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Abstract
Multidrug resistance (MDR) is a significant problem in the clinical management of several
cancers. Overcoming MDR generally involves multi-modal therapeutic approaches that integrates
enhancement of delivery efficiency using targeted nano-platforms as well as strategies that can
sensitize cancer cells to drug treatments. We recently demonstrated that tandem delivery of
siRNAs that downregulate anti-apoptotic genes overexpressed in cisplatin resistant tumors
followed by therapeutic challenge using cisplatin loaded in CD44 targeted hyaluronic acid (HA)
nanoparticles (NPs) induced synergistic antitumor response in CD44 expressing tumors that are
resistant to cisplatin. In the current study, a near infrared (NIR) dye-loaded HA NPs was employed
to image the whole body localization of NPs after intravenous (i.v.) injection into live mice
bearing human lung tumors that were sensitive and resistant to cisplatin. In addition, we quantified
the siRNA duplexes and cisplatin dose distribution in various tissues and organs using an ultra-
sensitive quantitative PCR method and inductively coupled plasma-mass spectrometry (ICP-MS),
respectively, after i.v. injection of the payload loaded HA NPs in tumor bearing mice. Our
findings demonstrate that the distribution pattern of the siRNA and cisplatin using specifically
engineered CD44 targeting HA NPs correlated well with the tumor targeting capability as well as
the activity and efficacy obtained with combination treatments.
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1. Introduction
Multidrug resistance (MDR) is a significant problem in the clinical management of several
cancers [1]. Overcoming MDR generally involves multi-modal therapeutic approaches that
integrates enhancement of delivery efficiency using targeted nano-platforms as well as
strategies that can sensitize cancer cells to drug treatments [2–4]. It has been demonstrated
in our previous study that tandem siRNA treatment followed by cisplatin regimen reversed
resistance and significantly increased the tumor cell death [5]. The efficacy study was based
on delivering siRNA and cisplatin using specifically engineered CD44 targeting hyaluronic
acid (HA) nanoparticles (NPs) that home to CD44 receptor overexpressing cisplatin resistant
tumors [5, 6]. In order to understand the correlation between the activity and the distribution
levels in the tumors and various non-target organs and tissues, in the current study, the
siRNA and cisplatin loaded HA NPs were tracked and quantified by using various ultra-
sensitive methods. Furthermore a near IR (NIR) dye indocyanine green (ICG) was loaded in
the HA NPs to image the whole body distribution of the NPs in live tumor bearing mice.
ICG is a water soluble, amphiphilic near infrared (NIR) dye that strongly absorbs and
fluoresces in the NIR region exhibiting a favorable absorption and emission maxima (λmax)
at 780 and 820 nm respectively [7–9]. Since most of the biomolecules and tissue do not
absorb and emit in the NIR region, the fluorescence of ICG is relatively free of any
background interferences or tissue auto-fluorescence and gives a more reliable signal for
optical imaging applications. In addition, ICG has been approved for clinical use by the
United States Food and Drug Administration [10]. In several studies, ICG has been used as a
fluorescence contrast agent in diagnostic imaging for early detection of superficial tumors
and many other medical applications [11]. ICG has also been explored extensively for
numerous applications including NIR imaging in preclinical studies such as tracking its
distribution in different tissues [12]. One of the issues with the use of free ICG is its short
half-life and rapid clearance from circulatory system [7]. In the current study, we have
encapsulated ICG in the HA NPs that were previously used to deliver siRNA to tumors as
part of an independent efficacy and safety study [5, 6].

In addition to monitoring the NPs loaded with NIR dye, the distribution pattern of active
therapeutic payload, such as siRNA, is also important in understanding the efficacy that was
observed during the combination treatment. For this purpose the siRNA was encapsulated in
identical HA NPs that were used in the efficacy studies and an ultra-sensitive PCR method
was utilized to quantitate siRNA at ~picogram levels present in different tissues, including
tumor tissue, several hours after the treatment [13, 14].

Since cisplatin loaded HA NPs was also used in our combination treatments, it is important
to understand its distribution when encapsulated in HA NPs [15]. After i.v injection of the
free cisplatin solution or cisplatin loaded HA NPs in tumor bearing mice, the cisplatin
content was quantified in various tissues and plasma using a highly sensitive and reliable
inductively coupled plasma-mass spectrometry (ICP-MS) method that permits accurate
determination at or below the parts per million levels in native samples [16]. Indeed, direct
coupling of the HPLC column to an ICP-MS is known to detect specific mass of interest for
platinum at nanogram levels. This way it leads to specific and sensitive detection with little
background interference from complex biological matrices. It has been reported previously
that the use of this sensitive and versatile method allows unequivocal identification and
quantitation of platinum complexes including cisplatin [16]. HPLC-ICP-MS technique has
gained popularity recently for detecting trace elements in biological and clinical samples.
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2. Materials and Methods
2.1. Chemicals and Reagents

Highly purified and well characterized grade of sodium hyaluronate with an average
molecular weight of 20 kDa was obtained from Lifecore Biomedical Co. (Chaska, MN).
Poly(ethylene imine) (PEI, MW~10,000 Da) was obtained from Polysciences Inc.
(Warrington, PA). Sulfo-NHS was purchased from Thermo Scientific Corp (Billerica, MA),
monofunctional polyethyleneglycol amine (PEG2k-NH2, MW=2000 Da) was purchased
from Creative PEG Works (Winston Salem, NC). Indocyanine green (ICG), cis-
diamineplatinum(II) dichloride (≥99.9%, cisplatin) and 1,8-diaminooctane (ODA) were
purchased from Sigma-Aldrich Chemical Co (Milwaukee, WI). Other reagents for synthesis
were obtained at high purity (>99%) from Sigma-Aldrich Chemical Co (Milwaukee, WI) or
Acros Organics (Thermo Fisher, Pittsburgh, PA) and used without further purification. O-
phenylenediamine was purchased from Wako Chemicals (Tokyo, Japan). AgPath-ID One
step RT-PCR kit part# AM1005 was purchased from Invitrogen (Carlsbad, CA) to perform
RT-PCR.

2.2. Cell Lines and Tumor Models
Human non-small cell lung cancer (NSCLC) A549 and small cell lung cancer (SCLC) H69
cell lines were obtained from ATCC (Manassas, VA). The corresponding resistant cell lines
(A549DDP and H69AR) were obtained from Massachusetts General Hospital (Boston, MA)
and ATCC (Manassas, VA), respectively. Cells were grown in RPMI medium supplemented
with 10 % FBS. Animal procedures were performed according to a protocol approved by
Northeastern University, Institutional Animal Care and Use Committee (NU-IACUC).
Tumor models were developed in nude mice obtained from Harlan Laboratories (South
Easton, MA). For the tumor model development, 5–6 week old nude mice were injected
subcutaneously (s.c.) with A549 (5×106 cells + Matrigel®), A549DDP (1×107 cells), H69
(1×107 cells), H69Ar (1×107cells + Matrigel®) tumor cells, under the right shoulder. Tumor
volume was measured twice a week to monitor the tumor growth.

2.3. ICG-Loaded HA Nanoparticles for Optical Imaging
In order to understand the biodistribution of HA NPs, ICG, an amphiphilic carbocyanine dye
that strongly absorbs and fluoresces in the NIR region was encapsulated in the NPs. The
NPs were prepared according to a method employed to construct siRNA loaded HA NPs
reported before [6]. HA-PEI and HA-PEG derivatives used in this study were also
synthesized as described previously [6]. Briefly, an equal volume of HA-PEI (900 μl, 3mg/
ml in PBS) and HA-PEG (900ul, 3 mg/ml in PBS) were mixed, vortexed and kept at room
temperature for 5 min. Then 200 μl of ICG solution (0.5mg/ml in water) was added to the
above mixture, vortexed and kept at room temperature for 15–20 min. The solutions were
then dialyzed against phosphate buffered saline (PBS) overnight using 10 kDa MW cut-off
membrane (Spectrapore, Spectrum Labs, San Diego, CA). In order to determine the
encapsulated ICG content in the NPs, a standard curve was initially run with the dye alone at
different concentrations. The absorbance was measured at 780 nm for the standard curve and
for determining the ICG content in the NPs. Tumor bearing mice were developed as
described before and the study commenced when the tumors reached an average size of
~200 mm3. The NPs were then injected i.v. into mice bearing A549, A549DDP, H69 and
H69AR tumors using the tail vein. Mice were imaged at 10 min, 4 h, 10 h, and 24 h after the
injection to monitor the distribution of the NPs using IVIS Xenogen Imaging System
(Xenogen Corporation, Alameda, CA) (Ex: 785 nm, Em: 820 nm). Along with these
formulations, the free ICG in PBS (at identical encapsulated concentration) was also injected
into mice bearing A549 tumors to compare the distribution of the free dye.
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2.4. siRNA Quantitation in Tissues
Survivin silencing siRNA duplex was encapsulated in HA-PEI/HA-PEG NPs as described
before [6]. Briefly 90 μl (3 mg/ml in PBS) of HA-PEI was mixed with 90 μl (3 mg/ml in
PBS) of HA-PEG and incubated for 15 min at room temperature. Then 20 μl of 0.5 mg/ml
survivin siRNA (in PBS) was added to the above mixture and vortexed well and incubated
for additional 15 min at room temperature. The particle size and zeta potentials were
measured using a Zetasizer (Zetasizer Nano-S, Malvern Instruments, UK). These NPs were
injected into mice (n=3/ group) bearing cisplatin resistant lung tumors (A549DDP) at 0.5 mg/
kg for 3 days. After 1 h, 6 h, and 24 h following the last injection, blood samples and several
major organs namely, liver, spleen, lung, heart, kidney and tumors were collected. The
organs were then homogenized using Qiogen tissue Lyser (Qiagen, Germantown, MD) to
prepare tissue lysates. The homogenized tissue lysates were subsequently diluted at 1:1000
to prepare dilute samples. Using the appropriate reverse primer, anti-primer and the tissue
lysate, the annealing step was run initially followed by RT-PCR. The survivin siRNA
sequence, reverse primer, forward primer, and an anti-primer sequence are listed below.

Survivin siRNA:

Sense: 5′GGmCGmUAAGAmUGAmUGGAmUmUmUmUmU3′

Antisense: 5′AAAUCmCAUmCAUCUmUACGCCmUmU3′

Primers

Reverse: GGAAGCCGACAAGGCGTAA

Forward: /56-FAM/ACTCCCTCCCTCGATTT AAATCCATCATCT

Anti-primer: AAATCGAGGGAGGGAG/3BHQ_1/

As a first step, the siRNA was denatured and annealed to the RT primer (6 μl diluted siRNA
and 18 μl reverse primer, 100 nM). siRNA was denatured by incubating at 95 °C for 5 min.
Primers were then annealed by 2 min incubation at 80, 70, 60 and 45 °C with 4 °C hold.
Then the reverse trancription reaction was carried out as follows. A master mix was made by
mixing the following components: RT-PCR buffer (6.25 μl), forward primer, (10 μM, 0.12
μl), reverse primer (10 μM, 0.12 μl), antiprimer (100 μM, 0.12 μl), 25X RT-PCR enzyme
(0.5 μl) and water (1.5 μl).

A total of 8.5 μl of this master mix was then mixed with 3.5ul of sample and ran the PCR at
the following listed conditions: 50 °C (10 min), 9 °C (10 min), 40 cycles, 95°C (15 sec), 45
°C (60 sec). The amplified siRNAs were finally detected and quantitated by running a
standard curve using lysate from untreated mouse tissue and spiked with known siRNA
concentrations.

2.4. Cisplatin Quantitation in Tissues
For the quantitation study, cisplatin was first encapsulated in HA NPs. The HA-ODA and
HA-PEG derivatives and the method to encapsulate cisplatin in HA-ODA with and without
PEG was performed as described before [6]. Briefly, to fabricate the cisplatin/HA-ODA
NPs, 90 μl (10 mg/ml in water) HA-ODA derivative was mixed with 10 μl (10 mg/ml)
cisplatin solution (in DMSO). The complex was incubated at room temperature for 15 min
and dialyzed against PBS using dialysis membrane (10 kDa MW cut-off, Spectrapore,
Spectrum Labs, San Diego, CA) to get rid of the un-encapsulated cisplatin. In addition to
these NPs, another set of NPs were also fabricated by including HA-PEG. For this purpose,
90 μl of HA-ODA (10 mg/ml in water) was initially mixed with 90 μl of HA-PEG (10 mg/
ml in water) and incubated for few minutes at room temperature. Then 20 μl of cisplatin (10
mg/ml in DMSO) was added to the above mixture and vortexed well, incubated for 15 min
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at room temperature followed by dialysis as described above. A well-established
colorimetric method was used to determine encapsulated cisplatin concentration using O-
phenylenediamine [17].

Tumors were grown as described and when they reached the size of ~100–150 mm3, they
were randomized into 4 groups (n=3/group) for the study. Cisplatin-encapsulated in HA-
ODA and HA-ODA/HA-PEG NPs were then i.v. injected (tail vein) in mice bearing
cisplatin resistant A549DDP tumors at 1 mg/kg dose. Free cisplatin solution was also injected
in its conventional form at the same dose along with the NPs to get a comparative tissue
distribution. After 6 h and 24 h following a single i.v. dose, blood and tissues were collected
for platinum (Pt) analysis by ICP-MS. Blood samples were collected in heparinized tubes
and centrifuged to get the plasma. Tissue samples such as liver, spleen, lung, kidney, heart,
brain and tumor were harvested at the same time points. All the samples were processed to
measure the sum total (encapsulated + released or protein bound and unbound) Pt for the NP
formulations of cisplatin and for total (protein bound and unbound) Pt for free cisplatin.
Samples were digested initially to get the free Pt in the lysate. Plasma samples were digested
by adding 100 μl 70 % HNO3 and 100 ng/ml Iridium solution to 50 μl plasma and heated for
1.5 h at 100 °C. Subsequently the mixture was then diluted to 1 ml with deionized water
(Barnstead Nanopure, Thermo-Barnstead, Hampton, NH). For tissue processing, about 40–
80 mg tissues was sectioned and recorded for exact weight. Digestion of those tissues
samples were carried out as described for plasma samples and the final volume of those
lysates was adjusted to get 2 ml with deionized water. The samples were subsequently used
for ICP-MS analysis. In parallel, the standard curves for Pt and iridium solutions were also
run. Iridium is used as the instrument internal standard and the concentrations are calculated
based on the response ratio of platinum counts/second (cps) vs. iridium standards. The
calculated platinum concentration is then regressed further using the ratio of Pt
concentration observed and iridium internal standard ratio fit on a linear regression equation
of 1/x.

2.5. Data Analysis
Statistical analysis was performed using GraphPad Prism software® (GraphPad Software
Inc., CA) to determine if there is any significant difference between organ concentrations
also between delivery systems. The two tailed unpaired t-test was used to compare the mean
values ± standard errors; p values < 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Biodistribution Analyses of ICG-Encapsulated HA Nanoparticles by In Vivo Imaging

We previously demonstrated that lung cancer cells such as A549 and its resistant counterpart
A549DDP expressed saturating levels of CD44 and thus exhibited efficient gene
downregulation when treated with siRNA encapsulated CD44 targeting HA NPs [6].
However, the apparent lower level expression of CD44 on H69AR (~ 90 %) and H69 (~60
%) cells led to lower level activity/knockdown in H69AR and almost no activity in H69
cells even at higher siRNA concentrations. Based on these findings, we focused our earlier
efforts on downregulating the overexpressed genes present in the resistant A549DDP tumors
using the appropriate therapeutic siRNAs and reversed the resistance in those tumors [5]. In
the current study, our goal was to look at the distribution pattern of the HA NP loaded with
cisplatin or siRNA and correlate its distribution pattern with the efficacy results observed
previously. We were also interested in exploring the HA NP localization to tumors that are
known to overexpress CD44 (A549/A549DDP) and compare the results with tumors that
express lower levels of CD44 receptors (H69/ H69AR).
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To this end, we first evaluated the whole body NP distribution in live animals using NIR
dye, ICG encapsulated in the HA NPs. For preparation of the ICG loaded HA-PEI/HA-PEG
NPs, a similar method used to encapsulate siRNA was employed as described in the
experimental section. These NPs have similar characteristics as presented by the siRNA
encapsulated NPs (Table 1A). The particle size of HA-NP loaded with ICG was in the range
of ~ 200 nm and displayed a negative surface charge/zeta potential of ~ −15 mV. However,
the encapsulation of ICG in these particles was only 25% and the initial dose was calculated
accordingly, to match with siRNA dosing.

The ICG loaded NPs were then i.v. injected in A549, A549DDP, H69 and H69AR tumor
bearing mice at a dose that is equivalent to the dose that was used in the efficacy study. The
NPs were found to be stable during circulation on intravenous (i.v.) injection and its NIR
signal was measured at different time points to capture the distribution pattern (Table 1B) in
live mice. As expected, a strong NIR signal was initially observed throughout the whole
body of mice in all 4 types of tumors at 10 min due to circulation of ICG loaded NPs in the
blood after tail vein injection. At 4 h time point, majority of the signal was detected in the
liver and spleen region of all the mice (the major organs of macromolecular accumulation,
disintegration and clearance by the hepatobiliary system). In addition, the A549 tumor
location also had a signal as seen in Fig. 1A. None of the other tumors had traceable amount
of fluorescence at this time point. At 10 h, the signal in A549 tumors still persisted.
However, the overall signal intensity was diminished throughout the body except in tumors
for all the mice, possibly due to disintegration of the HA NPs and ICG release followed by
rapid elimination. Interestingly, there was a clear fluorescence NIR signal detected in
A549DDP tumors at 10 h (Figure 1A). However, no signal was detected in H69 or H69AR
tumors at any time points tested (Figure 1B). At 24 h, there was no detectable fluorescence
signal in any organ or tissue of all the mice (data not shown). These results corroborate the
low CD44 receptor expression levels and the poor activity of HA NPs in H69 and H69 pair
as seen earlier [6].

The distribution of ICG dye alone was also monitored over that period of time to compare
its localization with that of the NP encapsulated counterpart. When free ICG was injected in
A549 tumor bearing mice, the overall intensity of the signal was much lower than the signal
that was observed in mice that received HA-NP/ICG as early as 10 min post injection. This
was more evident at the 4 h time point (the only area detected was the liver/spleen, but not in
tumors, Figure 1C). At 10 h, the majority of the signal in the liver disappeared possibly due
to recirculation and clearance. Similar clearance patterns have been reported by other groups
as well [18, 19]. Bahmani et al., recently reported that after i.v. injection of free ICG in
healthy mice, the signal was detectable in the liver as early as 3 minutes post-injection,
reaching a peak level between 5 and 10 min, indicative of a rapid hepatic clearance from the
systemic circulation, while the fluorescence signal in the liver was found to increase up to
60 min time point after NP administration [18]. Zheng et al., underlined that the relatively
short circulation time of the free ICG in vivo could be attributed to fluorescence quenching
of free ICG in physiological environments [19]. Consistent with our observations, Zheng et
al., also reported that free ICG could not be detected in the tumor at any time point from 0.5
to 24 h, although free ICG was still detectable in the intestinal region at 8 h post-injection.
These results supported the previously described clearance pathway involving exclusive
uptake by hepatic parenchymal cells and subsequent biliary excretion [20]. The higher and
longer existing signal observed in mice that had HA NP/ICG treatment suggests that the HA
NPs were stable in circulation and the ICG remained intact inside the NPs, protected from
hepatic parenchymal cellular uptake. This distribution study with ICG clearly demonstrated
that the NPs targeted tumors expressing saturating levels of CD44. However there was no
signal detected in tumors that express lower than saturating levels of CD44 suggesting that a
threshold level of CD44 expression is necessary for the NPs to bind and internalize via the
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receptor mediated endocytosis. The late signal appearance in the resistant A549DDP tumors
is consistent with our previous siRNA dependent knockdown data, which showed an
increased survivin and bcl-2 knockdown after 72 h than at 24 h time point[5].

3.2. An Anti-Primer Quenching Based PCR Method to Quantify siRNA in Tissues
For the siRNA distribution and quantification study, the survivin siRNA that was used
previously in the combination efficacy studies was encapsulated in identical HA-PEI/HA-
PEG NPs (size: ~90–100 nm and charge: −15 mV). Since we demonstrated previously that
we were able to efficiently deliver survivin siRNA to resistant A549DDP tumors and reverse
the resistance, we were interested in looking at the distribution of the same siRNA in mice
bearing identical tumors. After three i.v. injection of 0.5 mg/kg siRNA doses (in HA NP)
into tumor bearing mice, blood and tissues samples were collected for siRNA quantitation at
1 h, 6 h and 24 h post last administered dose (Figure 2A). For the accurate siRNA
quantitation, the anti-primer quenching based real time PCR method was utilized, as
described in the experimental section [13]. In this method, a fluorescently labeled PCR
primer was designed to anneal to the template RNA and to a universal anti-primer.
Following the initial PCR, the temperature is lowered to allow the anti-primer to bind to the
unincorporated primer to quench its fluorescence. Since this will not bind to the double
stranded PCR product, there will be an increased fluorescent signal detected.

The siRNA was quantitated in each tissue and the % input dose per whole organ was
calculated based on the starting siRNA dose as shown in Figure 2B. Liver showed about
~33.4 and 32.2 % of the injected dose at 1 h and 6 h. It was slightly reduced (p<0.05) at 24 h
time point (~13.4 %). Similar pattern was detected in spleen as well, from ~22.8 % ID at 1 h
to ~17.4 % at 24 h (p=0.08). The higher signal in liver and spleen corroborated the
observation from the ICG study. About 2–3 % of input siRNA dose was detected in kidneys.
The siRNA was also detected in tumor lysates but at a lower level compared to liver, spleen
and kidney (0.5–1% ID), though still at a significantly higher level than in lung, heart and
brain (p<0.02). Interestingly, the levels found in tumor at 24 h was significantly higher than
the levels found at earlier time points (p<0.05) and this is consistent with higher ICG signal
observed at later time point in resistant lung (A549DDP) tumors. Levels found in lung and
heart was very low (0.2–0.5 %), but still in the detectable range. The levels detected in
plasma were even lower (~ 0.01– 0.004 % ID), suggesting that siRNA does not remain in
plasma, but contrarily distributes quickly and widely into other organs that correlate well
with the high levels measured in liver and spleen (which together contain more than 50 %
ID at 1 h). Jiang et al., similarly reported higher siRNA levels in liver and kidney, when
compared to tumor, while lower levels were measured in lung and heart, 24 h post i.v.
administration of Cy3-siRNA/PEI-HA complexes [21]. Surprisingly, these nano-complexes
accounted for very low levels of siRNA in the spleen, lower than in any other organs
studied, contrary to our HA formulations that exhibited very high spleen levels. However,
the high spleen level in our case is consistent with high levels of CD44 expression in the
spleen, as reported in many other studies [22, 23].

To estimate the rate of siRNA washout, we calculated the ratio of Clast/ Cmax, i.e., siRNA
concentration at the last time point (24 h) divided by the maximum concentration achieved
at any time point (Figure 2C). In a given organ, the lower the ratio the higher the washout of
siRNA from that organ (or the shorter the residence time of siRNA in that organ). In liver,
where concentrations reached higher levels, the ratio was the lowest (0.402), suggesting that
the siRNA would not remain long in the liver. This value was close to the plasma value
(0.457), suggesting that concentrations in plasma and liver might evolve in parallel. The
ratio was higher in spleen, lung and kidney (0.665, 0.622 and 0.724 respectively), indicating
that siRNA would remain longer in those organs than in liver and plasma. The decrease in
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siRNA concentrations has however started in those organs at 24 h. Contrarily, tumor and
heart displayed a ratio of 1, which means that the Cmax reported here was at 24 h, and
consequently that the decrease in siRNA concentrations may not have started yet at 24 h
time point, leading to an accumulation of siRNA in those organs. This result in tumor is
consistent with higher ICG signal observed at later time point in resistant lung (A549DDP)
tumors, and could explain the results obtained in the efficacy study in these tumor models, in
which the gene knockdown was much higher at 72 h or 120 h compared to an earlier (24 h)
time point. The prolonged accumulation in heart is contrarily not a favorable event regarding
possible toxicity. Future studies of this treatment strategy should probably include a later
time point (72 h), so as to determine if the accumulation in heart will continue, followed by
an evaluation of cardiac toxicity. However, this concern should be moderated to low due to
the low level of siRNA found in the heart (Cmax around 0.3%).

3.3 Cisplatin Distribution Correlates with siRNA and Nanoparticle Distribution
Since we previously demonstrated a combination effect of siRNA and cisplatin mediated
reversal of drug resistance, we were interested in looking at the distribution pattern of
cisplatin during treatment as well. In order to achieve this objective, cisplatin was
encapsulated in a functionally variant HA derivative (HA-ODA) primarily due to the
hydrophobic nature of the cisplatin, and the difficulty it poses in encapsulation to form water
soluble nanoparticles. As such, encapsulation of small molecule drug such as cisplatin in
hydrophilic HA polymer or PEI derivatized HA is highly challenging. Thus we introduced
fatty acid side-chains onto HA backbone to encapsulate cisplatin by self-assembly as
discussed earlier [6]. This formulation previously delivered cisplatin to resistant lung tumors
and demonstrated efficacy [5]. Additionally, we fabricated NPs containing both PEG
modified HA (HA-PEG) and HA-ODA lipid modified version to assess if the PEG
component could improve longer residence and achieve better tumor delivery. The physical
characteristics of these two types of HA NPs were very similar (size: ~400–425 nm and
charge: ~−25 mV (Table 2A). Since the maximum cisplatin encapsulation that could be
achieved was ~18–20 % (w/w) in both the NPs, the doses were calculated accordingly. In
the study, these two NPs containing cisplatin were tested along with free cisplatin solution
for comparisons. All three formulations were injected i.v. as a single dose of 1 mg/kg
cisplatin concentration. The tissues and plasma were collected at 6 h and 24 h post injection
for cisplatin quantitation as shown in Table 2B. The samples were processed and analyzed
by ICP-MS to quantitate the % input/injected dose per gram of tissue as shown (Figure 3).
The ratio of 24 h concentration to 6 h concentration (C24h/C6h) was calculated and
considered as a measure of the residence time of cisplatin in the tissue (Table 3). It was
found that for all formulations, the most exposed organs were found to be the liver, kidney
and spleen, while cisplatin levels were very low in the heart and the brain. Tumor, lung and
plasma accumulation were intermediate. Although the delivery systems used for cisplatin
and siRNA were not exactly the same, the distribution pattern observed for cisplatin was
very similar to the results observed for the siRNA distribution study, probably because the
major contributing factor is attributed to the bulk property of HA as well as NP surface
characteristics, which also dictates tumor targeting (based on CD44 receptor
overexpression).

As expected, the cisplatin plasma concentration at 6 h was enhanced by HA NP
formulations, when compared to free cisplatin solution (3.3 and 3.0% ID/mL for HA-ODA
and HA-ODA-PEG respectively, versus 1.8% for cisplatin solution, p<0.05). However, the
C24h/C6h ratio was very low for HA-ODA NP (0.323) when compared to HA-ODA/HA-
PEG NP (0.736) and free cisplatin solution (0.568), indicating that the concentration
decreased rapidly for HA-ODA NP. Consequently, at 24 h, the levels in HA-ODA/cisplatin
NP treated mice went down to the same level as that of free drug (cisplatin) solution treated
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mice, while the mice that had HA-ODA/HA-PEG NP treatment displayed around twice as
much (~ 2.2%) cisplatin levels than the free cisplatin solution and HA-ODA/cisplatin NP
treatment (~1%) (p<0.05). The higher plasma residence time for PEGylated NPs has been
extensively described in the literature, and attributed to the stealth characteristics of PEG
coated NPs and their diminished uptake by the reticulo-endothelial system (RES) [24–26].

On the other hand, although the cisplatin concentration in the tumors of HA-ODA NP
treated mice was lower than the levels exhibited by HA-ODA/HA-PEG NP treated mice
(~1% ID/g versus ~1.5% ID/g respectively) at 6 h, they were not significantly different
(p=0.2). Similarly, the cisplatin levels were slightly higher for HA-ODA NP treated mice at
24 h (~1.2% ID/g) compared to the HA-ODA/HA-PEG NP treated mice (~0.9%), but not
statistically different However, the kinetics of the cisplatin accumulation seemed to be
different for both NPs. Over the period of time, cisplatin continues to accumulate in the
tumor of HA-ODA NP treated mice, with a C24h/C6h ratio of 1.21, but the cisplatin levels
seem to decrease when HA-ODA/HA-PEG NP formulation was used for cisplatin delivery
(ratio of 0.630), leading to a lower concentration at 24 h (~0.9 % ID/g). Again this
difference is not statistically significant. However, if the trend continues, then the levels
might reach a point at which there will be significant differences. Also, the trend will be
more prominent if the study is run with larger number of mice and it may be suggesting that
the HA-ODA NPs may be accumulating slowly into the tumors over a period of time,
whereas the ODA/PEG NPs although accumulated rapidly, may start to clear out sooner. For
the free cisplatin solution administration, the 6 h tumor concentration was the lowest (0.6 %
ID/g), but tumor concentration increased between 6 h and 24 h (C24/C6 ratio of 1.6),
allowing tumor concentration at 24 h to reach similar levels to that obtained for HA-ODA/
HA-PEG NP administrated group (~0.9 % ID/g). However, with regard to overall
distribution profile, free cisplatin solution lead to a low tumor accumulation, hence
underlining the interest of the targeted NP approach for tumor selective delivery[27].

With regard to safety, the free cisplatin solution led to a rather lower level accumulation in
the main off-target organs when compared with HA NPs. A striking exception is the spleen,
in which, the concentration of cisplatin at 24 h was approximately 4-fold higher compared to
the levels found in the spleens of NP treated mice (~4.5% ID/g versus ~1% ID/g, p<0.01)),
making spleen the highest exposed organ at 24 h, at a cisplatin level similar to the levels in
the kidneys. This higher accumulation of cisplatin in the spleen was demonstrated by a C24/
C6 ratio of 3.650. An increase of the spleen cisplatin levels leading to high spleen exposure
was also observed and reported by Comenge et al. [28]. However, we did not observe any
adverse toxicity in mice or drastic variation in the animal body weights during the in vivo
efficacy study. This observation may partly be due to the very low cisplatin dose used by us
(1 mg/kg). The most striking results of our previous studies were the tumor suppression
using the siRNA/cisplatin combination treatments even at these low doses of cisplatin as
opposed to 10 mg/kg cisplatin doses generally used [29].

The HA NPs overall led to higher organ exposure and it is correlated to higher plasma
concentrations. However, the biodistribution pattern was different for both NP types. After
HA-ODA/HA-PEG NP administration, the cisplatin levels, while decreasing in the spleen
and the kidneys between 6 h and 24 h (C24/C6 ratio of 0.321 and 0.832 respectively), it
increased tremendously in liver (C24/C6 ratio of 1.65, p<0.05)), leading to the highest
concentration measured in this study (9% ID/g), and raising concern about liver
accumulation and toxicity of this formulation. After HA-ODA administration, liver
concentration however decreased between 6 h and 24 h, with a ratio C24/C6 of 0.88,
although still remaining at high levels (5%ID/g), but significantly lower than the levels
detected in HA-ODA/HA-PEG NP treated mice (p<0.05). However as discussed above, we
did not observe any adverse toxicity in any mouse groups (liver enzymes and histology) in
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the efficacy studies. The cisplatin levels also decreased in the spleen (ratio of 0.496) of HA-
ODA treated mice and were similar to those obtained after HA-ODA/HA-PEG NP
treatment. In the kidney of HA-ODA treated mice, concentrations increased between 6 h and
24 h (ratio of 1.46), raising some concern about kidney accumulation and toxicity with this
treatment, as with the free cisplatin solution. However, levels were lower at 6 h (4% ID/g,
p<0.05) or at similar levels at 24 h (5.8% ID/g, p=0.4) compared to the levels found in HA-
ODA/HA-PEG NP treated mice (7.65%ID/g and 6.3%ID/g). Taken together, these cisplatin
tumor distribution data are consistent with the siRNA and ICG distribution studies, and
allow us to explain the combination efficacy we saw previously.

In addition, He et al [30] have recently demonstratedhow the size and surface charge of the
NPs play a major role on cellular uptake and biodistribution. Their well-defined particles
with 150 nm size and −15 mV charge accumulated most efficiently in the tumors. It was also
shown in the study that larger size particles of 500 nm and a charge of −25 mV, didn’t
accumulate as efficiently as the smaller ones in the tumors, instead they accumulated in
organs like liver, spleen and in some cases in lung too, most likely due to the uptake by the
macrophages present in those organs (via phagocytosis). This information corroborates the
observation with our NPs as well.. HA-PEI/ HA-PEG NPs that are in the smaller size range
(~90–100 nm, ~−15 mV) and (~200 nm, −15 mV) most likely accumulated in the tumors
(~0.5–1% of the input siRNA dose was detected in the tumors).

The HA-ODA and HA-ODA/HA-PEG systems that we used for cisplatin delivery on the
other hand, falls in the larger particle size category (~400 nm, −25mV). This NP size and
charge data correlates with the larger particles with higher charge data in He et al’s study.
These NPs are likely to be accumulating at lower levels in tumors than the smaller particles
described for siRNA/ICG delivery (we detected only ~0.2–0.3 % of the input dose in the
tumors). Another observation from our study was that the HA-ODA/HA-PEG/cisplatin NPs,
unlike the the HA-ODA/ cisplatin NPs, seemed to be accumulating more in the liver
suggesting that the PEGylated particles might have been taken by the liver macrophages.

4. Conclusions
Taken together, the imaging and distribution studies reported herein of the tested HA NP
formulations containing ICG, siRNA or cisplatin, were found consistent with the efficacy
data reported earlier. In the previous efficacy studies, the HA-ODA NPs were chosen for
cisplatin delivery, based on their slightly favorable tumor growth suppression at early time
points compared to HA-ODA/HA-PEG NP formulation. But the present pharmacokinetic
study suggests that the amount of cisplatin accumulated in tumor is very similar with both
NP treatment. Although the trend showed that there was a decrease in cisplatin levels in
tumors from 6 to 24 h when HA-ODA/HA-PEG NPs were used compared to the increase in
levels observed with HA-ODA NPs, the numbers were not statistically different. Apart from
this, the present study suggests that the HA-ODA NPs may have a favorable property for
cisplatin delivery in terms of toxicity/safety with HA-ODA NP displaying significantly
lower cisplatin levels in the liver at 24 h when compared to HA-ODA/HA-PEG NP
formulation. Moreover, as demonstrated by whole body NIR ICG imaging and siRNA
quantitation, the HA-PEI/HA-PEG NP designed specifically for siRNA delivery was able to
target tumors expressing CD44 receptors at saturation levels with high residence time.
Altogether, this study suggests that out of the systems analyzed, HA-ODA NP formulation
may have favorable properties for safe and efficient targeted delivery of cisplatin to tumors
while the HA-PEI/HA-PEG NP was efficient in delivering siRNAs to resistant lung cancer
overexpressing CD44 receptors. The current findings demonstrate that utility of
customizable HA based NPs for designing delivery systems for diverse payloads such as
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cisplatin as well as siRNAs that have shown promising efficacy in combination treatments
against resistant cancers.
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Figure 1. Whole body optical imaging
The distribution of indocyanine green-encapsulated hyaluronic acid-poly(ethylene imine)/
hyaluronic acid-poly(ethylene glycol) self-assembled nanoparticles (ICG/HA-PEI/PEG NP)
in A549/ A549DDP non-small cell lung cancer (A) and H69/H69AR small cell lung cancer
(B) bearing mice is shown. Mice bearing A549 andA549DDP and H69/H69AR tumors were
injected with ICG/HA-PEI/PEG NPs and imaged at different time points using IVIS live
imaging system. In order to see the half-life of ICG alone in circulation, the free dye ICG,
was injected in A549 tumor bearing mice and imaged at different time points as shown (C).
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Figure 2. Study design and tissue distribution of siRNA-encapsulated hyaluronic acid
nanoparticles in A549DDP tumor bearing mice
The study was designed to mirror the same doses that were used in the efficacy studies.
Tumor bearing mice were injected three times with survivin-silencing small interfering
RNA-encapsulated in hyaluronic acid-poly(ethylene imine)/hyaluronic acid-poly(ethylene
glycol) self-assembled nanoparticles (siRNA/HA-PEI/HA-PEG NP) at the siRNA dose of
0.5mg/kg. The organs and tissues were collected at 1 h, 6 h and 24 h after the last dose (A).
A sensitive PCR method was utilized to quantitate the siRNA in tissue samples. The data is
presented as % input dose/organ (B). The rate of siRNA elimination from the various organs
and tissues were compared by calculating the Clast/ Cmax values as shown (C). Indicated
values were mean ± SE (n=3)***p<0.05 compared to the liver siRNA amount at 1 h and 6 h
time points, **p=0.08 compared to the spleen siRNA amount at 1 h and 6 h time
points, *p<0.05 compared to the tumor siRNA amount at 1 h and 6 h time points.
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Figure 3. Tissue distribution of cisplatin and cisplatin-encapsulated hyaluronic acid
nanoparticles in A549DDP tumor bearing mice
Tumor bearing mice were injected with cisplatin or cisplatin encapsulated in hyaluronic
acid-octyldiamine (HA-ODA) or HA-ODA/hyaluronic acid-poly(ethylene glycol) (HA-
PEG) nanoparticles at 1 mg/kg (cisplatin dose). The tissues were collected at 6 h (A) and 24
h (B) post treatment. Inductively coupled-mass spectrometry (ICP-MS) was utilized to
accurately quantitate the cisplatin concentrations in tissues. The data is presented as % input
dose/g of tissue (% ID/g). Indicated values were mean ± SE (n=3).
**** p<0.05 compared to HA-ODA/cispaltin and cisplatin treated mice, *** p<0.05 compared
to cispaltin treated mice, **p<0.01 compared to HA-ODA/HA-PEG/cisplatin and cisplatin
treated mice, *p<0.01 compared HA-ODA/cisplatin and cisplatin treated mice
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Table 1
ICG-loaded hyaluronic acid nanoparticle characterization and study design

Indocyanine green-encapsulated hyaluronic acid-poly(ethylene imine)/hyaluronic acid-poly(ethylene glycol)
self-assembled nanoparticles (ICG/HA-PEI/PEG NP) were prepared and the particle size, charge and % ICG
loading was determined (A). ICG/HA-PEI/HA-PEG NPs were used in the distribution study to mirror the
same system that was used in the efficacy studies for siRNA delivery. The study was designed to give a single
dose equivalent of 0.5 mg/kg siRNA dose and to monitor the NIR signal at different times (B).
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Table 2
Cisplatin-loaded hyaluronic acid nanoparticle characterization and study plan to
determine the distribution

Cisplatin was encapsulated in hyaluronic acid-octyldiamine (HA-ODA) NP or in in HA-ODA/hyaluronic acid-
poly(ethylene glycol) (HA-PEG) nanoparticles. The particle size, charge and % cisplatin loading was
determined (A). The study design describes the doses and the timing at which the samples were collected for
platinum analysis using ICP-MS (B).
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Table 3
Comparisons of C24h/C6h ratios to compare cisplatin residence in tissues upon
administration in hyaluronic acid nanoparticles

Cisplatin was encapsulated in hyaluronic acid-octyldiamine (HA-ODA) NP or in HA-ODA/hyaluronic acid-
poly(ethylene glycol) (HA-PEG) nanoparticles. The ratios of tissue cisplatin concentrations at 24 hours post-
administration to 6 hours post-administration upon delivery in HA nanoparticles were compared with cisplatin
administered in solution in A549DDP tumor bearing mice. Indicated values were mean ± SE (n=3).

C24h/ C6h HA-ODA HA-ODA/HA-PEG Cisplatin

Plasma 0.323 ± 0.06 0.736 ± 0.2 0.568 ± 0.05

Tumor 1.216 ± 0.14 0.630 ± 0.22 1.609 ± 0.24

Liver 0.884 ± 0.05 1.659 ± 0.49 0.715 ± 0.03

Spleen 0.496 ± 0.04 0.321 ± 0.06 3.650 ± 1.2

Kidney 1.467 ± 0.07 0.832 ± 0.17 1.197 ± 0.48

Lung 0.629 ± 0.16 1.159 ± 0.25 0.775 ± 0.14

Brain - - -

Heart - - 0.717 ± 0.21
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