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Abstract
Overexpressed extracellular matrix (ECM) in pancreatic ductal adenocarcinoma (PDAC)
limits drug penetration into the tumor and is associated with poor prognosis. Here, we
demonstrate that a pretreatment based on a proteolytic-enzyme nanoparticle system,
disassembles the dense PDAC collagen stroma, and increases drug penetration into the
pancreatic tumor. More specifically, the collagozome, a 100-nm liposome encapsulating
collagenase, was rationally designed to protect the collagenase from premature
deactivation and prolonged its release rate at the target site.
Collagen is the main component of the PDAC stroma, reaching 12.8±2.3%vol in diseased
mice pancreases, compared to 1.4±0.4% in healthy mice. Upon intravenous injection of
the collagozome, ~1% of the injected dose reached the pancreas over 8 hours, reducing
the level of fibrotic tissue to 5.6±0.8%.
The collagozome pretreatment allowed increased drug penetration into the pancreas and
improved PDAC treatment. PDAC tumors, pretreated with the collagozome followed by
paclitaxel micelles, were 87% smaller than tumors pretreated with empty liposomes
followed by paclitaxel micelles. Interestingly, degrading the ECM did not increase the
number of circulating tumor cells or metastasis. This strategy holds promise for degrading
the extracellular stroma in other diseases as well, such as liver fibrosis, enhancing tissue
permeability before drug administration.

Keywords: pancreatic cancer, nanoparticle, extracellular matrix, fibrosis, collagen,
liposome, paclitaxel micelles.
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With less than 8% five-year survival rate, pancreatic ductal adenocarcinoma (PDAC)
remains one of the deadliest cancers with insufficient treatment modalities. One primary
reason for this poor prognosis is the excess growth of a fibrotic extracellular matrix (ECM)
stroma around the cancerous cells, limiting the penetration of drugs and immune cells
into the tumor.1,2
Collagen, a triple-helix protein, is the main structural component in the PDAC-ECM.3
Collagen viscoelastic properties play a major role in constructing healthy tissues, but
pathologic excess production of collagen can contribute to chemoresistance.4
The ECM stroma of pancreatic tumors generates high interstitial fluid pressures that
results in vascular collapse, further limiting drug uptake from circulation.5,6 Recent studies
have suggested that manipulating the ECM can decrease tumors' drug resistance and
improve the outcome of chemotherapy treatments in pancreatic cancer.7-9 For example,
inhibiting Hedgehog signaling pathways, which are associated with ECM construction,
increased the penetration of chemotherapy into the tumor.1,10 In another study, a
combination therapy of the anti-fibrotic agent pirfenidone with chemotherapy, also
suppressed tumor growth by reducing collagen synthesis through pancreatic stellate cell
regulation.10
Another abundant component of the ECM is hyaluronic acid (HA). HA can be rapidly
turned over by hyaluronidase. Ongoing Phase III Clinical trials of a combined therapy of
PEGylated recombinant human hyaluronidase with gemcitabine for PDAC treatment
have shown to prolong PDAC survival.11
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Collagenase type-I (Enzyme Commission (EC) number 3.4.24.3) is a water-soluble
matrix metalloprotease with specificity towards collagen fibers.12,13 Once activated by its
natural co-factors, Ca+2 and Zn+2, the half-life of collagenase varies from tissue to tissue,
declining to single minutes when injected into systemic circulation.14 Thereby, most
therapeutic applications will require a formulation to protect the enzyme from early
deactivation before reaching the target site.15,16
Nanotechnologies are emerging therapeutic tools with promise to target diseased tissues
accurately.17-19 Abraxane, a FDA-approved paclitaxel-loaded 110-nm particle, is used for
treating PDAC patients in combination with gemcitabine.20 Gold nanoparticles,21
polymeric micelles22-25 and liposomes26,27 have also been demonstrated as nanoscale
drug delivery systems for treating PDAC.
Liposomes are commonly used clinical nanoparticles, composed of a lipid bilayer that
surrounds an inner aqueous core.28 Accordingly, hydrophobic drugs can be encapsulated
in the liposome membrane and hydrophilic drugs can be loaded into the inner aqueous
core.29
In this study we developed a nanoscale liposomal drug delivery system that encapsulates
collagenase type-I and releases it in the tumor microenvironment. The released enzyme
disassembles the collagen component of the PDAC-ECM, leading to improved drug
uptake by pancreatic tumors.
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Results & Discussion
The progression of pancreatic ductal adenocarcinoma (PDAC) is accompanied by the
development of a dense extracellular matrix (ECM) that acts as physical barrier,
preventing from drugs to penetrate the tumor.30-32 Collagen, a primary structural protein
that is involved in healthy and pathologic tissue remodeling, is a major component of the
PDAC’s ECM. In this study we evaluated a nanoscale drug delivery system that targets
the collagen component of the ECM, by the localized delivery of a proteolytic enzyme –
collagenase type-I (Figure 1A-D). For this, we developed a nanoparticle that protected
the enzyme from biodegradation and prolonged its release rate. Then, we demonstrated
the natural barrier function of the PDAC-ECM. Subsequently, we show that collagenase
nanoparticles (collagozome’s), successfully degrade collagen in PDAC tumors and in
fibrotic livers. Finally, we measured the therapeutic efficacy of pretreating the tumor with
collagozome followed by a drug.
Collagenase nanoparticles (collagozome). Encapsulating proteins in nanoparticles
must overcome several challenges, including possible denaturing of the protein during
the loading process and maintaining a therapeutic release rate at the target site. Because
the half-life of collagenase in circulation is extremely short, we loaded collagenase into
liposomes (i.e., the collagozome), which protected it from early deactivation in the plasma
and prolonged the enzyme' activity (Figure 1E). The primary phospholipid used to
construct the liposomes was 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
comprised of two 14:0 hydrocarbon chains conjugated to the phosphocholine head
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group. DMPC's phase transition temperature (Tm) is 24-25.5 °C , which is favorable for
loading

collagenase

without

compromising

the

enzyme's

activity during

the

encapsulation process.33,34 To modulate the collagenase release kinetics from the
collagozome we varied the cholesterol content in the phospholipid bilayer.35 Specifically,
we tested the effect three different cholesterol concentrations (0, 15 and 39 mole%) have
on the release kinetics. Collagozomes having 39 mole% cholesterol, demonstrated a
prolonged enzyme release profile compared to the other formulations (Figure 1F) – less
than 40% of the encapsulated collagenase was released over 24 hours. No significant
difference in the enzyme release profile was observed between formulations consisting
of either 0 or 15 mole% cholesterol, in which approximately 60% of the enzyme was
released during 24 hours. This is explained by the effect cholesterol has on the stability
of the lipid bilayer. Differential scanning calorimetry (DSC) analysis of the liposomes
showed that DMPC has a sharp phase transition at 25.5°C (Figure 1G). Increasing the
cholesterol content in the liposome membrane decreases the intensity of the Tm peak.
At 39 mole% cholesterol no phase transition is recorded as the membrane enters a lowpermeability liquid-ordered phase, explaining the prolonged release rate of the
collagenase (Figure 1F).36,37 Based on these results, we decided to proceed with our
study using 100-nm collagozomes composed of DMPC enriched with 39 mole%
cholesterol and DSPE-PEG, to prolong the collagozome circulation half-life (Figure 1H,
Supplementary Figure S1).38,39
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Fibrotic extracellular matrix functions as a mass transport barrier in PDAC.
We characterized the collagen content in healthy and diseased regions of the pancreas.
Masson’s Trichrome staining demonstrated that the collagen content in pancreatic
tumors was 12.25-fold greater than the collagen content in the healthy pancreas (Figure
1I). To assess the biodistribution of nanoparticles in healthy and diseased pancreases,
mice bearing PDAC were injected with 100-nm liposomes loaded with the MRI contrast
agent gadolinium (Gd) and co-labeled with a fluorescent dye (rhodamine) in the lipid
bilayer. Eight hours post intravenous administration maximal pancreatic accumulation
was recorded by elemental analysis, reaching 2.65 g-Gd/g-pancreas whereas after 14
hours the concentration decreased to 0.83 g-Gd/g-pancreas (n=3; Figure 1J). In total,
1% of the injected dose accumulated in the pancreas. Using non-invasive intra-vital
microscopy (Figure 1K, L) and qualitative and quantitative histological analyses (Figure
1M, N) we imaged the liposomal biodistribution within the diseased pancreas after
intravenous injection. Interestingly, we noticed that the collagen fibrotic barrier inhibited
the penetration of the liposomes into the diseased regions of the pancreas. Specifically,
97±%1 of the liposomes that reached the pancreas accumulated in the non-neoplastic
regions of the pancreas (Figure 1NI,II), while the remainder accumulated in the cancerous
PDAC tissue (Figure 1NIII-V). Number-wise, out of approximately 1.3 x 1015 liposomes
that were injected intravenously, only 1.3 x 1013 liposomes reached the pancreas, of
which only 3.9 x 1011 liposomes reached the PDAC cancerous tissue (Supplementary
Figure S1, Table S1) corresponding to 29.8 ng-Gd/g-pancreatic-tumor. MRI imaging
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(9.4T) of the liposomal biodistribution confirmed that majority of the Gd was cleared by
the urinary system during the first half-hour post injection (Figure 1O). However, a
gradual increase in the pancreatic liposomal content was measured alongside the
bladder clearance (Figure 1P). This was strengthened by ICP-OES elemental
measurements done for Gd quantity in blood and urine following 30 minutes post
intravenous injection of either free or liposomal Gd. This analysis demonstrated that
majority of free Gd is secreted through the urine 30 minutes post iv injection (Figure 1Q),
while liposomal Gd is mostly found circulating in blood (Figure 1R) and accumulates in
tumor following 24 hours (Figure 1P). Taken together, these data emphasize the barrier
the ECM poses to nanoparticle uptake into the diseased pancreas.

Enzymatic degradation of collagen in PDAC and liver fibrosis. We first sought
to characterize the collagen content in healthy and diseased pancreases before and after
collagenase treatment. Masson’s Trichrome staining was used to quantify the collagen
content in the different groups. For this characterization, pancreatic tumors were excised
and incubated in collagenase solutions of different concentrations. Then, we evaluated
the collagen content in three groups: healthy pancreases, pancreases with PDAC after
the collagenase treatment, and, untreated pancreatic PDAC (Figure 2A, B). The effect of
three collagenase concentrations (0.05, 0.1 and 0.2 mg/ml) on PDAC collagen, was
compared after 8 and 24 hours (Supplementary Figure S2). The highest levels of
collagen were recorded in the PDAC group=12.8±2.3% (Figure 2AIV, n=10 biological
replicates) while the lowest levels were observed in the healthy pancreas 1.4±0.4%
8

(Figure 2AI, n=7 biological replicates). The level of fibrotic tissue in Masson’s Trichrome
staining of the pancreatic tumor in the PDAC group decreased to 1.28±0.3% (Figure2AII)
after being treated with 0.2mg/ml collagenase ex-vivo (n=8 biological replicates).
In-vivo, mice (n=9) bearing PDAC tumors were injected with collagozome and the
collagen content of the tumor was evaluated histologically. Masson's Trichrome staining
24-hours after the treatment indicated a decreased collagen content in the tumor of
5.6±0.8% (Figure 2AIII,B). Furthermore, the effect collagenase had on the microstructure
of the collagen mesh in-vivo was also studied. Healthy pancreases, PDAC after
collagenase in-vivo treatment and untreated PDAC were decellularized and their ECM
was visualized using scanning electron microscopy (SEM, Figure 2C-E). Image analysis
revealed that the collagen component in the tumor fiber mesh decreased tumor
pancreatic tissue mesh density by 37% following collagozome pretreatment compared
with non-treated tumor pancreatic tissue (Figure 2F). Greater openings within the mesh
suggest that the collagenase treatment can enhance the uptake of drugs by reducing
barriers in pancreatic tumors.
We confirmed the effect the collagozome has on degrading fibrous tissue using an
additional in vivo biological model of liver fibrosis in mice.40 Fibrosis is a common disorder
in multiple diseases. The major cause for fibrosis is tissue injury and its abnormal repair.
More specifically, persistent hepatic injury triggers chronic inflammation that is followed
by worsening degrees of fibrosis and eventually cirrhosis.41-44 Since liposomes
accumulate predominantly in the liver, we examined the collagozome as a potential
9

treatment for liver fibrosis. Liver fibrosis was induced in mice by injecting 2ml/kg carbon
tetrachloride (CCl4) intraperitoneally three times a week for 2 weeks. Then, mice were
treated with either empty liposomes or with collagozome (Supplementary Figure 3A).
Collagen levels, indicated by Masson’s Trichrome staining in the liver, were reduced by
35-49% following collagenase treatment compared to empty liposomes depending on the
mode of inducing the severity of the disease (Supplementary Figure 3B, C).
We studied the effect reducing the collagen mesh density with collagenase has on the
biodistribution of nanoparticles to PDAC tumors in vivo. Healthy and PDAC-bearing mice
were treated intravenously with either free collagenase, empty liposomes or collagozome
twice in gaps of twenty-four hours. Twenty-four hours after the second injection mice
were injected with gold nanoparticles either 5, 20 or 100-nm in diameter, intravenously.
Twenty-four hours post-injection mice were sacrificed, and organs were excised and
analyzed for gold levels using ICP-OES elemental analysis (Figure 2I). The collagozome
pretreatment increased the liver and pancreatic uptake of 100-nm gold nanoparticles
compared to the control in PDAC baring mice (Figure 2J). Furthermore, we observed an
increase in pancreatic uptake of 20-nm gold nanoparticles in healthy mice
(Supplementary Figure S4B). No change was observed in 5-nm in all treatment groups.
This may be explained by the ability of 5-nm particles to penetrate through the collagen
mesh (Supplementary Figure S4A). No significant difference in gold nanoparticle uptake
was observed in the lung, heart, kidney and blood of PDAC or healthy mice
(Supplementary Figure S4, S5). Based on the superior uptake of 20- to 100-nm gold
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nanoparticles after the collagozome treatment, we proceeded to test the therapeutic
efficacy against PDAC using collagozome followed by a treatment of paclitaxel loaded
into micelles.

Therapeutic

efficacy

of

collagozome

pretreatment

followed

by

nanoparticulate paclitaxel on PDAC tumors, circulating cancer cells, and
metastasis. To test the capacity of the collagozome to enhance drug delivery to
pancreatic tumors, a two-steps approach was employed. Initially two doses of
collagozome were administered in order to amplify the PDAC-collagen degradation
effect. Twenty-four hours later, a dose of therapeutic paclitaxel nanoparticles was
administered intravenously (Figure 3D). To evaluate the biodistribution of the therapeutic
nanoparticles we loaded liposomes with two clinical contrast agents – Gd and Iodixanol.
CT scans of PDAC-bearing mice after the second collagozome treatment indicated a
17% increase in uptake, compared to the control (Figure 3A). Moreover, enhanced
pancreatic uptake was measured by elemental analysis of Gd (Figure 3B), specifically,
30.9 mg-Gd/g-pancreas (n=4) were measured in the collagozome treated PDAC mice,
versus 15.1 mg-Gd/g-pancreas in mice (n=5) treated with the free enzyme (Figure 3B).
To test the therapeutic efficacy, mice bearing orthotopic PDAC tumors (mCherry-labeled
KPC cell line) were pretreated twice with the collagozome and 24-hr later were
administered 30-nm micelles loaded with paclitaxel (10mg/kg-body-weight) (Figure
3D).45 Five days after the paclitaxel treatment, the tumors sizes were scanned using a
whole-animal imaging system (IVIS). The average normalized tumor radiance decreased
11

by 62±8.3% in the collagozome-pretreated group (n=5), while the tumor radiance
increased by 16% in the control group treated with paclitaxel micelles without the
collagozome pretreatment (n=5, Figure 3D, E, F).

Administering three cycles of

collagozome pretreatments followed by micellar paclitaxel (Figure 3G), achieved an even
better therapeutic outcome. Micro-ultrasound measurements demonstrated the
pancreatic tumor size decreased by 87% when paclitaxel micelles were combined with
the collagozome pretreatments, compared to mice pretreated with empty liposomes plus
paclitaxel micelles, or by 60% using a free collagenase pretreatment plus the paclitaxel
micelles (Figure 3H, Supplementary Figure S6). Comparing the effect of free collagenase
or of the collagozome, without a drug, had similar effect on the tumor (Figure 3I).
Masson’s Trichrome histological staining showed that collagen levels within tumors were
reduced by 43% in mice pretreated with collagozome compared to empty liposomes, and
by 31% in mice pretreated with free collagenase (Figure 4A-D). A reduction in collagen
3 alpha (col3a) and smooth muscle actin (SMA) mRNA expression levels was also
observed in collagozome treated PDAC tumors (Figure 2G, H). Based on these findings,
we conclude that pretreating the PDAC tumor with the collagozome improves the
therapeutic outcome.
Delivering collagenase has the potential to act as a double-edged sword, by harming
healthy organs or altering the tumor extracellular matrix in a manner that releases
cancerous cells from the primary tumor into circulation.46,47 Therefore, we quantified the
circulating tumor cells (CTCs) in mice treated with collagozome and the untreated control.
No significant difference in the CTC blood count was observed among more than 300,000
12

cells that were analyzed in either group after twenty-four hours (Figure 4E; n=4).
Furthermore, metastatic cells were not detected in the liver,48 brain, spleen and lungs
seven days after either the collagozome treatment or in the combined collagozome and
paclitaxel treatment (Figure 4F). These data suggest that the collagozome degrades the
dense tumor ECM allowing nanomedicine penetration, but in a manner that is insufficient
to release cancer cells into systemic circulation.48,49
To test the safety of the collagozome treatment, we sacrificed healthy mice twenty-four
hours after intravenous injections of collagozome. Hematoxylin and eosin (H&E) and
Masson's Trichrome staining of the liver, spleen, kidneys and lungs did not indicate any
major physiological damage after collagozome treatments (Figure 4G). To evaluate the
effect of collagozome on organ function we collected blood from the control and test
groups (n=4 biological replicates). Several differences were noticed when comparing
blood gases and the chemistry blood panel in the collagozome-treated and untreated
mice (Figure 4H, I). Specifically, alanine transaminase (ALT) was higher in the untreated
group, and amylase (AMY) was higher in the collagozome group (Figure 4I). In a
complete red blood cell analysis, somewhat higher levels of hemoglobin (HGB) and
lymphocytes (%LYM) were observed among the control group, while higher levels of
eosinophils (%EOS) were observed among the test group, however, all fall within normal
blood ranges (n=4 biological replicates, Figure 4J).
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Conclusions
A major factor affecting survival rates in PDAC patients is the inability to completely
resect

the

tumor.50,51

Neoadjuvant

and

next-generation

therapies,

including

immunotherapy and gene therapy, can turn the course of this disease.20, 52-54 However,
to be effective, medicines must be able to penetrate the dense stroma of the diseased
pancreas.5 In this study we remodeled the tumor ECM using collagenase loaded into
liposomes (collagozome) that digested the collagen component of the pancreatic tumor
stroma. We found that controlled delivery of a proteolytic enzyme can improve tumor
treatment, with minimal harm to healthy organs. The collagozome nanoparticle protected
the collagenase enzyme from early deactivation in the plasma and modulated the
enzyme release profile inside the tumor. The nanoparticulate enzyme was more effective
than the free enzyme in degrading the tumor ECM and facilitating enhanced drug uptake.
Excess collagen synthesis is a common pathology in many life-threatening diseases.5559

We demonstrate here that proteolytic collagenase nanoparticles can target this

pathologic extracellular tissue. In the future, such pretreatments may become standard
of care for conditioning the diseased site before administering a medicine.
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Figure 1. Collagenase nanoparticles and biodistribution to orthotopic
pancreatic PDAC tumors.
Pancreatic ductal adenocarcinoma (PDAC) is characterized by the
overexpression of extracellular matrix (ECM) – schematic outline of the
study (A). The dense ECM contributes to tumor drug resistance (B). Proteolytic
enzymes housed within nanoparticles were used to disassemble the collagen component
of the tumor ECM (C). Collagenase encapsulated liposomes, collagozome, pretreatment
increased tumor' drug uptake, allowing more effective treatment (D).

Collagenase type-I encapsulation protects the enzyme from deactivation in
mouse plasma. Enzyme activity was compared inside the particles and in plasma (E),
(n=3) **indicates p-value between specified bars <0.01.

Different liposome formulations were tested to determine the optimal
collagenase nanoparticle. Liposomes were composed of DMPC: cholesterol:DSPEPEG2000; the cholesterol content in the membrane was varied (0, 15 or 39 mole%) to
test the effect on prolonging the collagenase release rate at 37C (F), (n=3) **indicates
p-value to 39% cholesterol<0.01.

Differential scanning calorimetry (DSC) thermograms (G) and dynamic light
scattering (DLS) size measurements (H) of DMPC liposomes containing 0, 15
and 39 mole% cholesterol, suspended in PBS pH 7.4. While a sharp transition
temperature can be seen 25.5C for the 0 mole% cholesterol formulation, no transition
temperature is noticed in the 39 mole% formulation. Insignificant size differences were
observed between the three liposome formulations.

PDAC fibrotic collagen matrix acts as a mass transport barrier. The tumor’s
ECM tissue has an increased collagen component (I). Collagen was stained with
Masson’s Trichrome in healthy and diseased pancreatic tissue. Scale bar= 50µm. Poor
nanoparticle pancreatic uptake was observed over 24 hours in PDACbearing mice (J). The amount of Gd-liposomes that reached the pancreas of PDAC
mice at different time intervals after an intravenous administration was quantified using
elemental analysis (n=3) *indicates p-value to control <0.05.

The majority of Gd-liposomes reach the healthy region in the diseased
pancreas. Fluorescent liposomes were imaged in the pancreas using intra-vital
microscopy (fluorescent – K ,bright field – L; scale bar= 1 mm, fluorescent liposomes are
labeled red). Histological H&E-staining analysis of the pancreas enabled differentiating
between the healthy (MI,II,NI,II) and diseased segments of the pancreas (MIII-V, NIII-V).
Fluorescent histology of the corresponding sections (K) indicated that most of the
nanoparticles are concentrated in the healthy regions of the diseased pancreas (L; Scale
bar=2mm; fluorescent sections: liposomes-red, nuclei-blue, n=3).

Majority of the nanoparticles are secreted within 25 minutes after
intravenous injection. Gd liposomes were injected to the tail vein and the mice were
flash-scanned using 9.4Tesla MRI. The Gd signal was imaged in the bladder and
16

pancreas following 25 minutes (O) and 24 hours (P) tumor marked in blue, bladder
marked in yellow. Gd quantity was measured via elemental analysis (ICP-OES) in urine
(Q) and blood (R) of at least n=3 mice following 30 minutes from intravenous injection of
either free Gd or Liposomal Gd.
All p-values presented were calculated according to a student's t-test with a two-tailed
distribution with unequal variance. 1A-D Illustrated by Dima Zagorski.
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Figure 2. Collagenase reduces the level of fibrosis in pancreatic tumors.
Healthy pancreases (AI), collagenase treated PDAC ex-vivo (AII), collagenase-treated
PDAC in-vivo (AIII) and non-treated PDAC (AIV) collagen was stained and collagen
density was evaluated (B). n=8 in each treatment group.

Collagen fibers in healthy, PDAC and collagenase-treated PDAC tumors invivo (C-E). PDAC-bearing mice and healthy mice were treated with collagozome; the
pancreas was then decellularized and imaged using HR-SEM. PDAC mice after being
treated with collagozome (C) and healthy pancreas (D) were compared to non-treated
PDAC pancreas (E).
The collagen mesh size was measured in healthy and PDAC mice, before and after the
collagenase treatment. The in-vivo treatment decreased the mesh size to levels found in
healthy pancreas (F).

Collagen type 3 expression is reduced following collagozome pretreatment
(G-H). mRNA was extracted from PDAC tumors following pretreatment with either empty
or collagozome. cDNA was produced and qRTPCR was performed to determine relative
expression of Collagen 3 alpha- col3a, (G) and smooth muscle actin- SMA (H). mRNA
expression levels were calculated relative to GAPDH.

Biodistribution of Gold nanoparticles to various organs was enhanced in
healthy and tumor-baring mice following collagenase treatment (I,J)
A schematic representation of the treatment protocol (I). Mice were
administered intravenously with 100-nm collagozome, day after day, followed by a single
dose of 100-nm gold nanoparticles (100µl, 5mg/ml) (n=5 biological replicates for each
pretreatment to mice).The amount of Gold nanoparticles that reached the various organs
of PDAC mice after an intravenous administration was quantified using elemental
analysis. Results in tumor-baring mice injected with 100-nm gold nanoparticles (J).
*indicates p-value<0.05 according to a student's t-test with two-tailed distribution with
unequal variance. **indicates p-value <0.01. ***indicates p-value<0.001 according to
student's t-test with a two-tailed distribution with unequal variance.
All P-values presented were calculated between specified bars according to a student's
t-test with a two-tailed distribution with heterodetic unequal variance for multiple
comparisons.
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Figure 3. Enhanced pancreatic uptake after the collagozome pretreatment.
Collagozome pretreatment increased the pancreatic uptake of 100-nm
liposomes. Iodine-loaded (A) or Gd-loaded (B) 100-nm liposomes were injected
intravenously to mice bearing PDAC tumors, and the pancreases were imaged by CT;
PDAC collagozome treatment group (AV-VI) was compared to the non-treated PDAC
group (AIII-IV) and to a control group (AI-II). Similar quantitative results were recoded using
Gd-liposomes and elemental analysis of the pancreas. (n=10 for the empty liposome
group, n=5 of the free enzyme group, n=3 for the no pretreatment group and n=4 for the
Collagozome treatment group).
Mice were administered 100-nm collagozome day after day, followed by a single dose of
30-nm paclitaxel-loaded micelles (10 mg/kg-body-weight) and the mCherry-expressing
tumors were imaged. No major body-weight fluctuations were measured among the
groups (C).

Therapeutic efficacy was recorded in mice pre-treated with collagozome
followed by paclitaxel (D, E, F). Mice bearing PDAC tumors pretreated (right) or nontreated (left) with collagozome, 5 days after pretreatment were treated with paclitaxel
micelles (D). Tumors were imaged over two weeks (E); tumor radiance decreased by
64% in the liposome (test) group and increased by 16% in the control (F). Results are
representative of five biological replicates for both groups.
A schematic representation of the treatment protocol (G) Mice baring PDAC
tumors were administered with 100-nm Collagozome, empty or free collagenase, in 48
hour gaps, followed by a single dose of 30-nm paclitaxel-loaded micelles (10 mg/kgbody-weight). This was repeated for 3 cycles with at least 3 mice in each experimental
group.

Therapeutic efficacy was recorded in mice pre-treated with collagozome
liposomes followed by paclitaxel (H). Mice bearing PDAC tumors were pretreated
with either collagozome, empty liposomes or free liposomes followed by paclitaxel
micelle treatment. Tumors were weighed at the end point. Values presented are relative
to healthy pancreas size. (H). No change in tumor weight was observed between
collagozome treated mice (without paclitaxel micelle treatment) compared to free
collagozome (I).
*indicates p-value<0.05, **indicates p-value<0. All P-values presented were calculated
between specified bars according to a student's t-test with a two-tailed distribution with
heterodetic unequal variance for multiple comparisons.
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Figure 4. Collagozome reduce collagen quantity in PDAC tumors (A-D)
Mice baring PDAC tumors were administered with either 100-nm empty liposomes (B),
free collagenase (C), or collagozome (D), twice a week for three weeks. Pancreatic tumor
sections were stained for collagen with Masson’s Trichrome. Scale bar= 200µm.
Quantification of Masson’s Trichrome staining was done by Image J. Five sections were
quantified for % collagen in tumor area in at least three mice of the same treatment (A).

Circulating tumor cells (CTCs) and tissue morphology after collagenase
treatments histological evaluation of organs from in-vivo collagenasetreated and untreated mice (E).
H&E staining (I,II) Masson's Trichrome collagen staining (III,IV) of the liver, spleen,
kidneys and lungs among the collagozome non-treated (odd numbers) and treated
groups (even numbers). Results are representative of two biological replicates for both
groups). Scale bar= 50µm.

Circulating tumor cells (CTCs) were measured in mice serum 24-hours after
the collagenase treatment (F). No significant differences were observed between the
PDAC-treated and the non-treated groups (n=4 for both groups).
NS indicates p-value>0.05 according to a Student's t-test with a two-tailed distribution
with equal variance.

No evidence of metastatic disease was observed in the liver, brain, spleen
and lungs 7 days after the collagenase treatment (G). Results are representative
of 2 biological replicates for all groups. NS indicates p-value>0.05 according to a
Student's t-test with a two-tailed distribution with unequal variance.
Comparing blood panels of collagozome treated and untreated mice: oxygen,
chemistry and electrolyte analysis (H,I), red blood cell, reticulocyte, platelet count and
white blood cell analysis (J) between the collagozome treated mice and non-treated mice
24 hours after the injection.
*indicates p-value<0.05 All P-values presented were calculated between specified bars
according to a student's t-test with a two-tailed distribution with heterodetic unequal
variance for multiple comparisons.
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Materials and Methods
Collagenase liposomes, collagozomes
Collagenase type-I (Sigma-Aldrich, St. Louis, MO, USA) was encapsulated in 100-nm
liposomes. A lipid mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Avanti Polar
Lipids, Alabaster, AL, USA), cholesterol (Sigma-Aldrich) and 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-methoxy-polyethylene glycol 2000 (PEG-DSPE; Avanti), at three
different molar ratios of: 95:0:5, 80:15:0 and 56:39:5, respectively, were dissolved in absolute
ethanol. The lipid solution was added to calcium free Dulbecco's Phosphate Buffer Saline (PBS;
Sigma-Aldrich) solution containing 2mg/ml collagenase to reach a lipid concentration of 50mM,
at 50°C. The liposomes were downsized using a Lipex extruder (Northern Lipids, Vancouver,
Canada) five times through each 400, 200 and 100-nm polycarbonate etched membrane
(Whatman, Newton, MA, USA) at 40°C with a maximal working pressure of 10bar. The nonencapsulated protein was removed by dialysis using a 1000kDa cutoff membrane (Spectrum
Labs, CA, USA) against PBS solution (1:1000 vol ratio); the external PBS was replaced after 1,
3 and 24 hours, at 4°C. Liposomes were sized using a Zetasizer NanoZSP (Malvern Instruments,
Worcestershire, UK) using disposable polystyrene cuvettes after diluting the samples 1:100 in
PBS.

Collagenase encapsulation measurement. Collagozome was dissociated using 1%
triton-x100 in PBS. The mixture was placed in an Eppendorf shaker at 55°C at 300rpm for 15
minutes to dissociate the liposomes. The mixture was centrifuged for 10 minutes at 12,000rpm
at 4°C. The liposome-free supernatant was collected and centrifuged again for 10 minutes at
12,000rpm at 4°C. The protein concentration was determined using a MicroBCA Protein Assay
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Kit (ThermoFisher Scientific, MA, USA). Protein concentration was measured by absorbance at
562nm using the Infinite 200PRO multimode reader (TECAN, Mannedorf, Switzerland).
Encapsulation efficiency reached 10% which is equivalent to collagenase concentration of 0.2
mg/ml inside the liposomes.
A second determination method was done by Fluorescamine. Collagozomes were dissociated
with the same method as done for BCA. Fluorescamine was diluted to 0.75mg/ml final
concentration when added to liposomal sample. The fluorescence was then determined using
Infinite 200PRO multimode reader (TECAN, Mannedorf, Switzerland) with a 400 nm, 30 nm
bandwidth, excitation filter and a 460 nm, 40 nm bandwidth emission filter. Protein concentration
was calculated based on BSA (bovine serum albumin) calibration curve.

Collagenase activity assay. Collagenase type-I activity was determined using gelatin with
fluorescein conjugate as a substrate (ThermoFisher). Collagenase (100l) was mixed with 80µl
of reaction buffer (0.05M Tris-HCl, 0.15M NaCl, 5mM CaCl2, and 0.2mM sodium azide at pH
7.6) and 20µl of 0.125mg/ml gelatin diluted in PBS. Following 1 hour incubation of liposomes at
37°C The fluorescent intensity was measured every 15 seconds over a period of 3 minutes at
485nm and 530nm (excitation/emission) using an Infinite 200PRO. Collagenase activity was
measured at 37°C, where plasma or PBS served as control.

Collagenase release profile. Collagenase release from the liposomes was measured
using dialysis tubes 1000kDa molecular cutoff (SpectraPor) against PBS (1:15 vol ratio) at 37°C
with 100rpm shaking. Triplicates vials were used for each liposome formulation. The released
protein concentration was determined using MicroBCA Protein Assay Kit (ThermoFisher).
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Gd-rhodamine liposomes Gadolinium diethylenetriaminepentaacetate (Gd; SigmaAldrich) was incorporated into 100-nm liposomes. A lipid mixture of hydrogenated soybean
phosphatidylcholine (HSPC; Avanti) cholesterol (Sigma-Aldrich), 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(lissamine rhodamine B sulfonyl (Rhod-DSPE; Avanti) and PEG-DSPE
(Avanti) at a molar ratio of 55.94:39:0.06:5 respectively were dissolved in absolute ethanol at
70°C. The dissolved lipids were quickly injected into a PBS solution containing 270 mg/ml of Gd,
at 70°C, to reach a lipid concentration of 50mM. The liposomes were extruded five times through
100-nm polycarbonate membranes (Whatman) at 70°C. The free Gd was removed by dialysis in
a 12-14kDa membrane (Spectrum Laboratories) against PBS solution at 4°C for 24 hours.
Liposomes were sized using a Zetasizer NanoZSP (Malvern).

Gd release profile. Gd release profile from the liposomes was measured by dialysis using
14kDa cutoff membrane (SpectraPor) loaded with the Gd-liposomes against PBS at a 1:15 vol
ratio at 37°C and 100rpm shaking. Released Gd was measured using the elemental analysis
5110 ICP-OES (Agilent, CA, USA) at wavelengths of 335.048 and 342.246nm.

Gd

Liposome

concertation

measurements.

Gd-liposome'

concentration

(liposomes/ml) was measured using a NanoSight NS300 (Malvern, Worcestershire, UK)
equipped with a sCMOS camera. Slider shutter and gain were set to 1206 units and 366
respectively, total number of 749 frames were captured with 25 frames per second rate. The
temperature was set to 24.4C.

Gd-rhodamine liposome biodistribution. Mice bearing PDAC, 6 weeks after the
initiation of the tumor model were administered, via tail vein injection, 400μl of 1.2 mg/ml Gdliposomes. Mice were sacrificed at different time intervals: 1, 8, 14- and 24-hours post
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administration and their organs were collected. Tissues were combusted for 5 hours at 550°C
and then dissolved in 1%vol nitric acid. Gadolinium in each organ was quantified using ICP-EOS
(Agilent( at wavelengths of 335.048 and 342.246nm.

Differential Scanning Calorimetry. DSC measurements were performed using a
NanoDSC (TA Instruments, New Castle, DE, USA). Liposome suspensions were measured at
temperatures ranging from 10 to 65°C with intervals of 0.5 °C/min. PBS was used as a reference
buffer.

Tissue culture
KPC cells were established in the laboratory of Surinder K. Batra. KPC cells were LSLKrasG12D/+;LSL-Trp53R172H/+ of pancreatic carcinomas, along with inactivation of the ;Pdx1-Cre mice 60 (KPC) transgenic mice.61 Cells were cultured in Dubalco Modified Eagle's medium
(DMEM; SigmQa-Aldrich) supplemented with 10% fetal bovine serum (FBS, Biological
Industries, CT, USA), 100 IU ml-1 Penicillin, 100 µg ml-1 Streptomycin and 2 mM L-glutamine
(Biological Industries) and grown at 37°C; 5% CO2. KPC cells expressing the fluorescent protein
mCherry were developed by the Satchi-Fainaro Laboratory at the Tel Aviv University, and
cultured in DMEM medium, supplemented with 10% fetal bovine serum1% 2mML-glutamine and
1% 100U penicillin with 0.1 mg/ml streptomycin or 10 µg/ml of puromycin at 37°C and 5% CO2.
All cells tested negative for mycoplasma (EZ-PCR, Mycoplasma test kit, Biological industries).

PDAC model
All the animal studies were approved by, and complied with, the institutional and ethical
committee at the Technion. Animals' well-being was monitored daily by certified veterinarians at
the Technion facility.

27

Several mouse models have been developed to study pancreatic cancer, 62 each with its
similarities and differences to the disease manifestations in humans. Here, we chose to test our
approach on C57BL/6 mice bearing KPC (LSL-KrasG12D/+;LSL-Trp53R172H/+ of pancreatic
carcinomas) tumors60, 61 implanted orthotopically in the pancreas. Specifically, these tumors
resemble human pancreatic adenocarcinoma in their excess expression of extracellular
collagen.
Ten-week-old C57BL/6 mice (Harlan Laboratories, Jerusalem, Israel) were anesthetized using
Ketamine/Xylazine (100mg/kg and 10mg/kg-bodyweight, respectively) injected intraperitoneally.
A subcutaneous injection of 0.05 mg/kg buprenorphine was performed before the surgery. The
mice were placed on 37C warmed pads. The lateral, abdominal left side of the mice was
shaved, and a 1-cm longitudinal cut was performed above the pancreas in the skin. While
observing the spleen and the pancreas 1-cm cut was done in the peritoneum. The pancreas was
then secured using forceps. 250,000 KPC-mCherry cells were suspended in 0.01ml at 4C PBS
and were injected using 5µl Hamilton syringe with 30G at 30 degrees using a point style 4
needle (Hamilton, NV, USA) to the pancreas.63 Cuts were sutured using 5-0 degradable sutures
(Vicryl, AR, USA).

Liver fibrosis model
Six weeks old Balb/c mice (Harlan Laboratories, Jerusalem, Israel) were anesthetized with
isoflurane (4% induction, 2% maintenance inhaled) and injected intraperitoneally in chemical
hood tri-weekly with 2ml/Kg Carbon tetrachloride (Sigma- Aldrich) diluted in olive oil for 2 weeks
(6 injections) 41-44.
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Collagen analysis after the collagenase treatment.
Pancreatic tumors and were harvested from tumor bearing mice, six weeks after the initiation of
the tumor model. Each tumor was sliced horizontally to 1cm thick slices. All the extracted slices
were mixed and randomly chosen for different treatments groups. Treatments included
incubation in DMEM medium (Sigma-Aldrich) with collagenase type-I (Sigma-Aldrich) at
increasing concentrations: 0.05, 0.1 or 0.2 mg/ml for either 8 or 24 hours. Following the
enzymatic treatment, the tumor slices were sectioned, fixated in 10% formalin (Sigma-Aldrich)
and stained with Masson's Trichrome. Computerized morphometry (by Image J) was utilized to
quantitate the fraction of the fibrotic area out of the total area of the tumor in each sample.
Computerized morphometry of the collagen was used to determine fibrosis fraction within each
tumor sample. Masson's Trichrome staining was performed to identify the pancreatic fibrosis.
Then, stained slides were entirely scanned at magnification of X20 using the Panoramic MIDI
automatic digital slide scanner (3DHistech, Budapest, Hungary). The whole slide was analyzed
in Image Pro Premier 9.2 software (Media Cybernetics, MD, USA). Tumor fibrosis area was
calculated according to the blue staining within the tumor tissue, and the tissue area was
calculated by choosing the whole tissue with the machine 'color picker tool' (Image J). The same
procedure was done to mice's livers following liver fibrosis induction.

The effect of the collagenase treatment on pancreatic uptake of Gdliposomes. Mice were treated with two injections of collagozome 24 hours apart (n=4 mice).
Control groups included injections of empty liposomes (n=10 mice), free collagenase (n=5 mice)
or no injection at all (n=3 mice) instead of collagozomes. Twenty-four hours after the second
treatment, 400μl of Gd-liposomes were injected intravenously to the tail vein. 24 hours later, the
animals were euthanized, and their organs were harvested. The amount of Gadolinium in each
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organ was analyzed using elemental analysis (ICP-EOS, Agilent) at wavelengths of 335.048 and
342.246nm. The organs were harvested, weighed and then burnt at 550°C overnight. The burnt
organs were dissolved in 5 ml of 1% nitric-acid and filtered using 22μm filters (Millipore MillexGV, Merck, Darmstadt, Germany). The Gd concentration in the organs was measured using an
ICP-EOS elemental analysis.

In-vivo imaging
Intra-vital microscopy. Mice were anesthetized using ketamine/xylazine. 300µl of Gdrhodamine liposomes were injected intravenously to the tail vein. One-hour after the injection, a
1-cm incision was performed above the pancreas. An SZX16 microscope equipped with a CY3
filter and SDF PLAPO 0.5X PF lens (Olympus, PA, USA) was used at an exposure time of
365ms; the threshold was determined by the auto-fluorescence of the healthy pancreas. Image
editing of +20% brightness and contrast was performed.

MRI hardware and animal monitoring. Magnetic resonance imaging (MRI) was
performed using a 9.4T bore scanner (Bruker Biospec, Ettlingen, Germany), equipped with a
Transmit/Receive cylindrical volume coil (72 mm inner diameter). Animals were anesthetized
using 0.5-1.5% isoflurane, supplemented with oxygen (0.7 l/min). Respiration was monitored
during imaging (Small Animal Instruments, Stony Brook, NY, USA) and body temperature was
maintained using thermostat-regulated circulating hot water. T2-weighted images were first
obtained to identify the pancreas location using a RARE sequence with respiratory gating
(0.6mm thickness, 25 slices, FOV=6x3cm, matrix dimension=256x128, TR/TE=600/16.2ms, 3
averages). Gd-liposomes were imaged using T1-weighted RARE sequence with respiratory
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gating

(0.6mm

thickness,

13

slices,

FOV=6x3cm,

matrix

dimension=256x128,

TR/TE=1200/16.2ms, 3 averages), sequences were acquired every 2 min over 25 min.

Micro-CT scan. Mice were imaged using an IVIS Spectrum CT Pre-clinical in-vivo imaging
system (PerkinElmer, MA, USA) with the following parameters: CT was set to 50ms, total
projections were 720, voltage was set to 50kV while the current to 1mA the binning was
determined to 2 and the X-ray filter was set to 440 A1. Hounsfield calibration was performed in
air-0.004168 and water-0.5513. Two groups of tumors bearing mice (n=5 each) were divided to
control and test group. The mice were weighed weekly and tumor progression was monitored
by weekly IVIS scans (PerkinElmer). Epi-fluoresce scans were acquired under the following
parameters: excitation 570nm, emission 620nm, at 3 seconds exposure. Therapeutic treatment
began four weeks after the initial tumor cells injection. The test group received 300µl dose of
collagozomes for two consecutive days, while the control group remained untreated. On the third
day, both groups received a single dose of 10 mg/kg micellar paclitaxel.19 Tumor dimensions
were assessed using the ROI tool in the IVIS imaging software (Living Image, PerkinElmer).

Micro-ultrasound tumor imaging Mice were anesthetized with 2% isoflurane and kept
at 37oC. The tumor imaging was performed using a Vevo2100 Micro-ultrasound imaging system
(Visualsonics) equipped with13-38MHz (MS 400) and 22-55MHz (MS550D) array transducers.
Conventional two-dimensional imaging recordings were performed to determine tumor size.

PDACs’ ECM SEM scanning. For SEM images, the pancreas samples were divided into
three groups: treated, cancerous and non-cancerous. Then, each pancreas was cut into small
pieces and decellularized by 2-24 hours rounds agitation in a 1% sodium dodecyl sulfate (SigmaAldrich) and 0.1% Penicillin/Streptomycin (Biological Industries) in PBS.64 Subsequently, the
31

samples were washed in distilled water, lyophilized and sputter-coated with gold in a Polaron
E5100 coating apparatus (Quorum technologies, Lewis, UK) and observed under JSM-840A
SEM (JEOL, Tokyo, Japan).

Paclitaxel micelles. All substances used for polymerization, specifically methyl
trifluoromethylsulfonate (MeOTf) was refluxed over CaH2 2-n-buty-2-oxazoline (BuOx) and
benzonitrile (PhCN) were refluxed over P2O5 and distilled and stored under argon. The
polymerization and work-up procedures were carried out as described previously.65 Briefly, 1.91
g (11.6 mmol; 1 eq) MeOTf was added to a dried and nitrogen flushed flask and dissolved in 250
mL PhCN. 34.6 g (407 mole; 35 eq) of 2-methyl-2-oxazoline (MeOx) was added and the reaction
mixture was heated to 100°C for 4 hours. Reaction progress was controlled by FTIR- and 1HNMR-spectroscopy. After complete consumption of MeOx, the mixture was cooled to RT and
29.4 g (232 mole; 20 eq) 2-n-butyl-2-oxazoline (BuOx) was added. The reaction mixture was
heated to 100°C overnight. The procedure was repeated with 34.6 g (407 mole; 35 eq) MeOx
and termination was carried out with 3.0 g (35.2 mmol; 3 eq) piperidine (Pip) at 50°C for 4 hours.
Subsequently, 1.92 g (13.9 mmole; 1 eq) of K2CO3 was added and the mixture was stirred at
50°C for 4 hours. Precipitates were removed by centrifugation and the solvent removed under
reduced pressure. The supernatant was transferred into a dialysis bag (MWCO 1 kDa, cellulose
acetate) and dialyzed against Millipore water overnight. The solution was recovered from the
bag and lyophilized. Drug loaded polymer micelles were prepared using the thin film method
(Figure S5).24 Ethanolic polymer (50 g/L) and paclitaxel (20 g/L) stock solutions were mixed in
desired ratio. After complete removal of the solvent at 55°C, the films were dried further in vacuo
(≤ 0.2 mbar) overnight. Subsequently, preheated (37°C) H2O (Millipore) was added to obtain
final polymer and drug concentrations of P2/PTX = 50/40 g/L. Complete solubilization was
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facilitated by shaking the solutions at 55 °C for 30 min. Non-solubilized drug (if any) was
removed by centrifugation for 5 min at 10.000 rpm with a Universal 320 R centrifuge, Hettich
(Tuttlingen, Germany).

Detection of circulating tumor cells (CTCs) from mouse blood by Flow
Cytometry. Blood was sampled from the facial vein of mice from 3 different groups: (i) normal,
(ii) mCherry-labeled tumor-bearing mice and (iii) mCherry-labeled tumor-bearing mice treated
with liposomes (n = 4 mice per group). Blood (20 µl) was collected into an anticoagulant (EDTA)containing tube, diluted 1:5 with PBS (Sigma-Aldrich) and incubated with anti-mouse CD326
(EpCAM) APC eFlour 780 (cat#47-5791-80, eBioscinces, 0.125µg per sample) and anti-mouse
CD45 FITC (cat#11-0451-82, eBioscinces, 0.5µg per sample) for 1 hour at room temperature
protected from light. Blood samples were diluted with PBS 1:10 (vol ratio) and DAPI 5 µg/ml
was added. CTCs in diluted blood samples were detected using flow cytometry (Attune NxT, Life
Technologies, ThermoFisher) and analyzed with Kaluza (Beckman Coulter, IN, USA) software.
Briefly, mCherry signal and monoclonal antibodies were used to detect mCherry-labeled CTCs
population with the following phenotype: mCherry+/EpCAM+/CD45-. DAPI was used to
distinguish apoptotic and dead cells from viable cells. After acquisition of at least 300,000 cells
per sample (whole sample was run) analyses were done on singlet cells. Percentages of live
cells with the phenotype mCherry+/EpCAM+/CD45-is shown. Positive staining was defined as
being greater than non-specific background staining and was verified on blood sample that was
spiked-in with mCherry-labeled cells.

Metastasis detection. Mice were sacrificed, and the brain, lungs, liver and spleen were
extracted and held in culture media (Roswell Park Memorial Institute medium; Sigma-Aldrich) at
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4C until initiating the organ’s dissociation. Subsequently, the organs were enzymatically and
physically dissociated using a GentleMacs machine (Miltenyi Biotec, Bergisch Gladbach,
Germany) and tumor mouse dissociation kit (Miltenyi Biotec) following the machine dissociation
protocols. Single cell suspension was obtained by passing the suspension in 70µm cell strainer
(BD Biosciences, CA, USA). After dissociating the organs into a single-cell suspension, the
mCherry KPC cells were detected in the mCherry channel, after acquisition of at least 100,000
cells per sample using a flow activated cell sorter (FACS; FACSARIA III, BD Biosciences) and
analyzed with Diva (BD Biosciences) software. Proper gates of single cells and positive
populations were obtained prior to the analysis.

Blood panels
Tumor-bearing mice (n=4 mice per group) were divided to control not treated and test groups.
The test group treated by two consecutive, day after day, collagozomes 300µl intravenous
injections. 24 hours after the second collagozomes injection blood was collected from the
groups, 65µl from each mouse, and the samples were kept in 1ml lithium heparin and 0.5ml
k3EDTA tubes. Analysis was performed using: VetscanVs2 (Abaxis, CA, USA), i-STAT portable
clinical analyzer (Abaxis) and ProCyte Dx* Hematology Analyzer (IDEXX, Maine, USA).

Histology
Mice were euthanized at the sampling day. Tumors were extracted and kept in 10% natural
buffer formalin (Sigma-Aldrich) at 4C for 24 hours before they were paraffin embedded. The
slides were deparaffinized and soaked in xylene for 3 minutes, xylene:ethanol 1:1 (vol ratio) for
3 minutes, absolute ethanol for 3 minutes, 95% ethanol for 3 minutes, 70% ethanol for 3 minutes,
50% ethanol for 3 minutes and then rinsed with tap water. Nuclei blue fluorescent staining was
performed using NucBlue Fixed Cell ready probes (ThermoFisher) that was added for 10
34

minutes followed by rinsing with tap water. Hematoxylin and eosin (H&E) and Masson's
Trichrome (MTC) staining for collagen evaluation was performed.

Fluorescent histology. The stained slides were scanned and analyzed using a 3D Histech
Panoramic MIDI scanner (3D Histech, Budapest, Hungary) using an X20 objective magnification,
exposure times of 100 msec for the DAPI channel, and 350 msec for the CY3 channel. Images
were analyzed using an Image J Analysis software program to evaluate the levels of rhodamine
in the tissue. Image editing of +40% brightness and contrast was done.

mRNA Extraction mRNA was purified using an Aurum total RNA fatty and fibrous tissue kit
(#732-6830, Bio-Rad) according to the manufacturer’s protocol. mRNA was quantified by
measuring Ab260 nm with a NanoQuant plate in Infinite 200PRO multimode reader (TECAN,
Mannedorf, Switzerland).

Quantitative Real Time PCR (RT-qPCR) cDNA was synthesized from mRNA samples
using 400 ng of RNA in a 20µl total reaction mix of High-quality cDNA synthesis Kit (qPCRBIO)
Biosystems). Real-time PCR was performed qRTPCR CFX Bio-Rad equipment with qPCRBIO
Fast qPCR SyGreen Blue Mix, Hi-ROX, (qPCRBIO). Values were normalized with GAPDH
expression levels. The primer sequences are:
GAPDH

F- TTGCCATCAACGACCCCTTCAT
R- AGACTCCACGACATACTCAGCA

Collagen type 3α (col3α)

F- CTGTAACATGGAAACTGGGGAAA
R-CCATAGCTGAACTGAAAACCACC
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Smooth muscle actin (SMA)

F- GTCCCAGACATCAGGGAGTAA
R- TCGGATACTTCAGCGTCAGGA

Supporting Information
Supporting information is available online. NanoSight 100-nm PEGylated nanoparticle
measurements of the particle concentration and characterization of particles for zeta and drug
to lipid ratio (Supplementary Figure S1) with calculation of nanoparticle biodistribution explained
in Table S1. Detailed measurements of the three different collagenase concentrations (0.05, 0.1
and 0.2 mg/ml) that were tested ex-vivo over two times intervals (8 and 24 hours)
(Supplementary Figure S2). Elemental ICP-OES analysis of organs of mice that were pretreated
with collagozome, free collagenase or empty liposomes and then injected intravenously with
gold nanoparticles at various sizes (5,20,100nm) to asses biodistribution following pretreatment
in healthy (Supplementary Figure S3) and PDAC (mice Supplementary Figure S4) .Microultrasound image to describe how tumor measurement were performed in vivo (Supplementary
Figure S5).DLS 30-nm measurement for paclitaxel micelles.
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