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Keratinocyte-derived carcinomas, including squamous cell carci-
noma (SCC), comprise the most common malignancies. Surgical
excision is the therapeutic standard but is not always clinically
feasible, and currently available alternatives are limited to super-
ficial tumors. To address the need for a nonsurgical treatment for
nodular skin cancers like SCC, we developed a bioadhesive nano-
particle (BNP) drug delivery system composed of biodegradable
polymer, poly(lactic acid)-hyperbranched polyglycerol (PLA-HPG),
encapsulating camptothecin (CPT). Nanoparticles (NPs) of PLA-
HPG are nonadhesive NPs (NNPs), which are stealthy in their native
state, but we have previously shown that conversion of the vicinal
diols of HPG to aldehydes conferred NPs the ability to form strong
covalent bonds with amine-rich surfaces. Herein, we show that
these BNPs have significantly enhanced binding to SCC tumor cell
surfaces and matrix proteins, thereby significantly enhancing the
therapeutic efficacy of intratumoral drug delivery. Tumor injection
of BNP-CPT resulted in tumor retention of CPT at ∼50% at 10 d
postinjection, while CPT was undetectable in NNP-CPT or free
(intralipid) CPT-injected tumors at that time. BNP-CPT also signifi-
cantly reduced tumor burden, with a portion (∼20%) of BNP-
CPT–treated established tumors showing histologic cure. Larger,
more fully established PDV SCC tumors treated with a combination
of BNP-CPT and immunostimulating CpG oligodeoxynucleotides
exhibited enhanced survival relative to controls, revealing the poten-
tial for BNP delivery to be used along with local tumor immunother-
apy. Taken together, these results indicate that percutaneous delivery
of a chemotherapeutic agent via BNPs, with or without adjuvant
immunostimulation, represents a viable, nonsurgical alternative
for treating cutaneous malignancy.

squamous cell carcinoma | drug delivery | nanoparticle | chemotherapy |
immunotherapy

In the United States, the frequency of skin malignancies exceeds
the frequency of all other cancers combined (1). Keratinocyte-

derived carcinomas (KDCs), such as cutaneous squamous cell
carcinoma (SCC), comprise the most common class of these
malignancies, with SCCs responsible for ∼5 million cases and
10,000 deaths annually in the United States (2, 3). The incidence
of cutaneous SCC has been steadily rising, with some estimates
reporting greater than a 250% increase from 1976 to 1984 and
2000 to 2010 (4, 5). These numbers are projected to rise in
proportion to the expanding elderly population, as well as the
number of immunocompromised patients living with advanced
disease (6–8), posing a significant public health challenge.
Surgical excision is the most common first-line treatment for

cutaneous SCC (9). However, SCC recurrence is common, with
one study reporting rates as high as 50% of patients (10). Fur-
thermore, surgical excision is undesirable in certain clinical settings,
including at-risk patients with underlying bleeding diatheses and
large-diameter tumors requiring complicated wound closures that
increase the potential for postsurgical complications. The man-
agement and treatment of KDCs accounts for over $8.1 billion in
US healthcare expenditures annually, a significant burden on both

individuals and healthcare systems, necessitating efficient and
effective alternatives (11, 12).
Although both topical chemotherapeutic and immunomodu-

latory agents have demonstrated potential in the local treatment
of superficial SCCs (13–16), cream and gel formulations fail to
achieve adequate penetration into deeper (e.g., nodular) SCCs.
Moreover, topical chemotherapy (e.g., 5-fluorouracil) and im-
munotherapy (e.g., imiquimod) can diffuse from the site of ap-
plication into the dense vasculature within tumors, with potential
for diminished local efficacy and systemic toxicity (17). Thus,
additional strategies for local drug delivery are warranted.
Nanoparticles (NPs) formed from the block copolymer pol-

y(lactic acid)-hyperbranched polyglycerol (PLA-HPG) have been
shown to increase the duration, bioavailability, and efficacy of
locally administered chemotherapy drugs, which minimizes the
systemic toxicity associated with conventional chemotherapies
(18, 19). PLA-HPG NPs are produced as nonadhesive nano-
particles (NNPs) that can then be transformed into bioadhesive
nanoparticles (BNPs) by a brief incubation with sodium peri-
odate (18) (Fig. 1A). This treatment alters the chemistry of the
surface HPG molecules, converting the vicinal diols to alde-
hydes, which are capable of forming strong, covalent bonds with
amines on the tumor cell surface and tumor interstitial matrix
proteins. We have previously shown that this bioadhesive effect
leads to durable association of BNPs with cells (18), stratum

Significance

One in five individuals in the United States will develop skin
cancer over the course of a lifetime, and nonsurgical options are
limited. To address this, we developed a bioadhesive nanoparticle
(BNP) treatment for long-lasting local drug delivery. Incorporation
of the topoisomerase inhibitor camptothecin (CPT) into BNPs en-
hanced tumor cell uptake, bioadhesion within the tumor micro-
environment, and prolonged intratumoral drug retention.
Therefore, we investigated BNPs encapsulating CPT as a local,
nonsurgical treatment for nodular squamous cell carcinoma (SCC)
skin cancers in a mouse model. BNP-CPT treatment facilitated tu-
mor destruction and resolution, and was compatible with local
immunotherapy. These findings suggest that BNP delivery of an-
titumor agents may provide opportunities for nonsurgical treat-
ment of nodular skin cancers like SCC.

Author contributions: J.K.H., H.-W.S., J.M.L., W.M.S., andM.G. designed research; J.K.H., H.-W.S.,
M.Q., J.M.L., S.Y., Z.M.M., S.G., A.K.L., and E.S.Y. performed research; J.K.H., H.-W.S., M.Q.,
J.M.L., S.Y., Z.M.M., S.G., A.K.L., and E.S.Y. analyzed data; and J.K.H., J.M.L., W.M.S., and M.G.
wrote the paper.

Competing interest statement: W.M.S. and M.G. have an ownership interest in and are
paid consultants with Stradefy Biosciences, Inc.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: michael.girardi@yale.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2020575118/-/DCSupplemental.

Published February 1, 2021.

PNAS 2021 Vol. 118 No. 7 e2020575118 https://doi.org/10.1073/pnas.2020575118 | 1 of 8

EN
G
IN
EE

RI
N
G

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

https://orcid.org/0000-0002-7377-0271
https://orcid.org/0000-0001-7846-6087
https://orcid.org/0000-0001-7860-2915
https://orcid.org/0000-0002-9897-1950
https://orcid.org/0000-0002-7775-6944
https://orcid.org/0000-0003-0058-5603
https://orcid.org/0000-0002-7667-9393
https://orcid.org/0000-0001-5390-2911
https://orcid.org/0000-0002-2163-549X
https://orcid.org/0000-0003-1887-9343
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2020575118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:michael.girardi@yale.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020575118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020575118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020575118
https://doi.org/10.1073/pnas.2020575118


www.manaraa.com

corneum (20), mesenteric membranes (18), vaginal epithelium (21),
and intracranial tumor cells (19). We have also shown that BNPs,
applied as a topical sunscreen, can prevent the double-stranded
DNA breaks associated with cutaneous carcinogenesis, while at the
same time minimizing the systemic accumulation of ultraviolet filters
common to commercially available sunscreens (20, 22). For these
reasons, we studied the potential role for BNP in a well-characterized,
transplantable PDV SCC tumor murine model (23).
Camptothecin (CPT) is a DNA topoisomerase I inhibitor and

potent chemotherapy whose functionality is limited by its hydro-
phobicity and poor solubility, rapid physiological inactivation, and
high risk for systemic toxicity (24). Herein, we demonstrate that
encapsulation of CPT within BNPs (BNP-CPT) enhances the de-
livery of CPT, resulting in greater tumor cell uptake, tumor drug
retention, and tumor elimination relative to free (intralipid) drug or
NNP-encapsulated CPT (NNP-CPT) controls. Given the importance
of combination chemotherapeutic and immunomodulatory therapy
for cancer, we also examined the efficacy of BNP-encapsulated CPT
in combination with adjuvant immune modulation in the form of
cytidine-phosphate-guanosine oligodeoxynucleotides (CpGs) to re-
veal the potential advantages of this combination strategy.

Results
BNP-CPT Synthesis and Characterization. After formation of NNP-
CPT, and their subsequent modification to BNP-CPT (Fig. 1A),

both NNP-CPT and BNP-CPT demonstrated an average size
distribution between 200 and 300 nm by dynamic light scattering,
demonstrating consistent conversion without significant changes
to the hydrodynamic size (SI Appendix, Table S1). We confirmed
the largely uniform and spherical structure of these PLA-HPG
NPs using transmission electron microscopy, and that the oxi-
dative conversion of NNP-CPT to BNP-CPT did not negatively
alter the morphology (Fig. 1B).
We next analyzed the in vitro kinetics of drug release at

physiological temperature (37 °C), observing a sustained and
maximal (∼90%) release from both NNPs and BNPs over 24 h
(Fig. 1C). To simulate the protein-rich tumor microenvironment,
we prepared poly-L-lysine–coated slides, incubated them with
aqueous suspensions of either NNP-CPT or BNP-CPT, and
quantified the relative adherence based on the amount of CPT
recovered from the slides after washing (Fig. 1D). Virtually all of
the CPT was recovered when encapsulated in BNPs, compared
to a ∼10% recovery rate when encapsulated within NNPs
(Fig. 1E).

BNP Encapsulation Increases Tumor Cell Binding and Uptake. To as-
sess whether the increased bioadhesion from BNP conversion
results in greater association with tumor cells, we incubated
murine SCC cells (PDVC57) with NNPs or BNPs incorporating a
fluorescent dye (DiD). By confocal microscopy, we observed

Fig. 1. Synthesis and bioadhesion of CPT-loaded PLA-HPG NNPs and BNPs. (A) NP synthesis schematic. (B) Transmission electron microscopy images of NNP-
CPT and BNP-CPT particles. Following NNP oxidation with sodium periodate, BNPs retain their spherical morphology, indicating that conversion does not
compromise the structure of the BNPs. (Scale bar: 100 nm.) (C) CPT-loaded NNPs and BNPs show similar temporal drug release kinetics in 1× PBS at 37 °C. Both
NNP-CPT and BNP-CPT show the gradual release of drug over 24 h. (D) Quantification of bioadhesion of NNPs and BNPs in proteinaceous environments
following rigorous washing. When quantifying bioadhesion, (E) BNP-CPT demonstrated superior adherence compared to NNP-CPT. Data normalized to
unwashed controls. ****P < 0.0001, Student’s t test; n = 5.
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extensive adhesion of BNPs around and within the SCC cells
relative to dye-containing NNP (Fig. 2A and SI Appendix, Fig.
S1). We further assessed the binding affinity of BNP-CPT by
incubating PDVC57 cells with Cy5-conjugated NPs or DiD-
loaded NPs prior to measuring cellular association as a func-
tion of time via flow cytometry. Because BNP may bind serum
proteins found in cell culture media, and this could affect NP
association with tumor cells, we compared NNP-Cy5 and BNP-
Cy5 tumor cell association following short-term culture in serum-
containing vs. serum-free media (SI Appendix, Fig. S2). In serum-
free media (Fig. 2B and SI Appendix, Fig. S2), BNPs associated
with tumor cells to a greater extent than NNPs, and this was most
pronounced at later time points (12 to 24 h). In serum-containing
media (Fig. 2C and SI Appendix, Fig. S2), at early time points (up
to 5 h) no BNP advantage was seen; however, with extended
culture (24 to 72 h), BNPs show significantly greater tumor cell
association than NNPs. This was true regardless of whether the
dye was covalently conjugated to the polymer (Cy5) or encap-
sulated within (DiD) the particles (Fig. 2 B and C). BNP binding
to serum proteins may initially slow tumor cell uptake in vitro.
Alternatively, cells may respond to the absence of serum by ac-
tivating additional uptake mechanisms. Because extracellular
proteins may also play a role in vivo, we elected to use serum-
containing media for the following experiments designed to in-
vestigate NP uptake mechanisms.

Cellular association or uptake of NPs occurs via an active
process given that tumor cell incubation with NNP or BNP at
4 °C results in significantly reduced cellular association as com-
pared to 37 °C (Fig. 3A). We selectively blocked either clathrin-
mediated endocytosis or macropinocytosis by applying drugs
during incubation with BNPs or NNPs. We found a significant
decrease in NNP uptake after blocking either clathrin-mediated
endocytosis or macropinocytosis (Fig. 3B). In contrast, only inter-
ruption of clathrin-mediated endocytosis resulted in a significant
decrease in uptake of BNPs in this assay. Overall, these data suggest
that BNPs may preferentially utilize clathrin-mediated entry, while
NNPs display more promiscuity in cellular entry.

Extracellular Proteins Facilitate Tumor Cell Killing by BNP-CPT. To
assess the advantages of bioadhesion, we conducted further
in vitro cytotoxicity studies in a simulated tumor matrix (SI Ap-
pendix, Fig. S3A). After precoating 96-well plates with poly-
L-lysine, we incubated the plates with either free CPT, NNP-
CPT, BNP-CPT, or unloaded NPs (NNP-blank, BNP-blank) for
an hour before aspirating the contents and seeding PDVC57
tumor cells into the pretreated wells. After an additional 48-h
incubation, we found that BNP-CPT exhibited significantly
greater cellular toxicity, when compared to free CPT or NNP-
CPT (Fig. 3C). Neither unloaded NNPs or unloaded BNPs
demonstrated any tumor cell cytotoxicity, indicating that all BNP
antitumor effects were attributable to the CPT provided by the

Fig. 2. BNPs readily associate with tumor cells. (A) Confocal microscopy of PDV SCC cells following 24-h incubation with DiD dye-loaded NNPs and BNPs
demonstrate superior affinity of BNPs to tumor cells. (Scale bar: 20 μm.) (B) Assessment of cellular association over time via flow cytometric analysis of PDV
cultured under serum-free conditions with Cy5-conjugated NPs (Left) and DiD-loaded NPs (Center) demonstrates significantly improved association of BNP in
both cases, with their advantage especially notable at later time points (16 to 24 h). Baseline fluorescence (Right) of both dye-conjugated (Cy5) and -loaded
(DiD) NNP and BNP before incubation is similar. A comparison of NP association with tumor cells following short (up to 5 h) incubation in serum-containing vs.
serum-free conditions is shown in SI Appendix, Fig. S2. (C) Cellular association of Cy5-NPs (Left) and DiD-NPs (Right) with extended incubation in serum-
containing media. Even with prolonged exposure, BNPs associate with tumor cells more strongly than NNPs. MFI, mean fluorescence intensity; n = 3 replicates.
***P < 0.001, Student’s t test.
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NPs (Fig. 3C). Furthermore, these results were recapitulated in a
modified experiment in which PDVC57 cells were first seeded,
and then incubated with either free CPT, NNP-CPT, or BNP-
CPT for an hour, before the treatment volume was aspirated (SI
Appendix, Fig. S3B). After a 48-h incubation, cell viability was
assessed, with BNP-CPT exerting greater cellular toxicity relative
to controls (Fig. 3D).

BNP-CPT Increases Tumor Retention and Antitumor Efficacy in a
Preclinical Model. We utilized an in vivo murine model of SCC
established through the intradermal transplantation of PDVC57
SCC cells into syngeneic C57BL/6 mice (23). To assess BNP re-
tention, we first injected tumors with Cy5-conjugated NNPs or
BNPs and visualized particle distribution via confocal microscopy

72 h after injection. NNPs demonstrated a punctate pattern of
distribution with poor intratumoral retention proximal to injection
site (Fig. 4A), while BNPs revealed a sustained distribution and
higher retention, with an intercalating appearance within the tumor
parenchyma (Fig. 4B). We next injected an independent set of tu-
mors with equal doses of CPT, either as free drug suspended in
intralipid (IL-CPT), or incorporated as NNP-CPT or BNP-CPT,
and harvested the tumors 48 and 240 h later to assess CPT tumor
retention. The vast majority of CPT injected (72%) was recovered
from the BNP-CPT–treated mice 48 h after injection, but no CPT
was recovered from IL-CPT–injected mice at that same time point
(Fig. 4C). Furthermore, 240 h following injection, 45% of the CPT
from the BNP-CPT–injected mice was recovered in the tumor, as
compared to the undetectable levels of free CPT and NNP-CPT

Fig. 3. BNPs facilitate both active internalization by tumor cells and binding to extracellular proteins to promote cytotoxicity. (A) Effects of temperature on
NNP-Cy5 (Left) and BNP-Cy5 (Right) association with tumor cells. PDV cells cultured with either NNP-Cy5 or BNP-Cy5 at 4 °C in serum-containing media show
only minimal cellular association, whereas 37 °C cultures show significant NP association over time, suggesting active cellular processes are required. MFI,
mean fluorescence intensity; n = 3. (B) Interrogation of clathrin- or macropinocytosis-mediated mechanisms of cellular uptake. Cells were cultured in serum-
containing media with NNP-Cy5 or BNP-Cy5 for 16 h and during the final 6 h of culture, vehicle (DMSO, 0.1%), CPZ (20 μM), or EIPA (50 μM) added. Results are
expressed as the percent inhibition of NP uptake relative to vehicle control; n = 3. (C) Poly-L-lysine–coated plates were incubated with blank (unloaded) NP,
free CPT, NNP-CPT, or BNP-CPT for 1 h. These solutions were then aspirated and PDVC57 seeded in fresh media and cultured for 48 h, when viability was
assessed. (D) PDVC57 was incubated with free CPT, NNP-CPT, or BNP-CPT for 1 h. The CPT solutions were then aspirated and replaced with fresh media for 48
h, when viability was assessed. BNP-CPT increased tumor cell cytotoxicity compared to all other groups; n = 3. *P < 0.05, **P < 0.01, and ****P < 0.0001,
Student’s t test.

Fig. 4. BNPs exhibit greater association with tumor microenvironments in vivo to maintain local drug concentrations. Confocal microscopy of PDVC57 tumors
and overlying skin 72 h after injection of NNP-Cy5 (A) or BNP-Cy5 (B). BNP-Cy5 exhibited greater intratumoral retention when compared to NNP-Cy5
(fluorescence integrated density/tissue area: NNP, 3,541.88; BNP, 10,402.26). (Scale bar: 200 μm.) (C) CPT recovered from tumors after treatment with
intralipid-CPT (IL-CPT), NNP-CPT, or BNP-CPT. At 48 and 240 h following treatment, a greater percentage of the injected CPT was recovered from tumors
treated with BNP-CPT (48 h, 72.4%; 240 h, 44.7%) when compared to free CPT (48 h, nd [not detected]; 240 h, nd) and NNP-CPT (48 h, 13.4%; 240 h, nd),
indicating enhanced BNP-CPT association within SCC tumors. **P < 0.01, ****P < 0.0001, Student’s t test; n = 5.
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(Fig. 4C). Taken together, these data indicate that incorporation of
CPT into BNPs markedly improves retention within tumors for up
to 10 d after injection, via mechanisms that increase tumor cell
binding, tumor cell uptake, and persistence within the tumor
microenvironment.
To determine whether the improved intratumoral retention of

BNP-CPT translated to decreased tumor burden in mice with
SCCs, established tumors were treated with either blank BNPs,
IL-CPT, NNP-CPT, or BNP-CPT (12.5 mg/kg CPT; Fig. 5).
Animals that received BNP-CPT treatment demonstrated sig-
nificantly delayed tumor growth (Fig. 5B) and reduced tumor
weight at harvest (Fig. 5C and SI Appendix, Fig. S4) when
compared to control groups, confirming the advantages of BNPs
in the treatment of this murine SCC model.
We reasoned that codelivery of an adjuvant immunostimula-

tory agent, CpG, may enhance the capacity of BNP-CPT to
eradicate tumors and extend animal survival by stimulating a
local immune response to aid in tumor clearance, as has been
well-characterized for CpG stimulation of TLR9 in other cuta-
neous malignancies, including melanoma (25, 26) and cutaneous
T cell lymphoma (CTCL) (27). Through tumor induction and

treatment, we found that mice receiving combination therapy of
BNP-CPT plus adjuvant CpG had significantly delayed tumor
growth, and full, histologically confirmed resolution in 17% of
the SCC tumors (SI Appendix, Fig. S5). In a separate experiment,
mice treated with BNP-CPT plus adjuvant CpG demonstrated
significantly delayed tumor growth when compared to mice
treated with vehicle, blank BNPs plus adjuvant CpG, or IL-CPT
plus adjuvant CpG (Fig. 5D and SI Appendix, Fig. S6), and again
a portion (20%) of tumors resolved completely, confirming the
therapeutic advantages of BNP delivery. These data indicate that
with further optimization, local delivery of both chemothera-
peutic and immunostimulatory agents represents a practical,
nonsurgical approach to the treatment of KDCs.

Discussion
An ideal nonsurgical treatment of cutaneous malignancy would
provide consistent tumor elimination and low recurrence rates
after a simple and efficient intervention. Toward that goal, we
showed in a mouse model of nodular SCC that BNP-CPT de-
livery improves tumor cell binding, internalization, and toxicity;
enhances intratumoral retention; and increases tumor destruction

Fig. 5. Treatment of murine SCC with intratumoral BNP-CPTs is superior to NNP-CPT or intralipid-CPT. (A) Experiment timeline. Tumors injected with BNP-CPT
showed significantly delayed tumor growth (B) and reduced tumor weight at harvest (C) (SI Appendix, Fig. S4) when compared to groups treated with either
blank BNPs, IL-CPT, or NNP-CPT. (D) Combination therapy with BNP-CPT (12.5 mg/kg CPT) plus the TLR9 agonist, CpG (10 μg), significantly delayed tumor
growth. *P < 0.05, **P < 0.01, Student’s t test (C), Mantel–Cox test (B and D; n = 10).
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and elimination. We further demonstrated the compatibility of
BNP-CPT with coinjection of the Toll-like receptor 9 (TLR9)
agonist CpG, as a combination tumor destruction plus immu-
notherapy; this combined approach suggests a complementary
strategy that may ultimately be necessary in the clinical setting to
minimize tumor recurrence risk.
Encapsulation of agents provides several advantages over free

drug delivery, including to the skin (28, 29). Although nano-
capsules and NPs can be synthesized from a variety of materials
including ceramics, carbons, and metals (e.g., titanium, silver,
gold) (30), the use of biodegradable polymers offers distinct
advantages. Readily degraded in vivo through both enzymatic
and nonenzymatic processes, PLA-derived lactic acid is easily
eliminated by existing metabolic pathways (31). For this reason,
synthetic, biodegradable polymers such as poly(lactic acid)
(PLA) and poly(lactic-coglycolic acid) (PLGA) are common in
biomedical applications, e.g., coating of cardiothoracic stents,
bioresorbable sutures, and orthopedic, implantable fixtures,
plates, and screws (32, 33). Based on prior work, we estimate that
this PLA will fully degrade after a period of 6 to 12 mo (34) and
that similar block copolymers of PLA and PEG have been ad-
ministered to nonhuman primates and humans with no signs of
toxicity (35). Similarly, HPG because of its biocompatibility is
also widely utilized as an imaging reagent and for the coating of
medical devices (36–38). Through both in vitro and in vivo in-
terrogations, we confirmed that unloaded, blank PLA-HPG
NNPs and BNPs did not demonstrate any observable clinical or
histologic cytotoxicity.
Another vital advantage of using a synthetic polymer is the

flexibility allowed in the choice of materials that form the core
and the surface. Here, we have used a block copolymer of PLA
and HPG, which allowed us to create NPs with a hydrophobic
core and hydrophilic shell, which could be modified for avid
bioadhesion. We encapsulated CPT in the hydrophobic core.
Although CPT has demonstrated close to 100% growth inhibi-
tion in human malignant melanoma, breast, lung, and ovarian
cancer xenografts (39, 40), there have been significant challenges
with the use of CPT in the clinical setting. As a free drug, CPT is
difficult to administer because of its poor solubility and rapid
inactivation by hydrolysis of its lactone ring at physiologic pH
(24). Encapsulation into NPs protects CPT and allows the slow
release of bioactive drug. In our SCC model, encapsulation
within NNPs and BNPs resulted in significantly greater antitu-
mor effects (both in culture and in vivo) relative to CPT sus-
pended in intralipid, suggesting the potential stabilizing and
solubilizing effects of encapsulation.
The HPG shell of the NPs provides surface vicinal diols

amenable to oxidative conversion to aldehydes, thereby allowing
for Schiff bases to form with amines present on the cell mem-
branes and within the protein-rich tumor matrix (19, 20). The
aldehyde-rich BNPs could readily bind tumor cell surface mol-
ecules to facilitate cellular entry, where active agents may more
efficiently exert direct cytotoxicity. Thus, by using BNPs sus-
tained drug release is enhanced through tumor cell uptake as
well as a depot effect within the tumor parenchyma to result in
an efficient, nonsurgical, localized drug delivery to SCCs. We
note a disparity in the duration of release of CPT from our NPs
in vitro (Fig. 1C) and in vivo (Fig. 4C). This difference between
patterns of release in vitro to in vivo is a common finding in the
literature (41–43), although methods to reliably measure in vivo
release are not always available. Some specialized methods have
been developed (42, 44). In our studies, we were able to estimate
in vivo release by using a surrogate measure of local retention in
the target tissue. In the future, it will be important to distinguish
between retention of free drug vs. drug within NPs, although
since we know from our control experiments that free drug is
cleared from the tissue within a day, we infer that the majority of
drug detected at day 10 is in NPs. We measured in vitro release

to assure that the BNP conversion did not alter the release
properties of the NP material (Fig. 1C), and we use this test to
confirm the quality of all of our NP formulations. We believe
that the long retention of CPT after intratumoral injection
in vivo represents the results of several processes, particularly
internalization of BNPs into tumor cells, retention in cells, and
slow release in the complex intracellular environment. It is also
possible that accumulation of a protein corona on the BNPs
provides another barrier slowing release.
Our in vitro data revealed the markedly enhanced tumor cell

internalization of BNPs over NNPs (Figs. 2 and 3). While pre-
vious studies have suggested various endocytic mechanisms of
cellular uptake by PLA-based NPs, such as clathrin-mediated
endocytosis and macropinocytosis (45, 46), our results suggest
that BNPs are internalized through largely clathrin-mediated
endocytosis (Fig. 3). Of note, despite equal baseline fluores-
cence levels between dye-conjugated BNPs and NNPs, we ob-
served that media-supplemented serum proteins (i.e., that may
be required to maintain cell viability for certain assays) dispa-
rately affected internalization (SI Appendix, Fig. S2). Relative to
serum-free media conditions, serum-containing media appeared
to slow internalization of BNPs at earlier time points of coin-
cubation and increase internalization of BNPs at later time
points. In culture media prepared without added serum
(Fig. 2B), BNP show preferential association with tumor cells.
However, in serum-containing medium at early time points
(Fig. 3A, 37 °C), this BNP preference over NNP is not observed.
It is possible that BNP binding to serum proteins may delay
cellular association or uptake, or that coculture in the absence of
serum may activate additional uptake mechanisms. Nonetheless,
at later time points (24 to 72 h; Fig. 2C) even in the presence of
serum, BNP demonstrate a large tumor cell uptake advantage
over NNP. Thus, BNP binding to serum proteins may have
pleiotropic effects on tumor cell internalization in vitro; how-
ever, the relevance of this phenomenon to in vivo tumor cell
uptake is unclear.
BNPs exhibited a widespread intratumoral distribution 72 h

after injection and resulted in the persistent presence of encap-
sulated CPT 10 d after injection. A single injection of BNPs
loaded with CPT produced a significant reduction in tumor
burden, and complete eradication of a proportion of tumors
when treated with combination BNP-CPT and CpG. Immunos-
timulatory agents such as CpG have demonstrated efficacy in
treating a variety of cancers (47, 48). Short, single-stranded,
unmethylated DNA molecules primarily found in the microbial
genome, CpGs activate TLR9 in mammalian cells (49) and have
demonstrated significant antitumor activity in the treatment of
cutaneous malignancies such as CTCL and melanoma (25–27).
Local injections of CpG into the stage I–II melanoma following
surgical excision revealed improved recurrence-free survival at a
median follow-up of 88.8 mo when compared to saline control
(26). Furthermore, this same study reported that even in the
absence of surgical excision, intratumoral injection of CpG into
melanoma lesions demonstrated immune-mediated tumor re-
gression when compared to vehicle control.
Although chemotherapeutic agents like CPT may negatively

affect local immune cell populations, several studies have sug-
gested that chemotherapy-induced immune suppression may be
beneficial due to an overall reduction in regulatory T cells and
tumor-associated macrophages that inhibit antitumor immune
responses (50, 51). Our data suggest the feasibility and aug-
mented benefits of multimodal therapy in a single-dose treat-
ment strategy for the local treatment of SCCs. However, further
studies are required to determine the potential for synergistic
antitumoral mechanisms of BNP-CPT and CpG, and whether
such depletes undesirable populations of local immune cells to
facilitate direct and immune-mediated tumor cytotoxicity.
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Currently, the use of existing topical agents (e.g., 5-fluorouracil
or imiquimod) for the treatment of superficial SCC requires sig-
nificant patient compliance with multiple applications daily over a
span of weeks to months. Furthermore, such topical agents do not
provide for sufficient penetration or elimination of thicker, more
nodular skin tumors. A single injection therapy, as might be offered
by BNP-CPT, therefore has the potential to improve the logistics,
safety, and efficacy of nonsurgical treatment of skin cancers
like SCC.

Materials and Methods
NP Preparation. CPT-loaded NNPs were synthesized via the modified single
emulsion method (52). Briefly, 95 mg of PLA-HPG was dissolved in 2.4 mL of
ethyl acetate (EtOAc) overnight. Five milligrams of CPT or 0.2 wt% fluores-
cent dye (DiD) was dissolved in 0.6 mL of dimethyl sulfoxide (DMSO) and was
added to the polymer solution, and the combined organic phase was added
dropwise to 4 mL of vortexing water. The mixture was further emulsified
using a probe-sonicator for four cycles at 10-s intervals. The emulsion was
immediately diluted in 10 mL of water with stirring, and EtOAc was removed
via rotary evaporation at room temperature (RT). NPs were collected via
centrifugation at 4,000 × g for 30 min at 4 °C using a 100-kDa MWCO cen-
trifugal filter and washed twice with 15 mL of water to isolate NNPs,
resulting in a 75% yield. Cy5-conjugated NNPs were prepared by the same
method, using the combined solution of 90 mg of PLA-HPG dissolved in
2.4 mL of EtOAc and 10 mg of Cy5-conjugated PLA (AV032; PolySciTech)
dissolved in 0.6 mL of DMSO. NNPs were resuspended in 1 mL of water.
Oxidative cleavage of terminal vicinal diols was achieved with modification
of a previously reported procedure (18). NNP stock was diluted threefold
with water to ∼25 mg/mL. One volume of NNPs in water was incubated with
1 vol of 0.1 M NaIO4(aq) and 1 vol of 10× PBS on ice for 20 min. The reaction
was quenched with 1 vol of 0.2 M Na2SO3(aq), and the resulting BNPs were
isolated using a 100-kDa MWCO centrifugal filter. BNPs were washed twice
with 15 mL of water.

CPT Quantification. Drug incorporation efficiency was determined through
the quantification of CPT by exploiting the intrinsic fluorescence of CPT under
acidic conditions, as previously described (53). Briefly, lyophilized NP were
dissolved in DMSO. Ten microliters of NP were mixed with 10 μL of 1 N HCl,
10 μL of 10% SDS, and 1 mL of PBS, in that order. A standard curve was
similarly prepared with known concentrations of CPT in DMSO. To quantify
CPT in NP in suspension, the same assay was performed using NP (in dH2O)
diluted in DMSO at a 1:50 dH2O:DMSO (vol/vol) ratio, and a standard curve
prepared with known concentrations of CPT in a 1:50 dH2O:DMSO (vol/vol)
vehicle. In both cases, the fluorescence of CPT was measured using a Spec-
traMax M5 microplate reader (Molecular Devices; excitation [Ex]/emission
[Em], 370/428) and compared to CPT standards to quantify CPT concentra-
tion and drug loading efficiency. The results of a comparison of the two
methods are shown in SI Appendix, Table S2.

Assessment of Endocytic Mechanisms of NP Uptake. PDV cells were plated at a
density of 30,000 cells per well in 24-well plates in complete RPMI (CRPMI) (SI
Appendix, Supplemental Materials and Methods) and allowed to adhere.
The media was then aspirated and replaced with CRPMI containing either
NNP-Cy5 or BNP-Cy5 (1 mg/mL NP) for 16-h culture (37 °C, 5% CO2). For the
final 6 h of culture, vehicle (DMSO; 0.1%), chloropromazine (CPZ) (20 μM;
Sigma), an inhibitor of clathrin-dependent endocytosis, or 5-(N-ethyl-N-iso-
propyl)-amiloride (EIPA) (50 μM; Sigma), an inhibitor of macropinocytosis,

were added to the wells. At harvest, the wells were washed five times with
1× PBS before the cells were detached with Accutase. After a brief fixation in
1% PFA, cell-associated NP fluorescence was assessed by flow cytometry
using Stratedigm S1000EX (Stratedigm), and data were analyzed using
FlowJo v10.4 (FlowJo). Baseline fluorescence of NNP-Cy5 and BNP-Cy5 solu-
tions was assessed using a Promega GloMax with red filter kit (Ex, 625 nm/
Em, 660 to 720 nm). Confocal microscopy is described in SI Appendix, Sup-
plemental Materials and Methods.

Tumor Induction. All animal procedures were conducted in accordance with
Yale Institutional Animal Care and Use Committee guidelines. Mice were
housed in the Yale Animal Resource Center and afforded free access to food
and water. Wild-type C57BL/6J mice were obtained from The Jackson Lab-
oratory. To prepare the animals for tumor transplantation, the dorsal right
flank was shaved using electric clippers. PDVC57 cells were harvested, as
described above, washed, and resuspended in 1× PBS on ice at a concen-
tration of 5.0 × 107 cells per mL. Mice were then anesthetized in an induc-
tion chamber with 30% isoflurane in propylene glycol and the dorsal right
flank injected intradermally/subcutaneously with 5.0 × 106 cells, forming a
small bleb at the site of injection.

Intratumoral NP Retention. PDVC57 tumors were induced as described above.
When tumors reached a diameter of ∼5 mm, they were treated with either
free CPT (0.25 mg of CPT/50 μL of intralipid), NNP-CPT (0.25 mg of CPT/50 μL
of PBS), or BNP-CPT (0.25 mg of CPT/50 μL of PBS). Following injection, tu-
mors were harvested and lyophilized at 0, 48, and 240 h. Lyophilized tumors
were then homogenized with the Precellys 24 Homogenizer with soft tissue
homogenizing 1.4-mm ceramic beads (Bertin) for 4 min and 35 s in 45-s
pulses with 500 μL of DMSO. The first 500 μL was removed and another
500 μL added for another round of homogenization. The homogenate was
centrifuged at 10,000 × g for 5 min to pellet residual tumor and debris, the
supernatant removed, and CPT quantified using its intrinsic fluorescence as
described above.

In Vivo Assessment of CPT NP Efficacy. PDVC57 tumors were induced as de-
scribed above. When tumors attained a diameter of ∼5 mm, they were in-
jected with either blank BNPs (1.99 mg/50 μL of PBS), IL-CPT (0.25 mg of CPT/
50 μL), NNP-CPT (0.25 mg of CPT/50 μL of PBS), or BNP-CPT (0.25 mg of CPT/50
μL of PBS) using a 27-gauge needle, which was positioned in the center of
the tumor. The entire treatment volume was administered intratumorally
over 15 s. The needle was then held in this position for 10 s and withdrawn
slowly in order to prevent leakage of drug from the injection site. In vivo
dosing was based on both literature review and our pilot studies that
revealed antitumor activity (without clinical evidence of systemic toxicity)
when a single dose of 0.25 mg of CPT was delivered by intratumoral
injection.

Statistics. The Mantel–Cox test was used to assess Kaplan–Meier curves
(Fig. 5 B and D). All other experimental groups were compared using an
unpaired one-tailed Student t test with significance established at P < 0.05.
All statistical analyses were performed using GraphPad Prism 8.3 software.

Data Availability.All study data are included in the article and/or SI Appendix.
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