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Background: Hepatocellular carcinomas are frequently nonresponsive to systemically 
delivered drugs. Local delivery provides an alternative to systemic administration, 
maximizing the dose delivered to the tumor, achieving sustained elevated 
concentrations of the drug, while minimizing systemic exposure. Results: Ultrasound-
guided deposition of doxorubicin (Dox)-eluting in situ forming implants (ISFI) in an 
orthotopic tumor model significantly lowers systemic drug levels. As much as 60 μg 
Dox/g tumors were observed 21 days after ISFI injection. Tumors treated with Dox 
implants also showed a considerable reduction in progression at 21 days. Conclusion: 
Dox-eluting ISFIs provide a promising platform for the treatment of hepatocellular 
carcinomas by which drug can be delivered directly into the lesion, bypassing 
distribution and elimination by the circulatory system.
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Hepatocellular carcinoma (HCC) is the most 
common primary malignancy that occurs in 
the liver, with more than 500,000 new cases 
discovered annually worldwide  [1,2]. HCC is 
the third most common cause of death world-
wide  [2,3], and the number of reported cases 
is predicted to increase in developed coun-
tries over the course of the next decade  [4]. 
In the USA alone, there has been an 80% 
increase in the incidence of HCC during the 
last 20 years, with incidence rates tripling 
between 1975 and 2005  [2,4,5]. For patients 
who are diagnosed early, liver transplanta-
tion or tumor resection are the most success-
ful treatment options, but because HCC is 
often asymptomatic, in many cases detection 
occurs after significant disease progression 
has already occurred. As a result, it has been 
reported that as many as 80% of patients 
diagnosed with HCC are not eligible for 
resection or transplantation surgeries  [6–9], 
limiting potential treatment options  [3]. 

Furthermore, the low metabolic activity 
of the liver in many HCC patients leads to 
enhanced systemic toxicity of chemothera-
peutic agents due to increased half-life of the 
circulating drugs [2–4].

Chemotherapy is ineffective in most 
patients, with no improvement in overall 
survival [3]. However, when drugs have been 
administered through the hepatic artery, 
a partial response was observed in as many 
as 70% of the reported cases  [3], indicating 
a potential benefit for locoregional deliv-
ery treatment regimens. While no chemo-
therapeutic regimen has been successful 
at improving patient survival, doxorubicin 
(Dox) has been shown to elicit a response to 
treatment [10]. Dox acts through two mecha-
nisms. The primary method of action is by 
intercalating into DNA and interfering with 
DNA repair mechanisms. Additionally, oxi-
dation of Dox facilitates the formation of 
reactive oxygen species that can damage lipid 
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membranes and DNA leading to apoptosis [11]. While 
Dox is a particularly effective chemotherapeutic agent, 
metabolic bi-products that lead to cardiotoxicity limit 
the cumulative dose of the drug that the patient can 
receive  [11–13]. In the clinical formulation Doxil, Dox 
is encapsulated in a liposomal delivery system that is 
pegylated in order to improve circulation time and 
reduce uptake by the cardiac tissue  [14]. An elevated 
dose of the drug is delivered to the tumor through the 
enhanced permeation and retention effect  [15]. How-
ever, even with the improved accumulation of the drug 
into the tumor through the enhanced permeation and 
retention effect  [16], only a small percentage of the 
administered payload is accumulated in the tumor [17].

For nonresectable tumors, image-guided therapies 
provide alternative treatment strategies to surgical 
resection and systemic chemotherapy. Image-guided 
techniques for treating HCC include transarterial 
chemoembolization (TACE), radio frequency abla-
tion (RFA) and image-guided intratumoral drug 
delivery  [18,19]. TACE is a technique which utilizes 
embolic agents to block the blood flow of the feed-
ing artery of the tumor, and has been successful at 
reducing the tumor size for patients with nonresect-
able tumors [20,21]. However, cirrhosis, portal hyperten-
sion, limited hepatic reserve and portal vein involve-
ment with the tumor can all limit the effectiveness of 
TACE [21]. RFA is a minimally invasive technique per-
formed by placing an electrode into the tumor, under 
image guidance, and applying radio frequency to heat 
the surrounding tissue [18,19]. Proximity of the ablation 
zone to a blood supply can reduce effectiveness of the 
therapy due to the vascularization functioning as a 
heat sink [22]. Additionally, RFA treatments can result 
in abscess formation, bile duct injury and nontargeted 
damage to adjacent organs  [18,19]. Alternatively, intra-
tumoral drug delivery provides a promising means 
by which drugs can be administered directly into the 
lesion, while minimizing systemic exposure. Local 
doxorubicin delivery has been achieved through the 
use of drug-loaded polymer millirods and implants, 
which can be placed within a lesion in a minimally 
invasive manner, and have been shown to facilitate 
elevated drug concentrations throughout the tumor 
volume [23–26].

In situ forming implants (ISFIs) provide another 
method for local long-term administration of the thera-
peutic agent, which can be achieved through a minimally 
invasive injection. ISFIs typically consist of a biodegrad-
able hydrophobic polymer dissolved in a biocompatible 
organic solvent, which can be mixed with a therapeutic 
agent [27–32]. The drug-loaded polymer solution can then 
be injected directly into the lesion, and as a function of 
solvent/nonsolvent mass transfer events, the implant 

solidifies into a drug eluting depot in situ [33–36] through 
a process known as phase inversion. The release profile 
of these implants can be controlled by altering a number 
of factors to include (but not limited to) the polymer 
molecular weight, polymer concentration, polymer crys-
tallinity or the choice of solvent used. This minimally 
invasive system can be used to deliver therapeutic agents 
over period of weeks to months [32,37–41].

The successful development of targeted therapies 
requires a suitable in vivo model, however only a lim-
ited number of animal models exist. Immune deficient 
mice can be used to make a subcutaneous xenograft, 
but these models lack the physiological complexity of 
the liver. The Novikoff hepatoma (N1-S1) cells can be 
used to create an orthotopic model in Sprague-Daw-
ley rats, which not only more accurately recapitulate 
the tumor-associated physiology, but the model uses 
immune competent animals [42]. Physiological features 
are important to consider with minimally invasive 
procedures, because the collateral blood supply may 
reduce treatment efficacy of the system [42]. Therefore, 
the N1-S1 animal model was used in these studies.

To evaluate the efficacy of ISFIs for treating HCC in 
a rat hepatic tumor model, ISFIs were used to deliver 
Dox locally over a standard 3-week treatment inter-
val. Ultrasound was used to guide the injection of the 
ISFI solution into the tumor. Fluorescence imaging 
was used to determine the biodistribution of drug in 
the heart, liver, lungs, tumor and kidneys as well as 
evaluate the spatial distribution of the drug within 
the tumor. Imaging results were compared with those 
obtained by extracting drug from tissue homogenate. 
Tumor growth was monitored using diagnostic ultra-
sound and compared in animals receiving no treat-
ment, blank implants, intravenous administration of 
drug or ISFIs using two different polymer solutions.

Materials & methods
Materials
Poly(DL-lactic-co-glycolic acid; PLGA) (50:50 lactic 
acid [LA]:glycolic acid [GA], 3A, Mw 21,000 Da) 
was obtained from Evonik Industries (Rellinghauser 
Strasse, Germany) and used as received. 85:15 LA:GA, 
PLGA Mw 41,000 Da was obtained from PolySciTech 
(IN, USA) and used as received. N-methyl-2-pyrro-
lidinone (NMP) and Dox were used as received from 
Sigma Aldrich (MO, USA). Water soluble tetrazo-
lium-1 (WST-1) assay, improved minimum essen-
tial medium (IMEM) and phosphate-buffered saline 
(PBS) were used as received from Fischer Scientific 
(MA, USA). Rat Novikoff hepatoma (N1-S1) cells were 
obtained from ATCC (VA, USA). Sprague-Dawley 
rats were purchased from Charles Rivers Laboratories 
(OH, USA).
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Cell culture
N1-S1 cells were cultured in complete IMEM, with 
10% fetal bovine serum (FBS) and 1% penicillin strep-
tomycin (Invitrogen) and grown to 90% confluence. 
They were plated in 96-well round bottomed tissue 
culture plates for cytotoxicity studies and cultured in 
T75 tissue culture flasks for the tumor inoculations. 
Cells were cultured in 5% CO

2
 under humidified con-

ditions at 37°C. N1-S1 cells are a nonadherent cell line 
and were maintained at an initial density of 40,000 
cells/ml and subcultured after every 3 days.

Doxorubicin toxicity
The toxicity of Dox on N1-S1 cells was determined 
using a WST-1 assay, following previously established 
conditions [43]. Briefly, 24 h prior to treatment, cells were 
plated in 96-well round bottomed tissue culture plates 
with complete medium and incubated at 37°C and 5% 
CO

2
. The cells were then suspended at a concentration 

of 16,000 cells/ml in serum free medium containing 
differing concentrations of the drug (0, 0.005, 0.05, 0.1, 
0.3, 0.7, 1, 10 and 100 μg/ml). After different exposure 
times (3, 6, 12, 24, 48 and 96 h), the medium con-
taining drug was removed and replaced with 100 μl of 
complete medium and allowed to incubate 96 h before 
colorimetric evaluation with the WST-1 assay (Roche, 
IN, USA). Here, 100 μl of medium containing 10 μl of 
WST-1 cell proliferation reagent was added and allowed 
to incubate for 1 h at 37°C, and protected from light. 
The absorbance was then read at 450 nm using a micro-
plate reader (Tecan Ltd, Infinite 200 series). The data 
were then fit to a 4-parameter logistic model to calculate 
the LC

50
 values.

Implant formulation
Control polymer implant solutions using 85:15 LA:GA 
PLGA, with no additives were prepared using a 40:60 
mass ratio of PLGA:NMP by dissolving the PLGA in 
NMP overnight at 37°C on an orbital shaker at 90 
rpm. Solutions containing Dox (39:60:1 mass ratio 
of PLGA:NMP:Dox) were prepared in a similar man-
ner as the control solution using either a 50:50 LA:GA 
PLGA or an 85:15 LA:GA PLGA. Dox was first dis-
solved in NMP, and allowed to mix using a magnetic 
stirrer for 30 min before addition of the polymer. The 
solutions were then mixed overnight at 37°C in an 
orbital shaker at 90 rpm. Polymer solutions were stored 
at 4°C and used within 3 days.

Drug dissolution kinetics
Drug release profiles were evaluated as previously 
described  [41]. Briefly, 50 μl of polymer solution 
was injected into 10 ml of prewarmed PBS (pH 7.4, 
37°C). The sample was then immediately placed in an 

incubated orbital shaker (37°C at 90 rpm). After 30m, 
1 h, 2 h, 4 h and 6 h, a 1 ml sample was taken and 
replaced with a fresh 1 ml of PBS to maintain sink 
conditions. After 24 h, the bath solution was sampled 
then completely replaced by 10 ml of fresh buffer daily 
for 21 days. After 21 days, implants were removed from 
the bath solution, lyophilized and then dissolved in 5 
ml of NMP. Dox mass was determined by compar-
ing fluorescence with a standard curve of known Dox 
concentrations using a multimode microplate reader 
(Tecan Ltd, Infinite 200 series) at excitation/emission 
wavelengths (Ex/Em) of 470/585 nm. The cumula-
tive drug release was calculated from these measure-
ments and normalized by the total mass of drug in the 
implant.

Tumor inoculation
Due to the low take rate of the N1-S1 tumor model, 
inoculation was performed by laparotomy in 34 
8-week old male Sprague-Dawley rats following pro-
tocols approved by the Case Western Reserve Univer-
sity Institutional Animal Care and Use Committee 
in accordance with established guidelines for animal 
use. After anesthetization, using 1% isofluorane at a 
flowing oxygen rate of 1 l/m (EZ150 Isoflurane Vapor-
izer, EZ Anesthesias™), the rats were shaved and the 
incision site was cleaned using isopropanol and beta-
dine. Then an incision was made along the ventral 
midline in order to expose liver, and 100 μl N1-S1 
cells were injected into the liver parenchyma using a 
26-gauge syringe at a concentration of 5 × 106 cells/ml 
in IMEM [42].

Tumor treatment evaluation
10 days after inoculation, animals were anesthetized 
to monitor tumor growth using diagnostic ultrasound. 
The tumor volumes were calculated using the formula: 

where a
t
 is the longest tumor diameter and b

t
 is the short-

est tumor diameter  [44]. Treatments were given after 
the tumors reached 500 mm3. Implant volumes were 
adjusted based on animal mass such that 3.3 mg/kg Dox 
were injected via ultrasound guidance for animals evalu-
ated after 4 h of treatment (n = 3, for each group). Ultra-
sound images were acquired using an AplioXG (Toshiba 
Medical Systems), with a 12 MHz transducer. To ensure 
uniform implant administration for animals treated for 
3 weeks (n = 5 50:50 PLGA implant, n = 6 85:15 PLGA 
implant, n = 3 bolus injection, n = 7 saline control and n 
= 3 empty vehicle control), the implants were adminis-
tered via laparotomy. Intravenous administration of 3.3 
mg/kg Dox was given once through a tail vein injection, 
with control animals given isotonic saline. After drug 
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administration, tumor size was monitored twice weekly 
for the duration of the study. Treatment was halted for 
multilobular tumors.

Measurement of Dox biodistribution & spatial 
distribution
A 4-h safety and feasibility study was performed using 
bolus treatment of Dox, a 50:50 PLGA implant, and a 
control that received only saline. After the 4-h study, 
a long-term 21 day study was performed which had 
expanded experimental groups. At 4 h and 21 days 
after drug administration, animals were euthanized by 
CO

2
 inhalation. The lungs, liver, tumor, kidneys and 

heart were then dissected from the animal for fluores-
cence imaging. Each organ was first washed with PBS, 
and then the organ was imaged using a fluorescence 
imaging system (CRI Maestro, Caliper Life Sciences, 
MA, USA). A blue excitation filter (435–480 nm) and 
a green emission filter (560–750 nm) were used, with 
an 800 ms exposure time. Then the organ was isolated, 
and the average signal intensity was measured and 
recorded. The implants were then removed and a sec-
ond set of images were taken. Spatial distribution was 
determined by isolating the implant, then measuring 
the average signal intensity as a function of distance 
from the surface of the implant using a custom Mat-
Lab program (Mathworks, Inc., MA, USA).

After fluorescence images were obtained, Dox was 
extracted from the tissue by using an acidified ethanol 
solution  [45]. First, tissue sections were weighed, and 
then homogenized in a 20-fold volume of 0.3 N HCl 
in 50% ethanol. After homogenization, the tissues 
were kept at 4°C for 24 h, and then the homogenate 
was centrifuged at 20,000 × g for 20 min at 4°C. The 
supernatant was then collected and analyzed  [45]. For 
each tissue type, a standard curve was made by add-
ing a known mass of Dox into the extracted solution 
obtained from the animals that did not receive treat-
ment. Then the concentration of Dox in the study 
samples was determined by comparing the fluorescence 
intensity of the extracted drug from each tissue with 
the standard curve for that tissue, using a multimode 
microplate reader at ex/em wavelengths of 470/585 
nm. The mass of extracted Dox was then normalized 
by the mass of homogenized tissue [45].

Statistical analysis
One way analysis of variance (ANOVA, p < 0.05) was 
used to determine statistical significance. A difference 
between groups was determined using a Tukey multi-
comparison test. All statistical analysis was performed 
using Minitab (Minitab, Inc., PA, USA). All data are 
reported as mean ± standard deviation unless other-
wise noted.

Results
Doxorubicin toxicity in vitro
Cells treated with Dox were affected by both the dose of 
the drug as well as the length of exposure time. Exposure 
time was paramount in eliciting a toxic effect, with 24 h 
of drug exposure resulting in the greatest response to the 
drug. The LC

50
 for a 24 h exposure to Dox was 0.063 

μg/ml (48.3 ± 2.25%), with a greater dose required 
for shorter exposure times (Figure 1). The viability of 
cells treated with Dox for 24 h decreased significantly 
with an increasing drug concentration (p < 0.05), until 
reaching a concentration of 10 μg/ml (2.7 ± 0.9%), after 
which no significant difference was observed (Figure 1). 
Cells exposed to Dox for 12 h required a concentra-
tion >0.05 μg/ml in order to initiate a response, with 
100 μg/ml eliciting the greatest response (2.6 ± 1.6%). 
A statistically significant dose response (p < 0.05) was 
observed in cells exposed to Dox for 6 h for a drug dose 
exceeding 0.05 μg/ml, but the response was lower than 
that observed when the cells were treated for 12 or 24 
h. When cells were exposed to Dox for only 3 h, a dose 
exceeding 0.1 ug/ml was required to reduce cell viabil-
ity, and a statistically greater percent of the cell popula-
tion was viable at a concentration of 100 μg/ml (11.0 ± 
5.6%) relative to the other exposure times.

Drug dissolution kinetics
A burst release was observed for both implant formu-
lations, with the 85:15 (LA:GA) polymer exhibiting 
the greatest burst, 33.9 ± 0.9% after 24 h (Figure 2). 
The derivative of release was evaluated to detect the 
onset of degradation facilitated release, but no statisti-
cal increase in release occurred for the 85:15 polymer 
implants. A slight, but significant increase in the rate 
of release was observed after 5 days in the 50:50 PLGA 
implants (p < 0.05). The average daily release of Dox 
was 6.8 ± 2.8 μg/day for 50:50 PLGA implants, and 
4.4 ± 2.9 μg/day for 85:15 PLGA implants.

Image guided implantation & Dox 
biodistribution
Implants were injected into the HCC lesions under 
image guidance (Figure 3). After 4 h, the animal was 
euthanized and the placement of the implant in the 
lesion was validated. All ISFIs injected under image 
guidance were found within the tumor. The biodis-
tribution of drug was determined using fluorescence 
imaging (Figure 4). The systemically delivered Dox via a 
bolus tail vein injection resulted in a statistically higher 
mass of drug in the heart (146.8 ± 39.3% normalized to 
negative control) and lungs (69.0 ± 17.0%) relative to 
50:50 PLGA implants (levels were below the detectable 
limit). No observable difference in Dox concentration 
was found in the kidneys using fluorescence imaging. 



www.future-science.com 205

Figure 1. Dose response of N1-S1 cells to (A) doxorubicin and (B) effect of exposure time on the LC50. 
*p < 0.05.

Figure 2. Cumulative release of doxorubicin over the 
course of 21 days. 
*p < 0.05.
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In the tumor, the Dox concentration was the highest in 
the 50:50 PLGA group (123.9 ± 27.4%), followed by 
the systemically delivered dose (48.7 ± 6.6%; Figure 5). 
Extraction of Dox from the tissues, demonstrated a 
statistically higher dose of the drug in the heart (13.1 
± 4.4 μg/g), liver (6.9 ± 3.8 μg/g) and kidneys (8.0 ± 
1.6 μg/g) after a bolus tail vein administration of the 
drug when compared with the polymer implants. No 
statistical difference was observed after 4 h in the mass 
of Dox extracted from the tumor or lungs. Twenty-one 
days after treatment, no statistical difference was found 
in the tissues using fluorescence imaging. A significantly 
higher mass of Dox was extracted from the tumor with 
animals receiving 50:50 PLGA implants (60.3 ± 48.5 
μg/g) than animals treated using the 85:15 PLGA 
implants (5.3 ± 7.5 μg/g) or a bolus injection of Dox 
(p < 0.05).

Spatial distribution of Dox in tumors
After 21 days, no significant differences were observed 
between the two implant formulations at the implant/
tissue interface, however a more rapid loss in the Dox 
fluorescent signal was observed for the 85:15 PLGA 
implants relative to the 50:50 PLGA implants. A low 
fluorescence signal was observed 1 mm away from the 
surface of the 85:15 PLGA implants, while the 50:50 
PLGA implants had detectable fluorescence signal 3 
mm away from the surface of the drug-eluting depot. 
Overall, a significantly greater treatment area (p < 
0.05) was observed with the 50:50 PLGA implants 
relative to 85:15 PLGA implants (Figure 6).

Treatment efficacy in vivo
No statistical differences were observed in tumor sizes 
between groups until 14 days after administration of 

the drug, at which time, the tumors treated with 50:50 
PLGA implants (2.5 ± 2.0-fold) were significantly 
smaller than the negative controls (9.1 ± 2.3-fold; p < 
0.05). The tumors treated using 85:15 PLGA implants 
became significantly smaller than the negative controls 
within 17 days of treatment (Figure 7). The growth rate 
of the tumors continued to increase for the untreated 
control animals, for 17 days, and then no significant 
increase in volume occurred. For tumors treated with an 
ISFI implant that did not contain Dox, tumor growth 
rate increased for 10 days, after which the increase in 
volume continued at a slower rate. The tumor growth 
rate for all three treatment groups was equivalent for the 
first 3 days after treatment. Tumor growth stopped after 
7 days for the 50:50 PLGA implants, followed by a loss 
of tumor volume after 17 d. The 85:15 implants initi-
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Figure 3. Time-lapse image showing the image-guided injection of the implants into the tumor. The tumor is circled in white, the 
needle and injection solution have been identified with arrows, and the time stamp is indicated in the lower left of each panel.

Figure 4. Representative fluorescence images of whole organs evaluated for biodistribution of doxorubicin. Column 1 is the saline 
control, Column 2 is the bolus injection of doxorubicin after 4 h, Column 3 is the 50:50 PLGA implant after 4 h, Column 4 is the 50:50 
PLGA implant after 21 days, and Column 5 is the 85:15 PLGA implant after 21 days.
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Figure 5.   Biodistribution of doxorubicin. Extracted mass of Dox in the tissue after (A) 4 h and (B) 21 days. Quantitative evaluation of 
the fluorescence signal to evaluate biodistribution of Dox in the tissue after (C) 4 h and (D) 21 days. 
*p < 0.05. 
Dox: Doxorubicin.
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ated a decrease in tumor volume after 7 days, but the 
initial decrease in tumor volume was followed by a brief 
period of tumor growth, then a subsequent decrease in 
tumor volume after 14 days which lasted the duration of 
the study. Animals treated with a bolus injection of Dox 
continued to grow until after 17 days, and did not sig-
nificantly change volume for the remainder of the study 
(Figure 6). After 21 days, 50:50 PLGA implants had the 
smallest mean normalized tumor volume, followed by 
the 85:15 PLGA implants, with the bolus injection hav-
ing the largest mean normalized tumor volume among 
the animals that were treated (Figure 7).

Discussion
Injection of a drug-bearing implant directly into a tumor 
provides a means of delivering elevated concentrations 
of the active agent through a minimally invasive injec-
tion, subsequently reducing systemic involvement [46,47]. 

This is of particular importance when using drugs with 
high toxicity, in that limiting systemic exposure can sig-
nificantly reduce off target effects, ultimately improving 
the quality of life for a patient  [20]. Since the implants 
are placed directly into the lesion, the exposure time 
of cancer cells to the drug is prolonged, enhancing the 
drug efficacy. On average implants released between 
4.4 and 6.8 μg/day of doxorubicin in vitro, which was 
greater than the 1 μg/ml needed to reduce cell viability 
by 95%. Furthermore, the ability to inject an implant 
into an orthotopic tumor under image guidance is not 
only faster, but also reduces complications that arise 
from placement through laparotomy such as bleeding 
and infection [42].

In vitro, implants demonstrated a sharp burst with 
a subsequent slower release over the course of 21 days. 
Elevated daily release was observed with the 50:50 
PLGA implants, relative to the 85:15 PLGA implants. 
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Figure 6. Spatial distribution of Dox from the implants into the adjacent tissue.
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This was anticipated due to the lower crystallinity of 
the polymer and faster rate of degradation  [48–52]. A 
sharp rise in Dox release occurred after 6 days, but 
the flux returned to predegradation rates after 9 days, 
which we hypothesize to be a function of electrostatic 
interactions forming between the anionic degradation 
biproducts and the cationic doxorubicin [41]. Since Dox 
can form crystalline domains at elevated concentra-
tions, we hypothesize that it forms a polyionic com-
plex with the degrading matrix, reducing erosion, and 
stabilizing the implant microstructure [41,53–55]. These 
release kinetics provide a means for rapidly achieving 
a therapeutic dose, followed by lower daily mainte-
nance doses released by the implant [21,23,56]. Polymer 
millirods, which follow a similar release profile, have 
shown promise as a local delivery system for treating 
ectopic lesions [24,25].

Local delivery has been demonstrated to reduce the 
systemic exposure, while maintaining elevated drug 
doses  [33,34,36]. It was observed through fluorescent 
imaging that off-target accumulation of drug was sig-
nificantly reduced when using ISFI when compared 
with systemic delivery of the drug, which was then 
validated by extraction of the drug from the tissue 
(Figures 3 & 4). It has been reported that after 24 h, 
Dox is not readily detected in tissues when delivered 
systemically  [45], therefore the levels of Dox in the 
heart, liver, kidneys, lungs and tumor were measured 4 
h after drug administration. When given a bolus dose, 
elevated Dox concentrations were found in the heart 
4 h after injection when compared with Dox admin-
istered using an ISFI. This is particularly important 
in the case of Dox delivery, due to the potential for 

cardiotoxicity of the drug  [11–13,57]. After 21 days, no 
detectable mass of Dox was found in any of the tis-
sues tested, for animals treated with a bolus injection 
of the drug. In contrast, elevated doses were still found 
in the tumor at the end of one treatment cycle with 
the animals treated using ISFIs. The residual drug 
extracted from the tumors after 21 days was higher 
than what was extracted 4 h after treatment. Overall, 
Dox administered using the 50:50 PLGA formulation 
resulted in a higher dose of drug extracted from the tis-
sue when compared with the 85:15 implants, which we 
hypothesize to be a function of elevated rate of polymer 
degradation for the 50:50 PLGA implants leading to a 
greater accumulation of the drug in the tumor.

Furthermore, when comparing the distribution of 
Dox within the tumor, it was observed that the 50:50 
PLGA implants had a significantly greater distribution 
of drug relative to the 85:15 PLGA implants (Figure 5). 
We hypothesize that the difference in drug distribu-
tion was primarily a result of elevated levels of free drug 
available due to the more rapid polymer degradation of 
the 50:50 PLGA implants. Additionally, the injection 
site has been reported to alter the release profile of ISFIs 
due to reactive forces from the tissue that occur as a 
result of implant swelling [35]. Therefore, the difference 
in the polymer swelling between the amorphous 50:50 
PLGA and the more crystalline 85:15 PLGA may have 
attributed to the different drug distribution patterns 
observed between the two implant formulations.

It was anticipated that local delivery would be more 
effective at reducing the tumor volume, but no sta-
tistical differences were observed among any of the 
treatment groups (Figure 6). While not statistically 
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Figure 7. In vivo treatment efficacy. Representative ultrasound image used to track changes in tumor volume over 
time (A). Change in normalized tumor volume over the course of 21 days (B). Normalized tumor volume of treated 
groups after 21 days (C).*p < 0.05.
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different, within 7 days after injection of the polymer 
solution, tumors injected with implants formulated 
using 50:50 PLGA were an average of 28.6% smaller 
than the animals receiving a bolus injection of drug. 
Over the course of the final 2 weeks of the study, these 
same animals averaged tumors that were 36% smaller 
than the animals receiving a bolus injection. Similar 
results were observed with animals receiving injections 
of the 85:15 PLGA implants, but the tumors did not 
become smaller until 10 days after treatment, with an 
average tumor volume 15.3% smaller than animals 
receiving a bolus injection of drug. One animal treated 
with a 50:50 PLGA implant had no observable tumor 
at the end of the 3-week treatment cycle. Interestingly, 
even though the implants were injected into the cen-
ter of the tumors, after 21 days the implants were all 
discovered near the tumor boundary, which may have 
reduced the implants efficacy. It was not clear if the 
change in implant location was a result of tumor cells 
growing more rapidly outside of the treatment volume, 
or if the implant solution moved along the needle track 
after the injection as a function of polymer swell-
ing  [40]. While local therapy was not more effective 
at reducing tumor volume, it did effectively reduce 

systemic exposure. In this study a single implant was 
injected into the center of the lesion, while a potentially 
more effective approach would be to uniformly inject 
small implants throughout the tumor volume to ensure 
homogenous distribution of the drug throughout the 
entire tumor volume [25].

While this study was performed using the drug Dox 
primarily due to the ease of detection through fluores-
cence imaging, as well as a track record of use to treat 
HCC  [10], ISFIs can be formulated using a variety of 
different drugs or drug combinations. For example, the 
drug sorafenib, which has shown promise as a new treat-
ment option for HCC by blocking tumor angiogenesis 
and inhibiting different aspects of the Raf signaling 
pathway  [58] could easily be loaded alone or with Dox 
and delivered locally using ISFIs [59]. Additionally, due 
to the minimally invasive nature of this system, these 
implants could also be used to provide adjuvant therapy 
after RFA [24,34,35,60] or also be placed within the tumor 
to provide additional therapy after TACE [61].

Conclusion
Phase sensitive ISFI implants provide a promising 
means by which drugs can be administered locally in 
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a minimally invasive manner. Implants were shown 
to slow the rate of tumor growth, and demonstrated 
the potential for reducing tumor volume. Addition-
ally, implants reduced the mass of drug found in off 
target locations, such as the lungs and heart. The 
reduction in systemic exposure lowers the potential for 
unwanted affects such a myelosuppression or cardio-
toxicity. These findings are of particular importance 
for hepatocellular carcinoma, where patients are often 
not eligible for more aggressive therapies, and typically 
only show a modest response to systemically delivered 
chemotherapy. While promising, improved distribu-
tion of the polymer solution throughout the lesion may 
further improve the therapeutic outcome.

Future perspective
Intratumoral image-guided drug delivery provides a 
platform through which drugs can be administered 
to malignant tissues that cannot be surgically resected 
or managed effectively through systemic chemother-
apy. Building upon existing, clinically utilized inter-
ventional radiology tools, image-guided access to the 
tumor site, and accurate, on demand deposition of the 
drug-loaded polymer can be achieved. Drugs delivered 
in this way result it 100% of the injected dose residing 
immediately within the tumor itself, while minimizing 

systemic involvement and reducing the typical dose-
limiting side effects associated with chemotherapy. 
Complementary imaging techniques can be devel-
oped to monitor implant performance and therapeutic 
efficacy, creating the framework for the development 
of more rational, personalized drug delivery systems. 
Ultimately image-guided local drug delivery tech-
niques can streamline and advance patient care.
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Executive summary

•	 The LC50 value of doxorubicin for the N1-S1 cell line was 0.06 µg/ml and required at least 12 h of exposure to 
effectively treat cells.

•	 Elevated polymer crystallinity resulted in an increased burst release, but a decrease in diffusion facilitated 
release from phase sensitive in situ forming implants within the standard treatment window of 3 weeks.

•	 In situ forming implants can successfully be administered under ultrasound guidance, and the implants can be 
placed within the lesion in <2 min.

•	 Bolus injection of doxorubicin resulted in the systemic delivery of drug, to include the heart, however the dose 
remained localized if administered using a controlled release system.

•	 The more crystalline polymer resulted in a decreased spatial distribution of drug within the hepatocellular 
carcinoma tumor.

•	 Both amorphous and crystalline implants were effective treatment options for the N1-S1 orthotopic tumor 
model.
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