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A B S T R A C T

Intestinal lymph nodes are involved in the progression of colorectal cancer (CRC). Tumours suppress the acti-
vation of dendritic cells (DCs) in draining lymph nodes, diminishing anti-cancer immune response. Imiquimod
(IMQ) facilitates DCs activation via toll-like receptor 7, suggesting that targeted delivery of IMQ to intestinal
lymph nodes can improve the treatment of CRC. This study aims to enhance the delivery of IMQ to intestinal
lymph nodes by a highly lipophilic prodrug approach. Amide prodrugs were synthesised by conjugating IMQ
with saturated and unsaturated medium- to long-chain fatty acids. Their potential for intestinal lymphatic
transport was assessed by their affinity to chylomicrons and solubility in long-chain triglycerides. Further se-
lection of prodrug candidates was determined by resistance to enzymatic hydrolysis in intestinal lumen and
release of IMQ in the lymphatics using fasting state simulated intestinal fluid supplemented with esterases, brush
border enzyme vesicles and plasma. Key pharmacokinetic parameters and biodistribution in rats were assessed
for the most promising compounds, prodrugs 5 and 8. The plasma concentration–time profile of IMQ following
oral administration of the prodrugs was less erratic in comparison to the administration of unmodified IMQ. The
lymph-to-plasma ratios of IMQ concentration increased 1.9- and 1.7-fold using prodrugs 5 and 8 in comparison to
administration of unmodified IMQ, respectively. Importantly, the average concentration of IMQ in mesenteric
lymph nodes (MLN) was 11.2- and 7.6-fold higher than in plasma following the administration of prodrugs 5 and
8, respectively. Additionally, the non-specific wide distribution of IMQ into various organs and tissues was
reduced with prodrugs. This work suggests that the highly lipophilic prodrug approach can efficiently deliver
IMQ to intestinal lymphatics. In addition, this study demonstrates the feasibility of an amide prodrug approach
for intestinal lymphatic targeting.

1. Introduction

In recent years, immunotherapies involving immune checkpoint
blockade, such as programmed cell death protein 1, programmed death
ligands 1 inhibitors, and adoptive cell therapy (cytotoxic T-lymphocytes
antigen 4), have demonstrated promising potential in cancer treatment
(Bai et al., 2021; Buchbinder and Desai, 2016; Ganesan et al., 2019; Jia
et al., 2021). However, these immunotherapies were less effective in

CRC than in other cancer types (Ciardiello et al., 2019; Lichtenstern
et al., 2020). In the tumour microenvironment of CRC, malignant cells
can develop resistance to immunotherapies by suppressing the immune
response. It was reported that the response of the immune system to CRC
could be hindered by the upregulated secretion of transforming growth
factor beta (TGF-ß) (Ciardiello et al., 2019). In addition, the over-
expression of pro-tumorigenic cytokines, such as IL-6 and IL-17, can
protect the malignant colorectal epithelium by overstimulating the
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production of vascular endothelial growth factor and promoting cancer
cell proliferation, resulting in resistance to immunotherapy
(Lichtenstern et al., 2020). To overcome tumour resistance to the cur-
rent immunotherapies, the combination of immunotherapeutics with
different mechanisms of action was suggested (Zhu et al., 2021). The
recruitment of dendritic cells (DCs) was proposed as an important
strategy in cancer immunotherapy (Bai et al., 2020; Sabado, Balan, and
Bhardwaj, 2017; Wculek et al., 2020). It was shown that activated DCs
can present tumour-associated antigens (TAAs) to CD8+ T cells and
facilitate the Th1 cell differentiation of CD4+ T cells (Wculek et al.,
2020). In addition to stimulation of adaptive immune response, acti-
vated DCs can also enhance the innate immune response to cancer cells
by stimulating natural killer cells (Zhu et al. 2021). Therefore, the
simulation of DCs is an important aspect of immunotherapy of CRC.

During the progression of cancer, vascular endothelial growth factor
C (a lymphangiogenic factor) is produced, activating the growth of
lymphatic vessels (Stacker et al., 2014). As a result, lymphatic vessels
with loose epithelial structures facilitate tumour metastasis (Kesler
et al., 2013; Naxerova et al., 2017). In the metastasis of CRC, the tumour
invasion pathway partially follows the mesenteric lymph nodes (MLNs)
and retroperitoneal lymph nodes (such as iliac lymph nodes, ILNs),
draining the lymph from the colorectal regions (Kim et al., 2004; Sasaki
et al., 2023; Shu et al., 2020; Yeo et al., 2010). It was reported that in the
tumour microenvironment and lymph nodes (LNs), the maturation of
DCs is suppressed, and the infiltration of mature DCs is reduced,
resulting in the diminished ability of the immune system to recognise
cancer cells (Gulubova et al., 2012; Kusume et al., 2009).

Imiquimod (IMQ) is an agonist of toll-like receptor 7 (TLR 7). Early
studies showed that IMQ facilitates the secretion of immunostimulatory
cytokines, such as interferon-α (IFN- α), resulting in suppression of the
tumour growth (Reiter et al., 1994; Sidky et al., 1992). It was found that
the production of cytokines is regulated by the activation of DCs by IMQ
binding to TLR7 through the MyD88 signalling pathway. After stimu-
lation by IMQ, DCs transform into a mature state, promoting both innate
and adaptive immune responses to the cancerous cells (Patente et al.,
2019; Wculek et al., 2020). Despite the fact that in many preclinical
studies TLR agonists have demonstrated great potential as anti-tumour
agents, in most clinical trials TLR agonists were not very effective for
cancer treatment (Frega et al., 2020; Smith et al., 2018). A previous
metabolic pathway study of IMQ using human and mouse microsomes
indicated that the metabolism of the drug is predominantly mediated by
cytochrome P450 1A1 and 1A2 (Mescher et al., 2019). In addition, in a
Phase I clinical trials of IMQ, a dose-limiting toxicity of the drug (> 50
mg) was observed in patients with refractory neoplasms (Savage et al.,
1996). The systemic adverse effects, such as flu-like symptoms and
nausea, and limited therapeutic success of IMQ in clinical trials could be
related to its extensive non-specific distribution into tissues, and lack of
targeted delivery to relevant organs, such as draining lymph nodes,
enriched in DCs (Dudek et al., 2007; Wu et al., 2014; Yin et al., 2022). It
was shown that naïve T cells that are located in the paracortex zone of
LNs are not attracted towards activated DCs through chemotactic
gradient but rather interact with them by chance. Normally, mature/
activated DCs can efficiently cross-present tumour antigens to T cells at
the ratio of one DC to ten T cells (Miller et al., 2004). However, in the
tumour-draining lymph nodes, immature/inactivated DCs can be
inhibited from the activation by two pathways. They can respond to
immune suppression cytokines released from cancer cells, such as TGF-ß,
or by up taking debris derived from apoptotic cancer cells, resulting in
incomplete T cell activation (Dhodapkar et al., 2008; McDonnell, Rob-
inson, and Currie, 2010). Therefore, targeted delivery of IMQ to the
lymph nodes draining the colorectal region (MLNs and ILNs) could
facilitate the activation of DCs and overcome the inhibitory immune
responses that are regulated by cancer cells, potentially improving the
treatment outcomes of people affected by CRC.

Intestinal lymphatic targeting following oral administration is one of
the strategies to deliver small molecules to the MLNs. This strategy is

based on the physiological pathway of dietary lipids digestion and ab-
sorption. Chylomicrons (CMs) are large lipoproteins that are assembled
in the enterocytes in the presence of long-chain lipids. Due to their large
size, CMs cannot penetrate blood capillaries and, therefore, are taken up
selectively by lymph lacteals (Xiao, Stahel, and Lewis, 2019; Yáñez et al.,
2011). Drug molecules with high affinity to CMs can be transported
efficiently into the intestinal lymphatic system (Gershkovich and Hoff-
man, 2005). Highly lipophilic compounds with Log D7.4 > 5 and solu-
bility in long-chain triglycerides (LCTs) > 50 mg/mL are most likely to
be transported into the intestinal lymphatic system through CMs
pathway (Charman and Stella, 1986; Gershkovich et al., 2008).

IMQ is not a highly lipophilic compound with a calculated log D7.4 of
3.36 (ACD/I-lab), suggesting that this molecule is unlikely to be trans-
ported into the intestinal lymphatic system following oral administra-
tion by the CM association pathway. Previously, a lipophilic prodrug
approach has been used to increase lipophilicity and hence CMs affinity
of drugs, achieving intestinal lymphatic targeting (Chu et al., 2023;
Kochappan et al., 2021; Lee et al., 2018; Qin et al., 2020; Quach et al.,
2022). Successful lipophilic prodrugs should resist chemical and enzy-
matic hydrolysis in the gastrointestinal (GI) tract, but efficiently release
active moieties in the intestinal lymphatic system. In addition, multiple
works have suggested that the presence of LCTs in the lipid-based
formulation facilitates the intestinal lymphatic transport of highly
lipophilic compounds following oral administration (Porter et al., 2007).
The improvement in intestinal lymphatic transport using LCT lipid-
based formulation has also been observed in our previous studies (Chu
et al., 2023; Feng et al., 2021a, 2021b; Gershkovich et al., 2008; Lee
et al., 2018; Qin et al., 2020; Zgair et al., 2016; Zgair et al., 2017).

Therefore, themain aim of this work was to achieve targeted delivery
of active IMQ to the intestinal lymph nodes draining from the colorectal
region, with the ultimate goal of improvement in treatment outcomes of
CRC. In most previous studies, prodrug candidates for intestinal
lymphatic targeting following oral administration were based on the
ester bond structure (Chu et al., 2023; Kochappan et al., 2021; Lee et al.,
2018; Qin et al., 2020; Quach et al., 2022). However, Han et al. reported
a lipophilic prodrug of mycophenolic acid that was conjugated with an
alkyl chain via an amide bond. The approach was found to be not effi-
cient for targeting intestinal lymphatics following oral administration
since the amide prodrug did not release the active moiety efficiently
within the lymphatic system (Han et al., 2014). IMQ only has a primary
amine as a prodrug-able functional group that can be conjugated with
lipophilic groups through an amide bond. However, IMQ release from
the amide prodrugs could be efficient due to the electron resonance
between the amine and imidazoquinoline in IMQ.

2. Materials and methods

2.1. Materials

Imiquimod (IMQ, CAS: 99011-02-6) was purchased from Key Or-
ganics Ltd. (Cornwall, UK). Porcine liver esterase, Bradford assay kit,
olive oil, porcine liver esterase and Intralipid®were bought from Sigma-
Aldrich Inc. (Gillingham, UK). The alkaline phosphatase and leucine
aminopeptidase activity assay kits were purchased from Abcam (Cam-
bridge, UK). Rat plasma was purchased from BIOIVT (Burgess Hill, UK).
Propylene glycol (European Pharmacopeia level) and ammonium
formate were purchased from Fisher Scientific (Leicestershire, UK).
Other agents and solvents were purchased from commercially available
sources and were HPLC or LC-MS grade.

2.2. Design of IMQ lipophilic prodrugs

IMQ lipophilic prodrugs were designed based on a previously re-
ported in silico model for the prediction of affinity to CMs (Gershkovich
et al., 2008). IMQ was conjugated to saturated and unsaturated fatty
acids with different chain lengths. The physicochemical properties of
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IMQ and its prodrugs were calculated using ACD/I-Labs and then im-
ported into the in silico model to predict the CM association percentage
of compounds (Gershkovich et al., 2008). Prodrugs with high predicted
affinity to CM were synthesised as described below.

2.3. General chemical reaction for IMQ amide prodrugs

The amidation of imiquimod was introduced with coupling reagents
N, N, N′, N′-tetramethylchloroformamidinium hexafluorophosphate
(TCFH) and N-methylimidazole (NMI) as previously reported (Beutner
et al., 2018). Briefly, the corresponding fatty acids (0.3 mmol) were
activated with TCFH (0.35 mmol) and NMI (1.05 mmol) in 2 mL
anhydrous N-methyl-2-pyrrolidone (NMP) and stirred under nitrogen at
45◦C for 30 min. Then, IMQ (0.39 mmol) was added to start the ami-
dation and the mixture was stirred for 24 h. The reaction process was
monitored by thin-layer chromatography (TLC) and LC-MS/MS. The
crude product was purified by flash chromatography using a 12 g silica
gel-packed column and hexane–ethyl acetate (50:50, v/v) as the mobile
phase. The schematic presentation of chemical synthesis and all IMQ
prodrug structures are shown in Fig. 1. Characterisation of all syn-
thesised prodrugs is described in Characterization of purified pro-
drugs (Supplementary material).

2.4. In vitro estimation of CM association

The associations of compounds with artificial CM-like emulsion were
assessed by means of previously reported methodology (Chu et al., 2023;
Gershkovich et al., 2008; Gershkovich and Hoffman, 2005; Lee et al.,
2018; Qin et al., 2020). Briefly, the CM-like emulsion was obtained by
dilution of Intralipid® with Dulbecco’s phosphate-buffered saline to
obtain the concentration of triglycerides of 1 mg/mL. For the association
experiment, tested compounds were incubated with artificial CMs at 37
◦C at a final concentration of 1.75 μMwith magnetic stirring at 170 rpm
for one hour. This mixture was then transferred into polyallomer ul-
tracentrifuge tubes and layered with KBr gradient solution with different
densities as previously reported (Gershkovich and Hoffman, 2005).
After ultracentrifugation (SORVALL Ultracentrifuge, TH-641 Rotor) at
268,350 g at 15 ◦C for 35 min, the top layer of white artificial CMs was
collected and analysed using HPLC-UV to determine the amount of
tested compounds that associated with emulsion particles.

2.5. Long-chain triglyceride solubility

The solubility of tested compounds in long-chain triglycerides was
assessed using olive oil (Chu et al., 2021; Chu et al., 2023). Five to six
milligrams of the tested compound were added to 100 μL of olive oil at
37 ◦C and stirred for 72 h. At the end of the study, if the added com-
pound was dissolved entirely, no additional amount of the compound
would be added. After incubation, the remaining drug particles were
removed using Costar Spin-X Centrifuge tubes with a 0.22 μm filter via
centrifugation at 2,400 g for 10 min at 37 ◦C. The filtrates were 10-fold
diluted with acetone, following by 100-fold dilution with ethanol. Some
samples underwent additional 10-fold dilution with MeOH, depending
on the expected concentration range of tested compounds in tri-
glycerides. The concentrations were determined by means of HPLC-UV.
All experiments were performed in triplicate.

2.6. In vitro and ex vivo assessments of biotransformation of prodrugs to
IMQ

2.6.1. Preparation of biorelevant media
Brush border enzyme vesicles (BBMVs) were collected from rat small

intestine using a previously reported protocol (Kessler et al., 1978).
Briefly, fresh jejunum and ileum were harvested from SD male rats
(weight 270 – 350 g) and flushed with ice-cold saline to remove the
intestinal contents. BBMVs were extracted using 12 mM Tris/chloride
buffer (pH = 7.1) containing 300 mM mannitol. BBMVs pellets were
purified using centrifugation at 27000 x g for 30 min at 4 ◦C. Alkaline
phosphatase and leucine aminopeptidase were selected as representa-
tive activity control enzymes in BBMVs, and their activities were
measured using commercial kits (Abcam, Cambridge, UK). The total
protein concentration of BBMVs was measured using Bradford reagent
with bovine albumin as a reference standard. The BBMVs experimental
medium was completed by adjusting protein concentration to 1 mg/mL
with 10 mM Tri/HEPES (pH = 7.1, containing 50 mM mannitol).

The fasted state simulated intestinal fluid (FaSSIF) was prepared
using a previously reported protocol (Marques, 2004). On the day of the
experiments, the FaSSIF + esterase incubation medium was completed
by adding porcine hepatic esterase to the FaSSIF at a concentration of 20
IU/mL (Chu et al., 2023; Lee et al., 2018; Qin et al., 2020).

2.6.2. Biotransformation experiment
The biotransformation of the prodrugs to IMQ was assessed in rat

plasma, FaSSIF supplemented with 20 IU/mL esterase, and BBMVs

Fig. 1. Chemical synthesis conditions and structures of lipophilic prodrugs of IMQ.
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media as reported in previously published protocols (Chu et al., 2023;
Lee et al., 2018; Qin et al., 2020). Stock solutions of prodrugs were
prepared in DMSO at a concentration of 1 mM. The biorelevant media
were pre-heated at 37 ◦C for 10 min. The assay was initiated by spiking
prodrug stock solution into the biorelevant media to reach a final con-
centration of 10 µM for rat plasma and FaSSIF with esterase, or 2 µM for
BBMVs. The final concentration of the prodrugs in the experimental
media was lower than the Michaelis-Menten constant (Km = 4.696 μM,
Figure S1, Supplementary material). The incubation was performed
in a thermo-controlled orbital incubator (Thermo Scientific MaxQ4000,
Waltham, MA, USA) at 37 ◦C and 200 rpm. One hundred and twenty
microliters of incubated mixtures were collected at pre-determined time
points, and 360 µL of ice-cold acetonitrile was added to terminate the
reaction. The concentrations of IMQ and its prodrugs in samples were
determined using a validated HPLC-UV methodology, as described
below. All experiments were performed in triplicates.

2.7. Formulations of IMQ and its prodrugs

The oral lipid-free formulation of IMQ was prepared by dissolving
IMQ powder in 0.05 N HCl at a concentration of 8 mg/mL. After IMQ
powder was fully dissolved, the pH of the solution was measured and
confirmed to be in the range of 2 – 2.5. The IV bolus formulation of IMQ
was prepared by a 10-fold dilution from the oral lipid-free formulation
with 80:20 propylene glycol/water (v/v) to a final IMQ concentration of
0.8 mg/mL. The pH of the IMQ IV formulation was adjusted to 6.5 using
a 4 N NaOH solution.

Prodrugs 5 and 8 were administered to animals at an equimolar dose
of IMQ. The oral formulations of prodrugs 5 and 8 were prepared by
dissolving prodrugs in olive oil at a concentration of 14.9 mg/mL and
16.9mg/mL, respectively. The IV bolus formulations of prodrugs 5 and 8
were prepared by dissolving prodrugs in 80:10:10 propylene glycol/
water/ethanol (v/v/v) at a concentration of 1.49 mg/mL and 1.69 mg/
mL, respectively.

2.8. Animal studies

2.8.1. Animals
The protocols for pharmacokinetic (PK) and biodistribution (BD)

studies for IMQ and its prodrugs were reviewed and approved by the
University of Nottingham Ethical Committee under the Animals [Sci-
entific Procedures] Act 1986. Male Sprague Dawley (SD) rats (275–300
g body weight) were purchased from Charles River Laboratories (UK)
and housed in the Bio Support Unit at the University of Nottingham in an
environmentally controlled room (12 h light/dark cycle) with free ac-
cess to food and water for at least seven days. The weight of rats before
the PK or BD study was 300–350 g.

2.8.2. Pharmacokinetic study
The right jugular vein cannulation surgery was performed under

general isoflurane gas-induced anaesthesia. After the surgery, animals
were allowed to recover for two nights with free access to food and
water. Animals were fasted for 10 h prior to the drug administration
with free access to water. Food was provided to animals 5–6 h after the
drug administration.

In the IMQ pharmacokinetic study, rats were divided into oral lipid-
free, oral lipid-based and IV bolus groups. For the IMQ oral lipid-free
group, 8 mg/kg of IMQ in the lipid-free formulation (8 mg/mL) was
administered by oral gavage. This dose was confirmed as safe in previ-
ous studies (Kang et al., 2019; Soria et al., 2000). For the IMQ oral lipid-
based group, the lipid-free formulation was administered by oral gavage
at the same dose, followed by the same volume of olive oil as the lipid-
free formulation. After the formulation administration, 1 mL of water
was administered by oral gavage to facilitate the emulsification of the
administered oil. Following the administration, blood samples were
collected from the cannula at pre-determined time points: 0.5, 1, 2, 4, 8,

12, 16, 20, 24 and 28 h. For the IMQ IV group, IMQ IV formulation at the
dose of 0.8 mg/kg was administered via the jugular vein cannula as an IV
bolus over 30 s. Whole blood was sampled at pre-determined time
points: 5, 15, 30, 60, 90, 120, 180, 240 and 300 min. All samples were
collected into 1.5 mL Eppendorf tubes containing EDTA as an
anticoagulant.

In the pharmacokinetic study of IMQ lipophilic prodrugs, prodrug
formulations were freshly prepared on the day of the experiment and
administered via oral gavage (at the doses of 14.9 mg/kg for prodrug 5
and 16.9 mg/kg for prodrug 8) or IV bolus (at the doses of 1.49 mg/kg
for prodrug 5 and 1.69 mg/kg for prodrug 8). Blood was sampled at pre-
determined time points: 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8 and 12 h following oral
administration and 5, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min
following IV administration. Blood samples were collected into 1.5 mL
Eppendorf tubes containing EDTA, as well as sodium fluoride (NaF, final
concentration at 10 mg/mL) to prevent the release of IMQ following the
collection of the samples. Plasma was obtained by centrifugation (1,160
g for 10 min at 10 ◦C) and stored at − 80 ◦C until analysis.

2.8.3. Biodistribution study of IMQ and its prodrugs
In the BD study of IMQ, the drug was administered by oral gavage to

rats in the lipid-free formulation followed by oral gavages of olive oil
and water, as described in section 2.8.2. In the BD study of prodrugs,
the compounds were administered to animals by an oral gavage in the
lipid-based formulation followed by 1 mL of water. At predetermined
time points (1.5, 2, 6, and 28 h for IMQ; 1.5 and 6 h for prodrugs), blood
samples were collected from the vena cava under terminal anaesthesia.
After animals were sacrificed by cervical dislocation, the mesenteric
lymph fluid sample was immediately collected from the superior
mesenteric lymph duct using a syringe connected to a 23G needle. Other
tissues, including MLNs, ILNs, deep and superficial cervical lymph nodes
(CLNs), brain, spleen, kidney, liver, skeleton muscle (right thigh) and
intestinal contents, were then also harvested from the cadavers.

Plasma and serum were separated by centrifugation of non-
coagulated and coagulated whole blood at 1,160 g for 10 min at 10
◦C, respectively. All harvested tissues were weighed. Large organs,
including kidney, brain, liver, skeleton muscle (right thigh) and spleen,
were homogenised in 10 mg/mL NaF solution at a ratio of 1:3 (w/v)
using a Polytron® PT 10–35 GT homogeniser (Kinematica, Malters,
Switzerland). Intestinal contents, including liquid and solids, collected
from small intestines, large intestines and recta were homogenised in
NaF solution (10 mg/mL) at a ratio of 1:10 or 1:20, depending on the
expected concentration of tested compounds in tissues. Lymph nodes
were placed in 1.5 mL Eppendorf tubes with 3–5 Stainless Steel Beads
(Next ADVANCE, Web Scientific, USA) and NaF solution (10 mg/mL)
was added to obtain at least 100 μL volume of samples. Lymph nodes
were then homogenised using a Bullet Blender 24 Gold (Next Advance,
USA).

All processed samples were kept at − 80 ◦C until analysis. Concen-
trations of IMQ, prodrug 5 and prodrug 8 in the processed in vivo sam-
ples were determined using LC-MS/MS methodology as described in
Section 2.9.

2.9. Bioanalytical methodology

2.9.1. Sample preparation
Two instruments were used to determine the concentration of ana-

lytes in this work. Samples collected from in vitro and ex vivo experi-
ments had high expected concentrations (sections 2.4, 2.5 and 2.6) and
were analysed using HPLC-UV. Samples collected from in vivo studies
(Section 2.8) were analysed using LC-MS/MS.

All analysed samples underwent the same preparation procedure but
with different sample volumes. Three-hundred and sixty microliters of
cold acetonitrile (− 20 ◦C) were added to 120 μL of samples generated in
in vitro experiments (or 100 μL for in vivo samples) for protein precipi-
tation, followed by the addition of 12 μL of 50,000 ng/mL propranolol
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solution in MeOH (or 10 μL of 5,000 ng/mL propranolol for in vivo
samples) as an internal standard (IS). Liquid-liquid extraction was per-
formed by vortex-mixing samples with 3 mL of MTEB for 10 min. After
centrifugation at 1160 g at 10 ◦C for 10 min, the upper organic layer was
transferred to clean glass test tubes and evaporated to dryness at 40 ◦C
under nitrogen flow. Samples were reconstituted with 100 μL of 65:35
water/methanol (v/v) (60 μL for in vivo samples) and transferred into
HPLC vials. The validation of the bioanalytical methods is shown in
Validation of bioanalytical methods (Supplementary material).

2.9.2. HPLC-UV
The HPLC system consisted of a Waters Alliance 2695 separations

module equipped with a Waters 996 photodiode array detector. Chro-
matographies were monitored at 319 nm for all analytes. A C18 150 x 2
mm, 5 μm particle size reverse phase column (Gemini-LC-column,
Phenomenex, US) connected to a 3 µm particle size guard column was
used to achieve separation. The column temperature was maintained at
40 ◦C and autosampler at 4 ◦C. The samples were injected into the HPLC
system at a volume of 60 μL. Chromatograms were processed and ana-
lysed using EmpowerTM 2 software. The detailed HPLC chromatography
conditions and retention times for all tested compounds are shown in
Table S1 (Supplementary material).

2.9.3. LC-MS/MS
The LC-MS/MS system consisting of an AB Sciex API Qtrap4000

tandem mass spectrometry detector coupled with a SHIMADZU LC-
10AD binary pump and a SHIMADZU SIL-HTc autosampler was used
for analysis. The conditions of the mobile and solid phases were the
same for the HPLC-UV (section 2.9.2). The injection volume for the LC-
MS/MS method was 10 μL. The ionisation of analytes was conducted in
positive mode with multiple reaction monitoring. The remaining MS
conditions were set as follows: ion spray voltage 5,000 V; temperature
350 ◦C; curtain gas 30 psi; ion source gas 1 and gas 2 40 psi; entrance
potential 10 V. Other parameters and monitored ion pairs in Q1 and Q3
are shown in Table S2 (Supplementary Material).

2.10. Pharmacokinetic calculations and statistical analysis

Pharmacokinetic parameters were calculated from the plasma con-
centration profiles by non-compartmental analysis approach using
Phoenix® WinNonlin®6.3 software (Pharsight, Mountain View, CA,
USA). The method of calculation Linear up Log down was applied to
compute the area under the curve (AUC). Statistical analysis was per-
formed on GraphPad Prism version 10 (GraphPad Software, Inc., San
Diego, CA, USA). All data are shown as mean± deviation (SD). One-way

analysis of variance (ANOVA) followed by Dunnett’s or Turkey’s mul-
tiple comparisons, or unpaired t-test were used where appropriate. A
significant difference was stated when a p-value was below 0.05.

3. Results

3.1. Affinity of IMQ and its prodrugs to CM

The affinity to CMs is a key parameter for the prediction of the in-
testinal lymphatic transport of drugs following oral administration in
the presence of long-chain triglycerides or fatty acids (Gershkovich and
Hoffman, 2005). Compounds 1–4 are highly lipophilic prodrugs of IMQ
conjugated with saturated fatty acids, including decanoic, myristic,
palmitic, and stearic acids, respectively. As shown in Table 1, IMQ has
negligible predicted affinity to CM, while all designed prodrugs have
moderate (>50 %) to high (> 90 %) predicted affinity. With an exten-
sion of chain length from 10 to 14 carbons, the predicted CMs associa-
tion increases from moderate to high. Therefore, prodrugs 1–4 were
synthesised, and their experimental association with artificial CM-like
emulsion was assessed. As predicted, IMQ had indeed no affinity to
artificial CM, while the affinities of prodrugs 1–4 were substantial
(Table 1). Due to a prolonged release rate of IMQ from prodrugs 1–4
observed in plasma (Section 3.3), the second generation of prodrugs
with unsaturated fatty acids (prodrugs 5–8) was designed and synthe-
sized, including myristoleic, palmitoleic, oleic and linoleic acids conju-
gates. These unsaturated fatty acids are of the same chain length as
saturated fatty acids used in prodrugs 1–4. No difference was found in
the affinity to CMs between the saturated and unsaturated prodrugs
(Table 1).

3.2. Long-chain triglycerides solubility

The solubilities of prodrugs in olive oil are summarised in Table 1.
IMQ, and prodrugs 1 and 2 were in powder form. Following a 72-hour
solubility test, undissolved particles of IMQ and prodrugs 1 and 2
were still visually noticeable in the oil phase. Prodrugs 3 and 4 were in a
wax form, while prodrugs 5–8 were in an oil form. By the end of the
solubility test, prodrugs 3–8 were fully dissolved in olive oil, suggesting
triglyceride solubility above 50 mg/mL for these compounds.

3.3. Biotransformation of prodrugs to IMQ in biorelevant media

The biotransformation of prodrugs to IMQ was estimated using two
biorelevant media representing the intestinal tract: FaSSIF with added
esterase activity and BBMVs, as well as rat plasma as a surrogate of

Table 1
Calculated physicochemical properties, predicted and experimental CMs associations, and triglycerides solubilities of IMQ and its prodrugs.

Compounds
IMQ 1 2 3 4 5 6 7 8

Log D 7.4 a 3.46 6.35 8.31 9.2 10.09 7.95 8.84 9.72 9.36
Log P a 3.46 7.12 9.24 10.31 11.37 8.73 9.79 10.85 10.33
Log P – Log D a 0 0.77 0.93 1.11 1.28 0.78 0.95 1.13 0.97
PSA a 86.11 59.81 59.81 59.81 59.81 59.81 59.81 59.81 59.81
H-Acceptors a 7 3 3 3 3 3 3 3 3
FRB a 19 12 16 18 20 15 17 19 18
Density a 1.28 1.11 1.08 1.06 1.05 1.07 1.06 1.04 1.04
Molar Volume a 187.7 352.7 416.9 449 481.1 416.9 449 481.1 481.1
H-Donors a 1 1 1 1 1 1 1 1 1
Predicted association (%) 1.8 50.1 93.8 98.1 99.4 91.2 97.3 99.2 98.9
Assessed association (%)b

(n = 3) < 1.75 73.8 ± 4.1**** 78.4 ± 11.9**** 76.4 ± 6.0**** 66.7 ± 11.4**** 70.3 ± 14.5**** 64.4 ± 28.8**** 76.8 ± 13.5**** 76.5 ± 19.1****

Triglyceride solubility (μg/mL)
(n = 3)

7.4 ± 1.0 2510 ± 210 46400 ± 7300 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000

One-way ANOVA, followed by Dunnett’s comparison, was used for statistical analysis. Asterisks denote significance against IMQ.****,p < 0.0001.
a Calculated by ACD/I-Lab.
b Affinity of compounds to artificial CMs (prepared with Intralipid®).
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lymph (Fig. 2 A-C) (Chu et al., 2023; Lee et al., 2018; Qin et al., 2020).
The rate of conversion was expressed as the half-lives of prodrugs and
summarised in Fig. 2 D. It should be noted that the esterase used in the
FaSSIF+ esterase assay is, in fact, a crude extract from porcine liver only
characterised for esterase activity, but also contains additional enzymes
with unquantified activity. It was found that IMQ was released from the
amide prodrugs quite efficiently in the presence of this liver extract in
the FaSSIF (Fig. 2 A and D). BBMVs medium was also used to estimate
the biotransformation of IMQ amide prodrugs. All tested prodrugs were
stable in the presence of BBMVs (Fig. 2 B and D). Additionally, in this
assay, rat plasma was used as a surrogate for lymph fluid as previously
described, since they share similar enzymatic composition (Fanous
et al., 2007). Only prodrugs 1, 5, 6 and 8 efficiently released > 50 % of
IMQ by the end of 2 h incubation in rat plasma (Fig. 2 C and D).
Moreover, as shown in Figure S7 (Supplementary material), an in-
crease in the fatty acid carbon chain from 10 to 18 (prodrugs 1–4)
resulted in prolonged half-lives in FaSSIF + esterase medium and rat
plasma. In addition, comparing the half-lives of prodrugs 2 vs 5, 3 vs 6,
and 4 vs 7 or 8 in these two media, it was found that unsaturation
resulted in the reduction of the half-lives.

Taking together the artificial CMs affinity, long-chain triglycerides
solubility and the rate of IMQ release in the biorelevant media, prodrugs
5 and 8 were selected as the most promising candidates to proceed to in
vivo studies.

3.4. Pharmacokinetics of IMQ, prodrugs 5 and 8

The pharmacokinetic (PK) profiles of IMQ in plasma were generated
following intravenous (IV) bolus and oral (PO) administration (without
and with lipids) in rats (Fig. 3). Pharmacokinetic parameters of IMQ
derived from plasma concentration–time profiles are summarised in
Table 2 and Table S3 (Supplementary material). Following IV bolus
administration of IMQ, a relatively short half-life of IMQ (0.73± 0.05 h)
was found. Interestingly, although the lipophilicity of IMQ is moderate
(Log P = 3.46), the apparent volume of distribution (Vss) of IMQ after IV
administration was quite high (3376.3 ± 1842.0 mL/Kg). The plasma
concentration–time profiles of IMQ following oral administration sug-
gest that the oral absorption of IMQ is prolonged and erratic with no
obvious Tmax (Fig. 3 B). Moreover, the oral absorption of IMQ varied
significantly between rats, resulting in substantial variability of IMQ
concentrations in plasma. In some rats, IMQ concentrations were un-
detectable after 20 h, while in others, the plasma concentration of IMQ
remained high for a prolonged period. The oral bioavailability (Foral) of
IMQ was below 10 %, and there was no statistically significant differ-
ence in Foral between the IMQ lipid-free and IMQ lipid-based
administrations.

The plasma concentration–time profiles of IMQ released from pro-
drugs 5 and 8 were generated following IV and PO administration of
prodrugs (Fig. 4). A statistically significant difference was found be-
tween the terminal slope half-lives (t1/2) of IMQ following IV

Fig. 2. The biotransformation of prodrugs to IMQ (n = 3, mean ± SD). Panels (A), (B) and (C) show the kinetics of IMQ release from prodrugs in FaSSIF with porcine
esterase (20 IU/mL), BBMVs (1 mg/mL of total protein level) and rat plasma, respectively. Panel D shows the half-lives (t1/2) of prodrugs in tested relevant media.
One-way ANOVA, followed by Dunnett’s comparison, was used for statistical analysis. Asterisks denote significance against the half-life of the prodrug in plasma. **,
p < 0.01; ***,p < 0.001; ****,p < 0.0001.
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administration of IMQ itself and IV administration of prodrugs 5 and 8,
suggesting that the rate of IMQ release from prodrugs was slower than
the rate of elimination of IMQ (Table 2). Additionally, the fraction of
prodrugs converted to parent drugs was calculated using a previously
reported equation (Shayeganpour et al., 2008). The calculations suggest
that 52.0 % and 47.9 % of prodrug 5 and prodrug 8, respectively, were
converted to IMQ following the IV administration of prodrugs (Calcu-
lated fractions of prodrugs converted to parent drug, Supplemen-
tary material).

Following oral administration of prodrugs 5 and 8, the Tmax of pro-
drugs themselves was between 1–2 h (Table 3), while the Tmax of IMQ
was 2–6 h (Table 2). The plasma concentration–time profile of IMQ
following oral administration of prodrugs 5 and 8 is neither erratic nor
prolonged, as opposed to the oral administration of IMQ itself (Fig. 3 B v.
s. Fig. 4 B and D). There is no difference in the Foral of IMQ between
administrations of equimolar doses of the parent drug and prodrugs
(Table 2).

3.5. Biodistribution of IMQ, prodrug 5 and prodrug 8

The BD of IMQ at apparent Tmax points (1.5, 2, 6 and 28 h) following
oral administration of unmodified IMQ with lipids is presented in Fig. 5.
A high variability was observed in the concentrations of IMQ in all
analysed tissues. As a result, the statistical analysis for most samples
shows no statistically significant differences in the concentration of IMQ
between tissues. The average concentration of IMQ in main organs

(liver, kidney, spleen and brain) at early time points (1.5 h and 2 h) was
6 to 9-fold higher than the concentration of IMQ in plasma, indicating
that IMQ rapidly and non-specifically distributes into organs and tissues.

Interestingly, although IMQ showed poor affinity to CM, the average
concentrations of IMQ inmesenteric lymph nodes (MLNs) were 3.9-, 3.9-
, 4.9- and 12-fold higher than the concentration of IMQ in plasma at 1.5
h, 2 h, 6 h and 28 h, respectively. Similarly, the average concentrations
of IMQ in iliac lymph nodes (ILNs) were 4.5-, 4.7-, 3.1- and 3.0-fold
higher than plasma at 1.5 h, 2 h, 6 h and 28 h, respectively. However,
there is no difference between the concentration of IMQ in the mesen-
teric lymph fluid and plasma at 1.5 h and 2 h (Fig. 5). Fig. 6 demon-
strates the concentration of IMQ in the intestinal contents. It indicates
that IMQ was mainly found in the small intestine at 2 h time point
following oral administration.

For assessment of intestinal lymphatic delivery of IMQ using pro-
drugs 5 and 8, biodistribution (BD) studies were conducted at 1.5 h and
6 h following an oral gavage of prodrugs. The selection of the time points
was based on our previous works suggesting that when the intestinal
lymphatic transport occurs, the concentration of drugs in the intestinal
lymphatics could be highest at or just before the Tmax in plasma (Lee
et al., 2018; Qin et al., 2020). Fig. 7 A shows that substantial delivery of
prodrug 5 to the mesenteric lymph was achieved with 50-fold higher
average concentration of IMQ in the lymph fluid in comparison to
plasma at 1.5 h. Similarly, the average concentrations of prodrug 8 in
mesenteric lymph were 11-fold higher than in plasma at 1.5 h (Fig. 7 C).

At 1.5 h the concentration of active IMQ released from prodrug 5 in

Fig. 3. Plasma concentration–time profile in rats following administration of IMQ (mean ± SD). Panel (A) shows the profile following an IV bolus of IMQ (0.8 mg/
Kg, n = 4); Panel (B) shows the profile following oral administration of IMQ (8 mg/Kg) in lipid-free formulation (n = 6) and with lipids (n = 5).

Table 2
Pharmacokinetic parameters of IMQ following administrations of different compounds to rats: 1) IMQ (0.8 mg/kg for IV and 8 mg/kg for PO); 2), prodrug 5 (1.49 mg/
kg for IV and 14.9 mg/kg for PO); and 3) prodrug 8 (1.69 mg/kg for IV and 16.9 mg/kg for PO) (mean ± SD).

Compound dose Imiquimod Prodrug 5 Prodrug 8
Route of administration IV

(n = 4)
PO (lipid-free)
(n = 6)

PO (lipid-based)
(n = 5)

IV
(n = 4)

PO
(n = 6)

IV
(n = 4)

PO
(n = 5)

AUCinf (h⋅ng/mL) 203.2 ± 95.4 − − 105.6 ± 26.5 415.4 ± 225.1 97.3 ± 27.6 531.6 ± 398.3
AUClast (h⋅ng/mL) 200.7 ± 96.0 168.3 ± 90.0 136.3 ± 85.3 102.5 ± 26.1 313.8 ± 198.1 95.4 ± 27.4 404.3 ± 301.3
C0 or Cmax (ng/mL) 274.9 ± 60.9 26.7 ± 14.6 17.1 ± 10.9 390.2 ± 243.8 78.0 ± 66.3 310.4 ± 274.7 72.8 ± 37.7

CL (mL/h/kg) 4468.5 ± 1569.8 − − − − − −

Vss (mL/kg) 3376.3 ± 1842.0 − − − − − −

t1/2 (h) 0.73 ± 0.05b − − 1.5 ± 0.2b * 2.2 ± 0.9 1.1 ± 0.2b * 4.9 ± 2.7
Tmax (h) − 0.5 - 28 2 - 28 − 2 - 6 − 2–––6
Foral (%) a − 8.3 ± 4.5b ns 6.7 ± 4.2b ns − 15.6 ± 9.8b ns − 20.1 ± 15.0b ns

AUCinf area under the curve from time zero to infinity; AUClast area under the curve from time zero to the last observed time point (0 – 300 min for IV administration of
IMQ; 0 – 28 h for PO administration of IMQ; 0 – 360 min for IV administration of prodrugs; 0 – 12 h for PO administration of prodrugs); Cmax, maximum observed
concentration; C0, concentration extrapolated to time zero; CL, clearance; Vss, volume of distribution at steady state; t1/2, half-life; Foral, absolute oral bioavailability.
All values are presented as mean ± SD.
a the absolute oral bioavailability was calculated with the AUClast of IMQ IV bolus.
b One-way ANOVA followed by Dunnett’s comparison was used for the statistical analysis of Foral and t1/2 of IMQ following administration of IMQ, prodrug 5 and

prodrug 8. ns p > 0.05; *, p < 0.05.
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MLNs was significantly higher than the concentration of IMQ in plasma
(Fig. 8), indicating that prodrug 5 efficiently released IMQ in the in-
testinal lymphatic system. The tissue-to-plasma ratio of IMQ levels in the
mesenteric lymph and MLNs was significantly increased from 0.5-fold to
1.9-fold and from 5-fold to 11-fold, respectively, following the oral
administration of prodrug 5 (Fig. 9). A similar result was also found with
the administration of prodrug 8 (Fig. 9). As opposed to MLNs, the tissue-

to-plasma ratio of IMQ in the ILNs was similar following the adminis-
tration of the prodrugs and unmodified IMQ.

As could be seen in Fig. 5, IMQ was widely distributed into highly
blood-perfused organs, such as the spleen, liver and kidney, as well as
relatively low blood-perfused organs, such as brain, following oral
administration of IMQ itself. To understand if the distribution pattern of
IMQ into organs was altered when prodrugs were administered, we
compared the tissue-to-plasma ratio of IMQ in main organs following
oral administration of IMQ and its prodrugs (Fig. 10). It was shown that
with the oral administration of prodrug 5 in particular, the tissue-to-
plasma ratio of IMQ was significantly decreased in comparison to the
administration of unmodified IMQ and prodrug 8.

4. Discussion

In CRC patients, immature DCs can capture tumour-associated an-
tigens (TAAs), inducing their maturation. Only mature DCs are able to
present the TAAs through MHC II to naïve T cells in the tumour-draining
lymph nodes (LNs), resulting in activation of the anti-cancer immune
response (Miller et al., 2004;Wculek et al., 2020). The mesenteric lymph
nodes (MLNs) and iliac lymph nodes (ILNs) are enriched in DCs and
lymphocytes and drain the lymph from the colorectal regions (Kim et al.,
2004; Sasaki et al., 2023; Shu et al., 2020; Yeo et al., 2010). Previously,
it was suggested that the poor therapeutic outcomes of immunomodu-
lators in CRC patients were associated with the suppression of DCs
maturation in LNs, resulting in inhibition of activation of CD8+ and
CD4+ T cells and also a reduction in T cell infiltration into tumour re-
gions (Ciardiello et al., 2019; Dhodapkar et al., 2008; Gulubova et al.,
2012; Kusume et al., 2009; McDonnell et al., 2010). IMQ is the only
TRL7 agonist that is currently clinically approved for cancer treatment.
It was shown that IMQ activates the DCs via the MyD88 signalling
pathway, which results in the facilitation of the maturation of DCs and
secretion of immunostimulatory signals (Patente et al., 2019; Wculek
et al., 2020). Therefore, targeted delivery of IMQ to MLNs and ILNs has
potential to facilitate the maturation of DCs and stimulate the anti-
tumour immune response, overcoming the immune suppression and
eventually improving the treatment outcomes for CRC patients.

Fig. 4. Plasma concentration–time profiles of IMQ, prodrug 5, prodrug 8 and IMQ that was released from the prodrugs following: panel (A) IV bolus of prodrug 5
(1.49 mg/Kg, n = 4); panel (B) Oral administration of prodrug 5 in lipid-based formulation (14.9 mg/Kg, n = 6); panel (C) IV bolus of prodrug 8 (1.69 mg/Kg, n = 4);
panel (D) Oral administration of prodrug 8 in lipid-based formulation (16.9 mg/Kg, n = 5) (mean ± SD).

Table 3
Pharmacokinetic parameters of prodrugs following administration of prodrug 5
(1.49 mg/kg for IV and 14.9 mg/kg for PO) and prodrug 8 (1.67 mg/kg for IV
and 16.7 mg/Kg for PO) (n = 4 to 6). All data are shown as mean ± SD. An
unpaired t-test was used to compare the Vss of prodrugs 5 and 8 to the Vss of IMQ.

Compound dose Prodrug 5 Prodrug 8
Administration
route

IV PO IV PO

AUCinf (h⋅ng/mL) 5280.8 ±

3533.9
749.3 ±

520.9
1186.4 ±

602.1
143.1 ±

18.0
AUClast (h⋅ng/mL) 5223.0 ±

3516.0
609.9 ±

286.7
1062.1 ±

614.3
129.6 ±

23.2
C0 or Cmax (ng/
mL)

33102.0 ±

27251.7
185.3 ±

87.0
2882.2 ±

2564.6
51.8 ±

10.3
CL (mL/h/kg) 437.8 ± 327.1 − 1814.5 ±

683.1
−

Vss (mL/kg) 443.9 ±

202.7b *
− 2241.7 ±

1221.3b ns
−

Tmax (h) − 1 - 2 − 1 - 2
t1/2 (h) 1.4 ± 0.3 4.4 ± 3.1 1.4 ± 0.2 3.3 ± 1.2
Foral (%)a − 1.2 ± 0.8 − 1.3 ± 0.3

AUCinf area under the curve from time zero to infinity; AUClast, area under the
curve from time zero to the last observed time point (0 – 360 min for IV
administration of prodrugs; 0 – 12 h for PO administration of prodrugs); Cmax,
maximum observed concentration; C0, concentration extrapolated to time zero;
CL, clearance; Vss, volume of distribution at steady state; Tmax maximum con-
centration; t1/2, half-life; Foral, absolute oral bioavailability.
a The Foral was calculated using the AUClast of prodrugs following IV bolus.
b One-way ANOVA followed by Dunnett’s comparison was used to compare

the Vss of prodrugs 5 and 8 to the Vss of IMQ (in Table 2). Asterisks denote
significance against the Vss of IMQ. ns p > 0.05; *, p < 0.05.
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Therefore, in this work, the approach of highly lipophilic amide pro-
drugs of IMQ in combination with LCT formulation was utilised to
deliver IMQ specifically into the intestinal lymphatics following oral
administration.

4.1. Pharmacokinetics and biodistribution of IMQ

It was reported in the past that the oral bioavailability (Foral) of IMQ
in rats was essentially zero ( Wang, 2010). However, in the current

study, it was found that the Foral of IMQ in rats was indeed limited (< 10
%) but not zero (Table 2). The concentration–time profile of IMQ after
oral administration shows that the absorption of IMQwas prolonged and
erratic (Fig. 3). We hypothesised that this prolonged absorption profile
is related to the dissolution and precipitation cycles of IMQ in the
different regions in the GI tracts, leading to multiple absorption win-
dows. In this study, IMQ was prepared in an acidic formulation (0.05 N
HCl) to facilitate its dissolution. In the first two hours after oral
administration, a relatively rapid increase in IMQ concentration in
plasma was observed, indicating absorption from the upper GI tract.
However, with an increase in pH in the lower parts of the small intestine,
IMQ probably precipitated, resulting in limited absorption from these
regions (McConnell et al., 2010). The second relatively rapid increase in
IMQ concentrations was observed as late as 20 h after administration. At
this stage, the remaining IMQ in the GI tract would likely be already in
the lowest parts of the colon and rectum, and the peak could reflect the
absorption from this area, which partially avoids hepatic first-pass
metabolism (Washington et al., 2000). This hypothesis was investi-
gated by assessing the concentration of IMQ in the intestinal contents at
2 h and 28 h, which were considered as two of the apparent Tmax points
of IMQ following oral administration (Fig. 6). It was shown that IMQwas
mainly found in the small intestine at 2 h, and a substantial amount of
IMQ was trapped within the intestinal lumen up to 28 h.

IMQ has a very low affinity to artificial CMs and limited triglyceride
solubility (Table 1), indicating a low intestinal lymphatic transport po-
tential by the CM association pathway. Surprisingly, the biodistribution
study of IMQ following oral administration showed substantial levels of

Fig. 5. The biodistribution of IMQ following oral administration of IMQ (8 mg/kg) with lipids at local Tmax 1.5 h, 2 h, 6 h and 28 h (mean ± SD, n = 4 to 6). MLN,
mesenteric lymph node; ILNs, iliac lymph nodes; CLNs, cervical lymph nodes. One-way ANOVA, followed by Dunnett’s comparison, was used for statistical analysis.
Asterisks denote statistical significance against plasma. *, p < 0.05; **,p < 0.01, ***,p < 0.001 ****,p < 0.0001.

Fig. 6. The concentration of IMQ in the intestinal contents at local Tmax 2 h and
28 h. One-way ANOVA followed by Tukey’s comparison was used for statistical
analysis. ***,p < 0.001.
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the drug in mesenteric lymph nodes (MLNs) and iliac lymph nodes
(ILNs) (Fig. 5), which drain lymph from the duodenum, small intestine,
cecum, colon, and rectum (Tilney, 1971). However, there was no sta-
tistically significant difference between concentrations of IMQ in plasma
and mesenteric lymph fluid at 1.5 h and 2 h (Fig. 5), suggesting that the

accumulation of IMQ in MLNs and ILNs was probably not a result of
intestinal lymphatic transport. In addition, there was a clear trend that
IMQ was highly distributed into cervical lymph nodes (CLNs) and
various organs (spleen, liver, kidney and brain) (Fig. 5). With non-
compartmental PK analysis, it was shown that the apparent volume of

Fig. 7. The biodistribution of prodrugs 5 and 8 in plasma, mesenteric lymph, mesenteric lymph nodes (MLNs) and iliac lymph nodes (ILNs) (mean ± SD, n = 4 to 8).
Panels A and B show the distribution of prodrug 5 (14.9 mg/kg) following oral administration at 1.5 and 6 h, respectively. Panels C and D show the distribution of
prodrug 8 (16.7 mg/kg) following oral administration at 1.5 and 6 h, respectively. One-way ANOVA, followed by Dunnett’s comparison, was used for statistical
analysis. Asterisks denote statistical significance against plasma. ****,p < 0.0001.

Fig. 8. The distribution of IMQ in plasma, mesenteric lymph fluid, lymph nodes and main organs following oral administrations of prodrug 5 (14.9 mg/kg) and 8
(16.7 mg/kg) using lipid-based formulation at 1.5 and 6 h (mean ± SD, n = 5 to 8). MLN, mesenteric lymph node; ILNs, iliac lymph nodes; CLNs, cervical lymph
nodes. One-way ANOVA, followed by Dunnett’s comparison, was used for statistical analysis. Asterisks denote statistical significance against plasma. * p < 0.05; **,p
< 0.01, ***,p < 0.001, ****,p < 0.0001.
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distribution (Vss) of IMQ is quite high (3376.3 ± 1842.0 mL/kg)
(Table 2). We have also assessed the Vss of IMQ following IV adminis-
tration using data published in previous literature (Falke et al., 2018;
Kang et al., 2019). Results showed this high Vss found in our study is
consistent with previous studies (7295.8 mL/Kg and 6784.3 mL/Kg).
This high Vss suggests that the high amount of IMQ found in LNs was, at
least partially, due to a non-specific distribution of IMQ to tissues. The
high non-specific distribution of IMQ to organs and tissues can
contribute to its systemic adverse effects and toxicity. Therefore, highly

lipophilic prodrugs of IMQ were designed to improve the targeted de-
livery of IMQ to the intestinal lymphatics.

4.2. The potential of intestinal lymphatic transport of IMQ prodrugs

It has been shown previously that the main predictor for intestinal
lymphatic transport of a molecule is its affinity to CMs (Gershkovich and
Hoffman, 2005). The affinity of IMQ prodrugs to CMs was substantially
higher than that of IMQ (which was undetectable) (Table 1). Previously,

Fig. 9. The ratios of distribution of IMQ into panel (A) mesenteric lymph, panel (B) mesenteric lymph nodes (MLNs) and panel (C) iliac lymph nodes (ILNs) following
oral administration of IMQ (8 mg/kg) with lipid, prodrug 5 (14.9 mg/kg) and prodrug 8 (16.7 mg/kg). All results are presented as mean ± SD (n = 4 to 8). One-way
ANOVA, followed by Dunnett’s comparison, was used for statistical analysis. **, p < 0.01.

Fig. 10. The distribution of IMQ into the spleen, liver, kidney and brain following oral administration of unmodified IMQ (8 mg/kg) with lipids, prodrug 5 (14.9 mg/
kg) and prodrug 8 (16.7 mg/kg) at 1.5 h and 6 h. Results are presented as the ratio of IMQ concentration in the analysed sample to IMQ concentration in plasma. All
results are presented as mean ± SD (n = 4 to 8). One-way ANOVA, followed by Dunnett’s comparison, was used for statistical analysis. Asterisks denote statistical
significance against unmodified IMQ group *, p < 0.05; **,p < 0.01; ****,p < 0.0001.
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Chu et al. suggested that the degree of unsaturation of the conjugated
fatty acid could facilitate the affinity of prodrugs to CMs (Chu et al.,
2023). In this study, we observed a similar trend (prodrug 4 vs. prodrugs
7 and 8); however, no statistically significant difference was found
(Table 1). In addition to the CMs affinity, the high solubility in long-
chain triglycerides (LCT) (> 50 mg/mL) is another important predic-
tor for intestinal lymphatic transport (Charman and Stella, 1986;
Gershkovich et al., 2008). Combined LCT solubility and CM affinity
results suggest that prodrugs 3–8 have a high potential to be transported
into the intestinal lymphatics following oral administration (Table 1)
(Chu et al., 2023).

4.3. The biotransformation and stability of IMQ prodrugs in biorelevant
media

The rate of IMQ released from the prodrug in tested media directly
corresponded to the hydrolysis half-life of prodrugs (Fig. 2), suggesting
that the hydrolysis of the amide bond was the primary metabolic
pathway of IMQ amide prodrugs in the tested conditions. For effective
delivery of the active drug to the intestinal lymphatics, prodrug candi-
dates should resist enzymatic hydrolysis in the gastrointestinal (GI) tract
but quickly release IMQ once they enter the lymphatic system. The
FaSSIF + esterase media and rat plasma were previously used to esti-
mate the hydrolysis of the ester prodrugs in the GI lumen and lymph,
respectively (Chu et al., 2023; Lee et al., 2018; Qin et al., 2020). It was
found that, except prodrug 4, synthesised amide prodrugs efficiently
released IMQ in the FaSSIF + esterase medium and rat plasma, sug-
gesting an efficient hydrolysis of the amide bond (Fig. 2). Previously, a
lipidised IMQ prodrug was synthesized by conjugating IMQ with
cholesterol via an amide bond. It was observed that this IMQ-cholesterol
prodrug can efficiently release the active molecule in a PBS/DMSO
mixture (Yin et al., 2023). It was suggested that the hydrolysis of the
amide bond in the IMQ prodrug can easily happen even without the
presence of hydrolase. However, one of the well-known challenges for
amide prodrugs is that the amide bond is substantially more stable than
ester (Han et al., 2014; Han et al., 2021; Simplício et al., 2008).
Therefore, we hypothesised that the rapid release of IMQ from prodrugs
is related to its unique chemical structure and its properties as a leaving
group. The amine in the IMQ is not an electrophile amine but an aniline.
The electronic resonance could facilitate the release of IMQ, resulting in
rapid hydrolysis of IMQ prodrugs.

In addition, it was noted that with an increase in the length of the
alkyl chain (prodrugs 1–4), the half-lives of prodrugs in FaSSIF with
added esterase activity and rat plasma were also increased, most likely
due to steric hindrance (Burke et al., 1997; Redden et al., 1999).
Therefore, IMQ amide prodrugs 5–8 were designed as conjugates with
unsaturated fatty acids to minimise steric hindrance. As expected, the
introduction of unsaturation to prodrugs resulted in a faster conversion
to active moiety.

To evaluate the biotransformation of IMQ amide prodrugs in the GI
tract more accurately, in this work, the BBMVs medium was also eval-
uated for assessment of the hydrolysis of amide prodrugs. BBMVs are
vesicles located in the apical side of enterocytes of the intestinal lumen
(McConnell et al., 2009). These vesicles are enriched in metabolic en-
zymes, including alkaline phosphodiesterase, aminopeptidase and
carboxypeptidase (Hooton et al., 2015). It has been used in the past for
assessing peptide stability during GI absorption (Hess et al., 2007;
Schumacher-Klinger et al., 2018). Brush border membrane could be one
of the primary hydrolysis sites for amide prodrugs in vivo. The
biotransformation assessment using BBMVs showed that all prodrugs
were quite stable (Fig. 2), suggesting that designed prodrugs are likely to
be resistant to hydrolysis, especially near and in the enterocytes, before
entering the intestinal lymphatics. Taken together, the results of CM
affinity, LCT solubility, biotransformation and stability, prodrugs 5 and
8, were selected as the most promising candidates for delivering IMQ
into mesenteric and retroperitoneal lymphatics via the CM pathway.

4.4. Pharmacokinetics of IMQ and prodrugs 5 and 8

It was shown previously that the lipophilic prodrug approach com-
bined with a lipid-based formulation could increase the Foral of drugs
(Lee et al., 2018; Nebaihi et al., 2023; Qin et al., 2020). However, in this
work, there was no statistically significant difference in the Foral of IMQ
between the administration of unmodified IMQ and the administration
of prodrugs 5 and 8 (Table 2). The plasma concentration–time profile of
IMQ following oral administration of prodrugs 5 and 8 was not pro-
longed and erratic as was the case for unmodified IMQ (Fig. 4). There-
fore, we hypothesised that prodrugs 5 and 8 did not increase the extent
of IMQ absorption but potentially changed the absorption pattern and
pathway. To test this hypothesis, the biodistribution of prodrug 5, pro-
drug 8 and IMQ released from the prodrugs was assessed following oral
administration of prodrugs 5 and 8. Prodrugs 5 and 8 have significantly
higher affinity to CMs than unmodified IMQ (Table 1). As a result, high
concentrations of prodrugs 5 and 8 were found in mesenteric lymph,
strongly suggesting that the affinities of prodrugs 5 and 8 to CMs (70.3 %
and 76.5 %, respectively) were sufficient for the substantial lymphatic
uptake to occur in vivo (Fig. 7 A and C). It should be mentioned that the
amine group on the 4-position of IMQ is an essential functional group
responsible for its pharmacological effect. Therefore, although the off-
target distribution of prodrugs could not be completely excluded
(Figure S8, Supplementary material), the amidation of the amine on
the 4-position with alkyl chains is unlikely to increase the toxicity of
IMQ (Yin et al., 2023).

It should be noted that previously reported lipophilic prodrugs
designed by us and others for intestinal lymphatics targeting mainly
used an ester bond to conjugate active moiety with lipophilic structures
(Amory et al., 2003; Chu et al., 2023; Han et al., 2014; Hu et al., 2016;
Lee et al., 2018; Qin et al., 2020). To the best of our knowledge, only one
work by Han et al. has previously attempted to design lipophilic pro-
drugs for targeting intestinal lymphatics through an amide bond (Han
et al., 2014). The authors reported that the amide lipophilic prodrug
approach did not improve intestinal lymphatic targeting due to insuf-
ficient release of the active drug within the mesenteric lymph (Han et al.,
2014). However, in the current study, a significant increase in the
lymph-to-plasma concentration ratio of IMQ was observed when pro-
drugs were administered, in comparison to the administration of the
unmodified IMQ (Fig. 9 A). Moreover, a substantial increase was found
in the MLNs-to-plasma concentration ratio of IMQ from 5.3-fold to 11.8-
fold with prodrug 5 (p = 0.0029) and to 8.0-fold with prodrug 8 (p =

0.079) in comparison to unmodified IMQ (Fig. 9 B). Most importantly,
following oral administration of prodrug 5, IMQ concentrations in MLNs
were significantly higher than in plasma, indicating that IMQ was tar-
geted into intestinal LNs (Fig. 8).

However, as opposed to prodrug 5, IMQ concentrations in MLNs
were not significantly higher than in plasma following the administra-
tion of prodrug 8 and unmodified IMQ. Additionally, prodrug 5 achieved
a higher concentration of IMQ in MLNs and a higher MLNs-to-plasma
ratio in comparison to prodrug 8 (Fig. 8 and Fig. 9 B). This is prob-
ably because the lymphatic delivery of prodrug 8 was lower than that of
prodrug 5 (Fig. 7 A and C) and the biotransformation of prodrug 8 to
IMQ in intestinal lymphatics was slower than that of prodrug 5 (Fig. 2).

It is important to note that MLNs are important targets for immune
activators, such as toll-like receptor 7 (TLR 7) agonists. These lymph
nodes are rich in DCs that are derived from the primary lymphoid tissues
and DCs that migrate from the intestinal tissue, as well as naïve T cells,
providing an environment for immune cells cross-communication in
CRC patients (Houston et al., 2016). The concentration of IMQ in MLNs
is 1.6-fold higher than its EC50 (around 2 μM) as a TLR7 agonist, sug-
gesting that targeted delivery IMQ to MLNs using prodrug 5 can
potentially improve the treatment for CRC (Shukla et al., 2010).

Concerning ILNs targeting, results suggest that following oral
administration of prodrug 5, IMQ concentrations in ILNs were signifi-
cantly higher in comparison to oral administration of unmodified IMQ
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(Figure S9, Supplementary material). However, the ILNs-to-plasma
concentration ratio of IMQ was not significantly different between
oral administration of unmodified IMQ and prodrugs (Fig. 9 C). This
could suggest that the increase in the IMQ concentrations in ILNs may be
not a direct result of intestinal lymphatic transport.

Additionally, compared to the Vss of IMQ (3376.3 ± 1842.0 mL/kg)
(Table 2), a lower Vss of prodrug 5 (443.9± 202.7 mL/kg, p < 0.05) and
the Vss of prodrug 8 (2241.7 ± 1221.3 mL/kg, p > 0.05) was found
(Table 3). As a result, when prodrug 5 was administered, this non-
specific distribution of IMQ was reduced (Fig. 10), suggesting that the
off-target toxicity of IMQ could be potentially reduced using the prodrug
approach.

5. Conclusion

In this study, lipophilic amide prodrugs were designed and assessed
for their potential for intestinal transport and targeting of active IMQ
into mesenteric and retroperitoneal lymph nodes following oral
administration via the CMs pathway. In the design and in vitro assess-
ment for prodrugs, we found that: 1) conjugation with a linear alkyl
chain resulted in a substantial affinity of prodrugs to artificial CM; 2)
inclusion of unsaturated bonds in the alkyl chain facilitated the active
moiety released from amide prodrugs. Prodrugs 5 and 8 were selected as
the most promising candidates and, therefore, were orally administered
to rats. They were efficiently delivered to mesenteric lymphatics and
released active IMQ in mesenteric lymph and lymph nodes. This work
suggests that the approach of targeting IMQ to the mesenteric lymphatic
system using lipophilic amide prodrugs is efficient. This study demon-
strates more generally that the lipophilic amide prodrug approach for
amine molecules for intestinal lymphatic targeting is feasible.
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