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Intratumoral Nanofluidic System for Enhancing Tumor
Biodistribution of Agonist CD40 Antibody

Corrine Ying Xuan Chua, Jeremy Ho, Antonia Susnjar, Graziano Lolli, Nicola Di Trani,
Federica Pesaresi, Mengying Zhang, Elizabeth Nance, and Alessandro Grattoni*

Tumor uptake and biodistribution of immunotherapy is associated with
clinical response as well as toxicity. To augment immunotherapy
bioavailability in the tumor, an intratumoral administration route via direct
injection or local release technologies has emerged as an appealing approach.
Here the biodistribution of an agonistic anti-CD40 monocolonal antibody
(CD40 mAb) when sustainably delivered via an intratumoral nanofluidic
drug-eluting seed (NDES) is evaluated in comparison to systemic or direct
intratumoral administration. The NDES achieves sustained drug release
through diffusion by leveraging electrostatic nanoconfinement within
nanochannels, without requiring internal or external actuation. Using the 4T1
murine mammary carcinoma model, the biodistribution of Alexa Fluor-700
conjugated CD40 mAb is tracked via fluorescence imaging analysis,
comparing three routes of administration over 7 and 14 days. NDES-treated
cohort shows sustained high levels of intratumoral CD40 mAb without
off-target organ exposure, compared to the intraperitoneal and direct
intratumoral administration. Moreover, radiation pre-treatment of the 4T1
tumors augments tumor retention of CD40 mAb in the NDES group. Overall,
sustained intratumoral release of CD40 mAb via the NDES improves local
drug bioavailability without systemic dissemination, suggesting an enhanced
approach for immunotherapy administration.
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1. Introduction

While immunotherapy has emerged as a
pillar of cancer treatment in recent years,
only a fraction of patients respond. Poor
drug distribution and tumor uptake are
often overlooked as mechanisms of resis-
tance to treatment.[1] A recent clinical study
assessing atezolizumab biodistribution re-
vealed that high tumor uptake correlated to
treatment response.[2] Along this line, other
clinical findings showed improved disease
states in cancer patients with reduced
clearance of nivolumab or durvalumab.[3–5]

Beyond the variabity in response rate,
another concern of immunotherapy is
accumulation in off-target organs, leading
to treatment-limiting toxicities.[6–8] The
clinical correlation of tumor uptake and
response as well as toxicity due to off-target
organ biodistribution is currently under
further investigation in a clinical trial with
ipilimumab (NCT03313323). Considering
these factors, a better understanding
of the pharmacokinetic and biodistri-
bution properties of immunotherapeutic
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antibodies are warranted to refine dosing strategies for enhanc-
ing therapeutic index.
Local drug administration is purported to maximize tumor

concentration while minimizing systemic exposure, and hence
reduce side effects.[9] By confining immunotherapy locally, the
tumor is leveraged as an in-situ vaccine, priming a polyclonal
immune response against tumor antigens to induce durable an-
titumor immunity.[10,11] This paradigm is increasingly investi-
gated in clinical trials.[10–12] Of relevance, CD40, a member of
the tumor necrosis factor receptor superfamily, is an appealing
candidate for local immunostimulatory immunotherapy.[10] Ag-
onistic anti-CD40 monocolonal antibodies (CD40 mAb) provide
a stimulus for immune recognition of tumor antigens through
dendritic cells and consequently, the priming of a robust T cell
response.[13] While CD40 mAb has demonstrated efficacy, sys-
temic administration limits clinical use due to toxicities such as
cytokine release syndrome and hepatotoxicity.[14–18] On the basis
of numerous promising preclinical studies,[14,19–22] local CD40
mAb administration via direct intratumoral injection is actively
explored in phase I clinical trials (NCT03892525, NCT02379741,
NCT03329950). However, as substantiated in a recently pub-
lished report, intratumoral bolus injection does not ensure elim-
ination of collateral toxicity.[23] Repeated injections of ADC-1013,
an agonistic anti-CD40 mAb at a low dose (approximately 3-fold
lower than systemic), provoked adverse effects in 83% of patients,
with 27% of those of grade 3 or 4.[23] Adverse events were related
to cytokine release, plausibly attributable to rapid leakage of ADC-
1013 into the systemic circulation. Further, intratumoral fluid in-
jections of therapeutics are linked to fast drug elimination due to
the increased tumor interstitial fluid pressure.[24]

On this note, sustained release local delivery platforms have
emerged as a potential solution for obviating repeated intratu-
moral injections.[9,25] Through controlled released mechanisms,
a small dose is locally delivered in a sustained manner over a
predefined duration. Our group and others have demonstrated
that sustained local release of CD40 mAb has antitumor efficacy
with reduced systemic toxicity.[14,19–22,26,27] Specifically, using our
intratumoral nanofluidic drug-eluting seed (NDES), we demon-
strated antitumor response with concomitant reduction in hep-
atoxicity in the 4T1 murine model of triple negative breast can-
cer (TNBC).[27] However, as intratumoral delivery is beginning
to make headway in the clinic, optimal dosing strategies need
to be elucidated. Thus far, evaluation of pharmacokinetic prop-
erties and biodistribution of locally injected CD40 mAb, which
could inform on dosing regimen, are limited to a short duration
of up to 72 h after administration.[22] Little is known about long
term biodistribution and tumor bioavailability of immunothera-
peutics, which is of particular interest when considering the in-
creasing clinical appeal of sustained release local delivery systems
for cancer treatment.[25]

In this study, we sought to demonstrate the effects of sus-
tained local release of CD40 mAb on pharmacokinetics, intratu-
moral bioavailability, and tissue biodistribution. By tracking flu-
orescently labelled CD40 mAb, we compared sustained release
via NDES to systemic and bolus intratumoral routes of admin-
istration in the 4T1 triple negative breast cancer mouse model.
Consistent with our hypothesis, both intratumoral injection and
NDES reduced systemic biodistribution compared to intraperi-

toneal administration. Specifically, we demonstrated that sus-
tained intratumoral release of CD40mAb via NDES increased lo-
cal bioavailability with minimal systemic dissemination. Further,
due to clinical evidence of synergy between immunotherapy and
radiation treatment[28] including that of CD40 mAb,[29–31] we in-
vestigated the impact of hypofractionated radiotherapy on mAb
pharmacokinetics and biodistribution. The addition of hypofrac-
tionated radiotherapy increased intratumoral bioavailability of
CD40 mAb when administered intratumorally via the NDES.
Overall, we demonstrated that sustained intratumoral release of
CD40 mAb via the NDES is a viable approach for maintaining
drug locally without systemic dissemination.

2. Results

2.1. NDES Device

The NDES is an intratumorally implanted platform for con-
trolled release of anticancer therapeutics (Figure 1A).[27,32] In-
tratumoral implantation is performed using a trocar approach,
similar to clinical insertion of brachytherapy seeds. Sustained
release from the NDES is achieved intratumorally (Figure 1B)
via a silicon nanofluidic membrane[33] affixed on the drug reser-
voir (Figures 1C,D). The nanofluidic membrane contains 4 deep-
silicon etched macrochannels (Figure 1D), each with an inter-
nal array of interconnectedmicrochannels and slit-nanochannels
(Figure 1C). Drug release through the membrane is regulated
by nanoconfinement, whereby molecules diffusing through the
nanochannels are exposed to electrostatic and steric interactions
within the channel walls.[34–36] Thus, a saturated diffusive trans-
port largely dependent on concentration gradient is achieved,
yielding constant and sustained molecular release kinetics. In
other words, the concentration difference between the reservoir
and tumor drives diffusion of antibody from the NDES into the
surrounding microenvironment. As such, no power sources, ac-
tuation, or physical manipulation are required for drug release
upon intratumoral implantation. Given the release kinetics of the
NDES, the amount of payload per unit of time is constant and
sustained, until nearing drug depletion. Drug release rate is con-
trolled by the dimension and quantity of nanochannels. Based
on our previous analysis of CD40 release from the NDES,[27]

nanochannel size of 20 and 250 nm were chosen for this study.
Considering the nanochannel size and sustained delivery mech-
anism, the payload is thus shielded from immune response prior
to release.
To quantify the release rate of CD40 from the NDES, in vitro

release of CD40 using nanochannel sizes of 20 and 250 nm over
21 days were analyzed. Cumulative release results obtained for
20 nm NDES in our previous work were analyzed to obtain re-
lease rates.[27] With 20 nm membrane, release rate of CD40 was
3.0 ± 1.2 µg day−1 (mean ± standard deviation; STD), with a me-
dian of 3.1 µg day−1 (interquartile range (IQR), 2.5 to 4.1 µg day−1)
(Figure 1E). As for the 250 nm membrane, mean release rate of
6.4 ± 1.5 µg day−1 (median of 6.8 µg day−1 (interquartile range
(IQR), 5.0 to 7.4 µg day−1) was achieved, corresponding to a≈2.1-
fold increase.
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Figure 1. Sustained intratumoral drug release via nanofluidic drug-eluting seed (NDES). A) The NDES is intratumorally implanted using a minimally-
invasive trocar approach. B) Upon intratumoral implantation, sustained intratumoral immunotherapeutic antibody elution occurs, regulated by a sil-
icon nanofluidic membrane (backgroung 3D-rendering aquired from shutterstock.com) C) Scanning electron microscopy (SEM) image shows silicon
nanofluidic membrane with microchannels (inset). Scale bar represents 500 𝜇m. D) Rendering of NDES depicting nanofluidic membrane mounted on
a radio-opaque stainless steel drug reservoir with epoxy. The other extremity of the reservoir is sealed with self-sealing silicone. E) Release rate of CD40
from the NDES. NDES with either 20 nm (n = 7) or 250 nm (n = 6) nanochannel membranes were used for release rate quantification over 21 days
in a sink solution of 1X PBS at 37 °C. Data for 20 nm membranes was obtained through analysis of cumulative release results previously published
by this group.[27] Box plot shows median, mean (“+”), interquartile ranges (25th and 75th percentiles), and all data points. Statistical significance was
determined via unpaired t test. *p < 0.05.

2.2. NDES Release of AF700-CD40 is Sustained Intratumorally

We covalently conjugated CD40 mAb with Alexa Fluor 700
(AF700) fluorescent dye to track and visualize drug biodistribu-
tion in vivo. We selected AF700 due to its red/near-infrared ex-
citation and emission spectra, which are minimally attenuated
by tissues such as the skin and fur. Further, AF700 conjugation
to CD40 mAb allows for stable, trackable fluorescent signal in
vivo, obviating the need for radioactive exposure associated with
radioisotope labeling.
To evaluate AF700-CD40 tumor distribution, we used the 4T1

orthotopic and syngeneic murine TNBC as our model. 4T1 tu-
mors are visibly protruded (Figure S1A, Supporting Informa-
tion), hence enabling easy visualization studies via IVIS live an-
imal fluorescence imaging. For enhanced spatial resolution of
AF700-CD40 within the tumor, we used 3D fluorescence tomog-
raphy via IVIS (Figure S1B, Supporting Information). We fo-
cused on the tumor and peritumoral abdominal compartment
for increased imaging efficiency. In a pilot study, we performed
biodistribution analysis of AF700-CD40 over 7 days, comparing
NDES-mediated sustained release to systemic delivery and bo-
lus direct intratumoral injection (Figure 2A). Specifically, AF700-
CD40 was delivered either via NDES with 20 nm membrane,
a single intraperitoneal (IP) administration of 100, or 50 𝜇g
through one bolus intratumoral (IT) injection. A single dosage
was administered so that Ab internalization/uptake and recycling
can be tracked.[22] Dosage of CD40 mAb for IP and IT were cho-
sen based on literature reports.[37–39] Based on the release profile,
NDES is estimated to sustainably deliver a total of≈21.0 µg CD40
mAb over 7 days.
In the IP group, spread of AF700-CD40 was apparent through-

out the abdominal region within 5min (0.003 day) after injection,
as well as at the 4 h (0.17 day) timepoint (Figure 2A). Intratumoral
accumulation was observed by day 4 after IP administration, with
traces of fluorescent signal surrounding the tumor. Fluorescent
signal was minimally visible in the IP-treated tumors by the end
of the 7-day study, indicative of antibody clearance. As for the IT
group, strong fluorescent signal was detected in the tumor imme-
diately after injection (Figure 2A). However, AF700-CD40 gradu-
ally diffused out from the tumor over the course of the study, sug-
gestive of rapid clearance. In contrast, the NDES group exhibited
weak fluorescent signal in the tumor 5 min after intratumoral

NDES implantation (Figure 2A). Within 4 h of intratumoral im-
plantation, fluorescent signal of AF700-CD40 accumulated and
was sustained throughout the study, attributable to constant re-
lease from the NDES. Analysis of the fluorescent signal inten-
sity of the tumor over time showed the declining trend of both
IP and IT groups, whereas sustained signal was evident in the
NDES group after 4 h (Figure 2A).
At the end of the 7-day study, to further dissect drug biodis-

tribution, we evaluated the tumors via ex vivo imaging for anal-
ysis unconfounded by skin, fur, or surrounding organs. Consis-
tent with the in vivo imaging results, ex vivo radiance analysis of
the tumors demonstrated high AF700-CD40 in the NDES group
compared to IP and IT administration (Figure 2B). AF700 CD40
largely cleared out from the tumor in both IP and IT groups
by day 7. Despite receving a higher dosage of AF700-CD40, the
IP group had substantially lower radiance compared to IT and
NDES groups, further suggestive of subpar drug localization to
the tumor (Figure 2B). This is indicative of the advantage of sus-
tained release via the NDES, whereby the need for redosing could
be avoided. To evaluate systemic drug exposure, we assessed
the liver for AF700-CD40 distribution (Figure 2B). The liver is
a highly perfused and vascularized tissue and one of the primary
sites of drug clearance.[40,41] As such, high concentration of sys-
temically administered antibodies are typically observed in the
liver.[41] Ex vivo imaging demonstrated AF700-CD40 exposure in
the liver of the IP group, whereas there was no detectable sig-
nal either IT or NDES groups (Figure 2B). This result alludes to
possible toxicity due to drug accumulation in the liver.

2.3. Reduction in Systemic Exposure with Intratumoral
Administration

Because of the prevalence of liver accumulation in the pilot study,
we sought to gain a more comprehensive view of systemic drug
exposure over an extended duration. To investigate this, we per-
formed a biodistribution study of AF700-CD40 in 4T1 tumor-
bearing mice over 14 days. AF700-CD40 administration groups
mirrored the pilot study, with the exception that 250 nm mem-
brane was used in NDES group. The rationale for increasing
nanochannel size was to enhance signal detection over the longer
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Figure 2. Sustained intratumoral distribution of AF700-CD40 via NDES in a 7-day study. A) Representative 3D renderings of IVIS fluorescence tomog-
raphy images showing AF700-CD40 distribution in intraperitoneal (IP), intratumoral (IT) or NDES-treated 4T1 mice over 7 days. Tumors of 4T1 mice
were treated with either 100 µg via IP administration (n = 3), 50 µg through bolus IT injection (n = 3), or implanted with AF700-CD40-filled NDES
(n = 3, when tumor volume reached ≈100 mm3. Fluorescence IVIS imaging was performed at 0.003 (5 min), 0.17 (4 h), and 4, 5, 6, and 7 days after
AF700-CD40 administration. White circle denotes tumor. Fluorescent signal is represented in color. Pictured scale bars indicate strength of signal from
low (blue) to high (red). Coronal (top panel) and transaxial (bottom panel) views are depicted. Bar graph depicts quantification of fluorescence signal
intensity measured in the tumor from in vivo imaging, where % signal intensity in each graph is normalized to the highest signal within each group.
B) Ex vivo fluorescence imaging analysis of the tumor and liver 7 days after AF700-CD40 administration. Bar graphs depict radiance signal measured
(p sec−1 cm−2 sr−1). Each data point represents mean ± STD.

study duration. In this arm of the experiment, we focused on an-
tibody biodistribution across tissues as well as circulatory expo-
sure.
We performed immunofluorescence imaging of histological

tumor sections to visualize and quantify drug distribution within
the tissue.We selected tumors fromday 4 as an intermediate time
point to allow for comparison of drug distribution prior to tu-
mor clearance. 3D reconstruction of the sections showed diffuse
dispersion of AF700-CD40 throughout the NDES-treated tumor,
in contrary to lower signal in the IP and IT groups (Figure 3A).
Signal quantification confirmed that the NDES group had sig-
nificantly higher percentage of AF700-CD40 per tumor volume
(1.38 ± 0.30%), compared to IP (0.18 ± 0.22%; p < 0.02) and IT
(0.49 ± 0.30%; p < 0.02) groups (Figure 3B).

To evaluate drug dissemination, we examined relevant sites of
antibody biodistribution, namely the liver, spleen, and lung[41] via
ex vivo IVIS fluorescence imaging. In the IP group, fluorescence
IVIS analysis revealed widespread dissemination of AF700-CD40
to the liver, spleen, and lung, specifically on days 1 and 4 after
administration (Figure 4). As antibodies are primarily absorbed
through the lymphatics,[40] we posit that substantial drug accu-
mulation was observed in these organs due to their role in the
lymphatic system. Of the examined organs, the lungs demon-
strated the strongest drug accumulation within 1 day of IP ad-
ministration. This is possibly attributable to rapid egress from the
peritoneal space into the pleural cavity via lymphatic drainage.[42]

As for the local administration groups, IT, and NDES, the nomi-
nal signal detected were considered negligible (Figure 4). These

Figure 3. Visualization of AF700-CD40 distribution in the tumor via immunofluorescence imaging. A) Reconstructed confocal images of the tumor. B)
Percentage AF700-CD40 per tumor volume in IP, IT, and NDES group. Each data point represents mean ± STD (n = 3). Statistical significance was
determined via one-way ANOVA with Tukey test for multiple comparisons. *p < 0.05.
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Figure 4. Biodistribution of AF700-CD40 across different organs over 14 days. Ex vivo fluorescence analysis of the liver, spleen, and lung were analyzed
by measuring the radiance signal at the end of the 14-day study. Bar graphs depict radiance signal measured. Each data point represents mean ± STD
(n = 6–7 per organ). Dotted horizontal line represents limit of detection.

organ analyses substantiated the systemic distribution of drug
in the IP group, suggestive of the potential off-target organ
toxicities.

2.4. Radiation Enhances Intratumoral Antibody Retention with
NDES

Radiotherapy is increasingly investigated in combination with
immunotherapy, with evidence of abscopal effects and improved
response.[43–45] Thus it is important to understand the impact of
radiation on drug biodistribution to the tumor. To investigate this,
we compared AF700-CD40 tumor accumulation in radiated to
non-radiated 4T1 mice over 14 days. Radiation was performed
on a cohort of mice using 8 Gy consecutively over 3 days, fol-
lowed by AF700-CD40 administration one day after the last ir-
radiation. We chose this radiation dosage based on evidence of
efficacy in the 4T1 tumor model in combination with immune
checkpoint inhibitor.[46] The sequence of treatment was selected
in accordance to the notion that radiation causes immunogenic
cell death, which could augment efficacy of subsequent treatment
with immunotherapy. Similar to the previous study, a single dose
of immunotherapy was administered either via IP or IT injection,
and compared to sustained release via NDES.
In vivo fluorescence IVIS imaging showed that in both IP and

IT groups, AF700-CD40 cleared from the tumor over time regard-
less of radiation pre-treatment (Figure 5A). For the NDES group,
enhanced intratumoral AF700-CD40 signal was visually detected
in the radiation treatment cohort on days 4 and 14, compared to
non-radiated mice. To further dissect this, we evaluated the tu-
mors via ex vivo imaging 14 days after AF700-CD40 administra-
tion. As expected based on the in vivo imaging analysis, AF700-

CD40 signal was undetectable in the IP group and minimally
present in the IT group (Figure 5B). While IT group hadminimal
residual signal in the tumor, radiation did not affect drug reten-
tion. In contrast, ex vivo tumor imaging of the NDES group re-
vealed augmented AF700-CD40 signal in the radiation treatment
cohort, compared to non-radiated mice (p < 0.01; Figure 5B). It
is plausible that enhanced tumor retention of AF700-CD40 oc-
curred due to radiation-induced vascular and lymphatic damage,
compromising clearance. On another note, we attribute the low
fluorescence signal observed in the abdominal area to autofluo-
rescence of chlorophyll-containing mouse chow. This is particu-
larly apparent in the early time points (Day 0 and 0.003) in the
NDES group. Nevertheless, we demonstrate increased AF700-
CD40 in the NDES radiation treated cohort via ex vivo tumor
imaging, which is intrinsically free of any potentially confound-
ing effect of the skin, fur, and internal organs on the fluorescence
signal.
Serum analysis showed a small degree of systemic exposure in

the radiated NDES group (1.6 ± 2.0 µg mL−1) upon study termi-
nation on day 14 (Figure 5C). We postulate that tumor saturating
dose was reached due to cumulative effects of impaired tumor
clearance and continuous release from the NDES, resulting in
leakage into systemic circulation.[47] These results showed that
when sustainably delivered via the NDES, pre-treatment with ra-
diation enhances drug retention in the tumor.

3. Discussion

Spatiotemporal drug distribution in tumor tissue is a key factor
in treatment response. When systemically delivered, mAb trans-
port to the tumor is determined by numerous factors, including
rate and extent of extravasation and permeability within tissue,
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Figure 5. Fluorescent tomographic imaging comparison of radiation and route of administration of AF700-CD40 antibody over 14 days. A) Representative
3D renderings of IVIS fluorescence tomography images showing AF700-CD40 distribution in IP, IT, or NDES-treated 4T1 mice over 14 days, comparing
radiation pre-treatment to non-irradiated cohort (n = 6–7 per group). In the radiated groups, tumors of 4T1 mice were irradiated with 8 Gy over three
consecutive days, followed by AF700-CD40 administration either via IP (100 µg), direct bolus IT injection (50 µg), or NDES. Fluorescence IVIS imaging
was performed at days 1, 4, and 14 days after AF700-CD40 administration. Tumors are denoted with white circles. Fluorescent signal is represented in
color. Pictured scale bars indicate strength of signal from low (blue) to high (red). Bar graphs depict quantification of fluorescent signal, where % signal
intensity in each graph is normalized to the highest signal within each group. Data shown are mean ± STD (n = 6–7 per group). B) Ex vivo fluorescence
imaging analysis of the tumors 14 days after AF700-CD40 administration. Bar graphs depict radiance signal (p sec−1 cm−2 sr−1). C) Serum AF700-CD40
levels of 4T1 mice administered via IP, IT, or NDES with or without radiation on day 14. Data shown are mean ± STD (n = 6–7 per group).

Ab binding to target, and elimination.[41,47] Moreover, FcRn and
Fc interactions typically contributes to the distribution and clear-
ance of mAb.[48] Specifically, recycling by Fc could affect plasma
Ab clearance, which could impact tumor uptake. Drug transport
can be further hindered by increased tumor interstitial fluid pres-
sure and dense fibrotic tumor stroma, which can slow or impede
penetration of therapeutic molecules.[49] As such, only <0.1% of
systemically delivered Ab reaches target antigens within a solid
tumor,[50] while widespread dissemination causes off-target ad-
verse events. To overcome the tumor penetration barrier, intratu-

moral immunotherapy administration either via direct bolus in-
jection or local controlled release technologies have emerged as
appealing approaches. With the emergence of alternative routes
of mAb administration, it is thus important to gain insights into
their impact on biodistribution.
Here we demonstrate that sustained intratumoral adminis-

tration via the NDES presents a viable method of surmounting
the challenges of transport barriers and systemic exposure.
We show that NDES achieves increased drug bioavailability in
the tumor, as compared to IP or direct IT injection (Figure 2).
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Figure 6. Serum AF700-CD40 levels of 4T1 mice administered over 14
days. ELISA analysis of serum drug levels of 4T1 mice administered with
AF700-CD40 via IP, IT or NDES on days 1, 4, and 14. Each data point rep-
resents mean ± STD (n = 6–7 per timepoint).

This is particularly relevant in the context of CD40 mAb. In the
clinic, systemically delivered CD40 mAb rarely reaches optimal
therapeutic dose because of dose-limiting toxicities.[14] A recent
approach to administer CD40 mAb (ADC-1013) directly into the
tumor via IT injection encountered issues of toxicities similar to
that of systemic delivery.[23] Specifically, ACD-1013 was detected
in the serum immediately after IT injection, with concomitant in-
crease in inflammatory cytokines. In our study, we demonstrate
that while direct IT injection initially reaches high levels in the
tumor, rapid seepage into systemic circulation occurred within
a day of administration, albeit 8.1-fold lower than IP administra-
tion (Figure 6). This underscores the difficulty in maintaining
local bioavailability with bolus direct IT injection. Clearance
or leakage from the tumor is dependent on numerous factors,
including drug metabolism locally,[47] tumor volume or degree
of ulceration, necrosis, perfusion, and vascularization.[51–54] Fur-
ther adding to the challenge of bolus IT injection is intratumoral
pressure and tissue resistance, back leakage from injection
canal, as well as injection position, volume, pressure, and
technique.[55] In a phase I study of intratumoral interleukin-12
(IL-12) administration, plasma levels were detected within 30
min after injection, indicative of rapid leakage.[51] Compared to
bolus intratumoral injections, the NDES releases drug in a slow,
sustained manner via molecular concentration-driven diffusion.
As such, in contrast to IT injections, with NDES administration
no excess liquid is introduced in the tumor. Thus, we posit that
drug clearance from the tumor occurs through a different and
considerably slower mechanism than bolus injections. Although
there has yet to be a clinical therapeutic standard for intratu-
moral immunotherapy dosage, CD40 mAb dosing ranged from
22.5 µg kg−1 up to 400 µg kg−1 in a recent trial.[23] The NDES
can be tailored to achieve this dosing range through altering the
size of the nanochannels or drug reservoir, as well as increasing
quantity of implanted devices per tumor.
As previously shown,[56] compared to polymer-based drug-

eluting systems, which have advantages of biodegradability or
triggered delivery, the NDES does not have challenges of burst
and decay release profiles, terminal dose-dumping, or require
drug-specific formulation. Locally injectable drug-eluting plat-
forms that rely on physiological enzymes or chemical stimuli for
triggered release could potentially be impacted by the microenvi-

ronment, affecting dosing consistency.[57,58] In situ forming im-
plants could pose concerns of drug release variability due to non-
uniform geometry and shape reproducibility.[59–61] The NDES of-
fers sustained release in a drug- and tissue- agnostic manner.
Composed of biocompatible, implantablematerials, the NDES

intended for long term intratumoral implantation. We have val-
idated the tolerability of the material components of the NDES,
as well as long term sustained drug release in numerous stud-
ies using small and animal models.[35,62–64] In the context of
cancer treatment, while our current study is performed over
14 days, intratumoral implantation could be extended depen-
dent on individual need. For example, in the case of neoadjuvant
immunotherapy,[65–67] the NDES could be retrieved during tumor
resection after predetermined immune priming phase. For pa-
tients with unresectable tumors, permanent placement similar
to brachytherapy seeds is a viable alternative. Given the clinical
precedence of intratumoral implants including that of the Com-
parative In Vivo Oncology device (NCT03056599),[68] we do not
foresee implementation challenges with the NDES.
In our biodistribution analysis, the liver, spleen, and lungs

demonstrated the most noticeable CD40 mAb accumulation
when delivered systemically. In a relevant study using a murine
bladder carcinoma model, CD40 mAb was demonstrated to pri-
marily localize to the liver and spleen regardless of systemic or
peritumoral administration.[22]

The distribution of CD40 mAb revealed in our study most
likely reflects the abundance of target antigen-expressing cells
in these organs.[22] Because CD40 is ubiquitously expressed in
normal tissues, these organs become large antigen sinks and
limit distribution to the tumor.[22,69] Thus, a larger systemic dose
is required to saturate non-tumor tissue before reaching desir-
able therapeutic level in the tumor. As a result of the increased
systemic exposure to immunotherapeutic Ab, accumulation oc-
curs in off target organs, leading to various treatment-limiting
toxicities.[7,70,71] The issue of antigen sinks in non-tumor tissue
is not isolated to CD40; in fact, other immunotherapeutic targets
encounter similar challenges, which impact efficacy as well as
induce toxicities.[72–76] Of relevance, our results provide a possi-
ble explanation to the pronounced hepatotoxicity observed in the
IP group compared to the NDES cohort in our previous study
of CD40 efficacy in the 4T1 model.[27] Here we demonstrate that
sustained release via the NDES minimizes systemic dissemina-
tion by avoiding distribution to non-tumor antigen sinks. Impor-
tantly, despite constant release from the NDES over 14 days, con-
comitant accumulation in organs were not detected. This sug-
gests that with low dose slow release, biological clearance rate
was sufficient to prevent significant systemic leakage.
Radiotherapy is implicated in influencing drug pharma-

cokinetics, leading to changes in treatment response or adverse
effects.[77–79] A significant finding in our study is the effect of radi-
ation pre-treatment on enhancing tumor retention, albeit only in
the NDES group. We attribute this finding to radiation-induced
vascular changes, resulting in impaired tumor clearance. How-
ever, this postulation needs to be validated in more extensive
detailed investigations. Radiation is thought to impact vascular
permeability, though inconsistencies persist across various
preclinical studies.[80] These discrepancies are attributable
to numerous factors including variability in mouse models,
hypofractionated or non-hypofractionated dosing, dosage and

Adv. Therap. 2020, 2000055 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000055 (7 of 11)



www.advancedsciencenews.com www.advtherap.com

dosing regimen, radiation machinery and lead shielding.[80]

Further, another notable point is that the effect of radiation
on vascular permeability is possibly time dependent and tran-
sient. Maximal tumor uptake of systemically delivered Ab is
demonstrated to be achieved when administered within 24 h
of radiation.[81,82] Thereafter, reduced tumor interstitial fluid
transport compromises intratumoral distribution of therapeutic
Ab.[79] That said, in contrary to the NDES group, we did not
observe changes in tumor uptake in the IP or IT group with
radiation pre-treatment. While we allude to possible enhanced
retention with sustained intratumoral delivery, on the basis of
the controversial effects of radiation in literature, more studies
are needed prior to making a conclusive interpretation.
In this biodistribution study, we chose labeling of mAb via flu-

orophore instead of the traditionally used radioisotopes. Depend-
ing on the radioisotope used, isotopes could either escape or be
retained in the cells after mAb degradation.[41] Thus, radioiso-
tope labeling could confound mAb distribution studies.[41] The
small size of Alexa Fluor fluorophore (1025.2 g mol−1) allows for
mAb labeling without significantly affecting its size, and trans-
port properties. Here we used N-Hydroxysuccinimide (NHS) es-
ter chemistry to conjugate Alexa Fluor 700 to primary amines
on CD40 mAb. Efficacy in terms of tumor inhibition were not
evaluated due to single dose administered, as opposed to ther-
apeutic dosage involving repeated dosing. In a prior study, we
demonstrated comparable efficacy of NDES to IP administration
of CD40 mAb, albeit without toxicities.[27]

4. Conclusion

Overall, from a clinical standpoint, our findings supports further
investigation into the use of intratumoral slow release platforms
to maximize tumor bioavailability. In this context, therapeutic
mAbs not limited to CD40, such as checkpoint inhibitors with
dose-dependent toxicity[83] could stand to benefit from minimiz-
ing systemic exposure. Further, future investigations involving
concomitant biodistribution and efficacy with therapeutic doses
are warranted to validate potential for clinical application.

5. Experimental Section
Reagents: Agonistic anti-mouse CD40 monoclonal antibody (CD40

mAb, clone FGK4.5, cat. #BP0016) was purchased from BioXCell
(Lebanon, NH).

Fluorescent Antibody Conjugation and Lyophilization: Stock solution of
CD40 mAb was concentrated via centrifugation in centricon tubes (Mil-
lipore) with molecular weight cutoff of 30 kDa. Filtrants were diluted in
0.1 m NaHCO3, concentrated to displace stock buffer and cooled in an ice
bath. AlexaFluor 700N-Hydroxysuccinimide (NHS) ester (Invitrogen) was
dissolved in dimethyl sulfoxide (DMSO), added to the antibody filtrant and
stirred at 4 °C overnight. One fluorophore was conjugated to each CD40
mAb. The reaction mixture was washed with PBS, concentrated with cen-
tricon tubes and filtered through a 0.2 µm nylon filter. The absorbance of
the filtered solution was measured via UV-Vis spectrophotometry at 280
and 693 nm. The concentration was calculated via the following equation:

CAF700−CD40 =

(
A280,m − A693,m∗

A280, AF700
A693,AF700

)

A280,CD40Ab

where CAF700-aCD40 is the concentration of fluorescent Alexa Fluor 700-
conjugated CD40 mAb (AF700-CD40 mAb), A280, m and A693, m are the
measured absorbances of the solution at 280 and 693 nm, respectively,
A280,AF700/A693,AF700 is the ratio of absorbances at 280 and 693 nm of
unbound Alexa Fluor 700, and A280,CD40Ab is the absorbance at 280 nm
of a 1 mg mL−1 solution of CD40 mAb. To stabilize the antibody for
lyophilization, the antibody was combined with trehalose dehydrate at ap-
proximately 43% by mass, frozen at −80 °C, and lyophilized for 48 h in a
standing lyophilizer (LabConco) at −32 °C and 0.09 mBar.

Nanofluidic Drug-Eluting Seed Fabrication: Silicon nanofluidic mem-
branesmicrofabricated using a refined sacrificial etching process[34,84] and
imaged via scanning electronmicroscopy (SEM; NovaNanoSEM 230, FEI,
Oregon, USA). Nanofluidic drug-eluting seed (NDES) devices were fabri-
cated as previously described.[27,32] Briefly, 18G 316 stainless steel tubes
measuring 3 mm in length and 1.1 mm in diameter were used as the
drug reservoir. Nanofluidic silicon membranes containing 20 or 250 nm
nanochannels were affixed onto one end of the drug reservoir using ther-
mal epoxy (EpoTek #354-T). We loaded the radio-opaque reservoir with
lyophilized AF700-CD40 and sealed the open extremity with silicone ad-
hesive (MED3-4213, Nusil) for 2 h at room temperature. A thin layer of
ultraviolet (UV) epoxy (EPOTEK 0G116-31) was applied over the silicone
adhesive cap to strengthen the drug reservoir seal and cured under UV
light for 5 min. Each NDES was weighed before and after drug loading to
determine total loaded antibody content. After loading, devices were sub-
merged in PBS under vacuum conditions for 20 min to allow internal air
to escape from the reservoir and prime the NDES for release.

In Vitro Release Rate Analysis: In vitro release analysis was performed
as previously described.[27] Briefly, NDES (20 or 250 nm) loadedwith CD40
were submerged in 2 mL of 1× PBS sink solution. The sink solution was
collected and replaced daily with fresh 1× PBS. Collected samples were
analyzed for protein concentration via 𝜇BCA assay (Pierce) according to
the manufacturer’s protocol. Release rate of the NDES over 21 days was
calculated by fitting the cumulative release with a polynomial curve using
MATLAB. A first degree polynomial was used and the best fit determined
using the least-squares method.

Cell Line: The 4T1 murine mammary carcinoma cell line was obtained
from ATCC. Cells were tested for pathogens by real time polymerase chain
reaction and were routinely verified to be mycoplasma negative. Cells were
cultured in RPMI 1640 supplemented with 2.05 mm l-glutamine, 100 IU
mL−1 penicillin, and 100 µg mL−1 streptomycin at 37 °C and 5% CO2.

Animals: 6-7-week-old Balb/c mice were obtained from Taconic Bio-
sciences (Rensselaer, New York). Mice were housed in the compara-
tive medicine facility at Houston Methodist Research Institute (HMRI,
Houston, TX). Mice were acclimated to their new environment and given
ad libitum food and water with a 12-h day/night cycle. All experiments
were conducted according to protocol reviewed by an independent Insti-
tutional Animal Care and Use Committee (IACUC) and in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and Animal Welfare Act and the ARRIVE guideline.

Tumor Model: To establish the 4T1 orthotopic mouse model, low pas-
sage 4T1 cells were suspended in 100 µL of a 3:1 PBS:Matrigel (Corning)
mixture and injected into the 4th left mammary fat pad. Tumors were mea-
sured three times weekly using a digital caliper. Length was defined as the
longest dimension measured and width was defined as the greatest di-
mension perpendicular to the lengthwise axis. Tumor volume was calcu-
lated according to the formula, (length × width2)/2. When tumors were
approximately 75–125 mm3, mice were randomly assigned to groups.

Antibody Administration: NDES filled with AF700-CD40 was intratu-
morally inserted via a trocar approach using sterile procedures as previ-
ously described.[27] Lyophilized AF700-CD40 was dissolved in 1× PBS to at
a concentration of 1 mg mL−1. Mice were then injected with either 100 µL
intraperitoneally for a dose of 100 µg or 50 µL intratumorally for a dose of
50 µg per animal. Dosage for IP was selected based on literature as well as
due to similarity in pharmacodynamic effect in mice as the maximum tol-
erated dose of CP-870893 (human CD40mAb) in patients.[85,86] IT dosage
was selected based on literature.[39,87]

Small Animal Radiotherapy Administration: Prior to irradiation,
mice were anesthetized with inhaled isoflurane and intraperitoneal
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dexmedetomidine (5 µg g−1 body weight). Mice were secured to a
plexiglass backboard with laboratory tape in the right lateral decubitus
position. To limit radiation to the tumor, we shielded the mice with a
combination of a rigid exposed-flank shield (Precision X-ray Inc.) and a
flexible layer of lead. Radiotherapy was delivered at a rate of 4.3 Gy min−1

via an RS 2000 small animal irradiator (Rad Source). Dexmedetomidine
anesthesia was reversed with atipamezole after radiation treatment
was complete. Radiation was delivered in 8 Gy doses on three con-
secutive days. The radiation dosage was chosen based on previous
literature.[46]

In Vivo Fluorescent Tomographic Imaging: Mice were shaved on both
dorsum and ventrum before baseline image acquisition. Mice were anes-
thetized with isoflurane and placed supine on the imaging stage. The FLIT
method of the IVIS Spectrum (Perkin Elmer) was used and 7–10 transil-
lumination points were chosen over the tumor and abdominal region of
the mice. For Alexa Fluor 700 detection, we used an excitation wavelength
of 675 nm and an emission wavelength filter of 720 nm. Mice were im-
aged over a period of up to 14 days and the Living Image Software (Perkin
Elmer) was used to acquire images and create 3D reconstructions. One
mouse from the IP group in the pilot 7 day experiment died during the
study. We analyzed the images in the Living Image Software by drawing a
region of interest (ROI) around the tumor and measuring the fluorescent
signal in radiance (p sec−1 cm−2 sr−1). To better represent the trend in sig-
nal over time for each treatment, fluorescent signal intensity was plotted
as “% signal intensity”; the animal with the highest signal intensity was
considered 100%, by which normalization was performed for the signal
intensities of the remaining mice within the group.[88]

Tissue Collection: Mice were sacrificed by CO2 asphyxiation followed
by cervical dislocation in accordance with institutional IACUC guidelines.
Tumor, liver, spleen, and lungs, were collected. Blood was collected via
cardiac puncture and transferred to serum separation tubes (BD). After
centrifugation at 3500 × g for 4 min, serum was collected and stored at
−80 °C.

Ex Vivo Organ Fluorescence Imaging Analysis: Organs were arranged on
petri dishes. Ex vivo fluorescence imaging was performed using IVIS Spec-
trum (Xenogen/Perkin Elmer) at 675 nm excitation and 720 nm emission
wavelength. Using the Living Image 4.5.2 software, regions of interest were
indicated around each organ and the radiance values measured.

Frozen Tumor Tissue Preparation: Three tumors were randomly se-
lected from each treatment group and sliced in thirds. Each tumor slice
was embedded in Tissue-Tek OCT Compound in a plastic base mold. The
molds were flash frozen in 2-methylbutane on dry ice for 30 s, wrapped in
aluminum foil and stored at −80 °C until further processing.

Immunofluorescent Imaging of Tumors: Frozen tumor sections were
cut into 30 µm slices using a cryostat with 230 µm between two adja-
cent slices. Every third slice was imaged via confocal microscopy and 3D
reconstructed. For each sample, slices #1, 7, and 13 were selected for
calculation of fluorescent distribution of Abs within the tumor using a
custom-made MATLAB script which thresholds the images at 10% of
the maximum intensity.[89,90] To minimize noise from tissue autofluores-
cence, a minimum signal level just below threshold for fluorescent Ab de-
tection was set for each section. The area of distribution was calculated
from each slice and multiplied by the slice thickness of 30 µm and sum-
mated across all images to obtain a total volume of distribution.

Anti-Rat IgG Enzyme-Linked Immunosorbent Assay: AF700-CD40 Ab
was detected via an anti-rat IgG sandwich anti-rat IgG enzyme-linked
immunosorbent assay (ELISA). 96-well Nunc Maxisorp plates (Thermo
Fisher) were coated with anti-rat heavy chain antibody at 1.25 µg mL−1

(#MCA278, Bio-Rad Laboratories, Hercules, CA, USA) overnight at 4 °C.
A standard curve was using AF700-CD40. The secondary antibody was an
anti-rat kappa/lambda light chain antibody conjugated to horseradish per-
oxidase (#MCA1296P, Bio-Rad Laboratories). 1-Step UltraTMB (Thermo
Fisher) was used as substrate and the colorimetric reaction as stopped
with ELISA Stop Solution (Invitrogen). Plates were analyzed for ab-
sorbance at 450 nm in a UV–vis plate reader (BioTek Synergy H4).

Statistical Analysis: Statistical tests were performed in Graphpad
Prism 7. Differences between groups were determined via student’s t-test.
p < 0.05 was considered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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