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ABSTRACT: Type 1 diabetes (T1D) is an incurable condition
with an increasing incidence worldwide, in which the hallmark is
the autoimmune destruction of pancreatic insulin-producing β
cells. Cathelicidin-based peptides have been shown to improve β
cell function and neogenesis and may thus be relevant while
developing T1D therapeutics. In this work, a cathelicidin-derived
peptide, LLKKK18, was loaded in poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs), surface-functionalized with exena-
tide toward a GLP-1 receptor, aiming the β cell-targeted delivery of
the peptide. The NPs present a mean size of around 100 nm and
showed long-term stability, narrow size distribution, and negative
ζ-potential (−10 mV). The LLKKK18 association efficiency and
loading were 62 and 2.9%, respectively, presenting slow and
sustained in vitro release under simulated physiologic fluids. Glucose-stimulated insulin release in the INS-1E cell line was observed
in the presence of the peptide. In addition, NPs showed a strong association with β cells from isolated rat islets. After administration
to diabetic rats, NPs induced a significant reduction of the hyperglycemic state, an improvement in the pancreatic insulin content,
and glucose tolerance. Also remarkable, a considerable increase in the β cell mass in the pancreas was observed. Overall, this novel
and versatile nanomedicine showed glucoregulatory ability and can pave the way for the development of a new generation of
therapeutic approaches for T1D treatment.
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Type 1 diabetes (T1D) is a chronic disease resulting from
the autoimmune destruction of the insulin-producing β

cells in the pancreas.1 T1D is a multifactorial disease in which
the influence of genetic factors as well as a vast range of
environmental triggers have been suggested to play a major
role, including infant diet,2 viral infections,3 and the gut
microbiome.4 The heterogeneity of the pathogenic process and
phenotypic characteristics of T1D make it difficult to diagnose
and treat at an early stage.5 Without the ability to produce and
secrete insulin in response to blood glucose levels, patients rely
on exogenous insulin administration.6 Rigorous monitoring of
blood glucose coupled with tightly controlled insulin regimens
has allowed to improve the life quality of patients, who still
suffer an increased risk of comorbidities, including cardiovas-
cular disease, retinopathy, nephropathy, ketoacidosis, and a
higher risk of death.7 In spite of the strong association between
T1D and childhood, with more than 500,000 children
currently living with this condition globally,1 one-fourth of
the patients are only diagnosed in adulthood.8

Novel therapeutic approaches have been explored for the
treatment of T1D, including the use of immunosuppressants,
antigenic tolerance therapies, the protection of β cells, and

stimulation of their proliferation.9 β cells replicate at a high
rate during the fetal and neonatal stages; however, this ability
rapidly declines with age.10 A drug that could stimulate β cell
regeneration while simultaneously shifting the proinflamma-
tory autoimmune islet milieu to an anti-inflammatory environ-
ment would be the ideal candidate for T1D management.9 A
promising candidate for this strategy is cathelicidin.11,12 Also
referred to as LL-37, it is a well-characterized naturally
occurring antimicrobial peptide with a plethora of activities,
fundamental in the innate immune system.13,14 Importantly, it
has been shown to contribute to β cell function and to prevent
the autoimmune T1D in diabetic-prone rat and mice
models.11,12 Given the fact that this new role has not been
completely clarified and given its promising applicability in
T1D therapy, this should be the subject of further research.
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Pertinent in the case of T1D, cathelicidin expression has
been detected in the islets of mice, rats, and human pancreas in
insulin-producing cells, with decreased expression in animals
susceptible to T1D relative to healthy individuals.11,12

Cathelicidin serum levels have been shown to be influenced
by glucose levels, being increased after oral glucose challenge
in humans.15 In vitro cathelicidin supplementation improved β
cell function, increasing the glucose-mediated insulin release,
while in vivo administration in rats contributed to the
regeneration of β cells from ductal precursors.11 Also,
cathelicidin was observed to modify the gut microbiome,
favoring the presence of beneficial bacteria in detriment of
others that cause dysbiosis,11 with its expression being under
the influence of short-chain fatty acids produced by gut
microbiota.12 This interplay has been, however, poorly
explored so far, and much elucidation on cathelicidin activity
in the pancreas is still required as well as to clarify if human β
cell proliferation is also stimulated by cathelicidin.

Systemic administration of cathelicidin in a treatment
therapy would face some challenges due to its low
bioavailability and low metabolic stability,16 rapid degradation
in body fluids, and off-target effects due to its pleiotropic
role.14 Therefore, its targeted delivery to the pancreas would
greatly improve the effectiveness of the therapy.

In this sense, cathelicidin loading on nanoparticles (NPs)
may offer several advantages, including protection from
degradation, sustained release, and improved bioavailability
while reducing the frequency of administration, toxicity, and
adverse effects.17 To further improve its targeted delivery, NPs
can be surface-functionalized with a ligand that is preferably
recognized by β cells. The analysis of pancreatic sections from
individuals with long-term T1D showed the presence of
residual β cells decades after diagnosis.18,19 Additionally, in the
early stages of T1D development, the remaining β cells express
GLP-1R.20,21 Thus, GLP-1R may be targeted for the selective
delivery to β cells, where it is highly expressed, differently from
most exocrine pancreatic cells.22 Its high-affinity agonist
exenatide was here selected as a ligand for the functionalization
of the LLKKK18-loaded poly(lactic-co-glycolic acid) (PLGA)
NPs.23−26 Using this combination, we specifically deliver the
nanoformulation to β cells. In addition, taking advantage of the
synergic effect of cathelicidin and exenatide peptides on β cell
function, we aim to promote an improvement in glucose-
mediated insulin responsiveness and a long-term effect on β
cell recovery in vivo, moving a step further in the search for
T1D treatment.

■ RESULTS AND DISCUSSION
Aiming at the recovery from the β cell mass loss characteristic
of T1D patients, a delivery system targeted to the remaining β
cells was developed to promote its proliferation and insulin-
secretory mechanisms. We hypothesize that this may be
accomplished using cathelicidin as an active drug.11,27 The
cathelicidin-derived peptide, LLKKK18, used in this work, is a
shorter version with many well-conserved activities of the full
peptide.28,29 Nonetheless, its effects on β cell function have not
been explored so far. To enhance the effects of the cathelicidin-
derived peptide, preventing its degradation while also
decreasing the adverse effects of high-dose administration, its
loading on β-cell-targeted PLGA NPs was envisioned. GLP-1R,
which is highly expressed on the β cell membrane, was chosen
as the target for this endeavor, through the surface
functionalization of PLGA NPs with its high-affinity synthetic
agonist exenatide.

Physicochemical Characterization of Nanoparticles.
PLGA NPs loaded with LLKKK18 and surface-functionalized
with exenatide were characterized regarding their size
distribution, surface charge, and morphology. The different
NPs produced are identified as follows: blank nonfunctional-
ized (BNF NPs), blank functionalized (BF NPs), peptide-
loaded nonfunctionalized (PNF NPs), and peptide-loaded
functionalized (PF NPs). When applicable, the stated ratio
following the “F” refers to the molar ratio of Mal:exenatide
used in functionalization. The results in Table 1 show that NP
size was around 100 nm after loading and surface
functionalization, suitable for intravenous administration. It is
generally established that nanoparticles with less than 10 nm
suffer rapid clearance by the kidneys,30 while NPs with more
than 200 nm are retained in the sinusoidal spleen.31 BNF and
PNF NPs presented similar mean sizes, showing that loading
with LLKK18 had no impact on the size. The PdI below 0.2
indicates that NPs have a monodisperse and narrow size
distribution. This also suggests a homogeneous distribution of
the cargo in the vehicle, assuring a more predictable release
kinetics and biological activity.32

NPs were also analyzed by NTA to obtain further
information on the size distribution. Results are presented in
Table S1, which shows that independently of the surface-
functionalization ratio, NPs presented a mean size ranging
from 100 to 120 nm, consistent with the dynamic light
scattering (DLS) results, showing a uniform and narrow
distribution. The statistical parameters D10, D50, and D90 are
percentile values, which indicate the size below which 10, 50,
or 90% of all particles are found, respectively.33 In general, the
values from D10 show that only 10% of the NP population had

Table 1. Mean Hydrodynamic Size, Polydispersity Index (PdI), and ζ-Potential of Blank and Peptide-Loaded NPs,
Nonfunctionalized (NF) or Functionalized in the Molar Ratio of Mal:Exenatide of 1:0.5 (F1:0.5)a

LLKKK18

NPs size (nm) PdI ζ-potential (mV) AE (%) DL (%)

BNF 99.8 ± 0.7 0.14 ± 0.02c −5.2 ± 1.0c

PNF 98.3 ± 1.1b 0.10 ± 0.02c −3.7 ± 0.5b,c 61.8 ± 5.4 2.9 ± 0.3
BFnr1:0.5 99.0 ± 1.2 0.14 ± 0.02 −8.9 ± 0.9d

BF1:0.5 98.1 ± 1.8c 0.16 ± 0.03 −10.3 ± 1.0d

PF1:0.5 101.2 ± 1.1b,c 0.14 ± 0.02c −9.6 ± 0.7b 56.5 ± 3.9 2.7 ± 0.2
aBFnr corresponds to NPs with no thiol−Mal reaction. LLKKK18 association efficiency (AE) and drug loading (DL) obtained by the direct
method are shown for the PNF and PF1:0.5 NPs. Results correspond to the mean ± standard deviation of three independent experiments, each
analyzed in triplicate measurements in the Malvern Zetasizer Nano ZS. All samples passed the Kolmogorov−Smirnov test, and differences between
groups were analyzed by a one-tailed unpaired t-test. bStatistically different groups: p < 0.0001, cp < 0.001, dp < 0.01
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a size around 50−60 nm or smaller. On a similar note, the D90
values indicate that 90% of the NPs in the population had a
size up to 160−170 nm, which represents a very narrow and
uniform size distribution (Table S1).

The ζ-potential of the PNF NPs was similar to the one of
the BNF NPs, but lower in modulus, possibly translating some
surface association�the LLKKK18 positive net charge at
neutral pH neutralizing some of the PLGA negative charge
(Table 1). Surface functionalization of LLKKK18-loaded NPs
resulted in a significant increase in the negative surface charge.
Since the net charge from the exenatide peptide is −2 at
physiological pH, this may be indicative of the successful
association of the ligand on the NP surface. It is also noticeable
that in BF NPs containing Mal, the surface charge was
significantly more negative compared to the BFnr NPs
containing only PLGA−PEG, probably due to a more efficient
association of exenatide to Mal via the site-specific conjugation.

The stability of NP suspensions was assayed in phosphate-
buffered saline (PBS), at both 4 and 37 °C, throughout 14
days. The obtained results depicted in Figure S1 show that NP
size was fairly constant throughout the experiments. Also, the
PdI and ζ-potentials were maintained. Overall, the results
indicate that NPs are stable and do not tend to aggregate
under the tested conditions.

The association efficiency (AE) of LLKKK18, determined in
nonfunctionalized NPs, was around 62% (Table 1), and the
drug loading (DL) was 2.9%. With the functionalization

process, around 5% of the LLKKK18 peptide is lost, and
therefore its DL in the final formulation is close to 2.7%. Being
that the active compound is an amphiphilic and water-soluble
peptide, this is a noteworthy result. The expected activity of
LLKKK18 lies in the micromolar−nanomolar range,29,34 and
therefore, the loading achieved may prove sufficient for an
effective formulation dosage.

NPs present a spherical shape, as evaluated using trans-
mission electron microscopy (TEM). It was observable that
the NP size was consistent with DLS measurements (Figure
1A). The presence of sulfur, which would confirm the presence
of the cysteine residue from exenatide on the NP surface, could
not be detected using the energy dispersive spectroscopy
(EDS) analysis, likely due to the low amount present in the
sample.

The in vitro release profile of LLKKK18 was evaluated
through the “sample and separate” method, in which the NP
suspension (or the free peptide) was incubated in PBS at pH
7.4, samples being collected at each time point to dose the
released peptide. As shown in Figure 1B, NPs showed a burst
release of around 20% of peptide in the first 1−2 h, which is
likely from the leaching of the surface-adsorbed peptide, while
afterward, the release reached a plateau and slowly increased
again after around 5 days. Therefore, these results indicate a
very good retention of the peptide inside the NPs. A control
with free peptide showed that a constant concentration close
to 90% is detected over the time frame of the assay, suggesting

Figure 1. Nanoparticle characterization in terms of (A) morphology, (B) in vitro release, and (C) surface-functionalization efficiency. (A) TEM
micrographs of BF1:3 NPs. The scale bar represents 100 nm. (B) In vitro cumulative LLKKK18 release from PNF NPs. A sample and separate
method was used to assess the release of the cathelicidin-derived peptide from NPs in PBS pH 7.4 under sink conditions. Each result corresponds
to the mean ± standard deviation of three independent experiments. (C) Indirect association efficiency (AE) of exenatide on BF NPs prepared
either with 10% PLGA−PEG-Mal or with 10% PLGA−PEG as the control for adsorption (BFnr). The mean ± standard deviation is shown for
three independent experiments. Ordinary one-way analysis of variance (ANOVA). “*” represents differences between the composition of NPs for a
given molar ratio and “+” relates to differences between different ratios for a given NP (+p < 0.05; ** or ++ p < 0.01; *** or +++ p < 0.001; ****
or ++++ p < 0.0001).

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00218
ACS Pharmacol. Transl. Sci. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00218/suppl_file/pt3c00218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00218/suppl_file/pt3c00218_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00218?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00218?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00218?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00218?fig=fig1&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that the peptide is stable in solution and can be accurately
quantified.

As demonstrated in Figure 1C, the functionalization of
exenatide appears to occur partly by the adsorption of
exenatide on the surface of NPs and partly by conjugation to
Mal. Indeed, for the Mal:exenatide molar ratio of 1:0.5, when
using 10% PLGA−PEG as a control with no thiol−Mal
reaction (BFnr NPs), around 40% of exenatide is associated on
the surface of NPs; however, when Mal was used (BF NPs),
exenatide association efficiency significantly increased, nearly
doubling (Figure 1C). This condition showed the highest
association efficiency, and increasing the amount of exenatide
in the reaction by 2 or 6-fold did not increase the association
efficiency further.

Viability Assays. The effects of the BNF NPs and PNF
NPs on cell viability were studied using the cell lines fibroblast
L929 and insulinoma INS-1E.35 The results shown in Figure

2A demonstrate that the LLKKK18 free peptide is safe for cells
up to 5 μM, while the loading into PLGA NPs allowed to
increase the amount of peptide safely up to 10 μM since a
cytotoxic effect is generally associated with a drop of cell
viability below 70%.35 A similar effect on cell viability by
LLKKK18 has been previously reported.28,36,37 Interestingly,
smaller doses of LLKKK18 seem to have a beneficial effect on
cell viability.

The effects of NP functionalization on cellular viability were
also studied in INS-1E cells using 250 μg/mL blank NPs either
nonfunctionalized (BNF) or functionalized with exenatide in
the molar ratios 1:1 and 1:3 (BF1:1 and BF1:3, respectively).
Since the exenatide functionalization ratio that promoted
specific interaction with β cells was yet to be determined, in
this viability assay, the highest exenatide concentrations were
assessed for cytotoxicity. The results shown in Figure 2B
demonstrate that the presence of PLGA−PEG-Mal or

Figure 2. Effect of the nanoformulations on cell viability. Cell viability was evaluated using the MTT reduction assay after the indicated incubation
period and expressed as % relative to the nontreated control. Results represent the mean and standard deviation (SD) of three independent
experiments. (A) L929 and INS-1E cells were incubated for 24 h with free LLKKK18, BNF, and PNF NPs. PNF NPs with 2, 10, and 20 μM
LLKKK18 correspond to 0.1, 0.5, and 1 mg/mL PLGA NPs, respectively. All samples passed the D’Agostino and Pearson normality test. Ordinary
one-way ANOVA with Dunnett’s multiple comparisons test. “+” for INS-1E cells and “*” for L929 cells. (B) INS-1E cells were incubated for 24 h
with 0.25 mg/mL BNF or BF NPs in the molar ratios 1:1 or 1:3 of Mal:exenatide. BNFnr represents NPs with 10% (w/w) PLGA−PEG. Since not
all conditions presented a Gaussian distribution, the Kruskal−Wallis nonparametric test with Dunn’s multiple comparisons test was used. (C) INS-
1E cells were incubated for 96 h with LLKKK18, exenatide, and PF NPs, with media and treatments refreshed at 48 h of incubation. All conditions
passed the Kolmogorov−Smirnov normality test; ordinary one-way ANOVA (** p < 0.01; *** or +++ p < 0.001; **** p < 0.0001).
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exenatide functionalization had no effect on cell viability as
compared to BNFnr NPs.

To better understand the effect of LLKKK18 on β cell
viability, INS-1E cells were incubated for a longer period with
peptide-loaded NPs (PF NPs) up to 96 h. The doubling period
of INS-1E cells is around 48 h,38 in this way allowing to
observe the effect on two doubling events. Cell viability was
again assessed using an MTT reduction assay. In this assay, the
objective was to find the optimum concentration to improve
cellular viability; therefore, lower cell density was used at the
start of the assay so that by 96 h of the culture, the cells would
still have space to grow (∼70% confluent). The results shown
in Figure 2C demonstrate that both LLKKK18 and exenatide
contribute to an increase in metabolic activity after 96 h. A
similar outcome was found using the full-length cathelicidin-
related antimicrobial peptide (CRAMP) from rodents in a
similar in vitro setup.27 In this report, authors used the INS-1
832/13 cell line, a subclone from the parental INS-1 cell line
from which INS-1E cells are derived, and assessed viability
using XTT, which is mechanistically similar to MTT.39 This
allows an almost direct comparison between both peptides,
which showed a beneficial effect in β cell viability after 96 h of
incubation in the same concentration range (∼0.03 and 0.003
μM).27 To the best of our knowledge, this is the first report of
the effect of LLKKK18 on the β cell viability. This effect occurs
at lower concentrations, far from the toxicity level. As
previously discussed, LLKKK18 and cathelicidins can be
toxic to mammal cells in higher concentrations.34 Although it
is imperative to clarify the molecular mechanisms by which
LLKKK18 and cathelicidin improve β cell function, this was
not the focus of this work. However, interestingly, in the report
by Sun et al., (2016), the murine cathelicidin�CRAMP�
showed an effect on a rat-derived cell line; in this case,
LLKKK18, a shorter peptide derived from human cathelicidin,
also showed a positive impact on a rat-derived cell line. This
suggests that the active site responsible for the cathelicidin
signaling pathway in β cells is likely stimulated by the short
sequence of LLKKK18.

The improving effect of exenatide on β cell viability was
previously demonstrated.40,41 However, an expected synergistic
effect of LLKKK18 and exenatide on the final nanoformulation
with 4 μM LLKKK18 was not observed. At this concentration,
the free peptide also did not have a positive effect on cell
viability, suggesting that the peptide release from NPs may

have been faster and that all of the peptide was released during
the assay. The BNF NPs at the same concentration (250 μg/
mL) showed no detrimental effect on the cell viability.

The in vitro release assay performed in PBS suggested a very
slow release of LLKKK18 from PLGA, nonetheless, in culture
media, and in the presence of cells, the release kinetics may
change drastically. In this case, either the release was much
quicker, not allowing the maintenance of the low LLKKK18
concentration required for the improvement in cell viability or
it is also possible that the NP loading interfered with the
mechanism of action of the peptide. Since it was demonstrated
that cathelicidin improves β cell viability in vitro via the
epidermal growth factor receptor (EGFR) on the cell
membrane,27 loaded LLKKK18 is less available to interact
with this receptor if NPs are rapidly internalized via the GLP-
1R-mediated endocytosis, before sufficient release takes place.

Targeting Ability of Nanoparticles. To assess whether
NPs can be selectively delivered to β cells, the interaction
between NPs and INS-1E cells (as β cell model) and L929 was
analyzed.42 No beneficial effect from the surface functionaliza-
tion with exenatide favoring the NP interaction with INS-1E
cells was observed, as evaluated by fluorescence microscopy
imaging (Figure S4) and by flow cytometry (Figure S5). The
expression of GLP-1R by these cells was assessed by
immunofluorescence, using the GLP-1R antibody (FITC)
(NLS1205F, Novus Biologicals, Bio-Techne Ltd., United
Kingdom), but no staining of the GLP-1R was observed
(Figure S6). This was most likely due to a reduction of
receptor expression in the high cell passage number of the INS-
1E cells (<95 passages), which hindered the targeting of NPs
through GLP-1-R. As an alternative, isolated rat islets were
used to assess NP targeting. Rat islets were dissociated into
single-cell suspensions, providing a mixture of cells, including
the target β cells, as well as α and δ cells. Dissociated islets with
β cells labeled with an Alexa Fluor 647 C-Peptide antibody
(signal in the APC channel) were incubated with fluorescent
NPs (25% (w/w) PLGA−Rhodamine B signal in the PE-Texas
Red channel) for 1 h, and a high association was observed;
however, the interaction was similar for both types of NPs,
irrespective of the functionalization (Figure 3). Although a
slightly higher percent of β cells interacted with functionalized
NPs, concurrently with the lowest percent of positive non-β
cells, the difference is not suggestive of a significant selectivity.
The NPs were incubated with cells for 1 h to minimize

Figure 3. Flow cytometry histograms of the dissociated islet cell suspension incubated with fluorescently labeled NPs, at 200 μg/mL (25% (w/w)
PLGA−Rhodamine B) for 1 h. (A) Histogram overlay of the gated β cell population signal in the PE-Texas Red channel indicative of NPs’
association. β cells were incubated with NPs with and without ExePEGC functionalization (molar ratio 1:1). (B) Relative percent of NPs’
association with β cells and non-β cells. (C) Mean fluorescent intensity (MFI) of NPs’ association to β cells (n = 1).
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unspecific NPs’ uptake, but still BNF NPs were highly
internalized or associated with cells. Others have conjugated
exenatide on magnetic iron oxide-based NPs, via the side chain
of lysine, with the purpose of targeting and imaging the
pancreatic β cells. In that report, in vitro targeting studies were
performed with 3 h of incubation with an insulinoma cell line
and a significant improvement in uptake was obtained with
that surface functionalization strategy.20 In another study
where exenatide was conjugated to superparamagnetic iron
oxide NPs, via its C-terminal, the NPs were incubated with
INS-1 cells for 24 h. In a live-imaging study using HeLa cells
incubated for 15 min with fluorescently labeled polystyrene
NPs of 100 nm and then washed, NPs could be detected in the
lysosomes as early as 40 min after incubation, and this
colocalization increased up to 3 h after which it reached a
plateau.43 It is likely that the binding affinity of exenatide to
GLP-1R may be altered due to the changes in its sequence,
adding an extra cysteine and a PEG fragment, together with
being associated with a much larger size NPs, which can
further cause steric hindrance and reduce association.44

Nevertheless, the rationale of using a PEG fragment to
distance the peptide from the NP surface, together with the
conjugation via its C-terminal, leaving the N-terminal free to
interact with the receptor, as has been performed by
others,45,46 was expected to at least maintain some of its
binding capacity. Knowing that GLP-1R internalization occurs
rapidly upon binding of its natural ligand (GLP-1) in about 2−
3 min,47 perhaps in this case, a shorter incubation would allow
a better resolution between both types of NPs.

Glucose-Stimulated Insulin Secretion. The glucoregu-
latory ability of LLKKK18 was studied both in INS-1E cells
and in isolated rat islets. Cells were incubated under low (2
mM) or high (20 mM) glucose concentrations and the insulin
release was determined using enzyme-linked immunosorbent
assay (ELISA). The glucoregulatory effect of cathelicidin and
its interplay in islet homeostasis is far from being elucidated.
Cathelicidin is expressed by islet cells, particularly β cells, being
able to promote glucose-stimulated insulin release.11,27 A part
of cathelicidin activity occurs via the EGFR, which promotes β
cell survival in vitro, and by modulating the expression of
antiapoptotic Bcl-2 family proteins.27 It is possible that the
same signaling cascade can also induce insulin release,48 but
that is not completely established. More recently, it has been
demonstrated that, in an infection model, exogenous

cathelicidin treatment had an effect in promoting higher
serum and pancreatic insulin levels in diabetic mice.49 The
effect from the truncated peptide LLKKK18 (with less than 19
amino acids than the full-length cathelicidin) has not been
subjected to study yet. Here, it was evident that LLKKK18
significantly improved insulin release in response to glucose in
INS-1E cells, an effect that is less pronounced when the
peptide is loaded into NPs (Figure 4). Likely due to the slow
release of LLKKK18 in the first few hours (1 h duration assay),
the peptide is less available to interact with EGFR on the
surface of the cell membrane. Again, the PF1:1 NPs showed a
slightly better result, but the large variability makes it not
possible to extract more robust conclusions on the effect of the
functionalization.

The effect of the nanoformulation on glucose responsiveness
was also assessed in primary islet cells isolated from rats. A
representative micrograph of the isolated islets is shown in
Figure S7. Intact islets were incubated for 1 h under low
glucose concentration in the presence of different conditions.
Then, the buffer was removed, and the same islets were
incubated under the same treatments but with high glucose
concentrations. The results from a preliminary study with only
one independent experiment pooling together islets from three
animals are shown in Figure S8. Results show that in the tested
concentration, the free peptide had no effect on insulin release.
Due to the tridimensional structure of the primary islets, which
are not readily available to interact with the formulation, we
hypothesize that the concentration of the peptide required to
reach the same effect in islets may be higher. Screening of
different concentrations of LLKKK18 may help to clarify
whether the peptide can have a glucoregulatory effect in
primary islets. Islets incubated with BNF or BF NPs showed
the lowest insulin release, while PNF NPs showed a slight
improvement in insulin release, although this difference was
not significant. As expected, the incubation with 30 mM KCl
resulted in membrane depolarization and insulin release
independent from glucose concentration.50

In Vivo Assays. The glucoregulatory effect of the PF1:0.5
NPs and its potential to restore β cell mass was investigated in
vivo in diabetic rats. This functionalization ratio was chosen
despite the inconclusive results obtained in vitro regarding the
targeting ability. The PF1:0.5 NPs present the highest
association efficiency, in which it was expected to obtain
maximal exenatide:Mal conjugation and decreased exenatide

Figure 4. Effect of the cathelicidin nanoformulation on glucose-stimulated insulin release by INS-1E cells. INS-1E cells were incubated under low
or high glucose concentrations together with the mentioned treatments for 1 h. Supernatants containing released insulin were collected and cells
were lysed to extract intracellular insulin, which was determined by ELISA. The amount of insulin released was normalized to the amount of insulin
present in each well and expressed as % of total insulin. All conditions passed the Kolmogorov−Smirnov normality test and were analyzed using
ordinary one-way ANOVA to identify differences relative to the control at a high glucose concentration (n = 3) (**** p < 0.0001; ** p < 0.01).
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adsorption. It has been shown that close to 90% of patients
with long-standing T1D exhibit residual β cell mass, which
suggests that continuous replication and immune attack
continue to occur long after the condition has been
established.51 If the immune attack is prevented, stimulation
of this residual β cell niche can provide a feasible approach for
T1D treatment. To guarantee the presence of β cells, we tested
the formulation at the initial stages of the disease.

Several methods have been investigated to induce T1D in
animal models. The nonobese diabetic (NOD) mouse strain,
particularly female mice, is a generally accepted model for
studies in T1D due to its spontaneous development and the
presence of pancreas-specific autoantibodies and autoreactive
CD4+ and CD8+ T cells.52 Although these animals have a
genetic susceptibility to autoimmune diabetes, it has been
suggested that environmental factors play an equally important
role in diabetes susceptibility,53 resulting in incidence variation
between different laboratories.54 The streptozotocin (STZ)-
induced diabetes model uses STZ, a glucose analogue that
specifically destroys β cells where it accumulates via the
glucose transporter 2 (GLUT 2).55 This results in insulin
deficiency, hyperglycemia, polydipsia, and polyuria, symptoms
characteristic of human T1D.56 However, in this model, the β
cell mass is massively obliterated and results in acute loss
within the first 24 h post-STZ injection, reducing by nearly
90% the β cell mass.57−59 Another animal model, the one
selected in this study, induces diabetes by a combination of
two drugs, namely, STZ and nicotinamide (NA). NA is a
water-soluble vitamin (vitamin B3), which acts as a weak
PARP inhibitor and a biochemical precursor of a nicotinamide
adenine dinucleotide.60 When NA is administered prior to
STZ, the damaging effects of STZ are greatly mitigated and
part of the β cells remain and are able to respond to glucose
levels.61,62 The extent of β cell damage depends on the
concentrations of both drugs and the age of the animals, as well
as the interval between administrations.62 Although different
combinations have been tested, the originally proposed
amounts of NA and STZ (230 and 65 mg/kg, respectively)
are the most used.61 This results in animals with stably
moderate hyperglycemia, with around 60% of β cell loss, which
do not require exogenous insulin to survive but also are not
insulin resistant.62,63 The NA-STZ diabetes animal model was
initially developed as a platform for the study of nonobese type
2 diabetes (T2D) since it shares many similarities with the

human condition, namely in regard to the partial responsive-
ness to glucose and a well-preserved sensitivity to sulfonylur-
eas.64 The NA-STZ rat model was selected, being aware that
no experimentally induced syndrome can completely recapit-
ulate the complexity of human T1D. Nonetheless, this provides
a reliable model for the study of the regenerative capacity of
the endocrine pancreas65 and allows conservation of part of β
cell mass, which the NPs can target as they would in the initial
stages of T1D. There are also practical advantages in this
model since it can be induced in a short time with high
efficiency and stability in their metabolic alterations.64

Body weight was monitored throughout the experiments,
and as depicted in Figure S10, in most cases, there was no
change in body weight after diabetes induction; only in two of
the animals there was a more pronounced weight loss in the
PNF NP treatment group. This body weight loss was caused
by the NA-STZ treatment and not by the NPs since this
treatment only began on day 0. Afterward, and throughout the
experiment, body weight progressively increased, suggesting
that the treatments caused no significant toxicity constraints.

Only one dose of the peptide was tested: 1 mg/kg of either
free LLKKK18 in saline or 1 mg/kg LLKKK18-loaded NPs
dispersed in saline. There were no reports that we could find of
intravenous administration of this peptide to ensure safe
dosages or dose−effect response. There were some reports we
found using either human cathelicidin or CRAMP, adminis-
tered mostly by the intraperitoneal route with doses ranging
from 100 μg/kg to 8 mg/kg and with different durations (from
single dose up to 30 weeks).11,12,27,66−68 Given the envisioned
route of application, the duration, and frequency of treatments,
we selected this dose as a compromise to using a fewer number
of animals while avoiding toxicity but also trying to obtain a
maximal effect.

Blood glucose levels were evaluated 2 h after each treatment
to check for any acute glucoregulatory effect and also to assess
whether a chronic administration could improve that effect. It
was observable that since day 0, blood glucose trended to
lower levels in the animals treated with PF1:0.5 NPs (Figure
5). However, this was not different from the control due to the
high variability in blood glucose levels obtained. Although it is
generally described that the NA-STZ model can stably and
reproducibly give rise to animals with moderated hyper-
glycemia, it is also possible that after a few weeks, some
animals will naturally progress to normoglycemia or to severe

Figure 5. Effect of treatments on the blood glucose levels. Absolute values of glycemia were measured 2 h after each treatment using a glucose
meter. Animals were not fasted before treatments, and the control received saline injection alone. The amount of LLKKK18 administered was
adjusted to 1 mg/kg in each administration, both in NPs or soluble in a saline solution. Data passed the Kolmogorov−Smirnov normality test.
Repeated measures by two-way ANOVA with Tukey’s multiple comparisons test (single pooled variance). * represents significant differences
between each group on a given day and on day 0 (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).
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hyperglycemia.64 In this case, since only a single dose of STZ
was performed, some of the animals in the control group
recovered throughout the assay; therefore, when analyzing
differences between groups on each experimental day, no
statistical differences were found relative to the control.
Additionally, due to the frequency of treatments, animals
were not fasted prior to each administration and blood glucose
measurement, which makes feeding habits also contribute to
variability. It has been reported that a fasting of 16 h is
required for a significant decrease in blood glycemia, also
resulting in around 6−8% weight loss.69 Therefore, to avoid
repeated distress to animals and to have a lower impact on
metabolism, animals had continuous access to food. The
cumulative increase in variability associated with a small
sample size (4−5 animals/group) prevents obtaining robust
differences. Being aware of the limitations of the study, a faster
decrease in blood glucose for animals treated with PF1:0.5
NPs, as compared to the start of the experiment, may be
highlighted (Figure 5, at day 5), demonstrating that the
loading of LLKKK18 in NPs improves its glucoregulatory
effect in vivo. The soluble free peptide showed no improve-
ment in glucose levels throughout the assay. Free peptide
solutions were prepared fresh before each administration to
ensure peptide stability, while NPs were used up to 1 week
after preparation. Cathelicidin has a short half-life in vivo, with
some authors suggesting 1 h;70 thus, LLKKK18 being a smaller
peptide can also be rapidly degraded in body fluids, suffering
proteolytic degradation and renal clearance.28,71 This demon-
strates that loading LLKKK18 in NPs efficiently protected the
peptide from degradation and allowed us to observe slight
glucoregulatory effects that, although not significantly different
from the control, should be highlighted. It is likely that the
release from the NPs was slow and sustained since the
treatments were performed every other day. Animals treated
with PF1:0.5 NPs showed consistently the lowest glucose

levels throughout the experiments, significantly reducing blood
glucose on days 5, 14, 16, and 19 when compared to day 0.
This was expected given the glucoregulatory effect of
LLKKK18 shown previously in vitro (Figure 4) and the well-
described incretin effect of exenatide, promoting glucose-
stimulated insulin secretion.72,73

The glucose tolerance test measures the ability of the
pancreas to respond to a glucose challenge by releasing insulin
and enabling glucose uptake by the organs and muscles. It was
performed on the animals subjected to the above-referred
treatments on days 15 and 21 by the mid- and end of the
experiment. A much lower average increase in blood glucose
was obtained for animals treated with PF1:0.5 NPs. When
performing ordinary one-way ANOVA, no statistical differ-
ences were observed in blood glucose levels, before or after
glucose gavage, between each group and the control (Figure
6). A lower area under the curve (AUC) for the PF1:0.5 NPs
group is observed, although with no significant differences
regarding the control. When performing an unpaired t-test with
Welch’s correction on AUC values, a significant difference was
obtained between the functionalized and nonfunctionalized
NPs (p < 0.04) on day 15. Animals treated with either the
vehicle, free peptide, or PNF NPs showed clearly higher
glucose levels after glucose challenge and a higher AUC than
the animals treated with PF1:0.5 NPs. Although this difference
was not significant, this also reinforces that the combinatory
activity of both LLKKK18 and exenatide has a potential
glucoregulatory effect. This difference is much clearer on day
15 than on 21, likely due to the progressive loss of the diabetic
phenotype. It was expected that the effects from LLKKK18
would require some treatment time to be observed. In a study
performed by Sun et al.,27 CRAMP i.p. administration twice a
week in adult female NOD mice resulted in a significant
decrease in the prevalence of diabetes over nearly 30 weeks. In
the case of this work, the effects on glycemia were studied for

Figure 6. Effect of the different treatments on glucose tolerance. Oral glucose tolerance tests were performed on day 15 (A) and on day 21 (B).
Animals were fasted for 6 h, and glycemia was measured before and 0.5 and 2 h after 2 g/kg oral glucose gavage. For both experiments, the resulting
area under the curve (AUC) obtained for each animal is also presented. All groups passed the Shapiro−Wilk normality test, and differences were
analyzed using ordinary one-way ANOVA; no statistical differences were found.
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nearly 3 weeks; since diabetes was chemically induced by STZ,
the animals might be able to recover with time,64 and
therefore, it was not possible to study chronic treatments for
such prolonged times. In another report by Pound et al.,11 a
shorter experimental design, in which cathelicidin was daily
administered i.p. for 7 days, was sufficient to observe a
significant increase in duct-associated extraislet insulin+
clusters in BBdp (diabetes-prone) rats. An autoimmune
diabetic model with a more prolonged treatment would likely
allow for achieving more robust differences between the
different groups and clarify whether a tendency to reduce
glucose levels is maintained.

As can be seen in Figure 7A, the prevalence of hyper-
glycemia (fasted blood glucose >150 mg/dL) was greatly
reduced on day 15 in all experimental groups but especially in
the PF1:0.5 NPs group. In this case, the variation resulting
from different feeding habits is eliminated since animals were
fasted for 6 h prior to blood glucose measurements. However,
the fact that in the control group the hyperglycemia prevalence
also decreased demonstrates the recovery of animals even
without treatment, reinforcing the possibility that any effect
from the formulation can only be considered in the first few
weeks of the assay since thereafter, the animals are likely to
recover, nonetheless.

Figure 7. Effect of treatments on (A) hyperglycemia prevalence, (B) pancreatic insulin content, and (C) organ histology. (A) Prevalence of
hyperglycemia was calculated considering the number of animals with 6 h-fasted blood glucose levels >150 mg/dL dividing by the total amount of
animals in the group. (B) After necropsia, pancreases were collected and digested, and insulin was extracted using acid ethanol (0.18 M HCl in 70%
(v/v) EtOH). Insulin levels were determined using ELISA (diluting samples 1:2000) and expressed as the amount of insulin relative to the weight
of the organ sampled. Results represent the mean and SD of n = 4 for control and PF1:0.5 NPs and n = 5 for LLKKK18 and PNF NPs. (C)
Representative micrographs of the liver, kidney, spleen, and pancreas sections with hematoxylin−eosin (HE) staining (Scale bar = 100 μm).
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At the end of the in vivo study, animals were sacrificed to
collect pancreas and other organs to assess the potential
pathological effects of the nanoformulation. After pancreas
collection, insulin was extracted and dosed. The animals
treated with PF1:0.5 NPs, and to a lower extent the other
groups, showed a higher insulin content in the pancreas, as
compared to the control (Figure 7B). Figure 7C shows
representative images of the histological slides stained with
HE. The blind observation of the slides led to the conclusion
that there was no evidence of toxic effects among the animals
of the different groups; only some signs of microsteatosis were
found among all animals, probably related to the hyper-
glycemic state.74,75 However, the pancreatic islets were
noticeably smaller in the case of control (saline), and the
islets from animals subject to the treatments with the
LLKKK18 peptide, both in free form or in NPs, presented a
morphology more alike that of the normal islet.

Pancreas sections were assayed by immunohistochemistry to
determine whether the β cell mass was affected by the
treatments. Representative micrographs of islets from animals
subjected to the in vivo study are shown in Figure 8A, where
insulin and glucagon are stained with pink and brown
corresponding to insulin and brown to glucagon staining,
respectively. The NA/STZ induction of diabetes resulted in a
clear decrease in the amount of insulin staining when

compared to the nondiabetic rat control. Importantly, there
was a clear recovery of β cell mass in the animals treated with
either the free LLKKK18 peptide or the loaded NPs. To more
quantitatively distinguish the different groups, the ratio of β to
α cells in all islets of each section was calculated autonomously
using QuPath software.76 A representative photograph of the
classification is shown in Figure S11, and the results of that
determination are shown in Figure 8B. When compared to the
control, there was a suggestive increase in the amount of β
cells/mm2 owing to the treatment with the functionalized
nanoformulation. None of the treatments affected the amount
of α cells, increasing, therefore, the ratio of β/α cells after
treatment with the functionalized NPs. Taking together the
encouraging improvement in β cell mass, the increased
pancreatic insulin content, the reduction in hyperglycemia,
and improved glucose tolerance, LLKKK18-NPs targeted to β
cells resulted in a glucoregulatory potential and deserve further
exploitation. It is intriguing to find out that although the in
vitro assays did not confirm the ability of the decorated NPs to
interact with the target cells, the in vivo results suggest that the
functionalized NPs have a better performance. These
discrepancies are possibly due to the limitations of in vitro
experiments, which are able to predict very weakly or not at all
the in vivo performance of nanoparticles.77 Colombo et al. have
also shown that the density of the targeting ligand on the NP

Figure 8. Effects from in vivo administration of the nanoformulation on β cell mass. Islets from animals subjected to NA/STZ diabetes induction
and different treatments were compared to islets from a single nondiabetic rat. (A) Representative immunohistochemistry images of pancreas
sections stained with primary antibodies: mouse monoclonal anti-insulin antibody (1:10 000; I2018, Sigma-Aldrich) and rabbit polyclonal
antiglucagon antibody (1:20; N1541, Dako). Scale bar = 50 μm. (B) Amount of α and β cells/mm2 of the pancreas tissue and the mean ratio of β/
α cells. The results correspond to the total number of cells found present in one section/animal.
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surface showed diverging effects in vitro and in vivo,78

suggesting that this parameter should be carefully optimized
in both setups using imaging modalities and efficacy studies.79

The pancreas is a highly vascularized organ in which capillaries
are fenestrated and highly permeable and become even more
leaky with diabetes development.20 It is estimated that islets
receive 10−20% of the pancreatic blood flow, which is
disproportional since islets correspond to 1−2% of the
pancreas volume.80 This can improve the delivery of systems
by passive targeting and likely contributes to part of the
beneficial outcomes observed in this in vivo study. This may be
considered as a starting point for further optimization of this
versatile formulation in order to achieve more significant and
impactful results. Improvements may regard surface function-
alization, improving the β cell specificity, which could make
this system reach a more relevant effect. In a recent study, β
cells were targeted in an NOD mice model using polymeric
NPs surface functionalized with GLP-1.81 In this case, GLP-1
was chemically grafted onto the block copolymer and exposed
on the NP surface. This strategy was also investigated,
conjugating the PLGA−PEG-Mal polymer to ExePEGC, in
an attempt to improve the labeling of NPs and specificity
toward β cells; however, the in vitro results did not confirm the
success of this strategy (results are also shown in Figure S4).

A cure for T1D remains elusive. Strategies to replace the lost
β cell mass via pancreas or islet transplantation are limited due
to the scarcity of donors; on the other hand, the differentiation
of β cells from stem cells or pluripotent stem cells is very
expensive and so far has shown variable success, therefore
being not available for most people with diabetes.82 Since most
patients with T1D have residual β cells in the pancreas,51 an
alternative approach to replenish the lost β cell mass could rely
on the regeneration and expansion of those cells. However,
human β cell proliferation is particularly difficult to stimulate
even in vitro.83 To date, clinical success in restoring β cell mass
has not been achieved despite intensive research in the area.84

Another obstacle in implementing this strategy is the
requirement of lifelong immunosuppression, with associated
adverse effects (malignancy, severe infection, toxicity, etc.).85

The hypothesis developed herein was that these challenges
may be overcome using the cathelicidin-derived peptide owing
to its versatile immunomodulatory and regenerative activity. In
this work, the free LLKKK18 peptide was shown to improve
INS-1E β cell viability and GSIS. The hypothesized nano-
formulation containing LLKKK18 and exenatide did not result
in the same effects on cell viability and GSIS in vitro. While the
incubation time for the GSIS may have been too short (1 h) to
enable an effective peptide release and activity, the prolonged
incubation used to assess viability (96 h) may have caused
complete peptide release, not reaching the level of improve-
ment of the free peptide. Additionally, the nanoformulation
showed a high association with freshly isolated β cells from
rats, although this was not dependent on the surface
functionalization. Despite this poor performance in vitro and
given the potential of the peptide on β cell restoration when
associated with exenatide, the effect of the NPs in vivo was
investigated. Therefore, these NPs were administered in a rat
NA/STZ-induced diabetes model in a pilot study. A
remarkable recovery of β cell mass was obtained in islets
treated with the cathelicidin-derived peptide LLKKK18
coupled with an improved glycaemic status. Pound et al.
found that daily cathelicidin treatment (1 week) in diabetes-
prone rats promoted β cell neogenesis from ductal precursors

but that this was not associated with an increase in β cell
mass.11 Although the difference was not statistically significant
in our case, there was a marked increase in the density of β
cells and particularly in the ratio of β/α cells by treatment with
the peptide-loaded functionalized formulation. From our
perspective, LLKKK18 is a promising candidate for T1D
treatment, namely, for β cell recovery. The loading on PLGA
NPs and surface functionalization should not be disregarded
and can further be optimized to adjust the delivery to the
pancreas, decreasing the frequency of administration, improv-
ing the β cell recovery and protection, and moving a step
further in the treatment of T1D.

■ CONCLUSIONS
In this work, PLGA NPs loaded with LLKKK18-derived
cathelicidin showing a slow sustained release with appropriate
physicochemical properties for intravenous administration
were successfully prepared. The nanoformulation was sur-
face-functionalized with exenatide for targeted delivery to β
cells; however, it did not significantly improve the interaction
with β cells. In vivo administration in diabetic rats showed a
tendency to lower glucose levels, improved glucose tolerance,
increased pancreatic insulin content, and a prominent recovery
of the β cell mass, which shows that the developed formulation
has therapeutic potential. We expect this system to provide a
starting point for the development of β cell-targeted therapies
for T1D.

■ MATERIALS
A PLGA polymer (PURASORB PDLG 5004A 50/50 DL-
lactide/glycolide copolymer 0.4 dL/g acid terminated) was a
kind offer from Corbion. PLGA-b-poly(ethylene glycol)-
carboxylic acid end-cap (PLGA−PEG) (AI171) was obtained
from PolySciTech (West Lafayette, Indiana), PLGA−poly-
(ethylene glycol)-maleimide (PLGA−PEG-Mal) (AI110) and
PLGA−Rhodamine B were obtained from Ruixibiotech
(Shaanxi, China). The cathelicidin-derived peptide�
LLKKK18 (KEFKRIVKRIKKFLRKLV)�and exenatide-
P E G 9 - C ( H G E G T F T S D L S K Q M E E E A V R L -
FIEWLKNGGPSSGAPPPS-9-carbon PEG chain-C) were
synthesized by Schafer-N (95% purity, Copenhagen, Den-
mark). The sonication probe was the Vibra-Cell (VCX 500)
Ultrasonic Processor from Sonics & Materials (Connecticut)
with a 1/8″ (3 mm) stepped microtip (630-0422) and a
coupler (630-0421) also from the same manufacturer.

■ METHODS
Nanoparticle Preparation. PLGA NPs were prepared by

a double emulsion solvent evaporation method as previously
described,86 using 90% PLGA and 10% PLGA−PEG-Mal in a
total polymer mass of 20 mg. NPs containing 10% PLGA−
PEG were used as a control for nonspecific conjugation of
exenatide. Crude PLGA was dissolved in 750 μL of ethyl
acetate, and functionalized polymers (PLGA−PEG/PLGA−
PEG-Mal) were dissolved in 250 μL of dichloromethane and
left for 3 h to ensure complete dissolution, after which the
solutions were mixed. Then, 100 μL of the aqueous phase
containing cathelicidin peptide LLKKK18 (10 mg/mL in Milli-
Q water) was added to the polymer solution and sonicated at a
40% amplitude for 60 s to obtain the first emulsion (water/oil
(w/o)). This was rapidly added to 4 mL of 1% (w/v)
Kolliphor P407 and sonicated again under the same

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00218
ACS Pharmacol. Transl. Sci. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00218/suppl_file/pt3c00218_si_001.pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conditions, yielding the second emulsion (water/oil/water (w/
o/w)). This was added to 7.5 mL of the same surfactant under
magnetic stirring, at 300 rpm, and left to evaporate solvents for
3 h. NPs were then washed twice with Milli-Q water by
ultrafiltration using Amicon ultracentrifuge tubes with a 100
kDa MWCO and suspended in 5 mL of 0.1 M phosphate
buffer (PB), pH 7.4 (4 mg/mL PLGA NPs). Fluorescent NPs
were prepared using the same methodology but using 25%
PLGA−Rhodamine from Ruixibiotech (R-PL1178) and 10%
(w/v) PLGA−PEG-Mal, which was labeled or not with
ExePEGC, with a molar ratio of 1:1 or 1:0.5.

Nanoparticle Functionalization with Exenatide-PEG-
C (ExPEGC). The conjugation of exenatide was performed on
the NP surface, allowing the optimal orientation for the
interaction with the target GLP-1R to be obtained. Exenatide
association is highly dependent on the polar interactions that
occur between the first few residues (H1 and E3 but also T5
and F6) and the transmembrane region of GLP-1R.87

Additionally, it has been previously shown that the chemical
modification of exenatide with cysteine and radiolabeling at the
C-terminal results in twice the affinity for the GLP-1R than an
N-terminal-modified exenatide26 and can even improve
glucoregulatory activity and increase half-life.88 Therefore,
the conjugation was performed via the C-terminus of the
peptide. Exenatide was engineered by adding a cysteine residue
to the C-terminal, after a 9-carbon PEG moiety (ExePEGC),
to allow conjugation to Mal moieties available at the NP
surface and facilitate mobility of the peptide for interaction
with GLP-1R. ExePEGC was grafted on the surface of NPs
using the thiol−Mal “click” chemistry.89 NPs (8 mg)
containing 10% of either PLGA−PEG-Mal or PLGA−PEG
were mixed with ExePEGC and incubated overnight at 4 °C in
PB. Different molar ratios of Mal:ExePEGC were tested to find
the most efficient conjugation ratio, namely, 1:1, 1:0.5, 1:0.3,
and 1:3. After the reaction, NPs were washed by ultrafiltration
using Amicon ultracentrifuge tubes with a 100 kDa MWCO,
with Milli-Q water three times, at 7000g for 5 min, and
suspended in the final volume of 500 μL of PB.

Nanoparticle Characterization. Size, Polydispersity
Index, and ζ-Potential. The analysis of NP size and the
polydispersity index (PdI) was performed by dynamic light
scattering (DLS) and ζ-potential through laser Doppler
electrophoresis (Zetasizer Nano ZS, Malvern Panalytical
Ltd.) and complemented with nanoparticle tracking analysis
(NTA) (NanoSight NS500, Malvern Panalytical Ltd.). For the
DLS analysis, NPs were diluted 1:50 in 10 mM NaCl. For the
NTA analysis, the NPs were diluted 1:3000−1:5000 in Milli-Q
water in order to obtain the appropriate amount of traceable
events (∼100 NPs) for each analysis. Three independent
experiments were performed with a minimum of three analyses
per sample. The stability of both blank and LLKKK18-loaded
NPs was assessed by placing NPs suspended in PBS at 4 or 37
°C under static conditions. Samples were collected over 15
days, after tubes were inverted to ensure sample homogeneity,
and treated for DLS analysis as described above.

Nanoparticle Morphology. The morphology of NPs was
evaluated using transmission electron microscopy (TEM) and
the elementary composition by energy dispersive spectroscopy
(EDS). The samples were placed on a grid, contrasted with
uranyl acetate (UA), and observed in a JEOL JEM-1400
electron microscope (JEOL Ltd., Tokyo, Japan).

Cargo Loading and Surface-Conjugation Efficiency. The
association of LLKKK18 on the NPs was determined after

freeze-drying of NPs (without cryoprotectants) at −90 °C for
24 h in a Coolsafe 100-9 Pro Freeze-dryer (Labogene, Allerød,
Denmark) and disaggregated/dissolved in dimethyl sulfoxide
(DMSO). The incorporated peptide was then determined by
using the fluorescamine assay. The association efficiency (AE)
was calculated using eq 1 and drug loading (DL) using eq 2.
The amount of exenatide associated on the NP surface was
determined by quantification of the nonassociated peptide in
the supernatants from NP washings using the fluorescamine
assay (Bioteck Plate Reader, Synergy MX, λem: 480 nm, λex:
385 nm, sensitivity: 65). The amount associated with NPs was
then determined using eq 1.

= ×% AE
Associated peptide (mg)

Total peptide (mg)
100

(1)

=
+

×

% DL
Associated peptide (mg)

Total polymer (mg) Total peptide (mg)

100 (2)

In Vitro Release. The in vitro release profile of LLKK18-
loaded PLGA NPs was evaluated through the sample and
separate method. Briefly, the samples were suspended in 4 mL
of phosphate-buffered saline (PBS) 1×, pH 7.4, and incubated
at 37 °C, in glass vials, under orbital agitation at 200 rpm. At
each time point, 230 μL of the sample was collected and the
solution was replenished with the same volume of prewarmed
buffer. The collected samples were centrifuged at 20 000g for
30 min to sediment NPs, and the supernatant was collected
and frozen at −20 °C until assayed. The amount of the peptide
in the supernatants was determined by using the fluorescamine
assay and used to calculate the cumulative peptide release.

Viability Assays. The L929 fibroblast cell line was
obtained from ATCC and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% (v/v) fetal bovine serum
(FBS) and 100 μg/mL streptomycin and 100 U/mL penicillin.
INS-1E cells were routinely cultured in a Roswell Park
Memorial Institute (RPMI) medium buffered with 10 mM
HEPES and supplemented with 10% (v/v) FBS, 100 μg/mL
streptomycin, 100 U/mL penicillin, and 50 μM β-mercaptoe-
thanol.38 To assess cellular viability, L929 cells and INS-1E
cells were seeded in 96-well plates at 1 × 105 cells/mL and 2.5
× 105 cells/mL, respectively, and left to adhere for 24 h. Both
cell lines were incubated with 100 μL of NP suspensions or the
LLKKK18 peptide for 24 h. Metabolic activity was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay. Briefly, the culture medium
was removed, and the cells were incubated with 50 μL/well of
a 1 mg/mL MTT solution in an RPMI culture medium with
no phenol red. In the metabolically active cells, MTT is
converted into formazan, which is a colored and insoluble salt
that can be quantified using a spectrophotometer, with color
development being proportional to the number of viable
cells.90 The formazan was solubilized using isopropanol (100
μL/well), and the absorbance was measured at 570 nm.35

Islet Isolation and Culture. Pancreatic islets were
harvested from Sprague-Dawley male rats, as previously
described.91−93 Briefly, the animals were euthanized using
CO2 asphyxiation, and the abdominal region was exposed. The
pancreas was inflated with 7 mL of cold collagenase P (0.8 mg/
mL, Roche, Sigma-Aldrich) in modified Hanks’ balanced salt
solution (HBSS) containing 0.35 g/L NaHCO3 and 0.1%
bovine serum albumin (BSA). The solution was injected
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through the common bile duct, and the pancreas was collected,
minced with scissors, and digested in a water bath for 15 min
at 37 °C. After enzymatic digestion, mechanic dissociation was
performed by shaking for 10 s. Digestion was stopped by
washing with ice-cold HBSS twice by centrifugation (290g, 1
min). Islets were purified by filtration through a 100 μm
filter.94,95 The trapped islets were recovered by inverting the
filter over a 10 mm nontissue culture-treated Petri dish and
washed using complete culture media RPMI, supplemented
with 10% (v/v) FBS, 100 μg/mL streptomycin, and 100 U/mL
penicillin.92 Before the experiments, islets were allowed to
recover overnight.

Nanoparticle Targeting Ability by Flow Cytometry.
The ability of exenatide-functionalized NPs to specifically
target β cells was studied using isolated rat islets that were
dissociated using a Versene Solution (Gibco), followed by
incubation with TrypLE (both incubations for 15 min at 37
°C) to completely dissociate islets into a single-cell suspension.
The cell suspension was divided into 96-well plates round U-
bottom plates and incubated with the fluorescently labeled
PLGA NPs in serum-free media for up to 1 h. Since cells were
in suspension, between all of the following incubations, cells
were washed using centrifugation at 300g for 10 min to
sediment cells and discard supernatants. After incubation with
NPs, cells were washed twice with PBS before being fixed with
4% (v/v) PFA for 10 min. Cells were permeabilized using 0.3%
Triton X-100 and stained with 1:50 dilution of Alexa Fluor 647
Mouse Anti-C-Peptide (BD Pharmingen) for 1 h at 4 °C. Cells
were washed once more before being filtered through a 100
μm nylon mesh and analyzed using BD LSRFortessa Cell
Analyzer (BD Biosciences).

Effect of Nanoparticles on Glucose-Stimulated In-
sulin Secretion (GSIS). To assess the glucoregulatory effects
from the nanoformulation, both the insulinoma cell line INS-
1E and isolated rat islets were used, with the generality of the
procedures being the same with slight modifications. INS-1E
cells were seeded at 2.5 × 105 cells/mL in 24-well plates, and
the media were changed on the 3rd day and used on the 5th
day.38 Since islets do not adhere to plasticware, on the day
following isolation, they were incubated on 1.5 mL plastic
tubes and the GSIS assay was performed as described
elsewhere, with tubes left open to improve oxygenation.38

Both cells and islets were washed with Krebs-Ringer
bicarbonate HEPES (KRBH) buffer (basal) (135 mM NaCl,
3.6 mM KCl, 5 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM
MgCl2, 1.5 mM CaCl2,10 mM HEPES and 0.1% (w/v) BSA,
pH 7.4) twice and finally equilibrated with basal KRBH for 1 h.
Then, they were incubated with 500 μL of 250 μg/mL NPs or
free peptide in KRBH with either 2 mM or 20 mM glucose
glucose, for 1 h at 37 °C. After that, the media were collected
and frozen at −80 °C. The supernatant containing released
insulin was collected and frozen at −80 °C. The control cells/
islets were incubated with KRBH containing 2 or 20 mM
glucose without further treatments. As a positive control, a
separate group of cells was incubated with a high extracellular
concentration (40 mM) of KCl under low-glucose (2 mM)
KRBH. This is a widely used tool to induce insulin secretion
since it results in membrane depolarization, independently of
changes in metabolism, inducing the closure of ATP-sensitive
potassium channels and opening of voltage-gated calcium
channels with concomitant calcium influx and insulin
secretion.96,97 To extract intracellular insulin for normalization
of insulin release, INS-1E cells were lysed using 1% (v/v)

Triton X-100 in PBS (300 μL, 40 min on ice with agitation),
and islets were lysed using 100 μL of Milli-Q water and
sonication for 15 s. The lysate was mixed with acid ethanol
(EtOH) (0.18 M HCl in 96% (v/v) EtOH) in a 1:3
proportion of sonicate and acid EtOH, incubated at 4 °C for
12 h, followed by freezing at −80 °C until further analysis. The
insulin concentration in both released and intracellular
fractions was determined using sandwich ELISA.

For ELISA, Nunc MaxiSorp (Invitrogen) plates were coated
with 50 μL of an anti-insulin antibody (#clone D6C4; ab8304,
abcam) diluted 1:1000 in PBS and incubated overnight at 4
°C. The wash buffer was 0.05% (v/v) Tween-20 in PBS (200
μL/well) used in between all of the following incubations three
times, with 1 min/wash, at room temperature unless stated
otherwise. Wells were blocked using 4% (w/v) skimmed milk
(100 μL/well) in wash buffer for 1 h. The samples and
standards of human insulin (50 μL) were added to the wells
and incubated for 2 h. Then, 50 μL of detection antibody anti-
insulin-horseradish peroxidase (HRP) diluted 1:2000 (#clone
D3E7; ab28063, Abcam) was added, incubated for 1 h, and
washed 5 times. 3,3′,5,5′-Tetramethylbenzidine (TMB) was
used as a substrate for HRP (50 μL/well); after 15 min of
incubation, the reaction was stopped with 1 M H2SO4 (25 μL/
well), and the spectrophotometric measurement was per-
formed using the aforementioned microplate reader at 450 nm.
To express the amount of secreted insulin as % of total insulin,
the amount released to the supernatant was divided by the
total insulin content (secreted + intracellular) at the end of
glucose stimulations. The stimulation index (SI) was
determined by calculating the fold change in insulin secretion
relative to the release under low glucose.98

In Vivo Experiments. Male Wistar Han rats were acquired
from Charles River Laboratories (Barcelona, Spain). All
experiments were reviewed and approved by the AWERB
(animal welfare and ethics review body) at Instituto de
Investigação e Inovação em Saud́e (i3S) and conducted at the
i3S animal facility under authorization by Direc ̧a ̃o-Geral
Alimentac ̧a ̃o e Veterinaŕia (DGAV) and accreditation by
Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) within the ambit of
project 2020-12-21_022869. Animals were allowed to
acclimate in the facility for at least 1 week. Diabetes was
induced in 20 10-week-old rats using a combination of
nicotinamide (NA) and streptozotocin (STZ), as described
below, to induce diabetes in a way that not all of the β cells
would be eliminated62,99 so that the envisioned targetable
system directed at β cells could reach the islets. Two Wistar
Han rats were housed in each cage and had ad libitum access to
food and water unless stated otherwise. Animals were
habituated to the team, weighed, and identified. On day −7
(i.e., 7 days before the beginning of treatments; a schematic
representation of the experiment is given in Figure S9),
animals were fasted for 6 h and NA was administered at a dose
of 230 mg/kg by intraperitoneal injection, without anesthesia,
and 15 min later, animals received an intravenous injection of
65 mg/kg of STZ under isoflurane anesthesia. After 5 days,
blood glucose levels were measured using a FreeStyle Precision
(Abbott) glucose meter. Taking that precision into account,
only nonfasted animals presenting more than 150 ± 6.6 mg/dL
blood glucose were included in the experiment. Animals were
randomly assigned to experimental groups with four to five
animals in each. Animal weights were monitored before each
treatment to assess animal wellbeing throughout the experi-
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ment and accurately dose the treatments to administer 1 mg/
kg of the LLKKK18 peptide, both in free form or loaded in
NPs. Only in two of the animals a more pronounced weight
loss was observed (<20%) after diabetes induction. Never-
theless, animals recovered throughout the experiments without
the need to perform euthanasia. Starting on day 0, treatments
or vehicle (0.9% (w/v) NaCl) were intravenously administered
via the tail vein, under isoflurane anesthesia, three times a
week, always at the same time of the day, for up to 19 days.
Animals were not fasted before each treatment, and blood
glucose was measured 2 h after each administration. On days
15 and 21, an oral glucose tolerance test was performed:
animals were fasted in the morning of the assay for 6 h, with
free access to water; blood glucose levels were measured before
the animals received an oral gavage of glucose (2 g/kg) and
again 30 min and 2 h after the glucose gavage. A schematic
representation of the experimental design is shown in Figure
S9.

Animals were sacrificed on day 26 by CO2 asphyxiation,
followed by cervical dislocation. Necropsy was performed, and
a portion of the liver, spleen, kidney, and pancreas was
collected for histology and immunohistochemistry. Part of the
pancreas was also digested using acid EtOH extraction (1.5%
(v/v) HCl in 70% (v/v) EtOH) for total insulin quantitation
by ELISA.100

Immunohistochemistry. Tissues were fixed in 10% (v/v)
buffered formalin for at least 48 h and routinely processed in
an automatic tissue processor for paraffin embedding. Serial 4-
μm-thick sections were cut for hematoxylin and eosin (H&E)
and immunohistochemistry (IHQ). Slides were observed
through light microscopy (Leica DM2000 LED), and all slides
were scanned using PhenoImager HT (formerly known as
Vectra Polaris) microscopes (Akoya Biosciences, Marlborough,
MA). Double immunohistochemical assays were performed
with the specific antibodies and conditions: anti-insulin
(1:10 000; i2018, Sigma-Aldrich) and antiglucagon (N1541,
Dako). Dewax and epitope retrieval (ER) were simultaneously
performed with Dewax and HIER Buffer L (Epredia,
Kalamazoo) in a steamer according to the standard protocol.
Then, tissue sections were blocked for endogenous peroxidase
activity for 10 min, followed by blocking using serum of the
species of the secondary antibody (UltraVision Protein Block,
Epredia). Tissues were simultaneously incubated overnight at 4
°C with the primary antibodies. Detection was performed with
a PoliviewPlus AP (anti-Rabbit) Reagent (Enzo, Farmingdale)
for insulin and with a PoliviewPlus HRP (anti-Mouse) Reagent
(Enzo, Farmingdale) for glucagon over a 30 min simultaneous
incubation. Reactions were detected with an HIGHDEF red
IHQ chromogen (AP, plus), which converts the product of the
reaction in red and with 3,3′-diaminobenzidine (DAB) (Dako,
Glostrup, Denmark) in a brown product for insulin and
glucagon, respectively. Tissues were then counterstained with
HIGHDEF hematoxylin (Enzo, Farmingdale), dehydrated, and
coverslipped using a permanent mounting solution (Entellan).
Positive and negative controls were included in every set of
reactions for each antibody used.

Statistical Analysis. All of the experiments were
conducted in at least three independent experiments. The
results are presented as the mean ± (SD). Unless otherwise
mentioned, statistical analysis was performed by using a one-
way ANOVA followed by Tukey’s pairwise comparisons. The
differences were considered to be significant at p < 0.05.
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