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Purpose: Chronic pancreatitis (CP) is an inflammatory disorder of the pancreas that leads to 
impaired pancreatic function. The limited therapeutic options and the lack of molecular 
targeting ligands or non-serum-based biomarkers hinder the development of target-specific 
drugs. Thus, there is a need for an unbiased, comprehensive discovery and evaluation of 
pancreatitis-specific ligands.
Methods: This study utilized a computational-guided in vivo phage display approach to 
select peptide ligands selective for cellular components in the caerulein-induced mouse 
model of CP. The identified peptides were conjugated to pegylated DOPC liposomes via 
the reverse-phase evaporation method, and the in vivo specificity and pharmacokinetics were 
determined. As proof of concept, CP-targeted liposomes were used to deliver an antifibrotic 
small molecular drug, apigenin. Antifibrotic effects determined by pancreatic histology, 
fibronectin expression, and collagen deposition were evaluated.
Results: We have identified five peptides specific for chronic pancreatitis and demonstrated 
selectivity to activated pancreatic stellate cells, acinar cells, macrophages, and extracellular 
matrix, respectively. MDLSLKP-conjugated liposomes demonstrated an increased particle 
accumulation by 1.3-fold in the inflamed pancreas compared to the control liposomes. We 
also observed that targeted delivery of apigenin resulted in improved acini preservation, 
a 37.2% and 33.1% respective reduction in collagen and fibronectin expression compared to 
mice receiving the free drug, and reduced oxidative stress in the liver.
Conclusion: In summary, we have developed a systematic approach to profile peptide 
ligands selective for cellular components of complex disease models and demonstrated the 
biomedical applications of the identified peptides to improve tissue remodeling in the 
inflamed pancreas.
Keywords: phage display, next-generation sequencing, peptide ligands, targeted liposomes, 
drug delivery

Introduction
Chronic pancreatitis (CP) is an inflammatory disorder that causes irreversible 
damage in the pancreas and induces long-standing sequelae encompassing recurrent 
severe pain, fibrosis, duct distortion, parenchymal calcification, and loss of exocrine 
and endocrine function at the advanced stage.1,2 In addition to physical debilities, 
patients with CP typically struggle with psychological and financial challenges, 
resulting in a significantly impaired quality of life.3–5 Patients with a history of CP 
have an increased risk of developing pulmonary diseases, diabetes mellitus, and 
pancreatic cancer.6 The annual incidence of CP worldwide ranges between 4.4 and 
14 per 100,000 population, with an approximate prevalence of 36.9–52.4 per 
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100,000.7 Despite low prevalence, the frequent demands 
of pain management and necessary procedures directly or 
indirectly caused by CP lead to a disproportional high cost 
of medical care, resulting in a high socioeconomic burden 
on diseased individuals and the health care system in the 
United States.8–10

Fibrosis is a characteristic feature of CP, which is not 
only an outcome of recurrent pancreatic parenchymal cell 
necrosis but is also responsible for the post-injury reac-
tions that induce a cascade of events and signify molecular 
and cellular damage. Various cellular components and 
molecular crosstalk are involved in fibrogenesis, with 
each of the components contributing to the clinical out-
come of pancreatic remodeling. However, no FDA- 
approved drug is available to address the fundamental 
causes of inflammation and fibrogenesis and to halt and 
reverse the damage of pancreatitis. In fact, current ther-
apeutic strategies for CP are limited to palliative care and 
pain alleviation and these approaches fail at the advanced 
stage when invasive surgical procedures are the only avail-
able options. Thus, addressing fibrotic conditions has 
become one of the main areas to improve pancreatitis 
outcomes. Apigenin, a natural, small molecule compound, 
has been shown preclinically to have antifibrotic, anti- 
inflammatory, antioxidant, and proapoptotic properties in 
CP and various cancers in vitro and in vivo.11–13 Despite 
these promising features, apigenin suffers from low aqu-
eous solubility, metabolic instability, and off-target 
effects;14 therefore, no approved clinical applications of 
apigenin are available.

Liposome-based drug delivery has been clinically pro-
ven in the cancer setting to successfully encapsulate small 
molecule drugs for enhanced bioavailability, prolong drug 
circulation half-life, and improve patient outcomes.15,16 

Surface modifications with targeting ligands such as anti-
bodies, antibody fragments, and peptides enable specific 
binding at the diseased sites while minimizing undesirable 
side effects. In the tissue remodeling process of CP, var-
ious cellular and molecular components are involved and 
contribute to the progression, which make them potential 
targets. There are, however, no molecular targeting ligands 
or non-serum-based biomarkers available, limiting the 
development of imaging agents and therapeutics for pan-
creatitis. To fill that void, we used phage display and our 
innovative and computationally guided target selection 
approach, PHASTpep,17 to identify peptides specific for 
key cellular components involved in fibrogenesis. The 
cellular selectivity of the identified CP-specific clones 

was evaluated using fluorescent microscopy and colocali-
zation analysis with common cell types present in the CP 
microenvironment. As proof of concept, we developed an 
apigenin-encapsulated liposomal formulation surface mod-
ified with the identified CP-targeted peptides. The pharma-
cokinetic profile of targeted liposomes was examined 
in vivo and ex vivo after intravenous injection in 
a mouse model of CP. Pancreata from the CP mice receiv-
ing apigenin-encapsulated, targeted liposomes were eval-
uated for antifibrotic effects based on histology compared 
to mice receiving vehicle, free drug, or non-targeted lipo-
some treatments. Through a high-throughput ligand iden-
tification process, we aim to demonstrate the application of 
targeting peptides in drug delivery to mediate the devel-
opment of target-specific interventions for CP.

Materials and Methods
Lipids for Liposome Preparation
1.2-Dioleoyl-sn-glycerol-3-phosphocholine (DOPC), and 
1.2-distearoyl-sn-glycero-3- phosphoethanolamine- 
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) 
were purchased from Avanti Polar Lipids, Alabaster, AL; 
DSPE-PEG3400-maleimide was purchased from Laysan 
Bio Inc., Arab, AL; 1.1′-dioctadecyl-3,3,3′,3′- tetramethy-
lindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) 
was purchased from Biotium Inc., Hayward, CA; choles-
terol was purchased from Millipore Sigma, 
Burlington, MA.

Caerulein-Induced Pancreatitis in Mice
All animal experiments were approved by the Animal Care 
and Use Committee at the University of Virginia and 
conformed to the NIH “Guide for the Care and Use of 
Laboratory Animals in Research.”

C57BL/6J mice (6–12 week-old, female) were used for 
the in vivo phage screening. For chronic pancreatitis, 
caerulein (Bachem, Torrance, CA) was dissolved in sterile 
saline and administrated via intraperitoneal injection twice 
a day, 8 hours apart for 14 consecutive days, at 
a concentration of 250 μg/kg body weight18 as shown in 
Figure S1A. During the 14-day course, intraperitoneal 
injections of 100 μg/kg buprenorphine were given every 
3 days to minimize the induced pain. For healthy controls, 
c57BL/6J mice were injected intraperitoneally with an 
equal volume of sterile saline following the same schedule 
as in the chronic pancreatitis models. The inflammatory 
status of the pancreas was confirmed at the end of 
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caerulein treatments via immunohistochemistry using 
hematoxylin-eosin (H&E) staining (Figure S1B). 
Picrosirius red (Polysciences, Inc., Warrington, PA) was 
used to visualize collagen in paraffin-embedded pancreas 
sections (Figure S1B).

In vivo Phage Screening
1x1012 plaque-forming units (pfu) of the Ph.D.TM-7 Phage 
Display Peptide Library (New England Biolabs, Ipswich, 
MA) were injected intravenously via tail vein into CP and 
healthy c57BL/6J mice (N=3, each). Phage were allowed 
to circulate in the blood for 4h post-injection to allow 
extravasation out of the bloodstream and into tissues to 
facilitate cellular binding before the mice were euthanized. 
Various organs, including heart, liver, spleen, pancreas, 
kidneys, and skeletal muscle, were harvested, weighed, 
and homogenized in lysis buffer: 1x EDTA and 1x pro-
tease inhibitor cocktail (Fisher Scientific, Hampton, NH) 
in Dulbecco’s phosphate-buffered saline (DPBS, HyClone, 
Logan, UT). Phage titers of the tissues were determined by 
bacteriophage plaque assay following the manufacturer’s 
instructions (Ph.D.TM Phage Display Libraries Instruction 
Manual, NEB) and calculated in percent injected dose (% 
ID) per organ-weight. Phage recovered from the pancreas 
pool were amplified in Escherichia coli strain ER2738 at 
the early-log phase in LB media for 5h at 37°C. Bacterial 
debris was centrifuged at 12,000 rpm, 10 min, and phage 
in the supernatant were purified via PEG precipitation 
(PEG/NaCl: 20% w/v polyethylene glycol-8000, 2.5mM 
NaCl) overnight at 4°C. The amplified phage were then 
washed with DPBS, precipitated again with PEG/NaCl at 
4°C for 30 min, centrifuged, and resuspended in DPBS for 
the next round of biopanning. Three rounds of biopanning 
were performed in both CP and healthy mice.

Phage DNA Sequencing
Thirty phage plaques from the pancreas of round-3 were 
randomly selected for DNA sequencing. The insert oligo 
in the integrated section of the phage was amplified by 
polymerase chain reaction (PCR) using the forward pri-
mer, 5ʹ-CCTTTAGTGGTACCTTTCTAT-3ʹ, and the 
reverse primer, 5ʹ-GCCCTCATAGTTAGCGTAACG-3′, 
and then Sanger sequenced (Eurofins). For next- 
generation sequencing, phage DNA of the pancreas pooled 
at all rounds was extracted via sodium iodide precipitation, 
followed by PCR amplification using previously published 
primer sets17 with KAPA HiFi PCR kit (Fisher Scientific, 
Hampton, NH). The PCR cycles are initialized with one 

step of 95°C for 1min, followed by 17 cycles of 95°C for 
30 s, 60°C for 30 s, and 72°C for 30 s. PCR purification 
was performed using a QIAquick PCR purification kit 
(Qiagen, Hilden, Germany) following the manufacturer’s 
instructions. Phage DNA was sent to the UVA 
Biomolecular Research Core Facility for single-ended 
Next-generation sequencing (NGS) on an Illumina Miseq 
Sequencer. FASTA files generated from the Illumina 
sequencing were processed by PHASTpep software.17

Specificity of Phage Clones
Eighteen candidate clones were grouped (4–5 clones per 
group, 4 groups total) based on sequence similarity using 
GibbsCluster Server 2.0.16 by the Technical University of 
Denmark (Figure S2A). Phage clones were pooled in 
equimolar amounts and labeled with fluorophore VivoTag 
680 (VT680, PerkinElmer, Waltham, MA). Wild type 
M13Ke phage, used as a negative control, was labeled 
with VivoTag S-750 (VT750, PerkinElmer, Waltham, 
MA). For each group, the fluorescently labeled candidate 
and WT phage were mixed in equal number and co- 
injected into CP and healthy mice (n = 5). Phage accumu-
lation was determined by measuring the ex vivo fluores-
cent intensity of the pancreas at 20h post-injection via the 
IVIS Spectrum Series (Perkin Elmer, Waltham, MA) using 
the excitation and emission wavelength at 675nm/720nm 
for VT680 and 745nm/800nm for VT750. To account for 
variations of fluorescent labeling efficiency, the raw read-
outs of VT680 and VT750 were normalized to the dye-per- 
phage ratio (Figure S2B). The specificity ratio was calcu-
lated as %ID/g of the normalized VT680 divided by the % 
ID/g of the normalized VT750 (Figure S2C). A similar 
procedure was applied to determine the specificity of indi-
vidual phage clones in group 2 and 3. Fluorescent intensity 
was measured at 20h post-injection of candidate phage 
(VT680) and WT phage (VT750). Fold change of specifi-
city ratio was calculated as the specificity ratio of CP mice 
divided by the specificity ratio of the healthy mouse 
(Table S1).

Immunofluorescence (IF)
Post ex vivo imaging, mouse pancreata were submerged in 
Neg-50 Frozen Section Medium (Thermo Scientific, 
Waltham, MA) and snap-frozen over liquid nitrogen 
vapor. The embedded tissues were cut into 5 μm sections 
using a cryostat (Leica Microsystems Inc., Buffalo Grove, 
IL) for subsequent imaging with ZEISS LSM-880 
Confocal Laser Scanning Microscope (Carl Zeiss 
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Meditec, Inc., Jena, Germany) at the Advanced 
Microscopy Facility at the University of Virginia. Cell 
types of interest in the pancreatitis microenvironment 
were identified by IF analysis using the following antibo-
dies: rat anti-mouse CD31 at 1:200 dilution (endothelial 
markers) (BD Biosciences, San Jose, CA), rabbit anti- 
mouse cytokeratin 7 at 1:3000 dilution (CK-7, epithelial 
markers) (Abcam, Cambridge, MA), rabbit anti-mouse 
collagen IIIa at 1:200 dilution (ECM markers) (Abcam, 
Cambridge, MA), goat anti-mouse carboxypeptidase A1 at 
1:200 dilution (CPA1, acini markers) (R&D Systems, Inc., 
Minneapolis, MN), rat anti-mouse F4/80 at 1:500 (macro-
phage markers) (Bio-Rad, Hercules, CA), and FITC- 
conjugated, mouse anti-mouse α-SMA at 1:200 dilution 
(Sigma, St. Louis, MO). Alexa Fluor 488 (Abcam, 
Cambridge, MA) antibodies from appropriate species, 
including donkey anti-goat, donkey anti-rat, donkey anti- 
rabbit at 1:500 dilution, were used as secondary antibo-
dies. IF-stained pancreatic sections were mounted with 
ProLong Gold Antifade Mountant with DAPI (Thermo 
Fisher Scientific Inc, Waltham, MA) for nucleus 
visualization.

Preparation and Characterization of 
Liposomes
Peptide 7-mers identified in the phage screen were chemi-
cally synthesized to include a C terminal addition of the 
amino acid linker, GGSK(FAM)C, by the Tufts University 
Peptide Synthesis Core Facility using standard FMOC 
chemistry and Rink-Amide resin (Figure S7). Liposome 
preparation was carried out as previously described with 
minor modifications.19 In brief, 4mg of peptides were first 
conjugated to 9.5mg of DSPE-PEG3400-maleimide in 1mL 
of 0.5mM EDTA/PBS under argon to prepare the aqueous 
micellar solution. The micelle mixture was left 1h at room 
temperature, followed by overnight incubation at 4°C. 
Overnight dialysis was performed in PBS and then in 
MilliQ H2O twice to remove free peptides and salts from 
the conjugated micelles. The purified DSPE-PEG3400- 
peptide was then lyophilized and ready for use in liposome 
preparations. Liposomes were prepared by hydration of 
lipid film composed of the following reagents: DOPC 
(9.5mg), cholesterol (4.5mg), DSPE-PEG2000 (4.5mg), 
DSPE-PEG3400-peptide (1mg), and DiD (0.5mg). DiD 
was incorporated into the lipid bilayer as a non- 
exchangeable near-infrared lipid dye, allowing in vivo 
detection of liposomes by IVIS (PerkinElmer, Waltham, 

MA). The lipid contents were mixed by sonication in 1 mL 
of chloroform, 1 mL of saline, and 3 mL of ether followed 
by placing on a rotary evaporator overnight to remove 
residual organic solvents. The lipid mixtures were then 
size-extruded 21 times through a syringe extruder with 
a 0.2 μm Nuclepore filter (Thermo Fisher Scientific, Inc., 
Waltham, MA). The size-extruded liposomes were centri-
fuged on A-100/18 Fixed-Angle Rotor (Beckman Coulter, 
Brea, CA) by Airfuge Air-Driven Ultracentrifuge 
(Beckman Coulter, Brea, CA) at 20 psig for 1h to separate 
micelles and unattached lipids from liposomes. The result-
ing liposomal pellets were resuspended in saline and char-
acterized by NanoSight NS300 (Malvern Instruments Ltd., 
Worcestershire, UK) to determine particle size and con-
centration (Figure 1 and S3). The settings of NanoSight 
are as follows, camera level = 11; slider shutter = 600; 
slider gain = 300; FPS = 25.0; number of frames = 749; 
temperature = 20.7–20.9°C; viscosity = (water) 0.979– 
0.982 cP. The absorbance of FAM at 495nm was used to 
determine the number of peptides incorporated in each 
liposome formulation.

Specificity and Selectivity of 
Peptide-Conjugated Liposomes
Peptide-conjugated liposomes (150 μL containing 5×1011 

particles) were injected via tail vein in CP mice (N=3) to 
determine the pharmacokinetic properties using IVIS. No 
peptide liposomes were used as negative controls. Mice 
hair was shaved and removed by depilatory creams prior 
to imaging. In vivo imaging via IVIS at 0, 6, 24, 48 and 
72h post injections was performed. 4, 48, and 72h post 
injection, animals were perfused with saline, and organs 
were harvested for ex vivo imaging on IVIS using the Ex/ 
Em 640/680 nm filter sets to detect DiD accumulation in 
the pancreas and other organs. The cellular targets of 
targeting liposomes were determined by IF using antibo-
dies against the acinar cell marker (CPA1), aPSC marker 
(αSMA), ECM marker (collagen IIIa), epithelial marker 
(CK7), endothelial marker (CD31), and macrophage mar-
ker (F4/80). Colocalization analysis was performed using 
the JACoP plugin of the ImageJ software (National 
Institute of Health, Bethesda, MD). Mander’s colocaliza-
tion coefficient (MCC), which represents the percentage of 
liposomes overlapping with cell markers, was used as an 
indicator to quantitate the extent of colocalization of lipo-
somes with each cell type.20
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Figure 1 Pharmacokinetics of peptide-modified liposomes. (A) Table showing characteristic features of surface-modified liposomes with peptides identified to target 
collagen IIIa+ and acinar cells. (B) In vivo IVIS images of CP mice over 72h time course post-injection of peptide-modified liposomes. The white arrow indicates fluorescent 
signals detected at the pancreas region. (C) Ex vivo IVIS images of the pancreas at 4, 48, and 72h post liposome injection. (D) Biodistribution of DiD-labeled liposomes in CP 
mice at 48h post injection. Fluorescent intensity is normalized to the number of particles injected, the number of DiD per liposome, and the mass of the pancreas. N = 3. 
Student’s t-test was used to compare the targeted liposomes to the no peptide liposomes. *p < 0.05. 
Abbreviations: ns, not statistically significant; Skm, skeletal muscle.
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Apigenin Drug Loading and Release 
Kinetics
The lipid mixture, containing DOPC (9.5mg), cholesterol 
(4.5mg), DSPE-PEG2000 (4.5mg), DSPE-PEG3400-peptide 
(1mg), and 2mg apigenin (Sigma, St. Louis, MO), was 
pre-dissolved in 100uL ethanol, respectively. The drug and 
lipid mixture was mixed and added to 1mL PBS at 55°C, 
1h. Liposomes were prepared by passing through a 0.2 μm 
Nucleopore filter using a syringe extruder. The free drug 
was removed by Zeba Spin Desalting Column, 40K 
MWCO (Thermo Scientific, Waltham, MA). The resulting 
liposomes were characterized by Nanosight NS300. The 
drug loading per liposome was determined by Ultrospec 
3000 UV/visible spectrophotometer (Pharmacia Biotech, 
Sweden). The extinction coefficient of apigenin in saline 
is 664.02 (M−1cm−1) at 337nm, which was determined 
using Beer’s law on serial-diluted samples of known con-
centrations. To determine the degree of apigenin remaining 
encapsulated in the purified liposomes at storage condi-
tions (PBS, 4°C), a release kinetic study was performed 
for 14 days. The purified liposomes were centrifuged in 
Pierce Protein Concentrators PES, 10K MWCO (Thermo 
Scientific, Waltham, MA) on day 0, 9, and 14 at storage 
conditions. The free drug concentration in the filtrate was 
determined by UV spectrometer to calculate the amount of 
free apigenin released from the purified liposomes. In vitro 
release kinetics were determined by placing drug-loaded 
liposomes into the cartridge of Slide-A-Lyzer Mini 
Dialysis devices, 10K MWCO (Thermo Fisher Scientific 
Inc., Waltham, MA), with the conical tube filled with 50% 
FBS/saline at 37°C. The FBS buffer was used as a blank to 
set up UV spectrometer readouts. Free drug released into 
FBS buffer was collected at day 0, 1, 3, and 4 post 
incubation and determined by UV spectrometer.

Pharmacodynamic Measurement and 
Evaluation of Therapeutic Efficacy of 
Targeted Delivery of Apigenin
Six-week old C57bl/6J mice were given intraperitoneal 
injections of caerulein (125 μg/kg, twice daily, 5 weeks). 
Following 2 weeks of caerulein treatment, animals were 
randomly divided into 4 groups, N = 5 per group: 1) 
intravenous injections of empty (drug-free) MDLSLKP- 
conjugated liposomes (ECM Lip), twice-weekly 2) free 
drug – oral gavage of apigenin, 2mg/kg, 6 days per 
week,11 3) Api-NP Lip – intravenous injections of api-
genin encapsulated no peptide liposomes, 6mg/kg, twice 

per week, and 4) Api-ECM Lip – intravenous injections of 
apigenin encapsulated, MDLSLKP-conjugated liposomes, 
6mg/kg, twice per week. Apigenin treatments lasted for 3 
weeks for the remaining 3 weeks of caerulein induction. 
At the end of week 5, mice were euthanatized and serum 
harvested through cardiac puncture. Pancreata were per-
fused, harvested and paraffin-embedded for staining. 
Livers were perfused, harvested, and partially paraffin- 
embedded for staining. The remaining of the liver tissue 
was homogenized in lysis buffer (200mM HEPES, pH7.5, 
10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM EGTA, 
2mM PMSF, 1mM DTT, and 1x Protease Inhibitor 
Cocktail (Thermo Fisher Scientific Inc, Waltham, 
MA)).21 Pancreata sectioned at 5 μm were stained with 
H&E, picrosirius red, and fibronectin (1:50, Abcam, 
Cambridge, MA). Visualization of fibronectin was per-
formed with DAB (Acros Organics, Fair Lawn, NJ) and 
the tissue counter-stained using Hematoxylin 1 (Richard 
Allen Scientific, San Diego, CA). The quantification of 
picrosirius red was determined by Image J, using 
a threshold applied on the red composites of the RGB 
images. In the analysis, a total of 60 images per group 
(12 images per animal) were used for picrosirius red 
quantification. Fibronectin expression was quantified 
using the positive pixel count function on QuPath.22 

Acinar atrophy was determined by counting the number 
of damaged acinus within a 256 μm x 256 μm region of 
interest in the pancreas H&E images. Five images/animal, 
3 animals/group were analyzed. Hepatotoxicity induced by 
the treatments was evaluated by Western blot of the liver 
lysates probing against SOD1 (rabbit anti-mouse 1:1000, 
Cell Signaling, Danvers, MA) and β-actin (mouse anti- 
mouse 1:1000, Cell Signaling, Danvers, MA). Serum ala-
nine aminotransferase (ALT) and blood urea nitrogen 
(BUN) were determined using the VetTest 8008 
Chemistry Analyzer (IDEXX, Westbrook, ME). Liver, 
heart, and lung from all treatment groups were sectioned 
and stained with fibronectin to evaluate treatments in tis-
sues other than the pancreas (Figure S6).

Statistical Analysis
Statistical analysis of the data was performed by Student’s 
t-test, one-way analysis of variance (ANOVA) and Tukey– 
Kramer test. All data presented are expressed as mean ± 
standard error of at least three independent measurements. 
For all comparisons, p-value <0.05 was considered 
significant.
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Results
Enrichment of Phage Clones Specific to 
the Inflamed Pancreas
The Kelly laboratory has pioneered methods to identify 
novel ligands and targets for various diseases.17,19,23,24 

To select phage clones that bind specifically to cells in 
the complex CP microenvironment, an in vivo phage 
display screen was performed by injecting the phage 
library into the caerulein-induced CP mouse model 
(Figure 2A). The PhD.7 phage library (1×1012 pfu per 
mouse) was injected via tail vein in CP mice and 
allowed to circulate for 4h before animals were eutha-
nized to allow extravasation out of the bloodstream and 
into tissues. Phage harvested from the pancreas were 
amplified and re-injected into CP animals for a total of 
3 rounds of biopanning. For each round, tissues other 
than pancreas were also harvested and phage titered to 
determine the selectivity of the phage pool for CP pan-
creas. After three rounds of selection, the phage titer in 
the CP pancreas showed a statistically significant 
increase from round 1 (0.89% ID/g) and round 2 
(0.39% ID/g) to round 3 (14.38% ID/g) (Figure 2B). 
Phage titers in the clearance organs, including liver, 
spleen, and kidneys, decreased over rounds, implying 

the selectivity of phage pools shifted towards the 
inflamed tissues and away from the clearance organs 
over the course of the selection process. At the end of 
round 3, we Sanger (30 clones per animal, N = 3) and 
deep sequenced phage clones isolated from pancreata to 
identify CP-specific peptides using an in silico selection 
approach from the enriched phage pools.

In silico Selections of CP-Specific 
Candidate Clones
The Phage Analysis for Selective Targeted PEPtides 
(PHASTpep) software has been previously used to iden-
tify target-specific phage clones in screening against 
recombinant proteins and cells in culture.17 The process 
involves phage display selection, then Next-Generation 
Sequencing (NGS) to identify the peptide sequences that 
bind the target. From there, peptide sequences are sub-
jected to the selectivity algorithm, which searches 
through the Kelly laboratory database of all previous 
phage display experiments. This step functions as an in 
silico negative selection to remove any phage clone that 
appears in multiple screens and would therefore, be non- 
specific or non-selective and capable of binding to mul-
tiple targets. To ensure selectivity for the inflamed pan-
creas, in addition to the caerulein-treated mice, we 

A

B

Figure 2 In vivo phage screening in the chronic pancreatitis mouse model. (A) A schematic of the in vivo phage biopanning process to screen for clones specific for CP 
pancreas. (B) Phage titering of in vivo phage screening in caerulein-induced CP mice. Phage pools (% injected dose per gram tissue) were recovered from the pancreas and 
various organs in 3 rounds of the biopanning process. One-way ANOVA and Tukey–Kramer tests were used to compare round 3 vs round 1, and round 3 vs round 2. N = 3; 
***p<0.0001. 
Abbreviation: Skm: Skeletal muscle.
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screened healthy mice of the same mouse strain and 
used the outputs from these screens in our algorithms 
to in silico counter-select clones that also bind to the 
healthy pancreas. PHASTpep applied normalization 
algorithms to remove non-specific binders and to ensure 
selectivity.17 However, the algorithms were used for 
in vitro selections with only one cell type present. In 
this work, four different methods to analyze the data and 
choose CP-specific peptide ligands were developed to 
account for a more complex system that involves thou-
sands of available targets expressed in the multiple cell 
types present in an in vivo screen.

PHASTpep for Clone Selection
Conventional clone picking suffers from high false- 
positive rates and lacks a robust approach to select target- 
specific candidate clones. To address this issue, we used 
the NGS frequency counts from round 3 to allow quanti-
tative sorting. To ensure specificity, each individual 
clone’s frequency count in the target screens was normal-
ized to that in the naïve library screen (normalized fre-
quency) to account for amplification and library biases.17 

To ensure selectivity for CP pancreas over the healthy 
pancreas, normalized frequency of clones from CP pan-
creas screen was compared with pancreas from healthy 
animals. Of the 90 clones that Sanger sequencing meth-
ods alone would have identified, only 6 clones were 
selected as meeting the criteria of high normalized fre-
quency counts in the CP pancreas (>50) but low accumu-
lation in the healthy pancreas (<10) (Figure 3A). These 
selection criteria ensured a 5~10-fold higher expression 
of phage clones in the inflamed over the benign pancreas. 
It also removed a non-specific phage clone, 
ADARYKS,25,26 from the candidate list, which would 
have been selected using Sanger sequencing alone since 
it was the most abundant clone among clones 
picked (10%).

Replicability Between Libraries
Lot-to-lot variations of naïve libraries may induce amino 
acid distribution bias and skew the screening results.27 

Therefore, we developed a method to take the variability 
into account and ensure the utility of the data to facil-
itate comparability of the sequences from every screen. 
This allows better selectivity as we can rapidly remove 
phage clones that are present across multiple selections. 
To elucidate the variability, we calculated the mean and 
standard deviation of the normalized frequency of 

a clone across two lots of phage display libraries (n=3 
animals) and selected those clones with coefficient var-
iants (CV) <1 and that have a minimum of 5-fold 
increase expression in CP over healthy pancreas 
(Figure 3B). Of 9 clones that meet these criteria, 3 
unique clones, LVWPAPN, MNSIAIP & SANITNL, 
were selected.

Clone Enrichment Over Rounds
During biopanning, high affinity binders and/or clones 
binding to targets with high expression tend to remain in 
the eluates and be enriched after amplification. This pro-
cess is indicated by a clone’s increasing frequency over 
rounds. As limited amounts (<0.0001%) of clones can be 
sequenced in the traditional clone picking process, the loss 
of potential candidate clones occurs early in the biopan-
ning process, making direct comparisons of individual 
clone’s frequency change between rounds not as informa-
tive. With NGS, several orders of magnitude in the quan-
tity of sequences in the library are obtained, enabling the 
calculation of a more reflective growth rate for each clone 
in silico. Therefore, we can utilize the growth rate (GR), 
determined by the ratio of the numbers of clones present 
between rounds, to select high affinity clones. In notation, 
GR2(3)1 = frequency in round 2(3)/frequency in round 1. 
Of the populations with the top 60 frequency counts in 
rounds 2 and 3, we selected 9 clones that show consistent 
positive GR (GR21 and GR31 >1), ensuring the analysis 
was not skewed towards burst growth in a single selection 
(Figure 3C). Using this method, we identified clones that 
would have been discarded using conventional clone pick-
ing alone.

Homologous Motif Identification Using 
Clustering Analysis
As protein interactions are often determined by a few 
amino acids, motifs conferring phage binding to its 
target can be repeatedly seen among different clones in 
the same screen. Recognizing target-specific homology 
families can offer insights to the libraries that would 
have been missed when evaluating each sequence as an 
independent read. Therefore, we clustered phage pools 
using the Hobohm algorithm28 to reveal homologous 
motifs in the CP screens. The frequency ranks of the 
identified homologies in the CP screens were then com-
pared to the ranks in the healthy pancreas. Two clones, 
QMHARGD and HSGLNKQ, from the two statistically 
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significant (p-value < 0.01) motif families were selected 
based on their target selectivity and growth rate 
(Figure 3D).

After combining the 4 analysis methods and determin-
ing selectivity using the Kelly laboratory database of 
phage screens that contains tissue-specific phage 

A B

C D

E F

Figure 3 In silico selection and in vivo validation of CP targeting clones. CP targeting candidate clones were selected based on (A) PHASTpep, (B) replicability between 3 
mice (asterisk indicates clones that have not been identified as ligands for known targets), (C) clone enrichment between 3 rounds of biopanning, and (D) motif clustering 
analysis. The normalized frequency count of each clone is represented in heatmaps. (E) Phage clone specificity validation by homology groups revealed preferential bindings 
of Group 2 and 3 targeting clones to CP pancreas over the healthy pancreas. N = 5. Mean ± SEM. A Student’s t-test was used to compare the targeting phage (VT680)-to- 
wild type phage (VT750) ratio in CP versus the same ratio in the healthy pancreas. *p-value < 0.05 (p = 0.0275 for Group 2; p = 0.0443 for Group 3). (F) Phage clones from 
Group 2 and 3 were validated individually in both healthy and CP mice. Fold change represents the ratio of targeting-to-wild type ratio in CP over healthy mice. 7/9 clones 
showed higher phage accumulation in CP over healthy pancreas (fold change >1).
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clones,17 we selected 18 candidate clones for further 
validation.

In vivo Validation of Phage Clones That 
Show Selectivity to Cellular Components 
in the Inflamed Pancreas
To efficiently evaluate 18 candidate clones, we divided 
them into 4 groups (Figure S2A) based on sequence simi-
larity using GibbsCluster Server 2.0.29 Phage in the 
selected group and the wildtype M13Ke phage were fluor-
escently conjugated to fluorophore VT680 and VT750, 
respectively, pooled then were intravenously injected via 
tail vein into healthy or CP mice. At 20h post-injection, ex 
vivo ratiometric imaging of targeted-to-M13Ke phage ana-
lysis revealed a significantly higher accumulation of tar-
geting phage clones from group 2 and 3 in the CP pancreas 
when compared with pancreas from healthy mice (p<0.05, 
Figure 3E). A total number of 9 individual clones gathered 
from group 2 and 3 were subsequently screened individu-
ally for their specificity for the inflamed pancreas. Seven 
out of nine clones (MDLSLKP, SLPLGPM, HPYSPLR, 
KTYVPTT, SLTNSSF, MNSIAIP, and SNSQDLH) 
showed increased specificity for CP over healthy pancreas 
(Figure 3F). From the validation results, we concluded that 
PHASTpep-guided selection, replicates and enrichment 
algorithm can reveal sequences specific for CP pancreas 
from an in vivo screen. That none of the clones identified 
from clustering analysis showed specificity to CP could be 
a result of the diverse available targets present in tissues, 
increasing the difficulty to converge valid motifs using the 
Hobohm algorithm.

To identify the cell types that the CP targeting clones 
were binding, we performed immunofluorescent analysis on 
common cellular components in the CP microenvironment in 
the inflamed pancreas sections following in vivo validation 
of individual clones (Figure 4A). Mander’s correlation coef-
ficient (MCC) analysis was performed to determine coloca-
lization of the targeting phage to the cell markers. Among 
each clone, we compared the MCC value of each cell marker 
to the rest of the markers using the Tukey–Kramer test (Table 
S2). Five clones were identified to demonstrate statistically 
significant colocalization to one single cell type; thus, an 
indication for cellular selectivity. Through this analysis, we 
revealed that KTYVPTT was selective for αSMA+ cells 
(MCC = 0.521 ± 0.067), MDLSLKP for collagen IIIa+ 

cells (MCC = 0.828 ± 0.089), MNSIAIP for CPA-1+ cells 

(MCC = 0.633 ± 0.179), and SLTNSSF and SNSQDLH for 
F4/80+ cells (MCC = 0.804 ± 0.090 and 0.800 ± 0.197, 
respectively) (Figure 4B). Phage clones and the associated 
cellular components in the inflamed pancreas are summar-
ized in Figure 4C.

Peptide-Conjugated Liposomes Altered 
Nanoparticle Pharmacokinetics and 
Showed Cellular Selectivity in the 
Inflamed Pancreas
The extracellular matrix and acinar cells are highly abun-
dant cells in CP; therefore, we chose peptides MDLSKLP 
and MNSIAIP to develop targeted liposomes. Despite 
demonstrating the highest in vivo ratio for specificity 
between the inflamed and healthy pancreas, we did not 
select the macrophage-targeting peptides for this proof-of- 
concept drug delivery system because macrophages present 
in a wide spectrum of activated phenotypes in inflammatory 
and fibrotic diseases and are subject to change in response 
to microenvironmental stimuli.30,31 Better understanding of 
the roles of macrophages in CP and further characterization 
of the targeting specificity of SLTNSSF and SNSQDLH for 
macrophage subsets will be needed. Peptide-conjugated 
liposomes were prepared by the reverse-phase evaporation 
method with an average size of 90–110 nm in diameters, 
and the number of peptides displayed on the surface ranged 
from 400 to 450 per liposome (Figure 1A). All peptides 
used in the study have a net charge of +1 at pH 7.0. A non- 
exchangeable lipid dye, DiD, was incorporated into the lipid 
formula at an average of 350–450 dye per liposome to 
allow particle tracking by noninvasive fluorescent imaging 
(Figure 1A). Liposomes without surface modification (no- 
peptide liposomes, NP) were used as negative controls in 
the pharmacokinetics studies as liposomes are readily taken 
up by the abundant phagocytic cells present in CP. 5×1011 

liposomes were injected into CP mice via tail vein, and the 
animals were imaged at 0, 6, 24, 48, and 72h post injection 
using IVIS. Starting at 6h and lasting until the 72h time-
point, fluorescent accumulation was observed in the 
MDLSLKP liposome-injected mice in the left abdomen, 
consistent with the location of the pancreas (Figure 1B). 
At 48h post injection, a 1.3-fold increase of MDLSLKP 
liposomal accumulation was detected in the inflamed pan-
creas compared to the NP liposomes (Figure 1C and D). As 
expected, liposome accumulation was also observed in the 
clearance organs (liver, spleen, and kidney) as previously 
reported.32,33 A significant reduction in liver and kidney 
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accumulation of the MDLSLKP liposomes was observed, 
suggesting the addition of targeting ligands altered the 
particle distribution away from the clearance organs to the 
inflamed pancreas. In contrast to MDLSLKP targeted lipo-
somes, there was not a significant difference in pancreas 

and liver accumulation of the MNSIAIP liposome com-
pared to the NP liposome.

The cellular selectivity of the targeting liposomes in 
the inflamed pancreas at 48h-post injection was system-
atically validated via colocalization analyses on IF-stained 

Figure 4 CP-homing phage clones show selectivity for cellular components in the CP pancreas. (A) Immunofluorescence images of VT680-labeled phage colocalized with 
cell markers in the inflamed pancreas. Six cell markers were stained to represent six common cellular components in CP: αSMA (activated PSC), CD31 (endothelium), CK7 
(epithelium), Collagen IIIa (ECM), CPA-1 (acinar cells), and F4/80 (macrophages). Colors in the merged images represent phage (green) and cell markers (red). Scale bar: 20 
μm. (B) Heatmap of mean Manders’ correlation coefficient (MCC) representing the fraction of phage overlapping with the cell markers. Manders’ colocalization analysis was 
performed using the ImageJ plug-in JACoP. N = 10–12 images per marker, per clone. Col IIIa: collagen IIIa. (C) A table summarizing phage clones shown statistically significant 
selectivity for a single cellular component in CP. One-way ANOVA and Tukey–Kramer tests were used to compare the MCC of all cell markers for each clone. The result 
was considered significant if the p-value ≤ 0.05.
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tissue sections stained for 6 cell markers (Figure 5A). As 
expected, NP liposomes were taken up and colocalize with 
macrophages (MCC = 0.534 ± 0.178) as liposomes are 
readily phagocytosed by macrophages, which are abundant 
in the inflamed pancreas.34,35 The addition of peptide 
ligands shifted the cellular targets of the MDLSLKP lipo-
some to collagen IIIa+ expressing cells (MCC = 0.493 ± 
0.142), demonstrating the preservation of similar ECM 
selectivity as it was observed by the phage (Figure 5B). 
The MNSIAIP liposome, however, did not show 

statistically significant selectivity towards CPA-1+ cells, 
suggesting that this peptide lost its selectivity once con-
jugated to a liposome. The loss of cell selectivity may 
explain the result of the in vivo studies where increased 
pancreas accumulation was observed in the phage form but 
not in the liposomal form. Combining the pharmacoki-
netics and cell colocalization results, we concluded that 
MDLSLKP peptide improved liposome targeting to col-
lagen IIIa+ expressing cells by 1.5–3 fold as compared 
with other cell types, resulting in increased pancreas 

A

B

Figure 5 Immunofluorescence of peptide-conjugated liposomes in CP pancreas. (A) NC liposomes were non-specifically taken up by macrophages present in the inflamed 
pancreas. MDLSLKP liposomes colocalized with extracellular matrix (collagen IIIa+ cells). Color code: green for liposome (DiD) and red for cell markers. Scale bar: 20 μm. 
(B) Box-and-whisker plot of MCC values of liposomes overlapping cell markers. Liposome selectivity for the corresponding cell types was analyzed using the ImageJ plug-in 
JACoP. N = 7~12 images per group. One-way ANOVA and Tukey–Kramer tests were used to compare the MCC of all cell markers for each liposome. *p < 0.05. No 
statistically significant difference was observed in spatial localization of MNSIAIP liposomes with any stained cell types.
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accumulation when compared with non-targeted lipo-
somes. The targeting ligands identified shift liposomes 
away from macrophage uptake and towards target cells 
as supported by the Tukey–Kramer test of MCCs of all 
cell types in the NP and MDLSLKP liposomes (Table S3).

Targeted Delivery of Apigenin Enhances 
Antifibrotic Effects in CP Mice
Apigenin is a small molecule natural compound, that has 
been demonstrated preclinically to have antifibrotic and 
anti-inflammatory properties in CP.11,12 Apigenin, how-
ever, suffers from low aqueous solubility, metabolic 
instability, and off-target effects and there are no approved 
clinical applications of apigenin available.21,36,37 

Therefore, we used apigenin as a proof of concept and 
directly loaded it into the MDLSLKP-conjugated lipo-
somes (ECM liposome). Physicochemical properties of 
apigenin are summarized in Figure S4A and B. Free api-
genin was removed from liposomes by size exclusion 
chromatography. The drug loading was determined using 
UV spectrometer and showed a 40–50% encapsulation rate 
in both NP and ECM liposomes. The final drug-to-lipid 
ratio was estimated at an average of 80–100 ug apigenin 
per mg of lipid, and each liposome contains 
28,000~34,000 drug per particle (Figure S4C). Both api-
genin-loaded NP and ECM liposomes had a diameter of 
90–100 nm measured by NanoSight. We also determined 
the shelf-life of the drug-encapsulated liposomes and 
showed >95% of the encapsulated apigenin remained in 
liposomes under storage conditions (PBS, 4°C) over 14 
days (Figure S4D). Hydrophobic molecules are usually 
encapsulated in the lipid layer of liposomes and may 
burst release from the particles in vivo.38 To test whether 
apigenin will burst release in our system, we performed an 
in vitro release study in 50% FBS/PBS at 37°C. We did 
not see burst release of apigenin in the first couple of hours 
upon placing liposomes in 50% FBS. Instead, 14.02% of 
the encapsulated apigenin molecules were released by day 
1 and 52.69% by day 4 (Figure S4E).

To test the antifibrotic efficacy of targeted liposomes, 
we evaluated the pharmacodynamics of apigenin in the 
free drug form, encapsulated in non-targeted liposomes 
and in ECM liposomes (Figure 6A). ECM liposomes with-
out drug loading were included in the study as vehicle 
control. C57BL/6J mice were injected with caerulein 14 
days before treatment started to establish inflammation in 
the pancreas. Apigenin, in the free drug or liposomal form, 

was given in the remaining 3-week course along with 
caerulein. As expected, increased acini atrophy and cellu-
lar heterogeneity in size and shape, in addition to increased 
interstitial space, fibrosis, and collagen deposition (34.83% 
area) were observed in the control group (Figure 6B–D).11 

Compared to free drug and NP liposomes, targeted deliv-
ery of apigenin resulted in enhanced preservation of acini 
units with a respective 4-fold and 2-fold reduction of 
acinar atrophy counts observed in the pancreas and the 
decrease of interstitial space between acinus (Figure 6B 
and E). Although NP liposomes have substantial macro-
phage uptake, the enhanced pharmacodynamic activity of 
apigenin loaded into ECM targeted liposomes demon-
strated the importance of cell-specific targeting to drug 
activity. Using Picrosirius red to stain for collagen, we 
found that collagen deposition was reduced from 24.90% 
area to 15.63% in the free apigenin versus targeted lipo-
somal form, respectively (p-value < 0.0001, Figure 6D and 
G). Apigenin loaded in NP liposomes reduced collagen to 
19.18% area of the inflamed tissue, suggesting that lipo-
somal formulation of apigenin alone resulted in better 
therapeutic efficacy than free drug but was not as effective 
as targeted delivery to the ECM. Targeted liposomes 
resulted in 33.1% better reduction in fibronectin expres-
sion when compared to free drug alone and 41.0% reduc-
tion compared to NP liposomes (p-value < 0.05. Figure 6C 
and F). In addition to therapeutic efficacy, we also eval-
uated hepatotoxicity induced by apigenin21 in free drug 
and liposomal form and showed a 1.2-fold increase of 
SOD1 expression in targeted liposomes, indicating reduc-
tion of oxidative stress in the liver (Figure S5C), matching 
the reduced liver accumulation found via liposome biodis-
tribution. Liposome-based antifibrotic therapies have been 
evaluated in many pre-clinical studies.39–41 Lacking 
a selective and specific targeting ligand, however, has 
limited the clinical implementation as the non-targeted 
liposomes are taken up readily by macrophages. The 
7-mer peptides we identified from the inflamed pancreas 
can be applied to other cell type-selective therapeutic 
molecules to potentially improve tissue remodeling and 
reduce fibrosis and inflammation in CP.

Discussion
Chronic pancreatitis is a complex inflammatory pancreatic 
disease that remains incurable.42–44 Current treatments for 
CP are limited to palliative care and pain alleviation, and 
these approaches fail at the advanced stage when invasive 
surgical procedures such as endoscopic intervention, bypass, 
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and total pancreatectomy are the only available options.45 

The pancreatic community has recently reached a consensus 
that precision medicine can provide a more sophisticated 
approach for complex disorders like CP to assist the devel-
opment of target-specific interventions.44 Despite omics- 
based technology being widely used to profile disease- 
specific biomarkers and therapeutic targets in many 
diseases,46,47 transcriptomics reveals little about CP-specific 
pathways due to the universal genetic backgrounds shared 

between pancreatitis, pancreatic cancer, and the benign 
pancreas.48 Looking only in epithelial cells, Sanh et al 
showed differential expression in 34 proteins in malignant 
and pancreatitis pancreas compared to the benign tissue, but 
were not able to distinguish pancreatitis from pancreatic 
cancer.49 Considering the heterogeneity of cellular compo-
nents involved in the disease progression of CP, there is 
a definite need to provide an unbiased, comprehensive eva-
luation of pancreatitis-associated proteomes.

A

B

C

D

Figure 6 Targeted delivery of Apigenin reduces fibrosis. (A) Schematic of CP mouse model followed by 3-week treatments of either empty ECM liposome (vehicle), free 
Apigenin (free drug), Apigenin-encapsulated naked liposomes (Api-Naked Lip), or Apigenin-encapsulated MDLSLKP liposomes (Api-ECM Lip) (N=5). (B) H&E staining of 
pancreas by the end of 3-week treatments. Reduced interstitial space and acinar atrophy (indicated by arrows) were observed in the pancreas treated by targeted liposomes 
compared to free drug and the control liposomes. Scale bar: 50 μm. (C) Pancreas immuno-stained for fibronectin demonstrated targeted delivery of Apigenin significantly 
decreased fibronectin expression. Scale bar: 100 μm. (D) Picrosirius red staining of the pancreas. Scale bar: 50 μm. (E) Number of acini atrophy found in a 256 μm x 256 μm 
image. N = 5 images/animal, 3 animals/group. (F) Quantification of fibronectin-positive area. N = 8 images/animal, 5 animals/group. (G) Quantification of Picrosirius red- 
positive area. N = 12 images/animal, 5 animals/group. In all images, ANOVA and Tukey’s test were used to compare Api-ECM Lip to the rest of the treatment groups. 
*p<0.05, ****p<0.0001.
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In this paper, we utilized a computational-guided 
in vivo phage display approach to profile 7-mer peptide 
ligands selective for cellular components in the caerulein- 
induced CP mouse pancreas. In contrast to indirect pro-
teomic techniques, phage display allows probing of pro-
teins in their native context during biopanning, thus 
increasing the clinical relevance of the identified targeting 
agents.50 Additionally, in vivo screening ensures identify-
ing targeting agents with high selectivity as subtractions 
for all other tissues are carried out while enrichment 
occurs in the target tissue.19 By comparing the in vivo 
screens against CP, benign pancreas, and pancreatic cancer 
using our database, we were able to ensure peptide selec-
tivity to the diseased pancreas by not choosing peptides in 
any condition but CP. Phage display combined with 
Illumina NGS overcomes conventional biopanning limita-
tions, including high false-positive rates and lack of 
a robust analytical target selection method.51 Using the 
PHASTpep-guided approach, our team has successfully 
identified peptides specific for pancreatic cancer- 
associated fibroblasts in vitro.17 Here, we expanded the 
application in analyzing in vivo phage screens and 
assessed the identified phage clones with live animal ima-
ging modalities and fluorescent microscopy to show pep-
tide specificity towards inflamed pancreas and selectivity 
towards potential cellular target of interest, including acti-
vated PSC, acinar cells, macrophages, and extracellular 
matrix.

To explore the potential of the CP targeting peptides in 
cell type-specific drug delivery, we conjugated the pep-
tides to pegylated DOPC liposomes and characterized the 
pharmacokinetics using fluorescent-based imaging modal-
ities. Although in vivo and ex vivo imaging has lower 
sensitivity compared to direct quantification of liposome 
lipid markers in tissues using high-performance liquid 
chromatography, imaging modalities provide 
a noninvasive approach to allow serial evaluation in the 
same animals on particle distribution. A hallmark of CP is 
the presence of large numbers of phagocytic cells, and 
indeed, NP liposomes were readily taken up by the macro-
phage cell population. The addition of targeting ligands, 
however, shifted the cellular targets of the MDLSLKP- 
conjugated liposomes away from macrophages and 
demonstrated selectivity to collagen IIIa+ expressing 
cells, consistent with its phage clone. A shift in organ 
accumulation from the clearance organs to the inflamed 
pancreas was also achieved when injecting liposomes dis-
playing MDLSLKP peptides. Disappointingly, cellular 

selectivity of MNSIAIP to CPA-1-positive cells was not 
observed after conjugation to liposomes, suggesting that 
the current orientation of MNSIAIP displayed on the lipo-
some may have hindered the binding of the peptide to its 
target. The lack of selectivity could explain the no statis-
tically significant difference observed in particle accumu-
lation of the MNSIAIP liposome compared to the NP 
liposome. This finding emphasizes the importance of char-
acterizing targeted liposome’s cellular targets.

The improvement in increasing the ratio of on-target to 
off-target effects could address the side effects induced by 
antifibrotic drugs that act on canonical extracellular factors, 
including growth factors, cytokines, and MMPs. For exam-
ple, TGF-β inhibitors are amongst the majority of approved 
or investigational anti-fibrosis drug families and have 
demonstrated efficacy in reducing cardiac, liver, and kidney 
fibrosis.52 However, galnisertib, a TGF-β R1 kinase inhibi-
tor, caused cardiac toxicity, bone development abnormality 
and induced irregular inflammatory responses in skin and 
gut at long-term use, which ended with termination on 
Phase II clinical trial (NCT0113801).53 The ability to selec-
tively target multiple different cell types in CP can open 
a new avenue for therapeutic strategies that address the 
crosstalk between ECM components and aPSCs, which 
initiates multiple cascades of events in fibrogenesis and 
inflammation in CP.12,54 Indeed, we demonstrated that tar-
geting apigenin to the ECM demonstrated enhanced phar-
macodynamic effects beyond that of targeting macrophages 
alone with NP liposomes, underscoring the importance of 
targeting. Apigenin is a small molecule drug that has been 
shown to have antifibrotic, anti-inflammatory, and proapop-
totic effects in cancer and chronic inflammatory diseases 
in vitro and in vivo.11–13,55,56 The clinical use of apigenin, 
however, is limited by low aqueous solubility, high meta-
bolic instability, and potential hepatotoxicity at acute 
use.21,36 As proof of concept, we encapsulated apigenin in 
liposomes and evaluated the antifibrotic effects through 
cellular component-specific delivery to the ECM in CP 
pancreas. After 3 consecutive weeks of treatments, mice 
receiving drug-encapsulated, ECM-targeted liposomes 
showed the best tissue remodeling effects, including acini 
unit preservation and stroma reduction, compared to free 
drug and non-targeted liposomes. In addition, targeted 
delivery reduced off-target effects as mice receiving api-
genin encapsulated in targeted liposomes showed reduced 
ALT and liver SOD1 expression and preserved liver histol-
ogy compared to the non-targeted delivery (Figure S5A and 
B). The results of our work demonstrated that cell type- 
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specific targeting of small molecule drugs can improve 
pharmacodynamics and alter the anatomical endpoint (fibro-
sis) in the inflamed pancreas.

Conclusion
This study successfully established a high-throughput 
approach to guide ligand selection for cellular targets in 
a diseased mouse model. Our findings 1) revealed five 
heptapeptides specific to CP, 2) demonstrated that the 
conjugation of CP-specific peptides to pegylated DOPC 
liposomes is capable of increasing particle accumulation in 
the inflamed pancreas, and 3) showed that targeted deliv-
ery of apigenin in a mouse model of CP enhanced tissue 
remodeling, attenuated pancreatic fibrosis, and reduced 
liver toxicity. To our knowledge, this is the first study to 
identify a non-serum-based molecular ligand specific for 
CP. The ligand identification process is robust and requires 
no prior knowledge of the target, offering the potential to 
be easily applied to other disease models. Our study also 
provides opportunities for future applications of nanome-
dicine for the targeting of chronic inflammatory diseases.
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