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ABSTRACT: Preclinical measurements of drug exposure to specific organs and tissues is normally performed by destructive
methods. Tissue-specific measurements are important, especially for drugs with intractable dose-limiting toxicities, such as
doxorubicin-mediated cardiotoxicity. We developed a method to rapidly quantify doxorubicin exposure to tissues within living
organisms using an implantable optical nanosensor that can be interrogated noninvasively following surgical implantation. The
near-infrared fluorescence of single-walled carbon nanotubes functionalized with DNA was found to respond to doxorubicin via
a large and uniform red-shift. We found this to be common to DNA-intercalating agents, including anthracycline compounds
such as doxorubicin. Doxorubicin was measured in buffer and serum, intracellularly, and from single nanotubes on a surface.
Doxorubicin adsorption to the DNA-suspended nanotubes did not displace DNA but bound irreversibly. We incorporated the
nanosensors into an implantable membrane which allowed cumulative detection of doxorubicin exposure in vivo. On implanting
the devices into different compartments, such as subcutaneously and within the peritoneal cavity, we achieved real-time,
minimally invasive detection of doxorubicin injected into the peritoneal cavity, as well as compartment-specific measurements.
We measured doxorubicin translocation across the peritoneal membrane in vivo. Robust, minimally invasive pharmacokinetic
measurements in vivo suggest the suitability of this technology for preclinical drug discovery applications.

KEYWORDS: Pharmacology, toxicology, nanocarbons, biosensor, photoluminescence

Real-time, transient monitoring of drug pharmacokinetics
in preclinical models and patients remains a hurdle to
therapeutic efficacy and toxicological analyses. Tissue-specific
measurements of drug exposure are important for under-
standing drug toxicities and therapeutic windows, as is drug
penetration across delivery barriers. For drugs with unman-
ageable dose-limiting toxicities, it is especially necessary to
understand fluctuations in exposure and lifetime total
exposure. The measurement of preclinical drug exposure to
specific organs and tissues is normally measured by destructive
methods, requiring dissection. Quantification of drug bio-
distribution normally requires end point analysis and
euthanization of multiple animals for each time point. Such
pharmacokinetic analyses in preclinical and clinical develop-
ment would benefit from a rapid, facile measurement of drug
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concentrations and total exposure in multiple body compart-
ments.

An important class of cancer drugs that exhibit severe dose-
limiting toxicities are the anthracyclines, which include
daunorubicin, doxorubicin, epirubicin, idarubicin, and valrubi-
cin." Doxorubicin in particular has become one of the most
widely used chemotherapy drugs and is used to treat breast
cancer, acute lymphoblastic leukemia, bladder cancer, Ewing
sarcoma, Hodgkin lymphoma, non-Hodgkin Iymphoma,
osteosarcoma, recurrent small cell lung cancer, and soft tissue
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Figure 1. Interaction of DNA-intercalating agents with DNA-suspended nanotubes. (a) Structures of the five DNA-intercalating agents tested. (b)
Representative spectra of DNA-suspended nanotubes after addition of 1 M each of the indicated compound. Red horizontal lines represent the

center wavelength for control nanotubes (exposed to no compound) of the

(10,2), (9,4), and (8,6) chiralities. (c) Wavelength shift relative to a

buffer-treated control for three chiralities after addition of 1 M of the indicated compound. Data are presented as mean + SD of technical
triplicates. (d) Corresponding intensity fold change relative to buffer-treated control for three chiralities after addition of 1 M of the indicated

compound. Data are presented as mean =+ SD of technical triplicates.

sarcomas.” Despite the broad efficacy of doxorubicin, its
administration must be closely monitored due to dose-limiting
cardiotoxicity, which is cumulative and irreversible, limiting
both acute and lifetime dosing of the drug. On the basis of
retrospective analyses of clinical events, the incidence of
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cardiotoxicity is about 7.5% at a lifetime dose of 550 mg/m?>*~>
which has become the recommended upper limit. This limit is
pragmatic from an epidemiological perspective, as it is not
possible to predict patient-specific lifetime dose limits.
Doxorubicin is typically administered intravenously (IV) and
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Figure 2. Sensitivity and kinetics of the nanosensor response to doxorubicin. (a) Change in emission band center wavelength of S nanotube
chiralities as a function of doxorubicin concentration in buffer conditions. (b) Intensity change relative to buffer-treated control for S nanotube
chiralities as a function of doxorubicin concentration in buffer conditions. (c) Change in band center wavelength of S nanotube chiralities as a
function of doxorubicin concentration in whole serum. (d) Intensity change relative to serum control for S nanotube chiralities as a function of
doxorubicin concentration in whole serum. Error bars represent standard deviation of technical triplicates.

is also administered at high doses into the peritoneum in
certain conditions, such as metastatic ovarian cancer.®” For
both traditional IV administration and peritoneal adminis-
tration, tissue-specific monitoring could potentially allow the
assessment of drug distribution in particular anatomic sites in
real-time. A cumulative sensor near or within cardiac tissue
could also provide precise information on patient-specific
exposure to doxorubicin and eventually enable better control
of lifetime exposure to doxorubicin and prevention of
cardiomyopathy.

Anthracyclines and several other important compounds
interact with DNA via intercalation. DNA intercalation is a
noncovalent interaction driven by hydrophobic and z—n
interactions between a planar, aromatic polycyclic compound
that is approximately the size of two DNA bases.”’
Intercalation often distorts the DNA'® to prevent replication
or other essential cell functions,'' which is therapeutically
useful for halting cell division in cancer cells"> but can also be
highly toxic to normal dividing cells."”> DNA-intercalating
agents have additionally found widespread use in molecular
biology to visualize DNA, such as ethidium bromide'* and
others.">'® Some pollutants are also recognized to be
intercalating agents with carcinogenic potential, such as
polycyclic aromatic hydrocarbons (PAHs)."” Rapid optical
detection of PAHs could be beneficial for environmental
monitoring'®'? or other toxicology applications.

Single-walled carbon nanotubes (SWCNTs) are nanoma-
terials with unique DNA-binding properties that have been
used to develop in situ optical and electronic sensors. SWCNTs
are cylinders composed entirely of sp® hybridized carbon,
essentially consisting of graphene rolled into a cylinder with a
diameter between about 0.8 and 1.2 nm.”’ Single-walled
nanotubes can be noncovalently suspended by single-stranded
nucleic acids which bind to carbon nanotubes via 7—7 stacking
interactions between the nucleobases and the graphitic/
aromatic nanotube surface. Flexibility in the single-stranded
DNA backbone enables wrapping around the nanotube surface
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so that multiple bases can bind, providing a high-avidity
interaction.”** The negatively charged phosphate backbone
serves to prevent reaggregation through electrostatic repul-
sion,”’ making single-stranded DNA an effective dispersant for
preparing colloidal solutions of carbon nanotubes. SWCNTSs
emit highly photostable band gap photoluminescence (fluo-
rescence)”"” in the near-infrared range, which is penetrant to
living tissues.”® The single-walled carbon nanotube emission is
highly sensitive to their local dielectric environment.””** DNA-
encapsulated nanotubes are similarly environmentally respon-
sive and have been applied in the detection of several analytes
such as lipids, alkylating chemotherapeutic drugs, cell-surface
and soluble proteins, and microRNA, among others.”*™%°
DNA-SWCNT sensors have been employed in vivo for the
detection of analytes including reactive oxygen species,
microRNA, and protein biomarkers for cancer.**%*’

Certain DNA intercalators exhibit a strong aflinity for the
carbon nanotube surface®® and can be used to noncovalently
solubilize them.”” Doxorubicin has been shown to bind carbon
nanotubes that have been suspended with PEGylated lipids,*’
which were used as a vector for drug delivery."' We previously
found that the interaction of DNA-suspended nanotubes and
amphiphilic surfactants can be discerned via changes in carbon
nanotube photoluminescence, and we found that amphiphiles
bind to the remaining free space on the nanotube surface.*®
Given the strong affinity of DNA intercalators such as
polycyclic aromatic hydrocarbons and doxorubicin for carbon
nanotubes, we surmised that carbon nanotubes may be used to
monitor these agents in biological environments, including in
vivo, via the nanotube emission response.

Herein, we investigated the impact of DNA-intercalating
agents on the optical properties of carbon nanotubes and their
in vivo application. We found that the binding of DNA
intercalators to the carbon nanotube surface resulted in red-
shifting of the emission and excitation wavelengths of carbon
nanotube photoluminescence, likely due to charge carrier
screening. Doxorubicin was found to elicit dose-dependent
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red-shifting and quenching of ssDNA-suspended carbon
nanotubes in both buffer and serum conditions with rapid
kinetics. In exploring the mechanism, we found that the
suspending DNA was not displaced, and approximately 180
molecules of doxorubicin irreversibly bound to a DNA-
wrapped nanotube of average length (166 nm). We also
found that single nanotube complexes could detect doxor-
ubicin in both buffer and serum conditions, largely
recapitulating the average bulk response. Three modalities of
implantable devices were tested in vitro; two hydrogels, agarose
and alginate, and a heat-sealable semipermeable membrane.
Using the semipermeable membrane-based device, we found
that sensing resulted in a cumulative response. Surgical
implantation into the peritoneal cavity of a mouse allowed
for rapid, minimally invasive optical detection of injected
doxorubicin. Finally, we implanted two devices in sites
separated by the peritoneal membrane. After administering
doxorubicin, we found an anatomically distinct response
denoting that the drug did not appreciably pass through this
thin layer of tissue.

Results and Discussion. We interrogated DNA-sus-
pended carbon nanotubes with a panel of known DNA-
intercalating agents, to assess the response on nanotube
photoluminescence. Three of the compounds, ethidium
bromide, SYBR green, and Hoechst 33258, are used to
measure DNA content by fluorescent changes after inter-
calation. Doxorubicin, a chemotherapy drug, is an effective
agent against rapidly dividing cells due in part to its affinity for
DNA. A conjugate of polyethylene glycol (PEG) and pyrene
(pyrene—PEG) was synthesized by reacting amine-terminated
polyethylene glycol (PEG, 1000 MW) with NHS-activated 1-
pyrenebutyric acid (see methods in the Supporting Informa-
tion) (Figure la). Each agent elicited red-shifting behavior
from the carbon nanotube emission (Figure 1b,c). The
emission intensity for most agents was reduced to varying
degrees, with 1 M doxorubicin and ethidium bromide
producing the greatest reductions (Figure 1b,d). This
concentration is approximately equal to potential physiological
concentrations, as prior work has shown patient blood
doxorubicin levels ranging up to 0.92 uM.** Because of the
potential clinical utility of an optical sensor for doxorubicin, we
further characterized this interaction.

We assessed the quantitative behavior of the DNA-—
nanotube hybrids in response to doxorubicin. A dilution
experiment found that most nanotube chiralities exhibited
dose-dependent red-shifting at doxorubicin concentrations
between 500 nM and SO yM after a 4 h incubation (Figure
2a). In these experiments, the limit of detection of the sensor
was S uM doxorubicin for all chiralities except for the (9,4), for
which it was 500 nm. The nanotube emission quenched 60—
80% upon incubation with S uM doxorubicin and even 20—
50% at 0.5 uM doxorubicin (Figure 2b). All chiralities were
sensitive to as low as 500 nm doxorubicin using intensity-based
measurements. The kinetics of the nanotube emission response
were measured upon introducing doxorubicin. The wavelength
shifting and intensity quenching responses were rapid, with a
large amount of the observed sensor response occurring
between sample addition and the first measurement obtained
on our instrumentation (Figure S1).

We next investigated the possibility of quantitative sensing
of doxorubicin in complex biological solutions such as serum.
We previously reported that serum nonspecifically red-shifts
carbon nanotube emission due to electrostatic interactions
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with serum proteins.”® We repeated our earlier dose—response
experiment in serum. We observed dose-dependent red-
shifting (Figure 2c¢) and intensity quenching (Figure 2d;
Figure S2), with sensitivity reduced by approximately 1 order
of magnitude as compared to buffer-only conditions: 50 yM
for all chiralities but (9,4) (S uM) by wavelength shift and §
UM for all chiralities by intensity change. One explanation for
this change in sensitivity may be that doxorubicin is known to
bind to serum proteins,” which may have lowered the
availability of the free drug to bind to the sensor.

Mechanistic studies were conducted to understand the
nature of the doxorubicin-induced optical response of the
nanotubes. We first investigated whether the aggregation and
fluorescence quenching of DNA-suspended sensor complexes
were due to aggregation with metallic nanotubes (see text in
the Supporting Information). However, experiments with
SWCNT preparations lacking metallic nanotubes determined
that aggregation did occur, and this was likely not to be the
cause of quenching (Figure S3). We then assessed whether
doxorubicin displaced the DNA from the nanotube surface by
competing for interaction with the adsorbing nucleotide bases
(see text in the Supporting Information). However, displace-
ment experiments of fluorescently labeled DNA-SWCNT
complexes revealed that the wrapped DNA is not displaced
by doxorubicin (Figure S4).

We attempted to measure the quantity of doxorubicin that
bound to DNA-suspended nanotubes. A known mass of
(GT),s-suspended nanotubes was added to S00 uM
doxorubicin, and an equal volume of buffer was added to a
control. After incubation, the samples were centrifuged to
pellet the aggregated nanotubes (Figure SSa), and a sample of
the supernatant was assayed for doxorubicin using absorbance
spectra (Figure SSb). The difference in absorbance was
compared to a doxorubicin standard curve (Figure SSc) and
used to estimate the mass of doxorubicin lost from solution
due to binding the nanotubes. From these data, we estimate
that 1 ug of (GT) s-suspended nanotubes bound to 0.95 yg of
doxorubicin. This is less than in previous work of doxorubicin
loading on phospholipid-PEG-suspended nanotubes, which
reported a 4:1 ratio of doxorubicin to carbon nanotube by
mass.*” The authors estimated the phospholipid-PEG coating
to cover only 10% of the nanotube surface, which may explain
the difference we observed with a DNA coating. We next
attempted to wash away the bound doxorubicin by pelleting
the sample, aspirating the supernatant, and adding 100 uL of
buffer and vortexing. This was performed three times, with the
supernatant extracted for absorbance measurements after each
wash (Figure S6a). The first wash released some doxorubicin
from the nanotubes, giving the supernatant a red hue. The
following washes did not change the supernatant color, but the
nanotube pellet continued to appear red. On the basis of a
comparison of the absorbance of the supernatant from each
wash (Figure S6b) to the standard curve, we calculated that
about 0.35 ug of doxorubicin was removed from the nanotube
surface by washing. We conclude that 0.6 ug of doxorubicin
bound to 1 ug of (GT)s-suspended nanotubes strongly
enough to resist desorption from pelleting and washing. The
average length of carbon nanotubes in our sample is 166 nm.**
We estimate that the average mass of a nanotube of this length
(using the (6,5) species) is 3 X 107" g, based on previous
calculations.” Thus, for one nanotube, we calculate that
approximately 180 molecules of doxorubicin bound strongly.
The emission spectra from the nanotubes were acquired after
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Figure 3. Single-nanotube response to doxorubicin. (a) Representative near-infrared photoluminescence image of carbon nanotubes on the surface
of a lysine-coated glass bottom plate in buffer. Scale bar = S uM. (b) Composite spectrum of all single nanotube spectra upon interrogation with
buffer (control) or SO uM Dox. (c) Wavelength shifting response of single nanotubes in buffer treated with S0 4uM doxorubicin or buffer only.
Buffer only n = 36; doxorubicin 1 = 19; p = 3.0 X 10™'; unpaired two-tailed t test. Each point represents a single nanotube. Center line represents
mean. Error bars represent SEM. (d) Wavelength shifting response of single nanotubes in whole serum treated with buffer or 50 #M doxorubicin.
Buffer n = 18; doxorubicin n = 28; p = 9.5 X 10™"'; unpaired two-tailed t test. Each point represents a single nanotube. Center line represents mean.
Error bars represent SEM. (e) White light image of macrophages on a glass surface at 1000X magnification. Scale bar = § uM. (f) Broadband near-
infrared emission under 730 nm excitation corresponding to the region of interest depicted in panel e. Scale bar = S uM. (g) Center wavelength of
all nanotubes within individual cells treated with either buffer or 500 #uM doxorubicin. Each bar is mean + SEM; n = 15 cells for buffer, n = 7 cells
for dox; p = 5.5 X 107 unpaired two-tailed ¢ test. Each point represents a single cell. Center line represents mean. Error bars represent SEM.

treatment with buffer, 500 yM Dox, or 500 uM doxorubicin
followed by three washes, to assess the impact of washing on
the nanotube optical response to doxorubicin (Figure S6c¢).
We observed that the emission spectrum was largely unaltered
by washing as compared to the sample containing 500 yM
doxorubicin without pelleting and washing (Figure S6d). We
conclude that 0.6 pg of doxorubicin bound nearly irreversibly
to 1 ug of (GT)s-suspended nanotubes, leading to the
observed nanotube emission changes. Additional doxorubicin
that was less strongly bound did not appear to contribute
further to the optical changes, as its removal had little impact
on the nanotube emission.

Single-nanotube responses to doxorubicin were assessed in
buffer conditions and in serum. DNA-suspended nanotubes
were incubated on a lysine-coated glass bottom plate for 10
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min before washing and replacing the buffer. Single nanotubes
were apparent on the surface upon imaging using a
fluorescence microscope with 730 nm excitation and broad-
band image acquisition (Figure 3a). Spectra of individual (9,4)
nanotubes were acquired via near-infrared hyperspectral
imaging*® (Figure 3b). After 10 min of incubation with buffer,
as a control, or concentrated doxorubicin to a final
concentration of S0 uM, the spectra were acquired again,
and the emission wavelength shift of each individual nanotube
was calculated. Treatment with doxorubicin produced an
overall wavelength red-shift of 11.6 nm + 1.5 nm (Figure 3c).
The signal change of the averaged spectrum of the single
nanotubes (11.6 nm) approached that of the bulk spectrum
from the suspension material (15.6 nm). We next measured
the response of single (9,4) nanotubes in whole serum upon
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Figure 4. Detection of doxorubicin is cumulative. (a) Representative emission spectra of DNA-suspended nanotubes in an implantable membrane
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= p =0.0089; bar 2—3 * = p = 0.019; bar 2—4 NS = p = 0.08; bar 3—4 NS = p = 0.72. No significant difference in intensity between incubation in 1
mL of 50 M doxorubicin or 10 mL of S uM doxorubicin. Error bars represent standard deviation of three measurements.

introducing doxorubicin. The average magnitude of red-
shifting was 7.7 + 0.9 nm (Figure 3d). The averaged shift
from single nanotubes of 7.7 nm closely recapitulated the bulk
measurement.

Because the nanosensor responded to doxorubicin in a
complex protein environment, we tested whether doxorubicin
could be detected within live cells. (GT);s-suspended
nanotubes were incubated with the RAW 264.7 murine
macrophage cell line overnight and washed three times to
remove cell surface-adsorbed nanotubes.’® White light images
showed normal cell morphology (Figure 3e), and broadband
near-infrared images revealed punctate spots of nanotube-filled
vesicles inside most of the cells as expected from prior works
(Figure 3f 394748 Three cohorts of cells were treated with 500
4M doxorubicin or buffer, as a control, and incubated for 1 h,
after which the nanotube emission was measured via
hyperspectral microscopy focusing on the (9,4) nanotube
chirality. We confirmed that the nanotube center wavelength
was not dependent upon the total fluorescence intensity within
each cell (Figure S7). Treatment with SO0 yM doxorubicin
elicited an average per-cell red-shift of approximately 14 nm
(Figure 3g). DNA-—nanotube complexes are known to
internalize via endocytosis or phagocytosis,” and the nano-
tubes remain localized in vesicles within the cell. Cell viability
is unaffected by this treatment with nanotubes.’>>' The
nanotube response to doxorubicin is almost identical to that
which was found in solution-based serum measurements above
(Figure 2c).

To construct an implantable sensor for doxorubicin, three
different materials were tested. We first encapsulated DNA-
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suspended nanotubes in agarose gel, known to carry nanotube
complexes without diminishing their photoluminescence.>
The sensor response to doxorubicin within the gels in vitro
closely resembled that of unencapsulated nanotube complexes,
and the kinetics were unaffected by gel encapsulation, with
maximal red-shifting and intensity quenching by 10 min
(Figure S8a). To examine reversibility, the doxorubicin-treated
nanotube-impregnated agarose gel (about 20 L volume) was
dialyzed in S0 mL of deionized (DI) water with three changes,
where the last change was allowed to proceed overnight. The
nanotube emission red-shift was not reversed by the dialysis,
consistent with the inability to wash away doxorubicin in
previous experiments. Another hydrogel, alginate, was tested
due to its ease of use and precedent for use in vivo with
suspended nanotubes for sensing applications.”® Again, we
observed red-shifting and quenching in response to doxor-
ubicin, making this hydrogel a potential implantation material
(Figure S8b). Lastly, we tested a porous membrane wherein
the nanotube solution was heat-sealed inside, as we have
previously reported.*>*” An in vitro dose—response assessment
produced a surprising pattern, where concentrations above 5
UM doxorubicin resulted in nanotube red-shifting, but the
intensity did not quench to the degree seen in the other
materials. Certain nanotube chiralities produced even brighter
intensities than the baseline intensity, before introduction of
doxorubicin (Figure S8c). When the DNA-—nanotube-
encapsulated membranes were tested in vitro in whole serum,
we noted a similar phenomenon, but where maximal
quenching occurred at 50 yM of doxorubicin rather than 5
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Figure S. In vivo doxorubicin detection in anatomically distinct compartments. (a) Emission spectrum of implanted membrane device before
injection of doxorubicin and 30 min after intraperitoneal injection of 1 yL of uM doxorubicin. (b) Intensity of implanted nanotube device
measured for the (8,6) in real-time after intraperitoneal injection of 1 mL of doxorubicin at time 0 min. (c) Center wavelength of the (8,6)
nanotube device measured in real-time after intraperitoneal injection. Kinetics data were taken every 0.5 s for the duration of the experiment. Gaps
in data are from periodic monitoring of the mouse. (d) Center wavelength of the (9,4) nanotube from implanted membrane devices after injection
with 1 mL of buffer, S uM Dox, S0 yuM Dox, or 500 uM Dox. N = 3—4; mean + SD; one-way ANOVA with Tukey’s multiple comparisons test;
buffer vs 5 uM Dox NS = p = 0.43; buffer vs 50 uM Dox *** = p = 2.8 X 107*; buffer vs 500 uM Dox *** = p = 2.4 X 107%; S uM Dox vs 50 uM
Dox ** = p = 0.0029; 5 uM Dox vs 500 uM Dox *** = p = 4.7 x 107%; S0 uM Dox vs 500 uM Dox *** = p = 4.2 X 107%. (&) Image of the mouse
before surgery (left) and after implantation of sensors in peritoneum and under skin (right). (f) Broadband near-infrared emission from a mouse
before sensor implantation (left), after implantation (center), and after injection of S00 #M doxorubicin. The device on the left of each image was
implanted in the peritoneal cavity, and the device on the right is between the skin and peritoneum. (g) Emission spectra from the device under the
skin (blue, outside peritoneum) and inside the peritoneum (red) as measured with probe apparatus. (h) Emission spectra of the device under the

skin (blue, outside peritoneum) and inside the peritoneum (red) taken ex vivo after the experiment.

UM, consistent with a reduction in serum-based sensitivity
(Figure S8d).

To better understand the restoration of intensity with higher
concentrations of doxorubicin using the dialysis membrane,
more concentrations were tested around and below 5 uM. We
observed that the nanotube emission wavelength did not shift
at concentrations less than 1 uM. However, at lower
concentrations where a red-shift could be detected, the
intensity quenched. Beyond about 5 uM, the intensity restored
to levels comparable to untreated controls (Figure S9a). While
analyzing the wavelength shift of carbon nanotubes has several
advantages as a sensor output for an implantable sensor, it is
also possible to make use of ratiometric intensity changes to
control for factors that could change absolute intensity, such as
heterogeneity of emission absorbance and scattering through
different tissue types. Thus, we measured the intensity ratio of

two nanotubes, the (9,4) and the (8,7), to test if ratiometric
quenching could be measured in concentration regimes below
S pM. Indeed, we found that ratiometric sensing could
improve our threshold of detection to between 50 and 500 nM
(Figure S9b).

We assessed the possibility that the implantable nanosensor
may detect doxorubicin in a cumulative manner. We
hypothesized that the response of the implantable device to
long-term incubation in a low concentration of doxorubicin in
a large volume would be equivalent to incubation with a higher
concentration in a small volume, at equivalent total drug
masses. We prepared the nanotube-loaded membrane
implantable devices and incubated the implants in 10 mL of
S uM doxorubicin and in 1 mL of 50 uM overnight; in both
cases the total mass of doxorubicin was 29 ug. We also
incubated overnight in 1 mL of buffer and 1 mL of 5§ uM

4349 DOI: 10.1021/acs.nanolett.9b00956

Nano Lett. 2019, 19, 4343-4354


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00956/suppl_file/nl9b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00956/suppl_file/nl9b00956_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00956/suppl_file/nl9b00956_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b00956

Nano Letters

doxorubicin (2.9 ug) to serve as controls. The controls
behaved as expected, where S uM doxorubicin treatment
induced red-shifting and maximal quenching while 50 xM
doxorubicin further red-shifted the nanotubes and restored
intensity (Figure 4a). In the experimental group, S uM
doxorubicin in 1 mL again induced red-shifting and maximal
quenching. Notably, the S M doxorubicin in 10 mL produced
a spectrum that was nearly identical to that of incubation in 1
mL of S0 uM doxorubicin (Figure 4a). We assessed the center
wavelength (Figure 4b) and intensity (Figure 4c) for the (9,4)
nanotube and found that the values were not statistically
different.

We assessed the function of the nanosensor implant
response to doxorubicin in vivo. We surgically placed the
nanotube-loaded membrane-based implant device into the
peritoneal cavity of live mice.*>”” After allowing the animals to
awaken and become ambulatory for 1 h, they were again
anesthetized with isoflurane. Fluorescence measurements of
the implanted carbon nanotubes were taken through the skin
with a custom-built laser probe apparatus consisting of a 730
nm laser and spectrometer coupled to an InGaAs array
detector.>>*” Following the measurement, 1 mL of 500 uM
doxorubicin was administered intraperitoneally, and the mice
were again allowed to awaken and become ambulatory. After
30 m, the mice were again anesthetized, and nanotube implant
fluorescence was measured. Injected doxorubicin produced the
expected red-shift and intensity quenching (Figure Sa).

We measured the implant continuously to assess the kinetics
of doxorubicin binding immediately after injection. We
repeated the previous implantation and doxorubicin admin-
istration experiment while monitoring the (8,6) nanotube
continuously, both before and after doxorubicin injection, with
0.5 s data acquisitions. Initial quenching was observed (Figure
Sb), followed by red-shifting (Figure Sc) at approximately 4
min. The mouse was periodically monitored (gaps in data) for
any experimentally induced damage (e.g., skin damage, signs of
distress), but none was found.

We next assessed the threshold of detection in vivo. We
surgically implanted the nanotube sensor device into mice and
injected either buffer, 5 uM doxorubicin, 50 uM doxorubicin,
or 500 M doxorubicin intraperitoneally. We found significant
red-shifting at both the yM and 500 M doxorubicin
concentrations while monitoring the (9,4) nanotube chirality,
but not for S uM (Figure 5d). We found similar shifting upon
examination of the (8,6) chirality (Figure S10a), and an
examination of the implantable devices ex vivo corroborated
the in vivo response (Figure S10b,c). Detection of SO uM
doxorubicin, but not 5 yuM doxorubicin, was consistent with
the dose response data taken in whole serum.

Finally, we investigated whether implanted carbon nanotube
sensor devices could be used to obtain anatomic compartment-
specific measurements of doxorubicin. We surgically implanted
two carbon nanotube devices into the peritoneal area separated
by the peritoneum. This membrane defines the peritoneal
cavity and separates it from the skin. One device was placed in
the peritoneal cavity, while the other device was implanted
between the skin and the peritoneum. Imaging using a custom-
built whole-animal near-infrared preclinical hyperspectral
imager was used to assess implant placement. Two white
light images show the mouse before and after surgery, with one
of the implantable devices visible beneath the skin (Figure Se).
Broadband near-infrared imaging under 730 nm illumination
shows the nanotube emission from the two implanted devices.
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The suture was also apparent in the near-infrared image due to
slight autofluorescence of the suture material. Doxorubicin was
injected intraperitoneally, and intensity of the nanotube
fluorescence from the implanted devices was monitored
(Figure Sf). Broadband imaging showed quenching of the
device in the peritoneal cavity but not of the device under the
skin (Figure Sf). Whole-animal hyperspectral data were then
collected (Figure S11a). The emission response of the implant
under the skin showed clear spectral similarities (Figure S11b),
but the emission intensity was too low with respect to the
background to discern changes in the emission wavelength of
the peritoneal implant (Figure S1lc). The mouse was then
interrogated using the fiber optic probe-linked near-infrared
spectrometer, where each of the devices was measured in vivo.
Compared to the device implanted outside the peritoneum, the
device inside red-shifted and quenched to a large degree
(Figure Sg). Measurement of the devices ex vivo confirmed the
red-shift observed in vivo (Figure Sh). The difference in the
responses of the two sensors suggests that doxorubicin was
largely restricted to the inside of the peritoneum for the course
of this experiment.

The ability to quantitatively detect doxorubicin and related
compounds in vivo could help address the issue of dose-
monitoring for cumulative toxicity in patients by incorporating
DNA-suspended nanotubes into an implantable device. The
sensor responded via a red-shift, allowing quantitative
measurements. The nanotube emission also responded to
doxorubicin via quenching, which we ascribe to the electron-
withdrawing character of doxorubicin creating nonradiative
decay sites or electron dispersion on the nanotube side-
wall.>*** This is supported by the partial intensity restoration
by the reducing agent Trolox.

The optical response of the nanotube to doxorubicin was
quite robust, even in the complex environment of whole serum,
within live cells, and in vivo. The doxorubicin-induced red-
shifting did not reverse upon attempts to remove doxorubicin.
Although potentially detrimental to certain types of measure-
ments, cumulative sensing behavior is particularly useful for
human clinical applications, as the toxicity of doxorubicin to
patients is cumulative and irreversible. We envision the utility
of a sensing device that could be implanted via a minimally
invasive procedure. An implantable sensor could also be useful
for doxorubicin as part of hyperthermic intraperitoneal
chemotherapy (HIPEC) procedures, where site-specific
measurement of doxorubicin can take place in live animals
or patients.” This could help provide more precise therapy by
accounting for patient-to-patient variation in doxorubicin
distribution. In experimental model systems, it may also be
possible to use this sensor to aid with pharmacokinetics studies
by studying doxorubicin accessibility in live organisms. This
may be especially helpful in understanding cancer resistance to
doxorubicin as cell intrinsic processes or extrinsic processes in
the context of the live animal.

Methods. Suspension of Carbon Nanotubes. For DNA
suspensions, single-walled carbon nanotubes produced by the
HiPCO process (Unidym, Sunnyvale, CA) were mixed with
DNA oligonucleotides (IDT DNA, Coralville, IA) at a 2:1
mass ratio (DNA:SWCNT) in 1 mL of saline-sodium citrate
(SSC) buffer and ultrasonicated for 30 min at 40% amplitude
(Sonics & Materials, Inc.). For sodium deoxycholate (SDC)
suspensions, 1 mg of HiPCO nanotubes was similarly
sonicated in 2 wt %/vol SDC prepared in water. Following
ultrasonication, the dispersions were ultracentrifuged (Sorvall
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Discovery 90SE) for 30 min at 280000g. To remove free
DNA, 100 kDa Amicon centrifuge filters (Millipore) were
used. The DNA—nanotube complexes were resuspended in
saline-sodium citrate buffer (G Biosciences, St. Louis, MO).
The top 80% of the supernatant was collected. Absorbance
spectra for all dispersions were acquired using a UV/vis/NIR
spectrophotometer (Jasco V-670, Tokyo, Japan). The concen-
tration was calculated using the extinction coeflicient Absy,, =
0.025 54 L/(mg cm').
The DNA sequences used for suspension were as follows:

(1) GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT-
TCAGTTTTGCATAGATTTGCACA;

(2) GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
(denoted (GT),s);

(3) GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT-
GTGTGTGTGT (denoted (GT)y);

(4) CTTCCCTTC-Cys.

All were purchased from IDT (Coralville, IA). Purification
of the (8,4) nanotube chirality suspended using the (GT),,
sequence was performed as previously described.’®

Near-Infrared Fluorescence Spectroscopy of Carbon
Nanotubes in Solution. Near-infrared fluorescence emission
spectra from aqueous nanotube solutions were acquired using
a home-built apparatus consisting of a tunable white light laser
source, inverted microscope, and InGaAs near-infrared
detector. The SuperK EXTREME supercontinuum white
light laser source (NKT Photonics) was used with a VARIA
variable bandpass filter accessory capable of tuning the output
500—825 nm with a bandwidth of 20 nm. The light path was
shaped and fed into the back of an inverted IX-71 microscope
(Olympus) where it passed through a 20X near-infrared
objective (Olympus) and illuminated a 50—100 L nanotube
sample in a 96-well plate (Corning). The emission from the
nanotube sample was collected through the 20X objective and
passed through a dichroic mirror (875 nm cutoff, Semrock).
The light was f/# matched to the spectrometer using several
lenses and injected into an Isoplane spectrograph (Princeton
Instruments) with a slit width of 410 gm which dispersed the
emission using an 86 g/mm grating with 950 nm blaze
wavelength. The spectral range was 930—1369 nm with a
resolution of ~0.7 nm. The light was collected by a NIRvana
InGaAs 640 X 512 pixel array (Princeton Instruments). An
HL-3-CAL-EXT halogen calibration light source (Ocean
Optics) was used to correct for wavelength-dependent features
in the emission intensity arising from the spectrometer,
detector, and other optics. A Hg/Ne pencil style calibration
lamp (Newport) was used to calibrate the spectrometer
wavelength. Background subtraction was conducted using a
well in a 96-well plate filled with DI H,O. Following
acquisition, the data were processed with custom code written
in MATLAB which applied the aforementioned spectral
corrections and background subtraction and was used to fit
the data with Lorentzian functions.

Solution Phase Experimental Conditions. Unless otherwise
noted, the concentration of nanotubes used for all experiments
was 1 mg/L. Doxorubicin hydrochloride salt (LC laboratories)
was prepared in a concentrated stock solution of 5 mM in
deionized water and added to samples to the indicated final
concentrations. Control samples used a volume-matched
addition of water. Ethidium bromide, SYBR green, and
Hoechst 33258 (all from ThermoFisher) were added to a
final concentration of 1 yM. Experiments in serum used fetal
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bovine serum (ThermoFisher) with concentrated nanotubes
added for a negligible increase in volume. Samples were
incubated for 4 h.

DNA-Displacement, Aggregation, and Doxorubicin Accu-
mulation Measurements. DNA displacement measurements
were conducted using 100 kDa Amicon centrifuge filters
(Millipore) to remove displaced DNA. Absorbance of
unmodified DNA was measured using the NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). DNA modified
with CyS was measured using a Tecan Infinite M1000 plate
reader (Tecan Group Ltd., Switzerland) to acquire absorbance
spectra with 2 nm steps. Experiments measuring the
sequestration/binding of doxorubicin to nanotubes involved
a 100 uL volume of 500 uM doxorubicin incubated with 20
mg/L (GT);s nanotubes. The samples were then centrifuged
at maximum speed (21130 RCF) for S min to pellet the
nanotubes followed by extraction of the supernatant.
Absorbance spectra of the supernatant were acquired of the
350—700 nm range, using 2 nm steps, and compared to an
identically treated control sample without nanotubes. A
standard curve was constructed with known concentrations
of doxorubicin to calculate the mass of doxorubicin that was
lost due to the presence of nanotubes. The pellet of nanotubes
was then washed in an attempt to liberate bound doxorubicin,
which was again assessed by the absorbance spectra of the
supernatant and comparison to the standard curve. Quantifi-
cation of aggregation was done using dynamic light scattering
(Zetasizer Nano ZS, Malvern Instruments) for three
independent runs.

Near-Infrared Hyperspectral Microscopy. Near-infrared
hyperspectral microscopy was performed as previously
described.*® The sample was illuminated using a continuous
wave 730 nm diode laser (output power = 2 W) via a
multimode fiber. A custom beam shaping module was used to
produce a top hat intensity profile with a maximum of 20%
variation at the sample surface. Shaped laser emission was
reflected into an Olympus IX-71 inverted microscope modified
for near-infrared transmission and focused onto the sample
with a 100X (UAPON100XOTIRF; numerical aperture, NA =
1.49) oil objective (Olympus) via a long-pass dichroic mirror
with a cut-on wavelength of 880 nm. Spatially resolved, near-
infrared emission from the sample was fed into a volume Bragg
grating (VBG) where specific wavelength components of the
polychromatic light were diffracted and passed again through
the VBG resulting in a monochromatic beam, which was
collected by a 256 X 320 pixel InGaAs array (Photon Etc.).
Data were compiled as a continuous stack of images for the
indicated wavelength ranges (hyperspectral cubes) wherein
every pixel of a near-infrared image was spectrally resolved.

Single-Nanotube Measurements. Single-nanotube meas-
urements were performed by incubating (GT)s-suspended
nanotubes on a poly-p-lysine-coated glass bottom plate
(Mattek, Ashland, MA) for 10 min before washing with 20
mM HEPES buffer three times and adding 1 mL of 20 mM
HEPES buffer containing (#)-6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox) at 2 mg/mL. Hyper-
spectral cubes were obtained as described before and after
addition of 50 #M doxorubicin. Three independent runs were
performed. Data were processed with Image] software. Peaks
were fitted to Lorentzian functions using custom MATLAB
code to obtain center wavelength values, and the differences of
each nanotube from each condition were pooled to make
average spectra and construct box and whisker plots.
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Measurement of Nanotube Response to Doxorubicin in
Cells. A murine macrophage cell line (RAW 264.7, TIB-71
obtained from ATCC) was propagated at 37 °C and 5% CO,
in DMEM with 10% heat-inactivated FBS, 2.5% HEPES, 1%
glutamine, and 1% penicillin/streptomycin (all from Gibco).
Cells were plated on glass bottom Petri-dishes (Mattek) and
treated with 1 mg/mL (GT),5 nanotubes added directly to the
medium overnight. Cells were washed in warm PBS three
times before treatment with buffer or 500 yM doxorubicin for
1 h, and hyperspectral measurements were performed. For
both the buffer-treated and doxorubicin-treated cells, regions
of interest (ROIs) were selected using Image]J software around
cells with measurable nanotube fluorescence. Spectra from
nanotubes within individual cells were fitted to a Lorentzian
function using custom MATLAB code to obtain center
wavelength values (>0.75 R?). Center wavelength values for
nanotubes within cells were averaged and compared between
buffer-treated and doxorubicin-treated groups.

Device Implantation and in Vivo Measurements. All
animal experiments were approved by the Institutional Animal
Care and Use Committee at Memorial Sloan Kettering Cancer
Center. KrosFlo Implant Membranes (500 kDa MWCO) were
obtained from Spectrum Laboratories (Rancho Dominguez,
CA). The membrane was cut to about 1—2 cm in length and
filled with approximately 15 L of 1 mg/L (GT),5 nanotubes.
Each end was heat-sealed. All mice used were NU/J (nude)
from Jackson Laboratories and anesthetized with 2% isoflurane
for surgeries and spectra acquisition. The initial assessment of
responsivity in vivo used three mice with a 1 mL injection of
500 uM doxorubicin. Dose-escalation studies used N = 3—4.
Kinetics after injection of doxorubicin and whole-mouse
hyperspectral imaging of anatomic compartment-specific
sensing is reported for one mouse each. Probe-based
measurements were taken using a custom-built reflectance
probe-based spectroscopy system. The system consisted of a
continuous wave 1 W 730 nm diode laser (Frankfurt). The
laser light was injected into a bifurcated fiber optic reflection
probe bundle. The sample leg of the bundle included one 200
pum, 0.22 NA fiber optic cable for sample excitation located in
the center of six 200 pm, 0.22 NA fiber optic cables for
collection of the emitted light. Emission below 1050 nm was
filtered using long-pass filters, and the light was focused into
the slit of a Czerny—Turner spectrograph with 303 mm focal
length (Shamrock 303i, Andor). The slit width of the
spectrograph was set at 410 pm. The light was dispersed
using an 85 g/mm grating with 1350 nm blaze wavelength and
collected with an iDus InGaAs camera (Andor). Spectra were
fitted to Lorentzian functions using custom MATLAB code.
Whole-mouse hyperspectral imaging of nanotubes in vivo was
performed using a preclinical hyperspectral mouse imaging
system (Photon Etc, Montreal). Two continuous wave 730
nm diode lasers each with an output power of 2 W were
reflected off optical mirrors and distributed over the entire
mouse, resulting in a maximum power density of 340 mW/
cm’. Emission light was filtered through an 1100 nm long-pass
filter to reduce autofluorescence. Intensity from broadband
imaging was quantified with custom software (PhySpec,
Photon Etc.). Hyperspectral cubes were obtained via a volume
Bragg grating (VBG) as found in the hyperspectral microscopy
of cells and single nanotubes.*®
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