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ARTICLE INFO ABSTRACT

Keywords: The lymphatic system is active in several processes that regulate human diseases, among which cancer pro-
Rose Bengal gression stands out. Thus, various drug delivery systems have been investigated to promote lymphatic drug
Tf?nSfersome targeting for cancer therapy; mainly, nanosized particles in the 10-150 nm range quickly achieve lymphatic
iﬂ;ﬁf;}?:teiie vessels after an interstitial administration. Herein, a strategy to boost the lymphotropic delivery of Rose Bengal
Intradermal (RB), a hydrosoluble chemotherapeutic, is proposed, and it is based on the loading into Transfersomes (RBTF)
Cancer and their intradermal deposition in vivo by microneedles. RBTF of 96.27 + 13.96 nm (PDI = 0.29 + 0.02) were

prepared by a green reverse-phase evaporation technique, and they showed an RB encapsulation efficiency of
98.54 + 0.09%. In vitro, RBTF remained physically stable under physiological conditions and avoided the release
of RB. In vivo, intravenous injection of RBTF prolonged RB half-life of 50 min in healthy rats compared to RB
intravenous injection; the RB half-life in rat body was further increased after intradermal injection reaching 24 h,
regardless of the formulation used. Regarding lymphatic targeting, RBTF administered intravenously provided an
RB accumulation in the lymph nodes of 12.3 + 0.14 ng/mL after 2 h, whereas no RB accumulation was observed
after RB intravenous injection. Intradermally administered RBTF resulted in the highest RB amount detected in
lymph nodes after 2 h from the injection (84.2 + 25.10 ng/mL), which was even visible to the naked eye based
on the pink colouration of the drug. In the case of intradermally administered RB, RB in lymph node was detected
only at 24 h (13.3 £ 1.41 ng/mL). In conclusion, RBTF proved an efficient carrier for RB delivery, enhancing its
pharmacokinetics and promoting lymph-targeted delivery. Thus, RBTF represents a promising nanomedicine
product for potentially facing the medical need for novel strategies for cancer therapy.

1. Introduction lymph nodes, whose role should be cancer containment consequent to

their ability to act as a filter for pathogenic particles [1]. Nevertheless,

The lymphatic vasculature is active in various functional processes
that maintain human health. Deep investigations on the lymphatic
vasculature in pathophysiological conditions have created opportunities
for developing novel therapeutics and medical strategies to eradicate
certain diseases. [1]. In these regards, the importance of lymphatics in
cancer staging and prognosis has been documented for myriad cancer
types, with higher emphasis on melanoma and carcinoma of the breast,
endometrium, colon, lung, prostate, ovary, pancreas and in the head and
neck [2,3]. Frequently, metastases arise from the dissemination of ma-
lignant cells through lymphatic vasculature that finally arrives at the
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sometimes lymph nodes fail in this role, and malignant cells leave via the
efferent lymphatic vessel, forming distant metastases [4,5]. Tradition-
ally, a combination of surgery, chemotherapy and radiotherapy has been
employed to eradicate cancer metastases; still, two pieces of evidence
need to be considered: (a) metastases account for >90% of cancer-
related deaths and to date, they remain essentially untreatable; (b)
surgery, chemotherapy and radiotherapy are not exempt from serious
disadvantages. Many complications arise after surgery; also, micro-
scopic lesions may persist after mass removal, requiring additional
treatment, such as radiotherapy, commonly reporting long-term toxicity
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and limited efficacy [6-9]. Chemotherapy often results in unspecific
drug delivery and difficulty achieving the appropriate drug dosage to the
tumour site, consequent to a narrow therapeutic window of drugs or the
poor biopharmaceutical profile [10,11]. This evidence, in combination
with the role ascribed to the lymphatics in malignancy progression,
makes this system highly attractive for novel research on cancer therapy
[12].

Different lymphatic-targeting strategies have been tested to deter-
mine the most favourable administration route, the influence of the
drug's molecular weight, and the eventual use of a drug carrier [13-15].
It is now clear that after an interstitial administration (e.g intradermal,
intramuscular, subcutaneous), molecules move through the interstitium
and enter the lymphatics via the interendothelial tight junctions driven
by the fluid flow. It was observed that the intradermal injection could
lead to a localised increase in interstitial pressure within the dermis,
increasing the rate of drug drainage into the lymphatics compared to the
intramuscular or subcutaneous injection [16,17]. The relatively high
hydrodynamic pressure and the highly developed lymphatic vasculature
of the skin make the cutaneous and percutaneous routes ideal for
lymphatic targeting. Additionally, nanosized drug carriers (NCs)
revealed success for the lymph-targeted delivery of therapeutics since
lymphatic capillaries are size-dependent permeable [12,18,19]. NCs
below 150 nm were observed to enter lymph vessels once deposited into
the skin; notably, NCs in the range of 10-100 nm are taken up effectively
by the lymphatics, whereas NCs > 100 nm are absorbed slowly or are
retained at the administration site. Lastly, NPs < 10 nm preferentially
enter blood capillaries [18,20-22].

Among NCs employed for drug delivery through the skin, trans-
fersomes (TFs) are the most innovative and efficient carriers. Designed
to overcome the rigid structure of their ancestor, the liposomes, TFs are
formulated with the additional presence of surfactants (edge activators,
EAs), which increases the lipid bilayer fluidity, leading to ultra-
deformability. EAs tend to accumulate at the site of high stress due to
their propensity for significantly curved structures and reduce the en-
ergy costs required for deformation. This way, TFs can pass through the
tight migration pathway of the skin tissue, minimising undesired
breakage and drug loss [23-26]. Therefore, TFs may successfully reach
lymphatic capillaries intact following intradermal deposition, repre-
senting a valid lymphotropic delivery system. Nevertheless, little is
found in the literature in this regard. Notably, articles investigating
lymphatic targeting using TFs primarily focused on tumour metastases
therapy [27-29] or immunotherapy [30,31] frequently in association
with the microneedle (MN) technique. MNs are the new generation of
(trans)dermal patches and comprise many thin and microscopic pro-
jections (400-900 pm length) that painlessly pierce the skin to deposit
the drug in the intradermal space, avoiding the undesired loss at the skin
surface. This way, MNs may substitute the old-standing intradermal
injection, and different types have been developed to date, including
hollow, polymer dissolving, hydrogel-forming and coated MNs
[13,32-37].

Based on these premises, we previously described the development
and characterisation of a TF dispersion, loading the chemotherapeutic
Rose Bengal (RB), that was subsequently included in a polymer
dissolving-type MN array to favour the intradermal deposition of RB-
loaded TF (RBTF) [38,39]. RB is a dianionic purplish dye of xanthene
structure with photosensitising properties exhibiting intrinsic toxicity
for malignant cells [40]. RB anticancer properties have been widely
investigated and established on multiple cancer cell lines, including
skin, breast, ovarian and colon cancers [41-43]. Currently, RB is un-
dergoing clinical trials for metastatic melanoma therapy with the name
of PV-10® (Provectus Biopharmaceuticals, INC), and it was designated
as an Orphan Drug by the Food and Drug Administration (FDA) to treat
metastatic melanoma, neuroblastoma, and hepatocellular carcinoma.
Clinical trials revealed that RB is characterised by a dual mechanism of
action, selective for malignant cells. As soon as it is administered, RB
stimulates the ablation on lesions directly treated due to lysozyme-
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induced and apoptotic cell death. Subsequently, RB triggers a specific
tumour immune response with activity on distant non-treated or
bystander lesions [41,44]. Despite its remarkable potential as a
chemotherapeutic, RB translation to clinics is hampered by its chemical-
physical profile. The principal limits of RB are high water solubility
(100 g/L), which causes a half-life of 30 mins, and poor permeability, as
defined by its logP of 0.59, which obliges multiple excruciating intra-
tumoral injections to reach the therapeutic dose [40,41,45]. Also, due to
RB photosensitising properties, a case of severe systemic phototoxic
reactions has been reported [46].

RBTF previously formulated were able to load RB increasing its ex
vivo epidermis permeation and in vitro antiproliferative efficiency in
melanoma cells (SK-MEL28), with a potential selectivity compared to
normal cells (HFFF2) [39]. Furthermore, an optimal RBTF intradermal
deposition was obtained after the inclusion in dissolving MNs [38].
Therefore, the current investigation aims to evaluate the RB pharma-
cokinetics and lymphatic uptake following intradermal deposition (i.d.)
of RBTF. For the RB quantitative determination in biological fluids, the
dissolving MNs were replaced with hollow MNs (HMNs) due to dis-
solving MNs poor drug loading capacity; compared to dissolving MNs
that include all the therapeutic cargo in the microscopic polymer needle,
HMNs deliver drugs through the drive of liquid pressure, similar to a
conventional syringe. The main advantage of HMNs is the high drug
delivery capacity, allowing continuous drug release with accurate
dosing [13,32]. Herein, an in vivo study was performed on healthy rats,
comparing RB's pharmacokinetics and lymph node accumulation
following RBTF i.d.-HMNs to (i) RBTF dispersion administered via
intravenous injection (i.v.), (ii) RB solution administered via i.d.-HMNs,
and (iii) RB solution administered i.v.

2. Materials and methods
2.1. Materials

Rose Bengal disodium salt (RB), cholesterol, Span® 80, HPLC grade
methanol, ammonium acetate, sodium hydroxide, phosphate-buffered
saline (PBS) tablets (pH 7.3-7.5), dimethyl sulfoxide (DMSO) were
purchased by Sigma-Aldrich (St. Louis, MO). Lipoid S100® was a kind
gift from Lipoid GmbH (Ludwigshafen, Germany). Uranyl acetate
(gadolinium acetate tetrahydrate) was purchased by Ted Pella Inc.
(Redding, CA). Ethanol (industrial methylated spirit 99.5%) was ob-
tained by Atomic Scientific (Manchester, UK). Ultrapure water was ob-
tained from a water purification system (Elga PURELAB DV 25, Veolia
Water Systems, Dublin, Ireland). Horse Serum was of UK origin and was
obtained by Thermo Scientific (Hampshire, England). Nanosoft® HMNs
were purchased from Fillmed (Paris, France).

2.2. Preparation and characterisation of RB-loaded transfersome (RBTF)
dispersion

2.2.1. Preparation of RBTF dispersion

RBTF dispersion was prepared following the green protocol
described in our previous works by modifying the quantitative compo-
sition [38,39]. First, the organic phase was constituted by dissolving
Lipoid S100® (284 mg), cholesterol (52 mg) and Span® 80 (28 mg) in
ethanol (5 mL) at 50 °C. The water phase was readily prepared by sol-
ubilising RB (40 mg) in ultrapure water (10 mL). Then, the organic
phase was poured into the water phase, instantly forming a pink-milky
dispersion. The resulting dispersion was homogenised by an ultrasonic
probe (60 s, 50% ultrasound (US) amplitude) (Davidson & Hardy Ltd.
cooperating with Fisher Scientific, Leicestershire, UK). Afterwards,
ethanol was evaporated by rotary evaporation (50 °C) under vacuum
(Rotavapor, Buchi Labortechnik, Switzerland). Finally, RBTF dispersion
was further sonicated to achieve the desired RBTF dimensional profile.
To do this, the ultrasonic device was set at 50% US amplitude for 3 min
consisting of 10 s of US and 20 s of pause to avoid RBTF thermal
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degradation. Unloaded TF (b-TF) were formulated likewise without
adding RB to the water phase. RBTF and b-TF dispersions were stored in
darkness at 4 °C.

2.2.2. RBTF and b-TF dimensional profile analysis

The dimensional profiles of RBTF and b-TF dispersions were evalu-
ated regarding hydrodynamic diameter (nm) and polydispersity index
(PDI). Based on the dynamic light scattering technique, a NanoBrook
Omni particle sizer (Brookhaven, New York, USA) was used. Before each
measurement, the dispersions were diluted with ultrapure water to
guarantee that the concentration was in the required range of the in-
strument. The measurements were carried out in the following condi-
tions: fluid refractive index 1.333; temperature 25 °C; viscosity 0.890
cP; scattering angle 90°; equilibration time 3 min; and sample run time
300 s. For RBTF dispersion, five batches were analysed in triplicate (n =
15); in the case of b-TF dispersion, three batches were analysed in
triplicate (n = 9).

2.2.3. RBTF and b-TF morphology

At the end of the formulation processes, RBTF and b-TF dispersions
were visualised by optical microscopy (Leica EZ4W stereomicroscope,
Leica Microsystems, Milton Keynes, UK). Transmission electron micro-
scopy (TEM) (Jeol JEM-1400 Transmission electron microscope, Wel-
wyn Garden City, UK) was used to investigate the morphology of RBTF
and b-TF vesicles. Before the analysis, one drop of RBTF and b-TF dis-
persions were separately pipetted on the top of a carbon copper grid and
stained with uranyl acetate. Subsequently, the copper grids were gently
washed with ultrapure water and dried at room temperature. Finally,
the samples were analysed under TEM at the acceleration voltage of
120,000 V and magnification in the range of x1,000-x50,000. Images
were visualised with a Jeol Ruby 8 MB bottom-mounted CCD camera.

2.2.4. Total drug in dispersion, drug loading and encapsulation efficiency

RBTF dispersion was evaluated for RB quantitative determination
regarding the total drug in dispersion (RB% w/v), percentage drug
loaded into the RBTF vesicle (DL%), and percentage encapsulation ef-
ficiency (EE%). RB quantitative analysis was carried out by High-
Performance Liquid Chromatography (HPLC) coupled with a fluores-
cence detector (FLD) (Agilent Technologies 1220 Infinity UK Ltd.,
Stockport, UK). The chromatographic column employed was a C18
Phenomenex SphereClone™ column ODS (1) (150 x 4.6 mm i.d. with 5
pm particle size, pore size of 100 10\) (Phenomenex, Cheshire, UK). The
method used is detailed in a previous article by the same authors [47].
To determine the total drug in dispersion, 50 pL of RBTF dispersion was
added to 5 mL of methanol and kept under magnetic stirring for 20 min
at 50 °C to ensure the RBTF dissolution. Then, 1 mL of the resulting
mixture was taken and centrifuged for 15 min at 14,000 rpm (Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany) before HPLC
analysis. The total drug in dispersion (RB% w/v) was calculated as re-
ported in eq. 1:

x 100 €y

RB (%f) Total RB in dispersion(g)

v) ~ Volume of dispersion(mL)

DL% and EE% were determined after removing free RB (non-
encapsulated RB in RBTF vesicles) from the RBTF dispersion [48]. The
free RB was removed by a dialysis method using a Float-A-Lyzer® G2
Dialysis Device (MWCO: 50 kDa, Spectra/Por®, Spectrum Laboratories,
Inc. Rancho Dominguez, CA, USA). Briefly, 4 mL of RBTF dispersion
were placed into the dialysis device and dialysed against PBS pH 7.4
(100 mL) under light magnetic stirring (48 h, 4 °C) [49]. Finally, the
amount of RB dialysed, thus, free RB, was quantified and data used to
calculate DL% and EE%, as indicated in egs. 2 and 3, respectively:

RB amount in dispersion(mg) — free RB(mg)

DL% 2

~ Lipid phase(mg) + Total RB in dispersion(mg) + water(mg)
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Total RB in dispersion(mg) — free RB(mg)

EE% = x 100 3

Total RB in dispersion(mg)

For RB% w/v, DL%, and EE% determinations, three batches of RBTF

dispersion were separately analysed in triplicate (n = 9). Moreover, two

RB aqueous solutions (4 mg/mL) were dialysed following the same
protocol described above as a control (n = 6).

2.2.5. Invitro release study

An in vitro release study was performed to evaluate the release profile
of RB from RBTF dispersion using the dialysis method described in
section 2.2.4 (50 kDa MWCO). RBTF dispersion (4 mL, RB ~ 8 mg) was
included in the dialysis device and placed in a cylindrical vessel con-
taining PBS pH 7.4 as the acceptor medium (50 mL). The vessel was
incubated at 37 °C and 50 rpm (SKI 4 Shaker Incubator, Argo Lab, Carpi,
Italy). Samples of acceptor medium (1 mL) were collected throughout
24 h and analysed for RB amount using a UV-Vis spectrophotometer
(Shimadzu UV-1800, Kyoto, Japan) referring to the calibration curve
prepared in PBS pH 7.4 (RB excitation wavelength: 549 nm; standard
solution range: 0.0015-0.017 mg/mL; y = 77.213x-0.067, R? =
0.9993). After each collection, the same volume of fresh medium was
instantly replaced. Finally, the cumulative amount of RB released was
plotted in the function of time. The experiment was performed by ana-
lysing three batches of RBTF dispersions (n = 3).

2.2.6. RBTF and b-TF physical stability

The physical stability of RBTF and b-TF dispersions was evaluated in
terms of dimensional profile (size, PDI) (section 2.2.2) following 24 h of
storage at 37 °C. Moreover, the dimensional profile of RBTF and b-TF
was evaluated after 24 h of contact with 100% horse plasma (1:1) at
37 °C and 4 °C [50]. The experiment was performed by analysing three
batches of b-TF and RB-TF dispersions (n = 3).

2.3. In vivo study

2.3.1. Design of the in vivo study

The in vivo pharmacokinetic study was approved by the Committee of
the Biological Services Unit, Queen's University Belfast. The work was
carried out under Project License PPL 2903 and Personal Licenses PIL
2127 and 2059. All experiments were conducted based on the policy of
the Federation of European Laboratory Animal Science Associations and
the European Convention for the protection of Vertebrate Animals used
for experimental and other scientific purposes, implementing the prin-
ciples of the 3Rs (replacement, reduction and refinement). The design of
the in vivo study was schematised in Fig. 1.

Healthy female Sprague-Dawley rats (Charles River Laboratories,
Harlow, UK) with an average weight of 280 g and aged between 10 and
12 weeks were acclimatised to the laboratory conditions for one week
before starting the experiments. The rats (n = 36) were divided into six
cohorts. Cohort n. 1 (n = 6) received a single intravenous (i.v.) injection
of an RB aqueous solution (4 mg/mL) for an RB dosage of 4.0 mg/kg.
Cohort n. 2 (n = 6) was administered with a single i.v. injection of an
RBTF dispersion (RB = 4 mg/mL) for an RB dosage of 4.0 mg/kg. Co-
horts n. 3 (n = 6) and 5 (n = 6) received a single administration of RB
aqueous solution (RB = 4 mg/mL; 4.8 mg/kg) via intradermal (i.d.)
injection; finally, cohorts n. 4 (n = 6) and 6 (n = 6) received a single
administration of RBTF dispersion (RB = 4 mg/mL; RB = 4.8 mg/kg) via
i.d. injection. In this investigation, i.d. injection was mediated by HMNs
consisting of three needles with a length of 600 pm (Nanosoft® Micro-
needles, FillMed Laboratories, France) [51]. The 4.0 mg/kg dose was
calculated based on the RB dosage used for treating metastatic mela-
noma in humans [52]. In the i.d. injection mediated by HMNs, a 4.8 mg/
kg RB was administered as the device was estimated to retain about 20%
of the formulation. The tested cohorts were first sedated through
gaseous anaesthesia (2-4% isoflurane in oxygen). In the case of cohorts
n. 3 to 6, the hairs from the rat backs were removed using electric hair
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Fig. 1. The in vivo study design. The study was performed on female Sprague-Dawley rats (n = 36). Each cohort consisted of six rats (n = 6). Cohorts n. 1 and 2
received a single intravenous injection of RB solution and RBTF dispersion, respectively (4 mg/mL; 4 mg/kg). Cohorts n. 3 and 5 received a single intradermal
injection of RB solution (4.0 mg/mL; 4.8 mg/kg) mediated by hollow microneedles (HMNs). Cohorts 4 and 6 received a single intradermal injection of RB solution
(4.0 mg/mL; 4.8 mg/kg) mediated by HMNs. Blood samples were collected from all the cohorts after 15, 30, 45, and 60 min. Lymph nodes were collected following
rat sacrifice: after 2 h (cohorts n. 1 to 4) or after 24 h (cohorts n. 5 and 6) of drug administration. Created with BioRender.com.

clippers (Remington Co., London, U.K.) and hair removal cream (Sodalis
Srl, Milano, Italy). Then, the animals were left to rest for 24 h before
administering the formulations to ensure the skin barrier recovery that
could have been altered by the epilation process [53]. Afterwards, rats
were sedated again (2-4% isoflurane in oxygen), HMNs were applied to
their backs, and the formulations were injected with a syringe directly
connected to the HMN device (Fig. 2).

Blood samples were taken via tail vein bleeds at predetermined time
points (15, 30, 45, and 60 min) with a maximum of 200 pL collected at
each sampling point and stored in pre-heparinised microtubes. Subse-
quently, all the rats in cohorts n. 1 to 4 were sacrificed after 2 h of drug
administration by cardiac puncture, the blood was sampled, and lymph
nodes (axillary and popliteal) were harvested. Similarly, all the rats
belonging to cohorts n. 5 and 6 were sacrificed after 24 h of the drug
administration by cardiac puncture, the blood was sampled, and lymph

Fig. 2. Intradermal (i.d.) administration of RBTF dispersion assisted by HMNs.
A. Rat's back after hair removal. B. i.d. administration of RBTF dispersion. C.
Rat's back after RBTF i.d. administration. D. Zoom of the HMN device used for i.
d. administration (600 pm Nanosoft® Microneedles, FillMed Labora-
tories, France).
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nodes (axillary and popliteal) were harvested. Finally, blood samples
and lymph nodes were processed for RB quantitative studies. Blood
samples were subjected to an RB extraction process to quantify the an-
alyte in the systemic circulation and evaluate the pharmacokinetic
profile. The harvested lymph nodes were processed to extract the ana-
lyte and quantify the RB amount accumulated. The protocols for
extracting and quantitatively determining RB from plasma and lymph
nodes are described in sections 2.3.2 and 2.3.3, respectively.

2.3.2. RB extraction from plasma

The blood samples from rats were centrifuged at 3000 rpm at 4 °C for
15 min using a Sigma 2-16 K centrifuge (Osterode am Harz, Germany). A
100 pL aliquot of the plasma supernatant was collected and transferred
to an Eppendorf tube containing 800 pL of methanol. The tubes were
vortexed at 1500 rpm for 30 min and then centrifuged at 14,800 rpm at
4 °C for 10 min. Next, 800 pL of the supernatant was transferred to a
glass tube and placed in a nitrogen evaporator (Zymark Corporation,
Hopkinton, Massachusetts, USA) at 40 °C until all the solvent was
evaporated entirely. Subsequently, 300 pL of methanol was added to the
glass tube to reconstitute RB. The solution was transferred to HPLC vials
for further quantification using the method previously described and
suitability modified [47].

2.3.3. RB extraction from lymph nodes

RB in the lymph node samples was quantified using the same tech-
nique previously reported for RB extraction from the skin, with a slight
modification [47]. The lymph nodes were cut into small pieces and
transferred to an Eppendorf tube containing 0.5 mL of deionised water
and two stainless steel beads (diameter = 0.5 cm) (Qiagen, Hilden,
Germany). The samples were lysed using a Qiagen TissueLyser® LT (UK
Qiagen Ltd., Manchester, UK) at 50 Hz for 15 min. After that, 1 mL of
DMSO was added to the samples, followed by another lysis cycle. The
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samples were centrifuged at 14,800 rpm for 10 min, and the supernatant
was collected. If necessary, the samples were diluted with DMSO before
injection into the HPLC system using the method previously described
and suitability modified [47].

2.3.4. Pharmacokinetic data analysis

Pharmacokinetic (PK) evaluation was done using PKSolver, an add-
in program for PK data analysis in Microsoft Excel® 2013 [54]. Non-
compartmental model analysis was applied. PK parameters analysed
were: RB maximum plasma concentration (Cpay); time of the maximum
concentration (Tpay); the AUC from time zero (t = 0) to the last exper-
imental point, which was 2 h regarding cohorts n. 1 to 4 (AUCy_2) and
24 h for cohorts n. 5 and 6 (AUC(_24); the AUC from time zero (t = 0)
until infinity (AUCy.inf); the mean half-life (t;,2); the mean residence
time (MRT). The AUCy o and AUCy_ 24 were calculated by the linear
trapezoidal method [53,55].

2.4. Statistical analyses

All the numerical data herein reported are expressed as mean value
+ standard deviation of at least n > 3 experimental measures, calculated
using GraphPad Prism® 10.0.0 (153) (GraphPad® Software, San Diego,
USA). The same software was used to analyse the data set regarding
statistical significance. The statistical method employed for the singular
data sets was indicated in section 3. Results and Discussion; it was
chosen based on the GraphPad Prism® user guide [56]. A p-value<0.05
was considered for statistical significance in all cases.

Journal of Controlled Release 369 (2024) 363-375

3. Results and discussion
3.1. Preparation and characterisation of RBTF dispersion

RBTF dispersion was first developed using a green reverse-phase
evaporation method [39] and then optimised for inclusion in MN sys-
tems [38]. The RBTF dispersion prepared herein does not differ for
process parameters and excipients-drug ratio concerning the previous
investigation [38]. At the end of the formulation process, no phase
separation or naked-eye visible aggregates were observed. A turbid
white dispersion was obtained in the case of b-TF dispersion (Fig. 3A);
the RBTF one appeared pink-coloured due to RB addition and was more
transparent (Fig. 3B). The dimensional profile analysis (Table 1) pointed
out that both formulations were nanosized and vesicles uniformly
distributed (PDI < 0.4). However, a significant difference in terms of size
was detected when comparing the two dispersions. RBTF vesicles were
significantly smaller than b-TF ones (p-value<0.0001): RBTF ranged
from 82.31 to 110.23 nm, whereas b-TF ranged from 170.93 to 204.59
nm. The turbidity of the dispersions predicted these observations per the
Tyndall effect [57,58]. A further dissimilarity was noticed in the

Table 1

Dimensional profile of RBTF and b-TF dispersions (RBTF dispersion: n = 15, five
batches analysed in triplicate; b-TF dispersion: n = 9, three batches analysed in
triplicate).

Size (nm) PDI
RBTF dispersion 96.27 + 13.96' 0.29 £+ 0.02
b-TF dispersion 187.76 + 16.83 0.19 £ 0.01

 RBTF dispersion vs b-TF dispersion: p-value < 0.0001 (unpaired t-test, two-
tailed).

Fig. 3. Appearance and morphology of b-TF and RBTF dispersions. A-B: Images acquired by optical microscopy (2 mm bar; magnification 8x); A. b-TF dispersion; B.
RBTF dispersion. C-D: Images acquired by TEM (500 nm bar); C. b-TF dispersion (magnification x25k); D. RBTF dispersion (magnification x25k).
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morphology of RBTF and b-TF vesicles. As shown in Fig. 3C, b-TF ves-
icles seem to have an oval shape, elongated; also, the double layer,
characteristic of liposome-like vesicles, is slightly visible and hard to
appreciate. On the contrary, RBTF vesicles (Fig. 3D) are round-shaped,
and the double layer is evident, easily distinguishable, and thick.
Moreover, some vesicles appear multilamellar.

The outcomes reported above indicate RB's pivotal role in the
dimensional and structural features of RBTF. RB is a water-soluble
molecule and displays moderate hydrophobicity (logP = 0.59). As a
result, its affinity for lipids is expected and documented in the literature
[59-61]. Further, RB carries two ionisable groups that are predomi-
nantly found in the deprotonated form starting from a pH value of ~6.3
[62] (Fig. 4A). RB is an emerging drug, and little is known about its
behaviour with biological membranes, which is comparable, in terms of
structure, to the bilayer of liposomal vesicles. We previously reported
that in the case of RBTF vesicles, which are prepared at basic pH values,
RB intercalates beneath the phospholipid palisade, modifying the lipid
packing parameter and, consequently, the characteristics it regulates,
such as lamellarity, vesicle's hydrodynamic diameter and size distribu-
tion [39,63]. More recently, the RB's interaction with biological mem-
branes has been evaluated on mammalian phospholipid bilayer models
by Sztandera et al. [62]. The investigation clarified that the deproto-
nated groups of RB strongly interact with the positively charged amine
groups of hydrophilic lipid heads localised in the membrane's outer
surface; on the contrary, moderate-to-no interactions with hydrophobic
chains and alterations in lipid order parameter were noticed (Fig. 4B)
[62]. The latter point apparently disagrees with our findings; however, it
is of considerable importance that Sztandera et al. investigated RB
interaction with a preformed lipid bilayer, whereas, in the current
investigation, RB was forced to interact with single lipid molecules
during the formulation process, to finally form a lipid bilayer that it is
likely to include RB (Fig. 4C). The nature of this inclusion still needs to
be elucidated. However, it is hypothesised to be correlated to the tem-
perature at which RBTF are prepared (50 °C) compared to the lower
temperature of Sztandera et al. contribution [64].

Sztandera et al. observed that the interactions between RB and hy-
drophilic moieties were sufficiently strong to maintain RB anchored to
the lipid bilayer [62]. This agrees with the data presented herein
regarding DL%, EE%, and in vitro release profiles (Fig. 4D, Table 2). The
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Table 2
Quantitative determination of RB in RBTF dispersion (n = 9, three
batches analysed in triplicate).

Total drug in dispersion (% w/v) 0.35 + 0.02
Drug Loading (%) 0.33 + 0.02'
Encapsulation Efficiency (%) 98.54 + 0.09

T Total drug in dispersion vs Drug Loading: p-value < 0.05 (unpaired t-
test, two-tailed).

DL% (RB encapsulated into RBTF vesicles) was close to the value of the
total drug in dispersion (free RB + encapsulated RB) (p-value = 0.024)
(Table 2). Remarkably, the dialysis test performed on RBTF dispersion
revealed that an RB percentage of 1.46 + 0.09 was quantified in the
acceptor medium and related to non-encapsulated RB. The data is un-
affected by RB's inability to pass through the dialysis membrane, as
100% of the drug was quantified in the acceptor medium over the same
time during the control test (Fig. 4, D1). This means that most RB added
to prepare RBTF dispersion is somehow associated with RBTF vesicles,
resulting in an EE% higher than 98% (Table 2). Similar results were
acquired when evaluating RBTF dispersion for in vitro RB release (Fig. 4,
D2); in this case, 1.43 4 0.11 % RB was released over 48 h of incubation
at 37 °C, suggesting RB remains anchored to the RBTF vesicle even at
physiological conditions.

Lastly, the physical stability of RBTF and b-TF dispersions was
evaluated regarding the dimensional profile when incubated for 24 h at
37 °C; the testing time was selected based on the duration of the in vivo
study (24 h) (section 2.8.1). Furthermore, although RBTF vesicles were
designed to favour lymphatic accumulation, the stability in plasma was
investigated since it may provide unique preliminary information about
RBTF behaviour in vivo. The results of physical stability are summarised
in Fig. 5. Notably, the size of RBTF and b-TF vesicles did not vary when
exposed to 37 °C, suggesting that they could maintain their size and
structure in vivo. Nevertheless, the size of RBTF decreased after incu-
bation with plasma at 37 °C and 4 °C; another case of the reduced size of
liposome-like vesicles after plasma contact was reported by Ding and
collaborators [50]. The original RBTF size was 96.27 + 13.96 nm. After
24 h of contact with plasma at 37 °C, the size decreased to 74.4-89.45
nm range (p-value = 0.018). At 4 °C the size reduction was more pro-
nounced (69.8-89.54 nm; p-value = 0.004) (Fig. 5B). As the literature
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suggests, this result could be related to the interaction of plasma proteins
with the outer surface of the RBTF, the so-called “protein corona” phe-
nomenon [65]. The experimental method herein applied did not intend
to predict the in vivo formation of the protein corona; indeed, the in vitro
surrogate is insufficient for that scope. Still, this hypothesis may explain
the different behaviour of RBTF compared to b-TF vesicles. In fact, in the
latter case, no difference was noted after the incubation with plasma,
regardless of the temperature (Fig. 5A). The apparent dimensional sta-
bility of b-TF in plasma may be attributed to their neutral surface charge
(—4.9 £ 0.9 mV), documented in the previous investigations, in contrast
to the negative surface of RBTF vesicles (—45.90 + 0.85 mV) [38,39]. It
was seen that plasma proteins display a higher affinity to charged li-
posomes compared to neutral ones. Mainly, negatively charged lipo-
somes prefer interacting with basic plasma proteins, while positively
charged ones tend to interact with acidic proteins [50,65].

In summary, the prepared RBTF vesicles showed a size around 100
nm, suitable for lymphatic targeting, with a uniform distribution profile.
RBTF encapsulated most of the RB added during the preparation and did
not release RB at simulated physiological conditions. The no-release
properties may allow RBTF to efficiently interact with circulating can-
cer cells based on a selectivity conferred by the drug [42,66]; also,
considering RB fluorescence properties, this would enable the tracking
of RBTF for biodistribution purposes [47]. Furthermore, RBTF vesicles
maintained their dimensional profile unchanged, even if the size (nm)
slightly decreased when in contact with the plasma. Based on these
outcomes, RBTF dispersion was considered a promising candidate to
favour a lymphotropic delivery of RB and was evaluated for pharma-
cokinetic and lymph node accumulation in vivo.
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3.2. In vivo study

The in vivo study was performed on healthy Sprague Dawley rats as
an animal model. RB solution and RBTF dispersion were administered
separately through intravenous (i.v) and intradermal (i.d) routes. The
rats showed no signs of pain, swelling, or irritation during the experi-
ment. Results will be presented in terms of pharmacokinetic analysis of
RB, comparing its profile across different administration routes and
formulations, with a statistical robustness ensured by the applied sta-
tistical methodologies suitable for the data set. Finally, a discussion
section will comment on the pharmacokinetic findings highlighting the
potential implications and innovative aspects of the study.

3.2.1. Pharmacokinetics, lymph-node accumulation, and statistical
analysis

Results of the in vivo study have been graphically resumed as follows:
Fig. 6 displays the plasma concentration profiles of RB following i.v. and
HMNs-assisted i.d. administrations of both RB solution and RBTF
dispersion. Table 3 and Fig. 7 summarise the pharmacokinetic param-
eters. Fig. 8 illustrates the amount of RB accumulated in the lymph
nodes at the end of the in vivo study.

The observed pharmacokinetic parameters indicate a potential
improvement in the systemic circulation of RB when encapsulated in
RBTF, suggesting that this strategy may enhance RB's pharmacokinetic
profile, especially evident when comparing these findings to data re-
ported in the literature [45]. Upon i.v. administration, not only RBTF did
exhibit a marked prolongation of RB t; » to 1.35 + 0.34 h compared to
0.52 £ 0.08 h for the RB solution (p-value = 0.0156), but also signifi-
cantly increased the MRTq.iof to 1.67 + 0.02 h, nearly three times the
duration observed with the RB solution. Klaassen et al., reported an
initial biological half-life of 2 min and a terminal half-life of 100 min for
RB doses ranging between 0.01 and 10 mg/kg in rats, with a biological
half-life for excretion around 30 min [45]. These observations suggest
that TF may have the capability to enhance RB's retention in the sys-
temic circulation, potentially facilitating a more prolonged therapeutic
action.

The AUC and half-life for both RB formulations administered i.d.
notably exceeded those observed for i.v. routes, underscoring the
effectiveness of i.d. delivery in sustaining drug levels over time.
Particularly, RBTF i.d. administration achieved an AUCy.j,¢ of 2158.62
+ 292.01 ng/mL*h, significantly higher than that observed for RB so-
lution i.d. 1037.57 + 138.17 ng/mL*h, and nearly twofold the AUC
reported by Klaassen. The data suggest that RBTF, when i.d. adminis-
tered, tends to achieve plasma concentrations that are notably superior
to those observed with i.v. RB solutions, indicating a possible advantage
of i.d. administration, with a 50-fold increase after 24 h of treatment (p-
value = 0.0340) and an 18-fold rise over i.v. RBTF dispersions (p-value
= 0.0440). This result demonstrates the TF's effectiveness in permeating
biological barriers to deliver RB efficiently into the systemic circulation.

The observed T« for RB solution i.d. (0.56 + 0.31 h) is superior to
that for RBTF i.d. (0.31 + 0.13 h), which may be attributed to the dif-
ferential absorption dynamics governed by TF. The TF's design facili-
tates a quicker entry into the systemic circulation, whereas the RB
solution may take longer to peak concentration. This difference in Tpax
between the formulations highlights the importance of the delivery
system in dictating the absorption rate and bioavailability of adminis-
tered drugs.

The present results suggest that the use of RBTF for RB delivery
markedly improved the drug's pharmacokinetic profile, offering a sig-
nificant advancement over traditional delivery methods. The observed
prolonged half-life, increased AUC, and Cp,ox with TF utilisation un-
derscore the promising potential of NCs systems in advancing drug de-
livery and efficacy, warranting further investigation, particularly for
chemotherapeutic agents where controlled release is critical to max-
imising therapeutic outcomes using low doses to reduce the collateral
effects. In this case, the i.d. application using HMNs with RBTF reduced
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the dose, improved the lymphatic uptake, prolonged the main residence
time, obtaining higher AUC when compared to the other groups.
Finally, RB accumulation in lymph nodes was quantified at the end of
the animal study. RB was not detected in popliteal lymph nodes. Fig. 8B
reports the RB amount found in axillary lymph nodes. As shown, in the
case of i.v. RB solution, no RB was detected in the lymph node; still,
RBTF dispersion resulted in an accumulation of 12.3 £+ 0.14 ng/mL RB
after 2 h. On the contrary, HMNs-assisted i.d. administration promoted
RB accumulation in lymph nodes. Regarding i.d. RB solution, no RB was
detected after 2 h, but only after 24 h (13.3 + 1.41 ng/mL). The
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administration of RBTF resulted in the most significant RB accumulation
after 2 h of injection, visible to the naked eye (Fig. 8A), reaching the
value of 84.2 + 25.10 ng/mL, which decreased to 22.9 + 8.49 ng/mL at
24 h.

3.2.2. Discussions of findings

The results presented suggest several assumptions: (i) free RB has
limited capacity in permeating biological tissues, (ii) RBTF may enhance
RB's in vivo biopharmaceutical profile, and (iii) RBTF could represent an
efficient lymphotropic delivery system for RB, though further studies are
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Table 3

Calculated pharmacokinetic parameters for RB after intravenous (i.v.) and in-
tradermal (i.d.) administration of RBTF dispersion or RB solution (for i.v.
administration n = 3, three rats analysed per each blood sampling point; for i.d.
administration n = 6, six rats analysed per each blood sampling point).

Parameter Unit RB RBTF RB RBTF
solution i. dispersion i. solution i. dispersion i.
V. v d. d
0.52 + 26.92 + 24.08 +
fi2 b 0.08 1.3540.34 8.66 474
0.25 + 0.56 +
t max h 0.00 0.25 £ 0.00 0.31 0.31 £0.13
C max ng/ 1012.03 902.45 + 35.51 + 100.24 +
mL + 3.3 150.67 8.53 28.73
AUC 0-t ng/ 876.16 + 959.78 + 529.65 + 1121.00 +
mL*h 128.70 94.26 87.80 123.56
. ng/ 934.70 + 1392.13 + 1037.57 + 2158.62 +
AUCOdnf  bh 14070 180.95 138.17 292.01
. 0.573 + 37.73 + 32.63 +
MRT 0-inf h 0.03 1.67 + 0.02 12.43 5.96

needed to confirm these findings.

(i) Free RB has limited capacity in permeating biological tissues.

The lowest RB peak plasma concentration was observed for RB
solution after i.d. administration: ~35 ng/mL i.d. vs ~ 1010 ng/
mLi.v. after 15 min. The considerable difference between the two
routes is relatable to the poor ability of RB to permeate across
biological membranes if not formulated in a suitable delivery
system [40,47,62]. Indeed, the high molecular weight and the
amphiphilic nature of the drug represent an issue for a consistent
permeability. Some RB systemic absorption was noticed after i.d.
injection, which is reasonable considering RB's physical-chemical
profile and skin characteristics [67]. Indeed, skin comprises an
outmost hydrophobic barrier (stratum corneum, SC) which pro-
tects the underneath tissues (viable epidermis and dermis). Based
on the transdermal hydration gradient, while going more pro-
found in the viable epidermis and dermis, the skin gradually
becomes water-rich and hydrophilic, reaching a water percentage
of ~70% in the dermis of healthy young subjects 68. In this
investigation, the highly water-soluble RB was deposited by
HMNs directly into the dermis, bypassing the SC barrier, the main
obstacle for RB skin permeation. In this way, RB may easily
permeate through the dermis, finally reaching blood capillaries
for uptake. This last step likely represented the main limitation
for RB systemic absorption after i.d. administration. In truth, free
RB interacted with mammalian cells' outer surface, but it cannot
permeate it and reach the inner side [62], supporting the hy-
pothesis herein designed. However, even if the i.d. delivery effi-
ciency of free RB was poor, two advantages over the i.v. route
were observed, that were the longest RB ti, and MRT, suggesting
that i.d. administration assisted by HMNs may control RB ab-
sorption rate.

i.d. RBTF enhance RB's in vivo biopharmaceutical profile.

After the administration of RBTF, several RB improvements
were noticed, starting from the i.v. route. The RB i.v. t% resulted
in ~30 min. After RBTF i.v. injection, t' increased to ~80 min;
similarly, MRT.ins was much more significant for RBTF i.v. than
RB i.v. The short circulatory half-life of RB was expected based on
the drug's high water solubility and agrees with previous obser-
vations [45,69]. However, this main drawback was solved by
loading RB in the lipid RBTF vesicle, which were previously
proved to control RB release firmly (section 3.1). Furthermore,
the literature reports that NPs smaller than 260 nm can escape
macrophages' clearance, prolonging the blood circulation time
[70]. Regarding RB delivery by HMNs assisted i.d. injection,
RBTF could ensure a higher RB plasma concentration over RB

(i)

371

Journal of Controlled Release 369 (2024) 363-375

solution at each sampling point, confirming the high efficiency of
TF as delivery system conventionally ascribed to their deform-
ability properties. TF are flexible liposomal vesicles that pass
through the tiny skin pores keeping their original structure and
minimising drug loss. Due to the presence of a water core, TF
naturally tend to avoid dry surroundings. Thus, the driving force
for the migration through the skin is produced by transdermal
hydration gradient. As a result, they can reach dermis capillaries
and finally enter the blood [23,24,71].

RBTF are an efficient RB lymphotropic delivery system.

In agreement with points (i) and (ii), i.v. RB solution did not
provide any RB accumulation in lymph nodes. Conversely, RBTF
demonstrated a potential tool to reach that goal, particularly
following i.d. route. The more significant and faster accumulation
for i.d. RBTF compared to i.v. RBTF is highly probable to result
from the different administration routes combined to RBTF size.
Indeed, administering the formulation directly in the systemic
circulation is naturally advantageous for 100% bioavailability,
but limits, to some extent, the lymphatic targeting consequent to
a generic biodistribution. In contrast, the skin represents a suit-
able administration site for lymphotropic delivery due to the high
density of lymph capillaries, enabling lymphotropic delivery
even in the case of i.d. RB solution [20,72,73]. Furthermore,
based on the literature, the size of RBTF (=100 nm) played a key
role. As stated in the introduction, NPs in the 10-150 nm range
preferentially enter lymph than blood capillaries [22,74]. This
phenomenon is related to the different blood and lymph capillary
wall gap sizes. Indeed, blood vessels are composed of endothelial
cells attached by gap junctions, whereas weaker junctions con-
nect lymphatic endothelial cells. Also, the basal membrane of
blood capillaries comprises lining cells, not present in the case of
lymphatic capillaries, which prevent the uptake of particles
larger than 10 nm [22].

(iii)

4. Conclusion

Herein, we are reporting for the first time, the improved pharma-
cokinetic and lymphatic delivery of Rose Bengal (RB) using trans-
ferosomes administered intradermally by hollow microneedles. The
current study aimed to develop a strategy to boost the lymphotropic
delivery and pharmacokinetics of the hydrosoluble chemotherapeutic
RB based on the pivotal role played by the lymphatic system in the
progression of cancer metastases. To do this, deformable liposome-like
vesicles were prepared and loaded with RB, an emerging but efficient
anticancer molecule. RBTF improved the pharmacokinetic profile of RB
by prolonging the blood circulation time. More importantly, RBTF (100
nm size) accumulated in healthy rats' lymph nodes when delivered
intradermally using hollow microneedles (HMNs). Lastly, HMNs were
herein used to prove this theory, considering the drug loading challenge
previously faced with dissolving MN patches; however, developing a
polymeric MN array with more needles and a larger surface area would
potentially improve patient treatment. In this point of view, we intend to
focus the following studies on the optimisation of dissolving micro-
needle design loading nanoparticles. The outcomes reported suggest
that RBTF may become a valid tool for metastatic cancer therapy. To
evaluate the pharmacological potential, a pharmacodynamic study on
tumorigenic animal models will be conducted in a future investigation.
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