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A camptothecin (CPT)-dilysine nanotube, stabilized with a layer of
polydopamine (PDA), was functionalized on the surface with anti-
TAG-72 antibody fragments. Cell viability studies showed that the
presence of the targeting anti-TAG-72 scFv significantly enhanced
cytotoxicity against TAG-72 positive, LS-174T colon cancer cells,
compared with HT-29 cells negative for the antigen.

Nanotechnology-based therapeutics have shown great promise
for the treatment of cancer due to their enhanced efficacy and
safety compared with current chemotherapy regimens."
Delivery vehicles with nanoscale dimensions often benefit
from the enhanced permeability and retention (EPR) effect,
which allows the drugs to be delivered selectively into tumor
cells.” However, the delivery of nanoparticles into human
tumor tissue via the EPR effect is not always clinically success-
ful, compared with animal tumor models.? This difficulty in
translating research to the clinic emerges from heterogeneity
amongst patient populations and tumor types.’”’
Customizable platforms allow the nanocarrier biointerface to
be engineered to overcome the unique biological barriers
encountered in specific disease states.* Recent advances in
nanomaterial synthesis offer the potential for the modular
assembly of systems specifically designed to overcome these
barriers and optimize therapeutic efficacy.”® The challenge
lies in creating predictable strategies to precisely tailor the
nanoparticle to target the tumor microenvironment.

The active targeting of solid tumors remains as a critical
unmet need for most types of cancer.'® Targeted modalities
include antibody monotherapy, antibody drug conjugates
(ADCs),"" radioimmunotherapy,'” and chimeric antigen recep-
tor (CAR) T-cell therapy.”®> All are limited most by the pro-
perties of the molecular targets; there are few markers that are
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pervasively present on cancer cells in large amounts but are
absent in normal tissues.'* At best, most are elevated in
cancer, putting a floor on the toxicity of a targeted approach.
Those that are most selective tend to be applicable to only a
small range of tumors, such as HER2 with breast and gastric
cancer."® For many modalities, like most ADCs and radiothera-
pies, internalization is essential, and not all receptors are
internalized. Conjugating chemotoxic agents or radionuclides
requires modifications that often compromise the targeting or
physical properties of the antibody. However, ADCs must have
specific and high-affinity binding to a suitable, internalized
receptor, and drug conjugation has proven challenging both in
preserving the antibody and in effective release. A broad range
of solid tumors, including most adenocarcinomas like colorec-
tal cancer, pancreatic cancer, and ovarian cancer, have no
identified agents that meet the criteria.'® Tumor associated
glycoprotein (TAG)-72 is a mucinous cell-surface glycoprotein
that is associated with nearly all adenocarcinomas, but is
essentially absent in normal human tissue, making it an excel-
lent targeting molecule.”” It is shed into the extracellular
matrix and some, but little, can be found in the blood,
because of the viscous properties of the molecule. TAG-72 does
not appear to be internalized, limiting its use as an ADC
target, but its accumulation in the tumor matrix makes it
excellent for imaging and tumor localization.

Nanoparticle platforms must be modular with respect to
size, charge and surface properties because these factors
impact the in vivo stability, circulation time, clearance and
tumor penetration.'® Additionally, they must remain stable at
very low therapeutic concentrations in a rapidly fluctuating,
extracellular environment containing salts, serum albumins
and the potential for enzymatic degradation.'®** We have pre-
viously shown that the stability of self-assembled nano-
structures was significantly enhanced by polymerization of a
thin, conformal coating of polydopamine (PDA) onto the
surface.”* The PDA surface coating exhibits inherent reactivity
toward nucleophilic groups, which allows for covalent and
ionic bonds to form during the coating process and offers the
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potential for post-polymerization surface functionalization.”?
In this work, we incorporated a single chain variable fragment
(scFv) based on the anti-TAG-72 antibody 3E8,>** which is
fully humanized and optimized for binding, onto the surface
of PDA-coated nanotubes constructed from a dipeptide conju-
gated to the antitumor topoisomerase I inhibitor camptothe-
cin (CPT) (Fig. 1).

The CPT-nanotube was created by the self-assembly of
dipeptide KK(CPT)-NH, (CPT-KK) in PBS (10 mM) for 24 h.*°
To enhance the stability and to permit surface binding, the
nanotubes were coated with a layer of PDA deposited on the
surface by the in situ polymerization of dopamine (DA) at pH
7.4 (PBS).”” The slightly basic pH of PBS was sufficient to
promote the oxidative self-polymerization of dopamine.>®2°
Therefore, to deposit a conformal coating of PDA on the
surface of the nanofibers, a solution of pre-assembled CPT-
nanotubes (10 mM, PBS, 24 h) was treated with varying
amounts of dopamine hydrochloride (DA) and aged for 24 h.
The optimal DA:CPT-KK ratio of 5:1 was identified by the
appearance of PDA nanoparticles in TEM images after depo-
sition at higher ratios, due to excess DA polymerizing in solu-
tion (Fig. $1).** Comparing TEM images of the nanotubes
before and after PDA deposition (CPT-KK and DA/CPT-KK) did
not permit confirmation of the surface coating, due to the
wide range of diameter dimensions (80-120 nm) of the start-
ing CPT-KK nanotubes (Fig. 2a and b). However, a clear
increase in the AFM cross-sectional height profiles from ~4 to
~6.6 nm could be observed after PDA deposition. This height
increase indicated a 1.3 nm increase in wall thickness, as the
AFM heights reflected twice the wall dimensions of the col-
lapsed double wall of the nanotube structure. To further probe
the structure of the PDA-coated nanotubes by XPS, a sample
was pelleted by centrifugation (12 100g) to remove any remain-
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Fig.1 PDA-coated, CPT-nanotubes with scFv anti-TAG-72 antibody
fragments noncovalently bound on the surface showing hydrolysis of
ester linkage and CPT release.
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Fig. 2 AFM height profiles and TEM images of (a) CPT-KK and (b) DA/
CPT-KK (5:1, n/n) in PBS. After incubation in PBS (10 mM with respect
to CPT-KK) for 24 h, samples of CPT-KK and DA/CPT-KK were diluted
to 1 mM (PBS) prior to AFM and TEM imaging. After coating CPT-KK
nanotubes with PDA, the wall thickness increased from 2 nm for
CPT-KK to ~3.3 nm for DA/CPT-KK. (c) Histograms of length distri-
butions, measured from TEM images, of CPT-KK with and without soni-
cation (37.5 W for 1 min) and DA/CPT-KK (5:1, n/n, sonicated). (d) TEM
image of DA/CPT-KK after sonication (37.5 W, 1 min).

ing PDA nanoparticles. The C1S spectra of CPT-KK and DA/
CPT-KK were fitted to five components assigned to C-C(H) at
285 eV, C-OH/C-N at 286.05 eV, N-C=0 at 287.18 eV, 0—C=0
at 288.4 eV, and CF; at 292.5 eV (from CF;CO,~ peptide coun-
terions). Comparison of the CPT-KK and DA/CPT-KK spectra
revealed a decrease in the N-C=O0 peak (12.0 to 8.2%) and an
increase in the C-OH/C-N peak 21.8% to 30.8% after depo-
sition, as expected for the structure of PDA (Fig. $2).>*

Many of the factors of nanoparticle delivery, such as biodis-
tribution, circulation time, and cellular uptake, critically
depend on size, particularly length.>'* Ultrasound-induced
shear has been shown to efficiently disperse aggregates and to
cut polymers,® carbon nanotubes (CNTs)*>?® and self-
assembled nanostructures®” into smaller fragments. Therefore,
sonication was investigated as a strategy to modulate the
length of the nanotubes. Deposition of the PDA coating on the
surface did not alter the length distribution of the CPT-KK
nanotubes (Fig. S3). However, sonication (37.5 W, 1 min) of
the uncoated CPT-KK nanotubes induced elongation of the
nanotubes, whereas the same treatment of the PDA-coated
nanotubes significantly shortened the nanotubes (Fig. 2c-d,
S4). This contrasting behavior emerged from the ability of
sonication to induce self-assembly, which would more
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profoundly impact the dynamic structures of the CPT-KK
nanotubes, compared the static PDA-coated system.>®
Importantly, the shortened state of the coated nanotubes per-
sisted, even after 1 week in PBS (10 mM) (Fig. S5). The
dynamic structures of self-assembled materials often allow the
fragmented structures to regain the prior elongated state. We
previously observed that nanotube fragments, shortened by
sonication, could be stabilized by polymer-wrapping to slow
the self-healing process.?® Thus, the stability, with respect to
elongation, of the shortened states could be attributed to the
PDA coating.

Drug release from the PDA-coated nanotubes requires
hydrolytic cleavage of the 20-O-succinyl linkage. Previously, we
found that intact CPT-KK nanotubes sequestered the CPT
molecules within the hydrophobic walls of the nanotube,
thereby rendering the hydrolytic release of CPT, under neutral
conditions in PBS, concentration dependent.**° Furthermore,
the noncovalent nature of the interactions that stabilize the
nanotube structure could be disrupted under physiological
conditions. For example, human serum albumin, which is
abundant in human serum, has potential to destabilize the
nanotubes, leading to more rapid hydrolytic drug release.
These factors, along with the presence of hydrolases, would be
expected to impact the rate of drug release. The conformal
layer of PDA on the CPT-peptide nanotubes stabilized (CMC
values of 11 pM for DA/CPT-KK versus 41 uM for CPT-KK) the
nanotubes at low concentrations in PBS (Fig. S6). Thus, the
presence of the PDA coating could be expected to partially
inhibit the rate of CPT release from the nanotubes. To evaluate
the impact of the PDA coating, the release rates of CPT-KK and
DA/CPT-KK were measured by HPLC in PBS and HS at 37 °C
(Fig. S7-S10). Overall, the PDA coating slightly decreased the
release rate compared with the uncoated nanotubes. For
example, after incubating in PBS for 83 h at 100 uM, CPT-KK
and DA/CPT-KK released 71% and 57% of the drug, respect-
ively. Hydrolytic degradation and CPT release was significantly
faster for both CPT-KK and DA/CPT-KK in human serum (HS)
at 37 °C, releasing 92% and 73% of the drug in 7 h, respect-
ively.*' These experiments confirm that the presence of the
PDA coating only modestly reduced the release rate of CPT,
compared with uncoated CPT-KK nanotubes.

The surface of the PDA-coated nanotubes was noncovalently
functionalized with an scFv of the anti-TAG-72 antibody 3ES,
to enhance efficacy against cancer cells positive for TAG-72.
The PDA layer exhibits inherent reactivity toward nucleophilic
groups, such as amines and thiols, due to the presence of elec-
trophilic catechol quinone components of the coating.?* This
reactivity, along with hydrophobic effects, hydrogen-bonding
and ionic interactions, offers the potential to bind the 3E8
scFv on the PDA surface.>® At a pH of 7.4 in PBS, electrostatic
interactions would not significantly contribute to binding due
to the low {-potential (6.4 mV) of the DA/CPT-KK nanotubes.
To qualitatively assess the binding of the scFv to the nano-
tubes, we carried out structured illumination microscopy (SIM)
of a sample of DA/CPT-KK incubated with fluorescein-labeled
scFv after filtration to remove unbound antibody. The nano-
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tubes were then imaged under excitation at 405 and 488 nm,
to visualize the CPT within the nanotubes and fluorescein-
labelled scFv, respectively. The 405 nm laser only partially over-
laps with CPT absorption (Aya. ~360 nm), resulting in rela-
tively weak emission of the nanotubes in the SIM images. As
shown in Fig. 3, emission signals were detected when DA/
CPT-KK (without scFv) was excited in the 405 nm (DAPI), but
not in the 488 nm (GFP) channel. In contrast, excitation of DA/
CPT-KK, after incubation with 3E8, produced images in both
the 405 and 488 nm channels that colocalized when the
images were overlayed. These experiments confirmed that the
fluorescent 3E8 scFv co-localized with the nanotubes (Fig. 3)
upon binding to the PDA surface of the nanotubes.

To estimate the affinity of the scFv for the nanotubes, we
incubated the fluorescein-labeled scFv (2.5 uM) with a range of
concentrations of DA/CPT-KK, from 312.5 pM to 15 mM (with
respect to CPT-KK monomer). The solutions were then filtered
and washed to remove unbound antibody. Direct measurement
of the fluorescein emission appeared to be much less than the
balance of what was in the filtrate, likely due to quenching by
the nanotubes. Therefore, we estimated the amount bound
from the difference between the input and filtrate. A 1:1
binding model suggested a Ky, of about 2.1 mM, but a higher
Hill coefficient value of ny = 2.4 provided the best fit,
suggesting some cooperativity of binding (Fig. S11). Together,
these results suggest relatively weak binding, consistent with
the non-specific nature of the interaction, but persistent inter-
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Fig. 3 Structured Illumination Microscopy (SIM) images depicting the
binding of 3E8 scFv (labeled with 5% fluorescein) on surface of DA/
CPT-KK. (a—c) Image of antibody observed in GFP channel colocalized
with DA/CPT-KK nanotubes imaged in DAPI channel, and (d—f) without
3E8 on surface. Sample of DA/CPT-KK-3E8 (0.63% 3E8) prepared by
incubating DA/CPT-KK (25 pL, 10 mM) with 3E8 scFv (12.5 pL, 3.5 mg
mL~t in PBS) and PBS (12.5 pL) for 1 h, then filtering (0.1 ym) to remove
unbound antibody.

This journal is © The Royal Society of Chemistry 2025
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actions that may be due to the large interaction surface
(Fig. S12 and S13).

Cell viability studies showed that the presence of the target-
ing anti-TAG-72 scFv (3E8) on the nanotube surface signifi-
cantly enhanced cytotoxicity against LS-174T colon cancer
cells, which are positive for the TAG-72 antigen,’® compared
with HT-29 cells, which are thought to be negative for the
antigen.”® For example, the ICs, values at 96 h, measured by
MTT assay, of DA/CPT-KK and DA/CPT-KK-3E8 were 90 + 10
and 42 + 5 nM (p = 0.01), against LS-174T; and 250 + 30 and
170 + 90 nM (p = 0.23) against HT-29 cells, respectively. The
presence of 3E8 scFv on the nanotube surface did not produce
a statistically significant increase the cytotoxicity against
HT-29 (p > 0.05), but it markedly increased toxicity against
LS-174T (p < 0.05) (Fig. 4). As expected, exposure of both cell
lines to 3E8 scFv alone showed no toxicity after 96 h, and free
CPT alone was more cytotoxic. We also examined the growth of
these two cell lines in the presence of DA/CPT-KK with and
without 3E8 scFv by live cell imaging (Incucyte, Fig. S14). At
multiple concentrations, HT-29 growth was unaffected by the
presence of 3E8 scFv, but LS-174T showed slower growth in its
presence. These data suggest that 3E8 scFv increased the
effective concentration of the CPT nanotubes near TAG-72
positive cells, leading to targeted cell killing.

In summary, a modular therapeutic platform has been
developed to deliver CPT to TAG-72 positive adenocarcinoma
tumors. A self-assembled CPT-KK nanotube was coated with a
conformal layer of polydopamine, resulting in a stable PDA/
CPT composite nanotube with a 1.3 nm layer of PDA on the
surface of the nanotube. The conformal PDA layer stabilized
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Fig. 4 MTT cytotoxicity assay on colon cancer cell lines negative
(HT-29, top) and positive (LS-174T, bottom) for TAG-72 for DA/CPT-KK,
DA/CPT-KK-3E8, 3E8 scFv and camptothecin (CPT). DA/CPT-KK-3E8
exhibited greater cytotoxicity compared with DA/CPT-KK against
LS-174T cells, but both showed similar efficacy against HT-29 cells.
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the nanotubes, allowing for the release of free CPT in PBS and
HS, albeit at a lower rate compared to uncoated CPT-KK nano-
tubes. The adhesive PDA coating allowed for binding of the
anti-TAG-72 scFv (3E8) onto the surface of the DA/CPT-KK-
nanotubes, which showed enhanced cytotoxicity toward cell
lines bearing the TAG-72 antigen. As TAG-72 does not interna-
lize following binding by the nanotubes, it is possible that CPT
enters the cell by passive diffusion after extracellular hydrolytic
release. Work is ongoing to more fully understand how the
nanotubes or CPT enters the cells.
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