/dendrimer overlap is white. 2 h: (A) G(2),
(B) G(3), (C) G(4), and (D) G(6). 22 h: (E) G(2), (F) G(3), (G) G(4), and (H) G(6). Scale bar is 25 um. Quantitative comparison of the thresholded Manders’
colocalization coefficient tM2 for the fraction of Lyso that colocalizes with the polymer at (1) 2 h and (J) 22 h. The bar charts indicate the mean and
standard deviation. The mean value is represented at the bottom of each bar.

added. One possible straightforward explanation for this is that
the glycodendrimers bind endogenous galectin-3 and divert it
from its antiapoptotic intracellular processes. Indeed, the
glycodendrimers do not have an impact on apoptosis when
addition of exogenous galectin-3 is made, suggesting that either
the exogenous galectin-3 swamps the system so that galectin-
3’s role in inhibiting apoptosis is restored, or the exogenous
galectin-3 binds the glycodendrimers and reduces their uptake.
The former is more likely since uptake of fluorescently labelled
glycodendrimers is readily observable in the presence of exo-
genous galectin-3 (vide infra). As shown in Fig. 9B, when
exogenous galectin-3 is added with the glycodendrimers, no
difference from untreated cells is observed. Significantly less
apoptosis occurred than for the staurosporine positive control.

Acridine orange and ethidium bromide cellular investigations
by confocal microscopy

Staining with acridine orange and ethidium bromide (AO/EB)
was conducted to visually confirm the results of the apoptosis
experiment. A549 cells were adhered to glass slides overnight

3178 | Mater. Adv., 2025, 6, 3171-3184

and were then incubated with control or test compounds for
5 h. The samples were stained with AO/EB and visualized using
a confocal microscope. Viable cells displayed green staining
throughout the cell, with relatively homogenous fluorescence.
Necrotic cells displayed red ethidium bromide staining on
their nucleus due to plasma membrane degradation. Apoptotic
cells were stained green but with punctate fluorescence in the
nucleus due to condensation of DNA and blebbing.

Initially, to validate the procedure and identify phenotypes,
viability control experiments using SDS, staurosporine, and
exogenous galectin-3 were performed. Untreated cells and cells
with only added galectin-3 had a healthy appearance, as shown
in Fig. 10A and B, respectively. Cells with SDS and staurospor-
ine appropriately displayed necrosis and apoptosis, as shown in
Fig. 10C and D, respectively. These results highlight the main
staining and morphological differences used to characterize the
cells in this experiment.

Cells in the presence of exogenous galectin-3 and each
lactose functionalized dendrimer (G(3), G(4), or G(6)) all
appeared to have similar phenotypic distributions, as shown

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Qualitative comparison of the colocalization of red (glycodendri-
mer) and green (early endosome or lysosome) signal based on a line plot
and intensity profile for the samples with the highest tM2. G6 1 uM 22 h for
early endosome (A) and lysosome (B). Scale bars = 5 pm. The nucleus is
blue.

in Fig. 10F-H. All stages of cell health were observed regardless
of dendrimer generation. This agrees with the above results of
toxicity and apoptosis, where there was no significant change in
toxicity or apoptosis when exogenous galectin-3 was added with
the lactose functionalized PAMAM dendrimers, as compared to
when galectin-3 was added without glycodendrimers. Only G(2)
caused increased toxicity when added with galectin-3, most
likely because the cells do not attach to the slide, or to each
other, as well in the presence of the G(2)/galectin-3 mixture.>®

To visualize glycodendrimers, lactose functionalized G(2)
and G(6) dendrimers labelled with Alexafluor 647 were used
during imaging studies with AO/EB and added galectin-3
(Fig. 11 and Fig. S43 in the ESIY). Fluorescence signals from
the glycodendrimers were found both closely around and
within the cells for both G(2) (Fig. 11A) and G(6) (Fig. 11B).
Thus, uptake of the dendrimers appears to occur both when
galectin-3 is exogenously added and when dendrimers are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Apoptosis for A549 cells treated with lactose functionalized
dendrimers, staurosporine (positive control), or PBS buffer (viable control)
after 5 h incubation; *P = 0.0299, ***P = 0.0004, ****P < 0.0001.
(B) Apoptosis for A549 cells treated with lactose functionalized dendrimers
and exogenous galectin-3, exogenous galectin-3 alone, staurosporine
(positive control), and PBS buffer (viable control) after 5 h incubation. Error
bars represent standard deviation from a minimum of three replicates.

added without exogenous galectin-3 (compare Fig. 5, 6, 7 and
11). The sixth generation compounds were taken up signifi-
cantly better than the second generation compounds when
added with galectin-3, just the same as when exogenous
galectin-3 was not added. This suggests that glycodendrimer/
galectin-3 aggregation at the cell surface does not inhibit
cellular uptake of the glycodendrimers. Additional studies
aimed at identifying intracellular colocations of glycodendri-
mers with galectin-3 are ongoing and will be published
separately.

Discussion

Functionalized PAMAM dendrimers are attractive substrates for
biological applications because of their commercial availability,
ease of functionalization, and modularity in terms of size and
ligand density.>*”*”7® Multiple amino endgroups are available
on the PAMAMs for functionalization, which facilitates the
display of multiple ligands on each dendrimer. Dendrimers
functionalized with the appropriate ligands can thus utilize the
ligands to access multivalent pathways for targeting and release
strategies, for solubilization and bioavailability, and for
imaging.®®’” Here, lactose functionalized PAMAM dendrimers
are used as a multivalent probe to intercede in galectin-3
mediated anti-apoptotic mechanisms. The utility of all syn-
thetic multivalent systems including glycodendrimers in assays
to discern and mediate cellular processes depends on under-
standing the uptake and toxicity of these compounds.
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Fig. 10 Confocal microscopy images of A549 after 5 h of incubation with (A) untreated cells, (B) exogenous galectin-3 control conditions, (C) necrosis
control (SDS 0.01%), (D) apoptosis control (10 uM staurosporine). For (E)-(H), galectin-3 and lactose functionalized dendrimers were added. (E) G(2),
(F) G(3), (G) G(4), and (H) G(6). All samples were stained with acridine orange (green) and ethidium bromide (red). Scale bar is 50 um. (l) Quantitative
comparison of the percentage of the cells that are alive under each of the described conditions.

Importantly, no toxic effects were observed for the lactose
functionalized dendrimers in multiple viability and toxicity
screens across three cancer cell lines (Fig. 2, 3, 4 and 10). Even
after long-term exposure (i.e., incubation for 24 h), significant
toxicity was not observed (Fig. 2). Since lactose has been shown
to have negligible toxicity,”® we had hypothesized that lactose
functionalized glycodendrimers would be nontoxic.

Although nontoxic, lactose functionalized dendrimers are
clearly taken up by cells. Indeed, glycodendrimers functiona-
lized with Alexafluor 647 are taken up efficiently by the cells
(Fig. 5). Although Alexafluor labelling of the glycodendrimers
could alter their uptake, low fluorescent labelling (less than two
Alexafluor 647 moieties per dendrimer) was used to make this
unlikely. For example, with an Alexafluor-functionalized virus,
no significant difference in the infectivity or replication rate
between the labelled and the nonlabelled virus was detected,
indicating that uptake was not significantly impacted by Alexa-
fluor labeling.”

Although all generations of dendrimers are taken up by
the cells, a size dependency was observed, with the largest

3180 | Mater. Adv, 2025, 6, 3171-3184

dendrimers (G(6)) revealing more fluorescence within the cells
than the lower generation dendrimers (G(2), G(3), and G(4)).
Extended incubation periods revealed higher fluorescent accu-
mulation in the cell, indicating that more glycodendrimers
were present in the cells after 22 h than after 2 h (Fig. 5). Since
galectin-3 has long been implicated in prolonged interactions
at the cell surface, it seems reasonable that glycodendrimer/
galectin-3 interactions at the cell surface cause some of the
uptake of the glycodendrimers to be slow. However, since
glycolipid-lectin, caveolae, clathrin, and lipid-raft mediated
pathways facilitate endocytosis of galectins and glycopolymers,
it is also quite reasonable that significant uptake of the
glycodendrimers after only two hours is also observed.***°
Since G(6) is twice as large as the other glycodendrimers, while
G(2), G(3), and G(4) all have similar hydrodynamic radii (see the
Ry, values in Table 1), it is not surprising that the G(6) glyco-
dendrimer shows somewhat different uptake compared to the
other three generations.

For all four generations of glycodendrimers, uptake by the
early endosome was low, as shown in Fig. 6. In Fig. 7, a small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 A549 cells after 5 h incubation with (A) Alexafluor 647-labeled lactose functionalized G(2) glycodendrimers with exogenous galectin-3, and
(B) Alexafluor 647-labeled lactose functionalized G(6) glycodendrimers. Cells were stained with AO/EB and visualized by confocal microscopy. A laser
intensity of 2.00% was used for imaging G(2) Alexafluor 647, and 0.26% was used for G(6) Alexafluor 647. AO and EB were imaged with the same intensity

for both experiments, 1.55% and 2.00%, respectively. Scale bar is 50 pm.

deposition into the lysosome was observable. These studies indicate
that the glycodendrimers are not immediately cleared to the lyso-
some but rather could be available intracellularly for long enough to
serve as effective tools for studies of intracellular processes.

The intracellular process that we chose to probe using the
glycodendrimers is apoptosis. Galectin-3 has long been proposed
to play a key role in protecting cancer cells from chemotherapy-
induced apoptosis,*®™° but the mechanism by which this occurs is
not well understood. As shown in Fig. 9A, addition of glycoden-
drimers to A549 cancer cells causes a small but significant increase
in apoptosis for G(3), G(4), and G(6) lactose functionalized den-
drimers. No difference between untreated cells and cells treated
with G(2) glycodendrimers was observed, perhaps because G(2), by
nature of having the lowest number of lactoside endgroups, can
bind less galectin-3 per glycodendrimer than the other glycoden-
drimers. Compared to the amount of apoptosis observed for cells
treated with staurosporine, the positive apoptosis control, the
dendrimers have only a small effect. It has been reported that
exposure of staurosporine to human foreskin fibroblasts leads to
cathepsin D accumulation in the cytosol due to staurosporine-
induced lysosomal membrane permeabilization in which the
contents of the lysosome, including proteases and hydrolases such
as cathepsins, are leaked into the cytosol.*° This brings about
the release of cytochrome ¢ from the mitochondria, activating
caspases and further perpetuating the apoptotic cascade.?* In our
assay, galectin-3 was observed to increase the effectiveness of
staurosporine as an inducer of apoptosis (Fig. S44 in the ESIf).

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

This suggests that perhaps the mechanisms by which staur-
osporine and galectin-3 activate apoptosis are not the same.
The fact that addition of exogenous galectin-3 in the assay
eliminates the glycodendrimer-induced increase in apoptosis
(Fig. 9B) suggests that glycodendrimers can suppress the anti-
apoptotic mechanisms of action of endogenous galectin-3.
Previously, we have shown that glycodendrimer/galectin-3
aggregates are readily formed and can alter extracellular
processes such as cellular aggregation;'***°® exogenous
galectin-3 could also change the localization of both glycoden-
drimers and galectin-3 if galectin-3/glycodendrimer aggre-
gates are taken up by cells differently than glycodendrimers
in the absence of exogenous galectin-3. Addition of exogenous
galectin-3 to the system could reduce the uptake of glycoden-
drimers, making them unavailable intracellularly for inter-
action with internal endogenous galectin-3. However, this was
not observed in the studies described herein.

More studies of the protective role of galectin-3 in the
intrinsic apoptosis pathway are needed, and the results presented
herein suggest that our compounds are effective materials with
which to perform such studies.

Conclusions

The results provided here indicate that lactose functionalized
PAMAM dendrimers are nontoxic tools that are useful for the
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study of both extra and intracellular galectin-3 mediated pro-
cesses. These lactose functionalized dendrimers do not exhibit
deleterious effects during viability and toxicity assays, and they
are taken up well by cancer cells. The glycodendrimers do effect
a small increase in cancer cellular apoptosis, and control
experiments suggest that the glycodendrimers cause this effect
by binding endogenous galectin-3. Since galectins are increas-
ingly emerging as important targets for cancer chemotherapy
but their mechanisms of action are not well understood, the
need for well-characterized glycodendrimer tools that can be
used to study galectin-mediated pathways is significant.
Indeed, there are a myriad of biological multivalent interac-
tions, especially in diseases, and glycodendrimers are emerging
as important systems to probe and discern these biological
interactions.
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