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Abstract  

Targeted drug delivery to the intestinal lymphatic system has emerged as 

an important goal in drug development for the treatment of a number of clinical 

indications. These include, cancers, inflammatory disorders and infectious diseases. 

Following oral administration, small molecule drugs with specific physiochemical 

properties, have been shown to associate with lipoproteins called chylomicrons in 

the enterocytes of the small intestine. Chylomicron associated drugs then bypass 

hepatic uptake and enter the mesenteric lymph nodes (MLN). Oral co-

administration of highly lipophilic small molecule drugs with lipids had 

subsequently been identified as an effective mechanism for delivering highly 

lipophilic small molecule drugs to the MLN in high concentrations. One example is 

Cannabidiol (CBD), which was shown to undergo lymphatic transport following oral 

administration with lipids and has received significant research interest for the 

treatment of inflammatory disorders. 

The overarching aim of this thesis was to determine how small molecule 

drugs distribute in the lymphatic system following oral delivery. More specifically, 

work in this thesis was divided into two main research questions; 1) where within 

the cellular structures of lymph nodes drugs distribute and 2) which specific 

individual lymph nodes can be targeted. For the purposes of this thesis, CBD was 

selected as a model drug, with which drug distribution in the lymphatics was 

investigated. 

Lymph nodes are comprised of distinct anatomical and function regions. 

The flow of lymph and lymph bourn molecules within lymph nodes is highly 

regulated. This aids appropriate immune surveillance. Based on this, it was 



hypothesised that small molecule drugs, such as CBD, may preferentially distribute 

in some regions of lymph nodes more than others.    

Mass spectrometry imaging (MSI) has been adapted over recent years to 

enable detailed tissue analysis. However, so far, MSI had only been applied to 

image drug distribution in tissues at mg/g concentrations, following topical 

administration. A method using a hybrid instrument comprising a time-of-flight 

analyser with an Orbitrap mass spectrometer, termed OrbiSIMS, to image CBD in 

MLN tissues at in vivo relevant concentrations was described. The estimated limit 

of sensitivity for the [M-H]- ion of CBD was in the range of 5-10 µg/g, which 

correlates to concentrations observed in vivo. Subsequently, OrbiSIMS imaging of 

sectioned MLNs from rats dosed orally with CBD in sesame oil was performed. 

Critically, CBD could be visualised primarily in the paracortex of the lymph node, 

which is known to be dominated by T-cells. This work represents the first evidence 

of label- and matrix-free imaging of drug distribution at the time of peak absorption 

into intestinal lymph nodes. Although imaging reproducibility and drug-cell 

interaction would need to be confirmed, this work may therefore support the 

hypothesis that CBD exerts its immunoregulatory effects in vivo primarily through 

T-cells. This is likely aided through cross- talk with conduit resident dendritic cells 

of the paracortex. Assuming other lipophilic small molecule drugs are also 

distributed in the paracortex, this finding could have wider clinical implications for 

diseases where T-cells are primarily involved.  

The MLNs are a large group of lymph nodes which drain lymph from the 

small intestine. Lipid uptake is understood to vary across the length of the small 

intestine. Based on this it was also hypothesised that individual nodes within the 

chain of MLNs may be exposed to differing concentrations of orally administered 

drugs entering the lymphatics via chylomicron association. In addition, following 



collection in the MLN, lymph is understood to drain into the retroperitoneal lymph 

nodes (RPLN) before entering the cisterna chyli and ultimately systemic circulation. 

Subsequently, it was also hypothesised that the RPLN may also be exposed to drugs 

undergoing lymphatic transport.  

The second major research question of this project, relating to which 

specific lymph nodes can be targeted following oral delivery and to what extent, 

was addressed using two main approaches. Firstly, in a rat model, CBD 

concentrations in individual lymph nodes from animals dosed orally with CBD were 

determined using high-performance liquid chromatography (HPLC). It was shown 

that, at the time of peak absorption, drug concentrations were significantly higher 

in the upper middle nodes of the mesenteric chain and distribution was therefore 

non-uniform within the MLNs. Another key finding was that the RPLN could also be 

targeted. Moreover, at time points after 2 hours post administration, at which 

absorption into the MLN reaches a peak, concentrations were similar in RPLN and 

MLN. Concentrations in RPLN were also more than 20 times higher than previously 

reported in plasma, indicating lymphatic transport of drug rather than 

redistribution from systemic circulation. This widespread delivery of drugs to 

multiple groups of lymph nodes following oral administration had not previously 

been demonstrated and indicates the clinical potential of oral drug administration 

for diseases where lymphatic involvement is widespread. This includes 

inflammatory diseases and cancer metastases. 

 Finally, the question of which lymph nodes can be targeted using orally 

delivered lipid-based formulations was assessed in a human setting. It was 

hypothesised that MRI may be used to identify changes in lymph nodes as dietary 

lipids are absorbed. Subsequently, these changes could be used to map lipid uptake 

into individual lymph nodes and thus which nodes may be exposed to chylomicron 



associated drugs. An assessment of the feasibility of a label free, non-invasive MRI 

method for this indication was also performed. Repeated identification of 

individual lymph nodes at baseline and following a high fat meal was achieved in 3 

healthy human volunteers. In all participants, the apparent diffusion coefficient 

(ADC) of lymph nodes was shown to increase following a high fat meal. The timings 

of these changes correlated with expected lymphatic lipid uptake. Based on this, 

increases in ADC may represent a novel measurable indicator for lipid tracking in 

the intestinal lymphatics in future work.  

 In conclusion, the work in this thesis has provided preliminary evidence 

that the paracortex is the predominant target following oral delivery of small 

molecule drugs. In addition, novel data support the notion that the MLN are 

differentially exposed to lymph associated drugs and that the RPLN may also be 

targeted.  
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- in MLN tissue homogenates 

spiked at a range of concentrations. 

  

Figure 2.9. ToF-SIMS images of sectioned lymph nodes from animals dosed with 

CBD. a) total ion counts, b) Overlay red, PO3
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green SiCH5N- glass, c) C21H29O2
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is indicated by a blue dashed line.  
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Figure 3.4. Scores plot for PC 1 generated from ROIs of sectioned lymph nodes 
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Figure 3.6. OrbiSIMS images showing the spatial distribution of a) and b) taurine, 

C2H6NO3S-, deviation -0.2 ppm; and c) and d) adenine, C5H4N5
- , deviation 0.0, in 2 

sections of MLN respectively. The periphery of the tissue is indicated by a blue 

dashed line. 

 

Figure 3.7. OrbiSIMS images of sectioned MLN tissue from animals dosed with CBD. 

Total ion counts for a) section 3, b) section 4, c) section 5. Overlays of Si2O5H-, (red), 

C4H9O3
- (green) and C47H82O13P- (blue) for d) section 3, e) section 4 and d) section 5. 

Overlays of CBD species C21H29O2
-, C21H27O2

- and C16H21O2
- for g) section 3, h) section 

4, i) section 5. The periphery of the tissue is indicated by a white dashed line.  

 

Figure 3.8. OrbiSIMS image of sectioned MLN from a dosed animal (section 3) 

showing CBD, blue and cholesterol, green. The periphery of the tissue is indicated 

by a dashed white line. 

 

Figure 3.9.  Total ion count OrbiSIMS image showing the selected ROI which were 

compared by PCA. The sections shown are the same as that in Figure 3.7. 

 

Figure 3.10. Scores plot for PC 1 generated from ROIs of sectioned lymph nodes 

tissue from animals dosed and not dosed with CBD. The colours for each group are 



reflected in the ROIs drawn in Figures 3.3 for not dosed animals and 3.7 for dosed 

animals. 

 

Figure 3.11. Loadings plot for PC 1 generated from PCA of ROIs from sectioned 

lymph nodes tissue from animals dosed and not dosed with CBD. The loadings plot 

corresponds to the score plot in Figure 3.9. 

 

Figure 3.12. OrbiSIMS images of 3 sections of MLN tissue from dosed animals. 

Images show the distribution of cholesterol sulphate C27H45SO4
- in a) section 3, b) 

section 4 and c) section 5; Phosphoinositide head group C6H10PO8
- in d) section 3, e) 

section 4 and f) section 5 and Diaminomaleonitrile C4H3N4
- in g) section 3, h) section 

4 and i) section 5. The sections imaged are the same as that in Figure 3.6. The 

periphery of the tissue is indicated by a blue dashed line. 

 

Figure 3.13. Intensity of CBD in 2 sections of MLN tissue sprayed with CBD. 6 

locations per region were analysed. 

 

Figure 3.14. OrbiSIMS images of sectioned MLN tissue from an animal not dosed 

(a&b) and animals dosed with CBD in sesame oil (c-e). Red is the sum of the [M-H]- 

fatty acids shown in Table 3.2 and blue is the sum of the fragments of CBD in Table 
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Images are normalised by total ion counts. 

 

Figure 3.15. OrbiSIMS images showing the distribution of the sum of alpha 

tocopherol, C29H49O2
- and gamma tocopherol, C28H47O2

- in sectioned MLN tissue 



from an animals not dosed (a & b) and animals dosed with CDB in sesame oil (c- e). 

The periphery of the node is indicated by the dashed white line. 

 

Figure 4.1. Anatomical localisation of the mesenteric lymph nodes and 

retroperitoneal lymph nodes collected as part of the bio-distribution study. 

Modified from [4]. 

 

Figure 4.2. Schematic of the rat intestines and mesentery. The lymph nodes 

collected in this study are depicted by the coloured circles. Blue, position 1; Green, 
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body are also indicated. Modified from [5]. 

 

Figure 4.3. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in sesame oil.  The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 

 

Figure 4.4. Distribution of CBD at various time points post oral administration in 

sesame oil in MLN and RPLN at various positions (a-f). The data in this figure is the 

same as the data in Figure 4.4, presented differently. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 



 

Figure 4.5. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in coconut oil.  The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05).  

 

Figure 4.6. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in rapeseed oil. The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 

 

Figure 4.7. Distribution of CBD at various time points post oral administration in 

coconut oil in MLN and RPLN at various positions (a-f). The data in this figure is the 

same as the data in Figure 4.6, presented differently. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 

 

Figure 4.8. Distribution of CBD at various time points post oral administration in 

rapeseed oil in MLN and RPLN at various positions (a-f). The data in this figure is the 

same as the data in Figure 4.7, presented differently. All data are presented as 



mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 

 

Figure 5.1. Anatomical planes of the human body [6]. 

 

Figure 5.2. a) Gastric volume and b) small bowel water content (SBWC) post high 

fat meal. Each line represents data from an individual participant. 

 

Figure 5.3. Number of lymph nodes visible at each time point post meal. a) Data 

represents the combined total of nodes across all slices. Each line represents data 

from an individual participant. (mean ± SEM). 

 

Figure 5.4. Example Diffusion Weighted Image (DWI) showing how the vertebra of 

the spine can be used as an anatomical marker to allow for the same lymph nodes 

to be consistently imaged at multiple time-points pre and post meal. The first 

lumbar vertebra is indicated (L1) and lymph nodes are indicated by coloured 

arrows. Colours represent the same individual lymph at each time point. The 

anterior side (A) of the body is to the left of each image and the posterior side (P) 

is on the right. 

 

Figure 5.5. Example Diffusion weighted Image (DWI). Lymph nodes can be seen 

along the spine at various distances from the spine. Lymph nodes are indicated with 

white arrows. The lumbar vertebra (L1-3) are also indicated. 

 



Figure 5.6. Change in lymph node area, major and minor axis length relative to 

baseline post high fat meal. Data represents mean ± SEM of all nodes that were 

consistently imaged across all time points.  n=11 for participant 1, n=22 for 

participant 2 and n=33 for participant 3. Statistical analysis was performed using 

one-way ANOVA with Tukey’s multiple comparisons test. *p<0.05. 

 

Figure 5.7. Change in lymph node area, major and minor axis length relative to 

baseline post high fat meal. Data represents the average difference between 

individual lymph nodes at each vertebra level (mean ± SEM). L = lumbar vertebra. 

The data in this figure is the same as in Figure 5.6, displayed differently. Statistical 

analysis comparing change in area and major and minor axis length was performed 

using one-way ANOVA with Tukey’s multiple comparisons test. *p<0.05. 

 

Figure 5.8. Change in lymph node Apparent Diffusion Coefficient post high fat meal. 

Data represents the average difference between individual lymph nodes (mean ± 

SEM). b). n=11 for participant 1, n=22 for participant 2 and n=33 for participant 3. 

 

Figure 5.9. Change in lymph node Apparent Diffusion Coefficient post high fat meal. 

Data represents the average difference between individual lymph nodes at each 

vertebra level (mean ± SEM). L = lumbar vertebra. The data in this figure is the same 

as in Figure 5.8 displayed differently. Statistical analysis comparing change in ADC 

at each time point was performed using a one-way ANOVA with Tukey’s multiple 

comparisons test. *p<0.05.
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1. Introduction  

1.1. Structure and function of the intestinal lymphatic system 

Historically, the lymphatic system has been largely overlooked in terms of 

research interest [7]. This was likely due to difficulties in visualising the lymphatic 

system, leading to an incomplete understanding of function [8]. Consequently, the 

lymphatic system was previously thought of as simply the sewer of the body, with 

no major relevance in pathophysiology [9]. However, the lymphatic system is now 

understood to play a central role in a number of diseases and subsequently there 

is a current drive to develop novel approaches to targeted lymphatic drug delivery 

[10].  

 

1.1.1. Lymph  

The lymphatic system was first described in the 17th century, with the word 

lymph coming from the Latin word lympha, meaning “connected to water” [7]. 

Amongst the first to be described were the intestinal lymphatics [11], which are the 

most extensive and densely populated in the body [12, 13]. Lymphatic fluid, or 

lymph, is a mixture of excess fluid, waste material, proteins and lymphocytes 

formed in the interstitial spaces through extravasation from capillaries as a result 

of hydrostatic pressure [14]. Interstitial fluid pressure then contributes to the 

stretching of microfilaments of endothelial cells which act like a valve to allow 

unidirectional entry into bulbous sacs termed initial or terminal lymphatics [14]. 

Upon entry into the terminal lymphatics, fluid is termed lymph. The lymphatic 

system, in parallel to the blood venous system, therefore plays an integral role in 

the maintenance of fluid homeostasis. 
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1.1.2. Terminal lymphatics and lymphatic vessels 

The terminal or initial lymphatics are blind ended vessels lacking contractile 

smooth muscle and valves. Subsequently, terminal lymphatics rely on extrinsic 

forces such as peristalsis to allow movement of lymph [15]. Terminal lymphatics in 

the gastrointestinal tract can be divided into those draining the villi which connect 

to the submucosal lymphatic network (lymphatic capillaries or lacteals) and those 

that drain the muscular layer of the intestine [16]. The mucosa associated lymphoid 

tissue (MALT) includes the gut associated lymphoid tissue (GALT), which makes up 

is the largest mass of lymphoid tissue in the body [13]. The GALT in turn includes 

diffuse immune cells throughout the GI tract, Peyer’s patches (PPs) of the ileum, 

the isolated lymphoid follicles along the length of the intestine, the Colonic Patches 

and mesenteric lymph nodes (MLN). Other types of GALT are specific to the 

mammal including the appendix and presence of rectal lymphoid tissues [13].  

From the terminal lymphatics, lymph is directed through an extensive 

network of progressively larger vessels and lymphatic tissues, flow of which is aided 

by the presence of a series of valves and smooth muscle contractions in the walls 

of lymphatic vessels [15]. These are lined with continuous cell-cell junctions to 

avoid lymph drainage [17]. Within the abdomen, the mesentery makes up a 

continuous folded double layer of the peritoneum membrane that suspends the 

intestines from the posterior wall. A number of major collecting lymphatic vessels 

are located throughout the mesentery [18]. These vessels direct lymph from 

regions of the GI tract to lymph nodes located in the mesentery [19, 20].  

 The location of the terminal lymphatics in the small intestine relates to the 

role of the intestinal lymphatics in the absorption of dietary lipids. Triglycerides are 

the most common lipids in both foods and pharmaceutical excipients. Lipids 

including triglycerides are partially digested in the stomach by gastric lipases, 
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producing free fatty acids and diglycerides. Together with bile salts and 

phospholipids, products of lipid digestion form mixed micelles. These micelles then 

diffuse to the membrane of the mucosal enterocytes on the apical membrane of 

the apical membrane. In the enterocytes they are reassembled into triglycerides in 

the endoplasmic reticulum [21-23]. Along with cholesterol, cholesterol esters, 

phospholipids and apoproteins, triglycerides are then packaged into large 

lipoproteins called chylomicrons [24]. Due to their large size, chylomicrons are not 

taken up into blood capillaries, but instead enter the intestinal lymphatic lacteals 

where they are directed into the MLN [25].  

 

1.1.3. Lymph nodes 

The thymus and bone marrow are considered primary / central lymphatic 

organs and are the site of lymphocyte maturation and entry into the lymphatic 

circulation. Via the lymphatic vessels, lymph is also channelled through a series of 

secondary lymphoid organs, which include lymph nodes, the spleen and tonsils 

[26]. Lymph nodes represent the primary location for immune regulation through 

antigen presentation, recognition and activation [27]. Lymph node resident cells 

therefore play critical roles in the generation of both humoral and adaptive immune 

responses.  

1.1.3.1. Location  

The abdomen and pelvis contain several large groups of lymph nodes which 

include those associated with the gastrointestinal tract [1]. Humans have 

approximately 150-200 lymph nodes contained within the mesentery including the 

superior and inferior mesenteric lymph nodes (Figure 1.1). Groups of nodes can be 

further categorised by their location relative to major blood vessels (Figure 1.2). 

Much of what is known about the flow of lymph from tissues and into lymph nodes 
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in the intestine originates from an anatomy book originally published in 1858 [28], 

but continues to be widely adhered to in the scientific community [29-32]. The 

superior MLN are understood to collectively receive efferent lymph from the 

jejunum, ileum and cecum, appendix, and the ascending and descending colon [33]. 

The efferent lymph from the superior MLN is then understood to be directed into 

the retroperitoneal lymph nodes (RPLN) before entry into the cisterna chyli, 

thoracic duct and systemic circulation [28]. However, RPLN are also a large group 

of nodes and include the pelvic lymph nodes and the para-aortic (also referred to 

as lumbar or periaortic) lymph nodes [28]. Each subgroup of lymph nodes drains 

lymph from specific tissues [20]. The preaortic nodes lie in front of the aorta and 

are understood to collect and filter efferent lymph from common iliac, celiac, 

superior and inferior mesenteric nodes. All lymph then collects into the cisterna 

chyli and ultimately is returned to the systemic circulation via the thoracic duct [28]. 

RPLN therefore represent major cross roads between lymph draining dietary lipids 

and lymph collected throughout the abdomen. The extent to which solutes draining 

from intestine enter RPLN have, however not before been investigated.  

 



Chapter 1  
 

33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.  Proposed lymphatic drainage routes in the human abdomen in accordance with current literature.  Arrows indicate direction 

of lymph flow. Tissues are shown in red. LN; lymph nodes.
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Figure 1.2. Schematic showing the major groups of lymph nodes in the human 

mesentery. The mesentery contains blood vessels, lymphatic vessels and 

approximately 150-200 lymph nodes. Nodes commonly lie in close proximity to 

major vessels which are also indicated. Right colic (dark green), superior 

mesenteric (light blue), middle colic (light green), paracolic (red), left colic (pink), 

sigmoid (purple), inferior mesenteric (orange) and ileocolic (yellow) [1] with 

permission. 

 

1.1.3.2. Internal structure 

All lymph nodes are comprised of distinct anatomical and functional 

regions, some of which may be visualized histologically and are generally well 

described [34-36] and (Figure 1.3). Each lymph node is comprised of functional units 
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called lobules each with its own afferent vessel in which lymph enters [34]. Lymph 

nodes can contain a single or multiple lobules. An outer capsule surrounds the node 

and channels lymph from afferent vessels. The distribution of lymph-borne solutes 

is dependent on the interfaces with structural components and resident cells of the 

lymph node [37]. Following entry via afferent vessels, lymph is known to be directed 

into the subcapsular sinus which contains macrophages and dendritic cells [38]. 

These ‘barrier’ cells can act to filter lymph of large particles and aid antigen 

presentation either to dendritic cells or to B-cells [10, 38, 39]. Remaining lymph is 

directed into transverse /trabecular sinuses and the reticular network [40]. The 

reticular network comprises a 3D scaffold of channels lined with lymphatic 

endothelial cells which serves to restrict access of lymph-borne material into the 

paracortex. Size has been described as a key factor for determining access across 

lymphatic endothelial cells (LECs), with cellular gaps of 0.1-1 µm excluding high 

molecular weight molecules of >70 kDa from conduit access [41-44]. Conversely, 

small molecular weight molecules, may then enter the conduit system within the 

paracortex, which is made up of collagen fibres lined with stromal cells called 

fibroblastic reticular cells (FRCs) [43, 45]. FRCs contain tight cell-cell junctions which 

limit access of lymph-borne solutes to the T-cell rich paracortex [46, 47].  

High endothelial venules (HEVs) allow for the entry of blood bound 

leukocytes, via a ‘multi-step adhesion cascade’ [48, 49]. Within the T-cell dense 

areas surrounding HEVs, naive T-cells, undergo interaction with antigen presenting 

cells, the most abundant being mature DCs, which can present fragments of antigen 

and encourage T-cell stimulation [27, 50, 51]. B-cells are also believed to enter the 

lymph via HEVs. However, following entry, B-cells migrate towards the more 

superficial regions of cortex to form B-cell rich follicles [52]. In these absence of 

stimulation, primary follicles are composed of B-cells, which in turn may be ‘virgin’ 
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or recirculating memory B-cells. Upon activation, secondary follicles or germinal 

centres comprise of a mantle zone of transient lymphocytes which support 

proliferation, maturation and differentiation of B-cells and subsequent antibody 

production [53]. Medullary sinuses drain into the medullary trunk which extends 

into the hilus and the efferent vessels. Although the duration of time spent in the 

lymph is likely to be variable and multifactorial, it is understood that most 

lymphocytes are re-entered into the circulation, either via a network of venous 

blood-containing venules or in the lymph via the medullary sinuses [54].  

 

 

Figure 1.3. Schematic showing the structure of a lymph node containing 3 lobules. 

Arterioles are shown in red, venules in blue and capillaries in purple. The right 

lobule is a micrograph from a section of rat mesenteric lymph node stained with 

H&E. Adapted from [2] with permission. 
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1.2. Role of the intestinal lymphatic system in disease  
 

The fundamental roles of the intestinal lymphatic system in immune 

control, lipid absorption and fluid homeostasis mean that functional impairment 

can result in a number of diseases. 

1.2.1. Immune tolerance and inflammatory disease  

The intestines are consistently exposed to exogenous pathogens through 

the diet. It is therefore unsurprising that the GALT harbours approximately 50–70% 

of the entire body lymphocyte pool [55, 56]. However, the human gut also contains 

a diverse microbiota, which are essential to health through prevention of 

colonisation of pathogenic strains, metabolism of undigested carbohydrates, 

generation of essential metabolites and detoxification of bile acids [13]. Suitable 

immunosurveillance within lymph nodes is therefore essential for appropriate 

immune control and tolerance.  

1.2.1.1. Inflammatory bowel disease (IBD) 

 

Inappropriate activation of immune cells residing in the lymphatics to food 

and self-antigens can result in both acute inflammation and chronic inflammatory 

disorders and auto-immune disease [57]. IBD is the term commonly used to 

describe Crohn’s disease and ulcerative colitis. The two diseases are distinguished 

by different locations in bowel, with ulcerative colitis being isolated to the colon, 

whereas inflammation can occur throughout the GI tract in Crohn’s [58]. Symptoms 

of Crohn’s disease and ulcerative colitis include chronic pain, diarrhoea, fatigue and 

weight loss which may be constant and worsen with periodic flare-ups. Many 

patients with IBD do not respond to currently available medications [59]. For 

example, real-world data indicates that current therapies such as the anti-TNF-α 
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monoclonal antibody infliximab, are only effective in 25 % of UC patients after a 12 

month period of treatment [60]. Subsequently, it is estimated that 10-30 % and 50-

80 % of people with ulcerative colitis and Crohn’s disease respectively will require 

surgery to sections of GI tract in their life time [61]. Patients with IBD also have an 

increased risk of bowel cancer [62].  

Both Crohn’s disease and ulcerative colitis are considered autoimmune 

disease with unknown cause, but both hereditary and environmental factors are 

thought to play an etiological role [63]. Mesenteric lymphadenopathy associated 

with influx of immune cells is common in patients with IBD [3]. Patients with IBD 

were also recently shown to have different immune cell populations within MLN 

compared to healthy people [64]. In addition, lymphatic remodelling has been 

demonstrated in IBD, including hyperplasia and an expansion of surrounding 

adipose tissue, which are likely to impede lymphatic flow and function[65].  

1.2.1.2. Other inflammatory diseases  

 

The integral role of the intestinal lymphatic in systemic immune control 

means it has also been implicated in a number of other autoimmune diseases. 

Several microbes such as Zika virus and Helicobacter pylori present in the lymphatic 

system are known to have impact on neurological function and are linked to 

neuroinflammatory diseases [66]. For example, there is a growing body of evidence 

that the gut-brain axis, could play a role in pathology of multiple sclerosis (MS) [67-

69]. Subsequently, immunomodulatory drugs which can be targeted to the 

intestinal lymphatics are being investigated for MS [70]. Gastrointestinal 

manifestations are also described in a number of other systemic autoimmune 

disease such as systemic lupus erythematosus, Sjögren’s syndrome and 

polyarteritis nodeosa [71]. In addition, it has been hypothesised that the 



Chapter 1  
 

39 
 

pathogenesis of Rheumatoid Arthritis is initiated by dysregulated interactions 

between the mucosal immune system and local microbiota, which later transitions 

to the synovial joints [72].  

1.2.2. Infectious disease  

Despite being ‘hot spots’ for immune surveillance, a number of bacterial 

and viral pathogens have the ability to reside and propagate within the intestinal 

lymph nodes. These include, but are in no means limited to HIV [73, 74], hepatitis 

C virus [75], salmonella [76], anthrax [77], Filariasis [78, 79] and Ebola virus [80]. As 

a result, despite the ability of antiretroviral and antibiotics regimens to effectively 

irradiate antigen from the plasma, cessation of therapy often results in an 

inevitable rebound in pathogen. More specifically, in patients with HIV infection, 

the MLN are one of the main viral reservoirs in the body, with the highest viral load 

[81]. Correspondingly, concentrations of antiretroviral drugs within the lymphatics 

have been associated with persistent HIV-1 replication [9].  

 

1.2.3. Lymphoma 

Lymphoma is the term given collectively to a heterogeneous group of 

malignant neoplasms arising from the lymphocytes of lymphatic tissue. In total, 

lymphomas are believed to be responsible for 3% of new cancer diagnoses globally 

[82]. Lymph nodes are primarily affected by lymphoma and are the most common 

malignancy resulting in mesenteric lymphadenopathy or abnormal swelling seen at 

imaging [3]. Lymphoma in the intestinal lymph nodes can represent a solid primary 

tumour or be the result of disseminated disease affecting several groups of nodes 

[83]. Lymphoma can be loosely divided into Hodgkin lymphoma or non-Hodgkin 

lymphoma (NHL), depending on the histological appearance of affected cells. 
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Abdominal lymph node involvement is usually associated with NHL and as many as 

30-50% of NHL patients have significant involvement of abdominal lymph nodes 

upon presentation [84]. NHLs themselves represent a diverse group of cancers, of 

which Diffuse large B-cell lymphoma (DLBCL) is the most common. Patients with 

abdominal nodal involvement in DLBCL have a poorer outcome compared to 

patients without [85]. Unfortunately, due to their central location in the body, 

mesenteric masses resulting from lymphoma can remain undetected until they 

reach a large size [84].  

 

1.2.4. Metastasis from solid tumours 

Cancer metastasis is widely understood to be responsible for around 90 % 

of cancer-related morbidities [86] and lymphatic involvement is commonly already 

present at the time of primary tumour diagnosis. The number of metastatic nodes 

and distance from the primary tumour are therefore major clinical considerations 

in staging and subsequent prognosis [87, 88]. The mechanisms of metastatic 

seeding via the lymphatics is not fully understood and remains an active and 

intensely debated area of research. Despite this both direct permeation and 

movement along chemotactic gradients have both been described [89]. 

Unsurprisingly, the first nodes in which oncological changes can be identified, 

termed the sentinel node or nodes, are almost always those in closest proximity to 

the primary tumour. In many cancers the pattern of lymph node metastasis from 

the primary tumours is therefore well described and predictable. Based on this, 

metastatic mesenteric lymph nodes are commonly described in gastric, small 

intestine endocrine, and colorectal cancers [90]. Of these, colonic carcinoma alone 

is one of the most common cancers occurring in both men and women [91].  
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Although more common in some malignancies, almost any malignancy may 

result in mesenteric lymphadenopathy. In addition to GI tract related cancers, 

metastasis from a number of primary tumours have been described in MLN. These 

include carcinomas in the ovaries, oesophagus, appendix, breast, lung, pancreas, 

bladder, melanoma and Kaposi sarcoma following HIV [90]. This highlights the 

incomplete understanding of metastatic processes from these areas.  

Described sites of intranodal neoplasm are diverse and include cortical, 

paracortical and medullary regions [92] with the lymphatic sinuses common sites 

of metastasis, although expansion beyond sinusoidal walls and into the 

parenchyma is commonly rapid. In addition, as with many pathologies of the 

lymphatics, lymphangiogenesis and remodelling are characteristic of metastasis, 

with developmental cues such as VEGF-C recently being implicated [93]. This is 

likely to aid the possibility of lymphatic spread.  

Although primary tumours can often be targeted via surgery, radiotherapy 

and chemotherapy, the extensive and complex structure of the lymphatic system 

makes lymphectomy more complex. The primary treatment for lymph node 

metastasis is lymphadenectomy surgery, in which the affected lymph nodes are 

excised, usually followed by adjuvant chemotherapy or radiotherapy. However, 

complexity surrounding the identification of sentinel nodes makes this difficult and 

often results in reoccurrence (Figure 1.4) and pathology associated with disruption 

in lymphatic flow including pain and oedema. In addition, the cytotoxic nature of 

most clinically relevant chemotherapeutic drugs results in a range of associated 

adverse effects. Moreover, permeability into affected lymph nodes is often poor 

[94]. Therefore, drugs that specifically target metastatic lymph nodes of the 

intestines have the potential for significant clinical impact.  
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Figure 1.4. Mesenteric lymphadenopathy in a 38-year-old man with carcinoid 

tumour. a) CT image shows a primary soft-tissue mass (arrows). b) Non-enhanced 

CT image obtained 1 year later shows recurrence in a mesenteric lymph node 

(arrows). Taken from [3] with permission. 

 

1.2.5. Metabolic disease  

High fat diets promote a number of changes in the intestinal lymphatics. 

These include reduced contractibility of smooth muscle, changes to lymphatic 

permeability, vessel hyperplasia and dilation, altered lymph node structure and 

expansion of surrounding adipose tissue [9]. Although the mechanisms are not yet 

well understood, obesity is thought to result in dysregulation of lipid uptake by the 

intestinal lymphatic system [95]. This in turn has been linked to altered blood lipid 

levels and metabolic disease such as obesity, type 2 diabetes, hypertension and 

atherosclerosis [16] all of which pose an enormous health burden in the western 

world.  

 

a) b) 
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1.2.6. Lymphoedema  

Disruption in lymph flow may occur for a number of reasons. These include 

malignancy, congenital malformations, thoracic and abdominal surgery or trauma 

and infectious diseases [96]. This can result in chronic fluid accumulation in tissues, 

termed oedema, which can be painful, debilitating, promote skin infections and 

lacks an effective drug treatment. Lymphoedema can be categorised into primary 

and secondary lymphoedema depending on their cause. Primary lymphoedema 

caused by genetic mutations usually starts in infancy but is rare [97]. Secondary 

lymphoedema is more common, with the primary cause being cancer. Secondary 

lymphoedema is most common in breast and pelvic cancers, but can also occur in 

the abdomen [98]. In addition, primary intestinal lymphangiectasia has an unknown 

cause and is characterised by a dilation in lymphatic vessels resulting in 

lymphoedema. 

 

1.3. Drug delivery to the intestinal lymphatic system 

1.3.1. Rationale for targeted drug delivery 

The therapeutic potential of a drug is directly dependent on its engagement 

with the target, which is in turn is dependent on both the affinity for the target and 

concentration at the site [99]. Bio-distribution is therefore a recognised 

fundamental pillar of drug discovery [99]. Recognition of the role of the lymphatics 

in various diseases has led to the appreciation of the large potential of targeted 

therapeutics and subsequent extensive research interest [9]. Subsequently, the 

efficacy of the immunomodulatory drug fingolimod has been linked to its 

accumulation in the lymphatics [100]. Despite this, active targeting of drugs to the 

lymphatics for better treatment of diseases of the lymphatics has not yet become 
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a key consideration in preclinical drug design. As a result, drug permeation into 

target tissues is often poor, which ultimately negatively impacts drug efficacy [101]. 

In addition, off target effects will contribute to a range of side effects.  

In addition to improved treatment of diseases of the intestinal lymphatics, 

drug targeting to the intestinal lymphatic system can also promote improved oral 

bioavailability through reduced hepatic uptake and first pass metabolism in the 

liver. Furthermore, targeting vaccine antigens to lymph node antigen presenting 

cells (APCs) such as dendritic cells may also improve the efficacy [10]. Subsequently, 

the full extent to which targeted drug delivery could improve efficacy of a range of 

medicinal compounds could be great, however is yet to be determined. 

 

1.3.2. Access to the lymph nodes 

The structure and anatomy of the intestinal lymphatic system means 

targeted drug delivery to specific cell populations within lymph nodes can be a 

challenge. Since drugs can generally enter lymph nodes through various 

mechanisms (Figure 1.3), a number of approaches to lymphatic drug targeting have 

been proposed [10]. These include distribution from the circulation via HEVs, via 

cell-mediated pathways such as lymphocyte homing and direct lymph node 

injection. However, perhaps the most simplistic and effective approach is to exploit 

natural drainage mechanisms from interstitial fluid into lymph nodes via afferent 

lymph. 

Entry into the interstitial fluid and subsequently lymph, requires drug 

delivery systems to overcome physical barriers. For access to peripheral lymph 

nodes, this can be achieved via subcutaneous and intradermal injection. However, 

for intestinal lymph nodes afferent lymph drains from interstitial fluid in the 

intestines (Figure 1.1). Drug delivery systems must therefore transverse the gut 
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mucosa following oral delivery. Opportunely, oral delivery remains the preferable 

route of administration due to convenience, patient compliance, flexibility and 

safety.  

Following oral delivery, lymphatic uptake can be achieved via two major 

pathways which relate to the two independent subdivisions of the intestinal 

lymphatics [102] (Section 1.1.2). These are the M (microfold) cell pathway and the 

chylomicron pathway. Firstly, M cells are a mucosal antigen presenting cell and 

subtype of follicle associated epithelia, which cover Peyer’s patches. M cells are 

responsible for the capture and delivery of intestinal antigens to underlying 

lymphoid follicles for surveillance and ultimate accumulation in MLNs. By increasing 

exposure to lymph node resident immune cells, exploitation of this method 

therefore has clinical potential for targeted delivery of biologics to the intestinal 

lymphatic system [10].  

The chylomicron pathway is highly amenable to delivery of small molecule 

drugs to the intestinal lymphatics and therefore has great potential for a range of 

diseases in which they are implemented. In terms of drug delivery, the approach 

relies on exploitation of the mechanisms by which dietary lipids are absorbed from 

the gut by essentially hitchhiking drugs into the lymphatics though association with 

chylomicrons (Figure 1.5). Upon uptake into enterocytes, chylomicron-drug 

complexes are too large to penetrate blood capillaries so enter the lymphatic 

system. A relationship between chylomicron association and extent of lymphatic 

transport has been well established [103]. In addition, chylomicron association is 

known in turn to be dependent on the physiochemical properties of the drug, of 

which LogD7.4 >5 and high triglyceride solubility are essential [104]. Orally 

administered drugs must also be stable during exposure to high pH and gastric 

enzymes and undergo epithelial penetration. This approach has also been utilised 
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to increase the oral bioavailability of drugs by bypassing the hepatic first pass 

metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Schematic showing the mechanism by which chylomicron associated 

drugs can be directed to the intestinal lymphatic system following oral delivery. 

 

1.3.3. Approaches to enhancing uptake into the intestinal lymphatics 

following oral delivery 

1.3.3.1. Administration with lipids 

Lipid droplets are emulsified in the intestinal tract with bile salts and 

phospholipids to form mixed micelles. Co-administration with lipids facilitates the 

uptake of lipophilic drugs into the intestinal lymphatics by improving luminal 

solubility and diffusion with enterocyte membranes as well as chylomicron 

formulation and rate of lymph flow rate [105, 106]. Concentrations in MLN of two 

Cannabinoids, cannabidiol (CBD) and tetrahydrocannabinol (THC) increased 

between 2 and 10 fold following administration in lipid-based formulations 
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compared to lipid-free [70]. Significant increases in lymphatic delivery when 

administered in lipidic formulations was also demonstrated in vivo for halofantrine 

[107]. In addition, the synthetic Cannabinoid PRS-211,220 was shown to undergo 

significant lymphatic transport which resulted in a 3- fold higher oral bio-availability 

when administered with lipids [108].  

One of the most common excipients in lipid- based formulations are natural 

vegetable oils such as peanut oil and sesame oil. Long chain triglycerides (LCTs), 

such as those found in natural oils, have been shown to result in better lymphatic 

uptake compared to medium chain triglycerides (MCTs), despite MCTs improving 

the emulsification and solubilisation of drug [109]. However, chain length is not the 

only factor effecting rate of absorption, since lymphatic transport with natural oils 

is superior to a pure long chain triglycerides [109]. In addition, since long chain 

triglycerides undergo digestion into fatty acids and monoglycerides prior to 

absorption, it was hypothesised that administration with pre-digested lipids may 

improve delivery. However, pre-digested lipid formulations were inferior for 

intestinal lymphatic transport compared to natural sesame oil. Although the 

specific reasons for this are to be alluded, it has been hypothesised that natural 

small antioxidants in sesame oil such as lignans may play a role [109].  

 

1.3.3.2. Prodrugs  

Few clinically used oral medications are sufficiently lipophilic to undergo 

significant lymphatic transport in the absence of modification [103, 110]. The 

design of prodrugs can be used to modify the physiochemical properties and thus 

alter the bio-distribution of a drug. One approach is to increase drug LogD 7.4 ≥5 

by designing prodrugs which structurally contain long hydrophobic chains, similar 

to fatty acids. An example of where this approach has been used clinically is the 
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prodrug of testosterone, testosterone undecanoate. Testosterone undergoes low 

intestinal lymphatic transport, as therefore has poor oral bioavailability orally [111]. 

Testosterone undecanoate is an ester of testosterone containing a long 

hydrocarbon chain and has higher oral bioavailability [112] likely due to enhanced 

lymphatic transport and has improved androgenic activity clinically [113]. 

The concept of designing prodrugs for enhanced lymphatic uptake has now 

also been extended with the aim of treating disorders of the lymphatic system. For 

example, activated ester prodrugs of bexarotene and retinoid acid for the 

treatment of NHL were recently shown to increase drug delivery to the MLN relative 

to parent drug by over 17- and 2- fold respectively [114]. Similarly, the antiretroviral 

drug lopinavir does not undergo lymphatic transport however, an activated ester 

prodrug of lopinavir was shown to increase drug concentrations in MLN to 1 µg/g 

when administered in sesame oil [115]. This has implications for the targeting of 

HIV reservoirs in MLN. Importantly, concentrations of lopinavir in MLN were over 

16 times higher than the protein- adjusted concentration required for 90 % of viral 

inhibition (PA-IC90).  

 An alternative approach to activated ester prodrug design for intestinal 

lymphatic delivery is to synthesise drugs that mimic the structure of triglycerides. 

Similar to triglycerides, these triglyceride mimetic prodrugs are understood to be 

digested to fatty acids and prodrug species equivalent to 2-monoglycerides, which 

are absorbed into enterocytes where they are re-esterified to the TG derivative. 

The triglyceride mimetic drugs are then understood to enter the intestinal 

lymphatics through association with chylomicrons. A triglyceride mimetic prodrug 

of mycophenolic acid, 1,3-dipalmitoyl-2-mycophenoloyl glycerol, was shown to 

enhance concentrations of parent drug in MLN in both rat [116] and dog [117] when 

administered in a lipid-based formulation. Critically, targeted delivery to the MLN 
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using 2-mycophenoloyl glycerol translated to enhanced immunomodulatory 

efficacy in a mouse model of antigenic challenge [118]. A similar design has also 

been applied to designing a triglyceride mimetic prodrug of the anticancer agent 

docetaxel, which had reduced GI toxicity compared with oral and intravenous 

parent drug [119]. Focus should now turn to confirming the mechanism of prodrug 

to parent drug conversion as well as beneficial effects in a clinical setting.  

 

1.3.3.3. Other lipid-based drug delivery systems  

In addition to chylomicron associated drug uptake, a variety of orally 

administered lipid based carriers are being explored for intestinal lymphatic drug 

delivery [102]. These include nanoparticles, emulsions, dendrimers and liposomes 

[10, 102, 120]. Structurally, these systems all have potential to be beneficial for 

protecting drugs from harsh gastrointestinal conditions enabling both hydrophobic 

and hydrophilic drugs to be encapsulated and delivered to the intestinal lymphatics. 

The potential for nanoparticle drug delivery has received large interest over 

recently years.  

Solid lipid nanoparticles orient drugs between fatty acid chains of 

glycerides and have been shown to accumulate in the intestinal lymphatics 

following duodenal administration [121]. Subsequently, solid lipid nanoparticles 

have been shown to extend the bio-availability of a range of compounds following 

intraduodenal and oral administration in vivo [122-126]. Solid lipid nanoparticles 

delivery systems however present challenges such as drug loading into a solid 

matrix and polymorphic changes resulting in drug expulsion during storage [120].  

Unlike solid lipid nanoparticles, which generally contain a single lipid such 

as a triglyceride, nanostructured lipid carriers (NLCs) have been designed to blend 

solid and liquid lipids allowing for improved drug loading capacity and reduced 
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susceptibility to gelation [127]. Subsequently, lymphatic transport NLC has been 

shown to enhance delivery number to the intestinal lymphatic system [128-130]. 

The use of NLC may therefore provide an alternative to chemical drug modification 

to allow for delivery of drugs <logp7.4. In a recent attempt to target drugs 

specifically to lymph resident immune cells, a two-stage nanoparticle approach was 

designed [131]. The approach involved intradermal administration of thiolated poly 

(propylene sulphide) nanoparticles with programmable degradable linkers which 

accumulated in draining lymph nodes and released dye cargo as a proof of concept. 

However, lymph node specific drug cargo release mechanisms have not yet been 

achieved. In addition, instability means nanoparticles have to be administered 

shortly after formation and local intradermal administration provides access only 

to the downstream draining lymph nodes.  Based on this, in diseases associated 

with multiple lymph nodes or lymph nodes that are not accessible by injection, 

delivery will be more challenging [131]. 

Emulsions such as micellar systems and self-emulsifying drug delivery 

systems (SEDDs) have also been investigated for increasing lymphatic uptake of 

drugs. Emulsions, which are generally composed of oil, water and surfactant, can 

form self -microemulsifying (SMEDDs) or self-nanoemulsiflying (SNEDDs) drug 

delivery systems depending on droplet size. Subsequently a number of groups have 

used SMEDDs and SNEDDs to encapsulate drugs for oral delivery in vivo, leading to 

lymphatic transport [132-140]. Similarly, liposomes are spontaneously forming 

closed structures, formed of a bilayer or phospholipids which have been used to 

encapsulate drugs for lymphatic delivery [141, 142]. Interestingly, both 

nanoparticles and liposomes may also be adapted to include surface labels which 

may also call for a more active targeting approach in the future [143-145]. It should 

be noted that in the majority of these publications, an increase in bioavailability is 
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assumed to be a result of increased lymphatic uptake, but drug delivery to the 

lymphatics is seldom confirmed or quantified. Based on this, the uptake 

mechanisms of these lipid-based drug delivery systems are not fully understood 

and based on the complexities of gastrointestinal physiology, multiple pathways 

are likely to be involved.  

 

1.4. Imaging the intestinal lymphatic system  

1.4.1. Imaging as a tool in drug development  

Understanding drug accumulation within organs, tissues and cells is critical 

to predicting efficacy, toxicity, dosing and ultimately clinical potential of a 

pharmaceutical product. Despite this, investigation into localised drug distribution 

and the impact of formulation has not historically been routinely integrated into 

the drug discovery process, or was performed late stage. Subsequently, undesirable 

pharmacokinetic profiles often contribute to late stage attrition [146] which are 

both highly time and resource consuming.  

Ex vivo tissue analysis using highly sensitive techniques such as high- 

performance liquid chromatography (HPLC) and liquid chromatography-mass 

spectrometry (LC-MS) can provide vital information about the quantity of drugs in 

homogenates from different tissues and organs preclinically. However, due to their 

disruptive nature, these approaches do not inform real-time drug localisation 

within intact tissue structures and cellular regions. Effective imaging and 

quantitative analysis should therefore be performed in parallel to provide a more 

comprehensive understanding of drug biodistribution.  

Molecular imaging is the term given to any technique used to visualise and 

characterise biological processes. The use of molecular imaging has increased 
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exponentially over the past 3 decades and has provided critical information about 

physiological and pathophysiological processes and how these are altered following 

drug administration [147]. Subsequently, imaging has become a fundamental tool 

in all aspects of drug discovery. Despite the recent advances in targeted drug 

delivery to the intestinal lymphatic system (see section 1.3), to our knowledge, very 

few attempts have been made to characterise drug distribution. Subsequently, 

critical questions remain around which lymph nodes within the abdomen can be 

targeted and how, upon entry to lymph nodes, drugs distribute within the 

organised cellular structures of lymph nodes. 

The appropriate imaging technique is dependent on the research question. 

However, high-resolution analysis of drug distribution has historically relied on the 

use of radiolabelled tracers which, when undergoing radioactive decay, can be 

identified by radiation detector. Radiolabels have been used to provide both 

structural and functional information about the flow of lymph within the extensive 

network of lymphatic vessels and lymphoid tissues [148, 149].  

Almost all visualisation techniques rely on the natural ability of lymphatic 

vessels to absorb tracers from local interstitial tissues [150, 151]. Tracer 

administration therefore requires either direct injection into local tissues, or vessel 

micro cannulation which can be both invasive, difficult and critically inappropriate 

for imaging lymphatic uptake following oral delivery. Tracers also do not usually 

allow for distinction between drug and metabolites containing the radioactive 

label. In addition, the development of new tracers is often challenging, requiring 

complex chemistry and often limited by the inherent instability of the tracer.  

BODIPY dyes are a group of highly lipophilic tracers which may be of 

interest for imaging the intestinal lymphatics following oral or intraduodenal 

delivery [118, 152, 153]. However, as with all tracers and labelled moieties there is 
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always the potential that the distribution of tracer is not representative of the 

molecule of interest, since they will differ both structurally and chemically. Based 

on this, there is an unmet need for label-free imaging to answer fundamental 

questions surrounding drug distribution to the intestinal lymphatic system, 

information of which could help inform the clinical potential of oral drug delivery 

for treatment of intestinal lymphatic diseases.   

 

1.4.2. Imaging drug delivery to intestinal lymph nodes 

Visualisation of the lymphatic system is commonly performed clinically 

during diagnosis or treatment of disease. These include locating lymphatic 

structures so they can be spared during surgical procedures, identifying and 

monitoring lymphedema but more commonly for the identification of cancerous 

involvement. Prior to cross-sectional imaging, bipedal lymphography was the 

standard test for visualising lymph nodes in the abdomen and pelvis [154]. Similar 

to angiography for imaging blood vessels, the procedure involved direct injection 

of tracer into lymphatic vessels. However the procedure was invasive, laborious and 

unreliable for lymph nodes outside the retroperitoneum and above the level of the 

second lumbar vertebra [154]. In the 1970s and 80s, lymphography was replaced 

by conventional cross -sectional imaging including computed tomography (CT) and 

magnetic resonance imaging (MRI). These have the benefit of being non-invasive, 

have a high patient acceptance and require short examination time.  

The assessment of lymph nodes using cross-sectional imaging modalities 

usually rely on anatomy rather than function and physiology, where enlargement 

of nodes is considered the primary diagnostic criterion for disease [154-156]. One 

of the first methods for imaging intestinal lymphatics was CT, which uses X-rays 

which attenuate differently based on tissue density and are reconstructed to form 
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cross sectional images. Around the same time MRI was also developed. MRI uses 

magnetic fields which align protons, so when exposed to a radiocurrent pulse they 

spin out of equilibrium, releasing electromagnetic energy when the pulse is 

discontinued. Both CT and MRI have the benefit of being completely label-free. 

However, using CT and MRI alone, it is difficult to establish a threshold value 

separating benign from malignant nodes. This is because healthy lymph nodes vary 

largely in their size and morphology. Subsequently, not all enlarged nodes are 

malignant and not all malignant nodes are enlarged. In addition, it is now 

understood that changes in the lymphatics can be the cause and subsequence of a 

range of conditions including inflammation (see section 1.2.1.1 and 1.2.4). Both CT 

and MRI are now often combined with positron emission tomography (PET) which 

uses radioactive tracers to provide functional information for example increased 

uptake of fluorinated glucose by cancerous cells. Unlike CT and PET, MRI has the 

benefit of not using ionizing radiation and therefore safer for longitudinal imaging.  

Imaging of the intestinal lymph nodes poses a number of difficulties 

including motion due to peristalsis and respiration, their small size and central 

location inside the body. There is currently no published evidence describing the 

distribution of drugs between the specific intestinal lymph nodes following oral 

administration. Improving the understanding of which specific lymph nodes can be 

targeted would inform the clinical potential of this approach, particularly in primary 

tumours that can metastasise in specific nodes of the intestine (section 1.2.4). 

 

1.4.3. Imaging drug distribution within intestinal lymph nodes 

1.4.3.1. Imaging to inform structure and function  

Imaging tissue microenvironments can provide invaluable information 

surrounding biological processes, how they are altered in disease and the 
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pharmacological impact of drugs. Confocal microscopy is an optical imaging 

technique which can be used to image fluorescently labelled entities. Using 

confocal microscopy for cellular tracking, along with more traditional staining 

techniques such as immunohistochemistry, the general spatial distribution of 

immune cell populations within lymph node lobules are now well described [38, 

157-159] (Figure 1.3). Combining cell tracking approaches with simultaneous 

detection of pathogen can provide critical information when designing effective 

targeted drug approaches. In a recent example, a combination of in situ 

hybridisation and confocal analysis of a lymph node tissue section from an HIV+ 

patient, showed viral RNA tended to be generally highest in B-cell follicles, more 

specifically those with lower frequencies of CD4+ T-cells. Interestingly, in the 

absence of antiviral therapy, viral RNA was higher in extra-follicular spaces relative 

to follicles [160]. Confocal microscopy was also utilised in one of the only examples 

of evidence of drug distribution within lymph nodes following oral delivery. In this 

work, a model prodrug was shown to co-localise with both CD4+ T-cells and B220+ 

B-cells within individual mesenteric lymph nodes following oral delivery [118].  

Intravital microscopy is a technique for imagining real-time in vivo 

processes in living animals and can be performed using several light microscopy 

techniques including confocal, widefield fluorescence and multiphoton. Intravital 

microscopy techniques have advanced our understanding of cell interactions within 

lymph nodes during antigen presentation and infection [47, 161]. Intravital 

microscopy also has the potential to indirectly measure drug delivery within tissues 

[162]. However, since few molecules have sufficient intrinsic fluorescence, confocal 

microscopy and intravital microscopy generally are limited by their reliance on 

labelling which as mentioned ultimately can lead to artefacts. 

 

https://en.wikipedia.org/wiki/Two-photon_excitation_microscopy
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1.4.3.2. Label-free imaging  

Raman spectroscopy is a label free non-disruptive vibrational technique 

that was recently used to image structural elements of lymph nodes [163] and has 

potential for molecular imaging of dug distribution [164]. However, perhaps the 

most promising and actively progressing field for molecular tissue imaging is mass 

spectrometry imaging (MSI). MSI is a microscopy technique that can be used to 

detect unlabelled molecules, without the need to destroy sample integrity. In 

addition, the non-targeted approach means the technique has the potential to 

simultaneously image drugs, associated metabolites and biomolecules of interest 

including histological markers indicating pharmacology, toxicity and disease 

biomarkers.  

All MSI-based techniques function by continuously applying desorption and 

ionisation probes across the surface of the sample. Through the analysis of 

individual pixels, mass spectrometry imaging has the capabilities of forming a 

chemical map of the surface of a sample, which can be expressed in relative 

intensities to provide information about the spatial localisation of molecules of 

interest. Subsequently, over the past decade, the application of MSI in drug 

discovery had become an active area of research [165]. In addition to aiding the 

chemical characterisation of both healthy and diseased tissue, MSI has successfully 

been employed to image the spatial distribution of drugs and metabolites within 

complex biological samples. 

The main ionisation techniques employed for MSI include matrix assisted 

laser desorption ionisation (MALDI), desorption electrospray ionisation (DESI), laser 

absorption electrospray ionisation (LAESI) and secondary ion mass spectrometry 

(SIMS). MALDI is one of the most common MSI techniques used in clinical and 

preclinical research [166, 167]. For MALDI, the matrix is crystallised during the 
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ionisation process and as the matrix crystallises, analytes are extracted and co-

crystallised. For some low molecular weight species, fixation wash, for example 

using ammonium citrate, and pre-spraying with solvent are necessary for 

ionisation. Based on this, the choice of matrix, method of application have impacts 

on the ionisation process. Although both methods are limited by the production of 

singly charger ions, compared to SIMS, MALDI is superior for the detection of high 

molecular weight species such as proteins. However, for the purposes of imaging 

the distribution of small molecules, such as drugs and their metabolites, potential 

interference from the matrix itself makes detections of lower molecular mass ions 

(<500 m/z), harder to detect.  

 

1.4.3.3. Time of flight secondary ion mass spectrometry (ToF-SIMS) 

SIMS is one of the oldest MSI modalities and was first developed in the 

1950s and 1960s [168]. In short, SIMS analysis utilises a beam of accelerated and 

focused primary ions which collide with the surface of the sample. This causes the 

generation of secondary ions which are extracted, accelerated and separated based 

on mass to charge ratio (m/z). An electron flood gun is also used to charge 

compensate the sample surface by neutralising positive charged resulting from 

primary ion beams. A sputter gun can also be used to extract material from the 

sample surface thus allowing for 3D imaging of samples. The analysis is performed 

under ultra-high vacuum maintained using an airlock system.  

The most commonly employed analyser is a time-of-flight (ToF) analyser 

(Figure 1.6). Using ToF-SIMS, all secondary ions emitted from a single pulse are 

accelerated to a given potential. The time for the species to drift along a flight tube, 

or the path length as it is generally referred to, is detected. Subsequently, ions with 

a higher m/z will have a longer ‘time of flight’ compared to ions with the same 
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kinetic energy but lower m/z. The matrix-free nature of ToF-SIMS, along with the 

ability to focus primary ions emitted in a vacuum using electrostatic lenses, means 

spatial resolution of ToF-SIMS is superior to MALDI and DESI. In addition, although 

not optimised for the imaging of large molecules, the absence of a matrix with ToF-

SIMS means that there is no associated chemical noise, which might limit analysis 

of small molecules, as is the case with MALDI [169]. Mass resolution and sensitivity 

can be further enhanced by hybridisation with other analysers such as was recently 

described with an orbitrap analyser  [170] (Figure 1.6). 

SIMS is a good candidate for analysing drug distribution within tissue 

structures because of its completely matrix and label-free nature and, with the 

exception of nanoSIMS which is limited to 5 molecular species of interest, SIMS has 

the capability of identifying an almost infinite number of species within a defined 

mass range. This allows for the potential for simultaneous imaging of drug and 

tissue specific biomolecules in the same analysis. ToF-SIMS has been used to 

analyse the distribution of biomolecules within a range of tissues, including brain 

[171], skin [172, 173], GI tract [174, 175], eye [176, 177], liver [178], kidney [179], 

bone [180]. Commonly, this includes sectioning of tissue under cryoconditions 

followed by a combination of MSI with classical histology, for example Hematoxylin 

and Eosin (H&E). ToF-SIMS has also been employed to image the distribution of 

drugs within tissues. However, most examples include high concentrations of 

topically applied drugs [172, 176, 177, 181], thus neglecting the need for high 

sensitivity. In a recent publication, the benefits of a hybrid instrument, termed 

OrbiSIMS, for imaging tissues were described [170]. A schematic of the instrument 

is provided in Figure 1.6. 
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Figure 1.6. Schematic illustrating the primary components of a ToF-SIMS Orbitrap 

analyser hybrid instrument termed an OrbiSIMS and data processing for imaging.
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1.5. Cannabidiol as a model drug for lymphatic delivery 

1.5.1. Cannabis as medicine  

 The cannabis sativa plant has a long history of medicinal use which dates 

back more than 2000 years [182]. Cannabis was first introduced in Europe in 19th 

century and became widely used for a range of conditions, with medicinal 

properties including analgesia, immunomodulation, anticonvulsant properties, 

muscle relation, sedation, hypnosis and increased appetite. Cannabis is the sole 

source of over 100 naturally-occurring chemical compounds known collectively as 

phytocannabinoids [183]. Of these, the 2 main components are 

tetrahydrocannabinol THC and CBD, the ratios of which vary from approximately 

1:1 to 80:1 depending on the strain [184]. Despite the long-standing interest for 

medicinal use, the psychoactive nature of THC meant that cannabis was made 

illegal to possess, grow, distribute or sell in the UK in 1928 and similarly in the US, 

possession or transfer was made illegal in 1937. However, widespread recreational 

and medicinal use continued and a body of anecdotal evidence for the use of 

cannabis has been gathered. This has refuelled interest in the use of cannabis for 

medicinal use. Subsequently, increasing public pressure to decriminalise cannabis 

over the past 10 years has meant medicinal use of cannabis has been legalised in 

37 states across the US. In the UK, cannabis remains a Class B drug, possession of 

which can result in up to 5 years in prison. Although as of November 2018, cannabis 

based products are now legal for medicinal use in the UK, cannabis based products 

are still not yet available to patients on the NHS [185]. Subsequently, of the 

estimated 1.4 million people in the UK were thought to be medical cannabis users 

in 2020 [186] almost all is sourced on the black market. 



Chapter 1  
 

61 
 

1.5.2. Endocannabinoid system 

Until the discovery of the endocannabinoid system in the late 1990s, little 

was known about pharmacodynamics of cannabinoids. The endocannabinoid 

system is a neuromodulatory system found in most mammals, comprising of 

cannabinoid receptors, endogenous cannabinoid receptor ligands 

(endocannabinoids) and the enzymes responsible for the synthesis and degradation 

of endocannabinoids. Although several endocannabinoids have been described, 

two of the most well studied are the arachidonic acid derivatives N- 

arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG). These are 

found in all tissues [187]. Endocannabinoids orthosterically modulate the 

cannabinoid receptors which can be categorised as cannabinoid receptors type 1 

(CB1) and type 2 (CB2). Both CB1 and CB2 are structurally similar Gi/Go protein-

coupled receptors but differ in their affinities for cannabinoids [188] and expression 

on different cell types and tissues. CB1 receptors are the most abundant and are 

primarily distributed in the central nervous system although are also present in the 

periphery. In contrast, CB2 receptors are found on immune cells including 

lymphocytes, macrophages, natural killer cells, and microglia and therefor highly 

abundant within lymphoid tissues [189]. Further research surrounding the 

endocannabinoid system has supported its involvement in a number of 

physiological and pathophysiological functions, further fulling interest in 

cannabinoids for medical use [190, 191]. 

1.5.3. Pharmacokinetics of orally administered cannabinoids 

Cannabis is most commonly consumed by smoking. The exposure is 

therefore heavily dependent on the number, duration and frequency, volume and 

hold time of inhalations [192, 193]. Smoking leads to a rapid onset of effects which 

is likely to contribute to potential substance abuse. In addition, the negative impact 
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associated with smoking means that oral administration is the preferred route of 

administration for medical use. When self-medicating, patients often consume in 

the form of baked goods such as cakes and cookies. 

 

1.5.3.1. Absorption 

Both THC and CBD are structurally very similar (Figure 1.7) and defined as 

class II Biopharmaceutics Classification System BCS drugs meaning they are poorly 

soluble in an aqueous environment, but highly permeable across membranes. The 

logD7.4 values are 7.25 and 6.43 for THC and CBD, respectively [194]. Compared to 

smoking, oral administration of THC results in a slower absorption with a lower, 

more delayed peak and is altered by dose, vehicle, physiological factors [195]. 

Systemic bioavailability of THC and CBD are poor and variable following oral 

administration, and is thought to be in the regions of 3-10 % and 6% respectively 

[196-199]. Oral bioavailability of THC was shown to be improved by administration 

with lipids such as sesame oil, however concentrations were variable [198]. 

 

 

 

 

 

 

 

Figure 1.7. Structure of the two major chemical constituents of cannabis; a) THC 

and b) CBD. 

 

1.5.3.2. Distribution   

The lipophilic nature of both THC and CBD mean they accumulate in fatty 

tissues, such as adipose tissue, lung, brain, heart and liver [200]. As previously 

mentioned, both THC and CBD were recently shown in vivo to undergo lymphatic 

a) THC b) CBD 
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transport following oral delivery resulting in high concentrations in the MLN [70]. 

Concentrations of CBD and THC in the MLN following oral delivery in sesame oil 

were 250-fold and 100-fold higher relative to plasma. Concentrations of CBD and 

THC in MLN reached a peak at 2 and 3 hours post administration respectively and 

were in the region of 10 µg/g [70, 201]. 

 

1.5.3.3. Metabolism  

 The major rate limiting step for CBD and THC metabolism is redistribution 

from lipid depots into blood. Both drugs undergo significant first pass hepatic 

metabolism. Phase I metabolism by cytochrome P450 enzymes results in the 

production of oxidised metabolites, for THC predominantly hydroxylation at C9 

producing 11-OH-THC. Similarly, for CBD the main metabolic route involves 

hydroxylation of the 7-Meth group producing 7-OH-CBD. Subsequent oxidation to 

corresponding carboxylic acids then occurs. Common Phase 2 reactions include 

conjugation of oxidised metabolites with glucuronides, which aids water solubility 

and ultimately excretion. Although the major metabolites are thought to be the 

same, there is some evidence of interspecies differences in metabolic rates and 

products which may be attributed to different cytochrome P450 isoenzymes [202, 

203]. There is also evidence that genetic polymorphisms in genes encoding 

cannabinoid metabolising enzymes may alter their efficiency [204]. To a lesser 

extent, extrahepatic metabolism has also been described in in vivo models, in the 

brain, intestine, heart and lung [205]. 

 

1.5.3.4. Excretion  

 Metabolites of both THC and CBD are largely excreted in the faeces and 

urine. In humans, the time between consumption and no metabolites being 
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detected in urine was shown to vary between 3-77 days depending on frequency 

and extent of use [206]. For CBD, more than 30 metabolites can be detected in urine 

[207].  

 

1.5.4. Real world-data  

As of 1960s, both THC and CBD can be chemically synthesised [208-210]. 

Due to the non-psychoactive nature of CBD, CBD products containing less than 0.2% 

or 1 mg THC are legal in the UK. A growing interest in the medicinal properties of 

cannabinoids including CBD have led to a huge number of CBD products being 

commercially available. Products range anywhere from food and drinks, to topical 

creams and lotions and vaporised products such as vaping cartridges. The 

fashionable nature of these self-medicated products now means that they are 

widely used, with a reported 6 million people in the UK using CBD based products 

[211]. Subsequently, CBD products are now amongst the fastest growing well-being 

sectors in the UK. The clinical applications for which CBD are used are extensive and 

include chemotherapy induced pain and nausea, multiple sclerosis related spasms, 

epileptic seizures, appetite stimulation, sleep disorders and anxiety [212]. Despite 

this, there is a significant lack of real world data surrounding safety and efficacy, 

meaning there is a call for tighter regulations on CBD in the UK. 

Oral solutions of both CBD and THC are clinically available under the brand 

names Epidiolex® and Marinol® respectively. Epidiolex® is administered as a 

solution, whereas Marinol® is marketed as a capsule, however both contain sesame 

oil as an excipient. Currently, in the UK, Epidiolex® is approved by the MHRA for the 

treatment and prevention of seizures associated with Lennox-Gastaut syndrome 

and Dravet syndrome. Epidiolex® is also approved for the same indication by the 
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FDA in the US. Oral CBD showed promise in recent clinical trials for other forms of 

epilepsy also [213, 214]. 

Investigation into the potential of oral CBD for a number of other 

applications is ongoing. A summary of recent trials is given in Table 1. A large body 

of evidence of the potential of CBD as an immunomodulatory compound has been 

gathered. Although the specific mechanisms for immunoregulation not yet clear, 

and are likely to be complex, CBD has been shown to supress lymphocyte 

proliferation and production of proinflammatory cytokines [215, 216].  

Subsequently CBD has demonstrated efficacy in animal models of MS [217]. An 

oral-mucosal spray containing CBD and THC branded Sativex® at a ratio of 

approximately 1:1 and is approved by the MHRA by prescription only for severe 

spasticity due to multiple sclerosis having showed good efficacy in clinical trials 

[218]. However, oral CBD was disappointing in clinical trials for MS [219, 220]. 

Similarly, oral CBD showed efficacy for animal models of ulcerative colitis [221], 

however little efficacy was shown in a recent clinical trial [222]. One explanation is 

poor lymphatic delivery, resulting in insufficient interaction with lymph node 

resident immune cells and low bioavailability. It is not yet clear whether methods 

to enhance lymphatic delivery of CBD in animal models [70] can be applied to 

improve clinical efficacy.    

Marinol® (dronabinol) has also been approved by FDA as an antiemetic for 

patients receiving cancer chemotherapy. However marinol® is not currently 

approved for any indication by MHRA in UK. CBD has also received interest as an 

anticancer agent [223, 224]. For example, CBD was shown to exhibit activation of 

autophagy in human glioma, melanoma, pancreatic and hepatic cancer cell lines 

[225-228]. Focus so far has been for glioblastoma, with Sativex® being well 

tolerated as an adjuvant therapy with temozolomide [229]. A subsequent Phase II 
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trial is due to begin recruitment this year. The anticancer potential of CBD for 

cancers of the lymphatics are yet to be investigated. 
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Table 1.1. Summary of recent clinical trials involving oral CBD. 

Dosing strategy Disease application  Primary outcome described in study 

CBD 20 mg/kg/day (double 

blind placebo controlled) 

Drug resistant Dravet syndrome associated 

seizures  

The median frequency of convulsive seizures per month decreased from 12.4 to 5.9 

with cannabidiol, as compared with a decrease from 14.9 to 14.1 with placebo. There 

was no significant reduction in nonconvulsive seizures [213]. 

CBD 5 mg/kg/day (open 

label)  

Severe childhood-onset epilepsy (CDKL5 

deficiency disorder, Aicardi, Dup15q and 

dose syndromes) 

The percent change in median convulsive seizure frequency for all patients taking CBD 

in the efficacy group decreased from baseline [n = 46] to week 12 (51.4% [n = 35] [214]. 

CBD 400 or 800 mg/day for 3 

consecutive  days 

Cue-induced craving and anxiety in drug-

abstinent heroin dependent subjects 

CBD significantly reduced both craving and anxiety induced by the presentation of 

salient drug cues compared with neutral cues.  [230] 

Epidiolex oral solution 

maximum dose 25-50 

mg/kg/day and concomitant 

medications (open label) 

Treatment-resistant seizure disorders 

(Lennox-Gastaut or Dravet syndrome) 

(paediatric patients) 

At 12 weeks, add-on CBD reduced median monthly major motor seizures by 50% and 

total seizures by 44%, with consistent reductions in both seizure types through 96 

weeks. Twenty-eight percent of LGS/DS patients withdrew, primarily owing to lack of 

efficacy (20%) [93]. 

CBD-rich botanical extract 

(double blind placebo 

controlled) 

Ulcerative colitis End of treatment remission rates were similar for CBD-rich botanical extract (28%) and 

placebo (26%) however patients were less tolerant of CBD-rich botanical extract 

compared with placebo, taking on average one-third fewer capsules, and having more 

compliance-related protocol deviations [222].  

CBD in sesame oil with 

anhydrous ethanol with 

added sweetener 5-25 

mg/kg/day 

Parkinson’s disease  10 that completed the study had improvement in total and motor Movement Disorder 

Society Unified Parkinson Disease Rating Scale scores of 7.70 (9.39, mean decrease 

17.8%, p=0.012) and 6.10 (6.64, mean decrease 24.7%, p=0.004), respectively. Night-

time sleep and emotional/behavioural dyscontrol scores also improved significantly. 

All participants reported mild adverse effects [231]. 

CBD 600 mg/day for 6 weeks 

(placebo controlled)  

Cognitive dysfunction in chronic 

schizophrenia  

At the dose studied, CBD augmentation was not associated with an improvement in 

MCCB or PANSS scores in stable antipsychotic-treated outpatients with schizophrenia 

[224]. 
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1.6. Scope of thesis  

 The overall aim of this PhD project is to determine the bio-distribution of 

small molecule drugs and associated pharmaceutical excipients to the intestinal 

lymphatics following oral delivery. This is necessary for a better understanding of 

which diseases may best be treated by this approach. CBD will be used as a model 

drug as it has been shown to undergo lymphatic transport and has clinical potential 

in diseases of the intestinal lymphatics.  

The work in this thesis can be divided into two overarching hypothesises 

with corresponding research aims which can be further divided into specific 

objectives; 

 

• Overarching hypothesis 1: Following oral administration and lymphatic 

uptake, drug distribution within the structures of the lymph node will be 

non-uniform. 

• Overarching aim 1: Determine where drugs distribute within the 

organised structure of lymph nodes: 

 

➢ Development of a sensitive and label-free ex vivo technique for imaging 

the distribution of CBD, lipid-based vehicles and excipients inside 

lymph nodes. 

➢ Application of the technique image CBD, lipid-based vehicles and 

excipients distribution within sectioned MLN tissue. 

➢ Application of method to identify Pharmacodynamic changes in lymph 

node induced by drug and formulation. 

➢ Determination to what extent this method can be used to quantify drug 

levels in regions of lymph nodes. 
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• Overarching hypothesis 2: Following oral administration and lymphatic 

uptake, drugs will distribute at varying concentrations amongst the MLN 

and RPLN. 

• Overarching aim 2: Determine which individual lymph nodes within the 

abdomen can be targeted by drugs following oral administration with 

lipids:  

 

➢ Use of animal models to quantify CBD in individual lymph nodes ex vivo 

following oral administration. 

➢ Determination of how drug concentrations in individual lymph nodes 

changes over time and compare with different formulations in an animal 

model. 

➢ Development of a robust label-free and non-invasive MRI method for 

imaging the distribution of lipids in the abdominal lymph nodes of human 

volunteers over time.  

➢ Application of the MRI method to identify lipid uptake into intestinal lymph 

nodes and thus predict the distribution of lipophilic pharmaceutical 

molecules such as drugs, vehicles and excipients. 
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2. Development of a Mass spectrometry imaging 

method for determining the distribution of cannabidiol 

in lymph nodes 

2.1. Introduction  
 

Historically, one major drawback of Secondary ion mass spectrometry 

(SIMS) for complex biological sample analysis, compared to other mass 

spectrometry imaging (MSI) techniques such as matrix assisted laser desorption/ 

ionisation (MALDI), has been fragmentation of large secondary ions [232]. This 

results in hampered detection and identification of intact biomolecules such as 

lipids, peptides and pharmaceutical compounds. However, over the past two 

decades a number of advances in SIMS instrumentation, aiding biological sample 

analysis, have been made. The earliest primary ion beams employed for SIMS 

consisted of monoatomic species such as Ga+ and Cs+ [233]. However, the 

development of polyatomic or cluster ion beam sources were shown to significantly 

reduce damage to the sample and enhance ion yield [234]. Polyatomic ion sources 

include liquid metal ion guns (LMIG) such as bismuth, Bin+ [235], which are now 

commonly employed for tissue analysis. Large cluster ion beams including gas 

cluster ion beams (GCIB) can be employed for ‘sputtering’ material to remove it 

from the sample surface, thus allowing for depth profile analysis. However, more 

recently, the application of GCIB sources, such as Argon, Arn
+, as primary analysis 

beams have become increasingly popular. The use of a single GCIB analysis beam 

can increase the amount of material analysed and by preventing the loss of material 

during dual beam analysis, boost ionic yield and sensitivity [236]. Relative to LMIG, 

GCIB sources also cause lower impact energies and thus further reduce 
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fragmentation, providing increased yield of higher mass species such as biological 

macromolecules [236].  The use of GCIB can result in spatial resolution of 2 µm 

[170] which although inferior to the potential sub 100 nm with LMIG,  is superior to 

many MALDI and DESI systems [237]. Ultimately, GCIB primary analysis beams offer 

an optimal label –free approach for biomedical imaging.  

In addition to advances in primary ion beams, a range of accompanying 

mass analysers are now available. Notably, a hybrid instrument was recently 

developed combining the high spatial resolution of SIMS (under 200 nm for 

inorganic species and under 2 μm for biomolecules) with the high mass-resolving 

power of an Orbitrap mass spectrometer(>240,000 at m/z 200 and mass accuracy 

of <2 ppm) [170] (see Chapter 1, Figure 1.5 for a schematic of the instrument). 

Tandem MS (MS/MS) capabilities also inform fragmentation patterns and 

assignment. The speed of analysis is also a benefit for acquisition or large images, 

compared to FT-ICR MS. The capabilities of OrbiSIMS for tissue analysis were 

demonstrated in a recent publication [170] where the distribution of intact 

neurotransmitter and lipid molecules within samples of rat brains was imaged. In 

addition, the instrument demonstrated sufficient sensitivity to obtain metabolomic 

profiles on single cells. Recent progress was made in the use of this instrument for 

imaging intact protein structures in biological samples [236].  

The importance of appropriate preparation of biological samples for MSI 

has also been the subject of recent investigation [238-240]. As with many analytical 

techniques, the ability of a fragment of interest to be detected against a complex 

matrix using SIMS is directly related to the suitability of the sample preparation. 

This is particularly true when attempting to obtain high spatial resolution within 

intact tissues. In addition, cryo functionality has been developed to allow for 

sustained sample cooling to -170 °C for sustained periods of time [241]. Notably, it 
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was found that analysis at these temperatures avoids the need for fixation and 

drying which protects samples from degradation and molecular redistribution 

under the high vacuum operating conditions of SIMS [239, 242]. Using this method, 

frozen hydrated samples of bacterial biofilms were successfully analysed for 

nucleobases and bacterial membrane [241]. In addition, the use of an inert 

embedding material, called optimal cutting temperature compound (OCT) resulted 

in less contamination and a reduction in suppression of lipid signals compared to 

traditional paraffin embedding [238]. 

 

2.2. Chapter aims and objectives 
 

The aim of this chapter is to develop a MSI method with sufficient 

sensitivity, mass and spatial resolution to image CBD in rat lymph node tissues at 

concentrations relevant to in vivo conditions. This work requires the optimisation 

of several instrumental parameters, including sample preparation, primary analysis 

beam and analyser combinations and analysis temperature. Once established, the 

method will then be applied to image the distribution of CBD in rat intestinal lymph 

nodes following oral administration in a lipid-based formulation. By combining 

knowledge of the major cellular regions of lymph nodes structures, this work will 

then inform which cell types CBD may interact with whilst undergoing intestinal 

lymphatic transport. Estimations about how the distribution of CBD applies to other 

compounds of interest will also help inform the wider clinical potential of targeted 

drug delivery to the intestinal lymphatics. A schematic describing the workflow in 

this chapter is provided below (Figure 2.1).
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Figure 2.1. Schematic showing the experimental workflow for Chapter 2. 
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2.3. Materials and Methods  
 

2.3.1 Materials 

Plant-derived CBD was purchased from THC Pharm GmbH (Frankfurt, 

Germany) (98-99 % purity indicated by provider).   Linoleic acid, sesame oil, 

histological grade xylene, haematoxylin, eosin, trifluoroacetic acid (TFA), DPX 

synthetic resin slide mounting medium and methanol were purchased from Sigma 

Aldrich (Gillingham, UK). OCT was purchased from VWR International Ltd. (Leuven, 

Belgium). Acid alcohol and Scott’s tap water were purchased from Leica Biosystems 

(Welzar, Germany). Industrial methylated spirit (IMS), Acetonitrile (ACN) and 

dimethyl sulfoxide (DMSO) was purchased from Thermo Fischer Scientific 

(Horsham, UK). CBD was dissolved in ACN for stock and working solutions. 

2.3.2 Animals  

All experiments and procedures were approved by the UK Home Office in 

accordance with the Animals [Scientific Procedures] Act 1986. Experiments were 

performed using male Sprague-Dawley rats (Charles River Laboratories) weighing 

300–349 g. The rats were housed in the University of Nottingham Bio Support Unit, 

and kept in a temperature-controlled and 12 hours light-dark cycle environment 

with free access to water and food. All experiments were performed in accordance 

with the approved protocols. 

To avoid the wastage of sectioned MLN tissue from dosed animals, in 

accordance of the 3Rs principles of research involving laboratory animals, initial 

method development was performed on homogenised MLN tissue spiked with 

known concentrations of CBD. For the generation of these samples, MLN tissues 

were collected from animals that were not fasted or dosed.  
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Sections of MLN tissue from dosed animals for imaging were obtained from 

animals acclimatized for 5 days and fasted overnight with free access to water. CBD 

in sesame oil was administered via oral gavage (12mg/ml, 12mg/kg) as previously 

described [201]. Animals were euthanized by CO2 asphyxiation two hours post 

dosing, one hour prior to tmax. This is when concentrations in the MLN collectively 

are highest (Chapter 4, [70, 109]). 

In this chapter, homogenised tissues from dosed animals were also 

acquired as part of another experiment by a colleague (Wanshan Feng). For this 

experiment, the animals, housing, drug administration and method of 

euthanisation was the same as for the generation of tissue sections from dosed 

animals, except the vehicle was linoleic acid instead of sesame oil. Samples were 

collected 4 hours post dosing.  

2.3.3 Tissue collection and preparation  

Animal carcasses were laid in a supine position and the ventral abdominal 

wall was incised to expose the intestine. Individual MLN were removed from the 

abdominal cavity and gently dissected from surrounding tissue as previously 

described [201]. Where lymph nodes were used for sectioning, care was taken to 

maintain tissue in the same orientation as was positioned inside the body and 

avoiding rotation in either plain, with the aim of having a consistent and 

comparable imaging plain between samples. Tissue was stored at – 80 °C until 

needed. 

2.3.3.1. Spiked MLN tissue homogenates  

Tissue homogenates spiked with CBD were used to obtain an 

understanding of the ionisation behaviour of CBD against the matrix of MLN tissue. 

The imaging method developed using these samples could later be applied to 

sections of MLN from animals administered with CBD. The relative sensitivity of the 
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method for CBD detection could also be determined. Concentrations of CBD in MLN 

have been reported in the region of 2- 14 µg/g (Chapter 4, [70, 109]).  

Previous in- house preparation of homogenate tissue for MSI included 

suspension of tissue in solvent, homogenisation, air drying to remove solvent and 

tissue water content and subsequent resuspension of dried homogenate tissue in 

solvent. The benefit of this is that tissue drug content can be expressed as a ratio 

of solid mass, independent of tissue water content. However, since previous work 

used to quantify CBD in tissues was performed using HPLC and hydrated tissue [4] 

this initial drying stage was deemed unnecessary. 

DMSO was previously shown to cause signal suppression for a range of 

drugs in tissue homogenates when compared to methanol [243]. Based on this, all 

homogenates were diluted in methanol.  

Dissected MLN tissue added to methanol at a ratio of 1:2 (w/v) and 

homogenised (POLYTRON® PT 10–35 GT, Kinematica AG, Luzern, Switzerland) at 

18000 rpm for 3 minutes on an ice bath. Samples were then spiked with CBD at 

concentrations ranging from 5000 μg/g – 5 μg/g (weight drug / weight tissue). Spots 

of 1-2 μl of homogenate were placed on a non-gelatinised glass slide and samples 

were stored at -80 °C until analysed.  

2.3.3.2. Assessment of ion yield following exposure to reactive vapour 

In an attempt to optimize the yield of CBD ions during analysis, glass slides 

containing homogenate samples from tissues that had been spiked with CBD were 

placed in a petri dish and exposed to TFA vapour for 10 minutes. 

2.3.3.3. MLN homogenates from dosed animals  

Homogenate MLN tissues from animals dosed orally with CBD were 

acquired from another study by a colleague (Wanshan Feng) has been diluted at a 
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ratio of 1:2 (w/w) in HPLC grade water and prepared in the same way as spiked 

tissue homogenates.  

2.3.3.4. High pressure freezing  

Where tissue homogenates were high pressure frozen, 2 µl of suspension 

was placed into a 0.01 mm depth planchette and frozen using a Leica EM ICE (Leica, 

Germany) as previously described [244]. Samples were then stored in liquid 

nitrogen until transfer into the Cryo-OrbiSIMS system.  

2.3.3.5. Sample drying  

Where tissue homogenates were dried prior to analysis, samples were left 

at room temperature (laboratory bench) for 2 – 3 hours.   

2.3.3.6. Tissue sectioning 

Lymph node samples were embedded using the inert support medium, OCT 

which rapidly solidifies once cooled below –10 °C. Samples were either frozen at -

20 °C or dipped in liquid isopentane cooled to -160 ° C for 1-2 seconds. Samples 

were then stored at -80 °C until sectioning.  

Sectioning was performed using a cryostat (Leica CM2018, Leica 

Biosystems, Germany) at a thickness of 16 μm and a chamber temperature and 

object temperature of -20 °C and -25 °C respectively. Samples were then thaw-

mounted onto non gelatinised polysine microscope adhesion slides (ThermoFisher 

Scientific) as previously described [22].  

H&E staining of tissues helps to aid microscopic imaging of tissue structure 

and orientation. For lymph node tissue, this can include identification of the outer 

capsule, sinuses, B-cell follicles and the T-cell paracortex. Sections adjacent to those 

used for SIMS analysis were stained with haematoxylin and eosin (H & E). In short, 

glass slides containing sectioned tissue were immersed in haematoxylin for 5 

minutes and rinsed in tap water. Samples were then exposed to acid alcohol for 30 
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seconds, rinsed again in water and emerged in Scott’s tap water for a further 30 

seconds. Slides were immersed in 1% Eosin for a further 5 minutes and rinsed in 

90%, 100% IMS and finally Xylene. DPX synthetic resin slide mounting medium was 

used to secure a glass cover slip. Optical images of H & E stained tissue sections 

were obtained using a light microscope (Zeiss Axioplan 2, Carl Zeiss Microscopy, 

USA). 

 

2.3.4. Analytical methods  

2.3.4.1 Time of flight-secondary mass spectrometry (ToF-SIMS) 

Due of ease of use and familiarity with the running of the instrument, initial 

work aimed to determine whether analysis could be performed with using ToF-

SIMS. Based on the theoretical benefits of the OrbiSIMS instrument (see section 

2.1) if the ToF-SIMS instrument proved incapable future work would use the 

OrbiSIMS.  

 For initial ToF-SIMS work, analysis was conducted using a ToF-SIMS IV 

instrument (IONTOF, GmbH) equipped with a single-stage reflectron analyser. A 

low energy (<20 eV) electron flood gun was used to charge compensate by 

neutralising any positively charged regions as a result of bombardment of the 

sample surface with a positively charged primary ion beam.  

2.3.4.1.1. Static SIMS  
 

Static SIMS refers to the process by which a sufficiently low primary ion 

dose (≤ 1012 ions per cm2) is used to allow mass spectral data to be acquired faster 

than the lifetime of the surface layer. This means that no area on the sample will 

be impacted twice during the acquisition time and has the benefit of being 

completely non-disruptive to the sample surface. Static analysis was performed 

using a bismuth LMIG, with Bi3+ clusters chosen as the primary ion source as 
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previously described [173]. The primary ion source had a 20 keV beam energy and 

the primary ion dose density was always maintained at ≤ 1 × 1012 ions/cm2 to 

ensure static conditions. For most samples, data was acquired over 500 μm × 500 

μm area at a resolution of 256 pixels / mm unless stated otherwise. Each area was 

scanned using a random raster pattern. Data was collected at a mass range of 0- 

825. 

 

2.3.4.1.2. Dual beam dynamic SIMS  

Dynamic SIMS is a term used to describe the operation of the primary ion 

beam at a dose which exceeds the ‘static’ limit, hence causing the removal of 

fragments from the sample surface. This mode therefore allows for the collection 

of material from the underlying sample and the potential for an improvement in 

secondary ionic yield from the sample. For the purposes of tissue analysis dynamic 

SIMS also has the potential to allow for 3D imaging of drug distribution although to 

date this has only been used for single cell analysis not sectioned tissue and was 

not performed in this work.  

Dual beam dynamic SIMS was performed using a Bi3+ analysis beam as 

described in 2.3.4.1.1. For the process of sputtering, an argon GCIB was used with 

Ar1700 beam used at a beam energy of 10 keV and a current of 10 nA. Data was 

collected in a non-interlaced mode with 1 frame analysis, 3 frame sputter. Sputter 

area was 500 μm × 500 μm and analysis area using Bi3+ was 200 μm × 200 μm. Data 

was collected at a mass range of 0-3500.  

1.3.4.1.3. Primary ion focusing beam 

The spatial resolution achievable is dependent on the primary ion focusing 

mode. Two primary ion focussing modes are commonly employed for ToF-SIMS; 

High current-bunched (HC-BU) and burst alignment (BA), each with advantages and 
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disadvantages depending on the analysis priority. The two methods differ in their 

primary ion pulse duration; HC-BU uses a device called a buncher, which reduces 

the primary ion pulse width (typically to <1 ns). The result is that the primary ions 

of each pulse impact the sample surface in quick succession and energy deposition 

at the surface is reduced. This results in an increased particle ejection reducing the 

extraction and detection times for ions of the same m/z. Subsequently high mass 

resolution can be achieved (M/ΔM = 7000 (FWHM) at m/z = 29), but at the expense 

of the ability of the beam to focus, reducing spatial resolution (> 2 μm). In contrast, 

BA does not use a buncher, meaning the pulse width is longer and total ion count 

mass resolution is impaired. However, because a high focus beam can be employed, 

a much higher spatial resolution can be achieved (< 500 nm). For this reason, BA 

mode is more commonly utilised for the purposes of ToF-SIMS imaging and since 

this is the ultimate aim of this work, BA was used.   

2.3.4.2. OrbiSIMS  

The 3D OrbiSIMS instrument used in this study is a hybridisation of a 

TOFSIMS 5 platform (ION-TOF GmbH, Germany) and a Q Exactive HF OrbitrapTM 

mass spectrometer (Thermo Fischer Scientific, Germany). A similar set up has been 

described previously [170, 236, 244]. Prior to analysis, mass calibration of the Q 

exactive instrument was performed using silver cluster ions.  

Charge compensation was optimised in the centre of the tissue sample 

using an electron flood gun with an energy of 21 eV and a current of −10 μA and 

argon gas flooding. The total primary ion dose was preserved below 1 × 1012 as to 

ensure static conditions. Data was collected in the negative mode at a mass range 

of 75-1125 and a random raster mode. Imaging of sectioned tissue was performed 

using an Ar3000
+

 primary ion source at a primary ion energy of 20 keV unless 

otherwise stated. The time taken to collect images of each node was approximately 
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3 hours. The area scanned for each lymph node was 2.5 × 2.5 mm2
 at a pixel size of 

20.0 μm.  

To investigate the effect of sample temperature on sensitivity of the 

instrument to detect CBD in tissue samples, analysis was performed at both 

ambient temperatures and under cryo conditions. The OrbiSIMS instrument is 

equipped with a fully proportional−integral− derivative (PID) temperature 

controller and a liquid nitrogen closed loop circulation cooling stage as previously 

described [244]. Where homogenate samples were high pressure frozen, samples 

were transferred to the main chamber for analysis using a shuttle chamber Leica 

EM VCT500 (Leica, Germany) [244]. Where sectioned, tissue samples were stored 

at -80 °C prior to analysis, samples were allowed to equilibrate to room 

temperature prior to stage mounting. This was an attempt to avoid the formation 

of frost. Samples were then cooled in the loading chamber prior to transfer into the 

analysis chamber. All cryo analysis was performed at < -130 ºC.  

 

2.3.5 Data processing and analysis 

All ToF-SIMS and OrbiSIMS data was collected and interpreted using 

SurfaceLab 7 (ION-TOF GmbH).  All exported peak intensities were normalised to 

the total ion count of the spectra. All figures and statistical analysis were performed 

in GraphPad Prism (version 7.03). Peaks were assigned using SurfaceLab 7 

functionalities. A deviation of 1 ppm from the assignment was deemed acceptable. 

To compare intensities of species in different samples, multiple groups 

were compared using a one-way analysis of variance (ANOVA) with Tukey’s multiple 

comparisons tests were performed. Where only two groups were being compared, 

an unpaired, two-tailed t-test was performed. A p value of <0.05 was considered 
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statistically significant. The relationship between concentration and peak intensity 

was analysed using linear regression analysis and expressed using the R2 value.  

2.4. Results and Discussion  

2.4.1. Method development for ToF-SIMS detection of CBD in lymph node 

tissue  

2.4.1.1 Static SIMS 

Preliminary work began by investigating the use of static SIMS for the 

detection of CBD in tissue homogenates. Despite the discussed benefits of GCIB as 

a primary ion source (section 2.1.), initial work was performed with an LMIG 

primary ion source due to its associated superior spatial resolution. 

CBD undergoes metabolism in the liver by Cytochrome P450 enzymes [245] 

which is initially bypassed through uptake into the intestinal lymphatics (see 

Chapter 1, section 1.5.3.3). Subsequently, the parent molecule of CBD can be 

readily detected by HPLC in MLN samples from animals dosed orally with CBD 

(Chapter 4, [70, 109, 201]).  Based on this, initial work aimed to characterise the 

ionisation and any potential fragmentation behaviour of the parent molecule of 

CBD. The presence of these species could then be determined in tissue samples.  

Intact molecular species are often present in at a higher abundance 

compared to fragments are so are the most reliably detected. Both the [M-H]- 

(C21H29O2
-, m/z = 313) and [M+H]+ (C21H31O2

+, m/z = 315) species could be identified 

in samples of powdered CBD in the positive and negative polarity data respectively 

(Figure 2.2). However the [M-H]- species was detectable at a higher yield relative to 

[M+H]+ (Figure 2.2) suggesting CBD is more ionisable in the negative polarity. In 

addition to the molecular ions, fragment ions are usually  formed through collision 

of molecular ions with primary ions of energetic ions in the samples [246]. Several 
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fragments of CBD have been described [247, 248] and could be identified in CBD 

powder (Table 2.1). The proposed fragmentation pattern for fragments at m/z 179, 

191 and 245 are shown in Figure 2.3. These species were all present at a lower 

abundance relative to the [M-H]- species (Table 2.1). Based on this, majority of 

future work was performed in the negative mode, unless stated otherwise. The 

abundance of these ions was consistent in samples of CBD diluted in ACN, DMSO 

and methanol, suggesting no suppressive solvent effect on CBD ionisation. 
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Figure 2.2. Static ToF-SIMS spectra of CBD powder in a) negative mode and b) 

positive mode. 
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Table 2.1. CBD fragments and their relative abundance in CBD powder in the 

negative mode analysed by static SIMS. 

 

m/z Intensity (normalised 

to total counts) 

Relative abundance 

(%) 

107.0620 5.55E-03 6.42 

129.0778 3.74E-05 0.04 

137.1113 3.92E-04 0.45 

171.0506 8.91E-04 1.03 

173.0593 1.95E-03 2.26 

179.1069 1.84E-03 2.13 

183.0531 8.33E-04 0.96 

191.1070 3.16E-03 3.66 

201.0840 2.17E-03 2.51 

205.1437 1.60E-03 1.85 

229.1201 1.34E-03 1.55 

245.1438 8.65E-03 10.02 

264.7747 3.40E-04 0.39 

269.1431 1.95E-03 2.26 

277.1901 2.45E-04 0.28 

295.0681 1.68E-03 1.94 

311.1845 7.87E-03 9.11 

313.2289 4.59E-02 53.11 

 

 

 

Figure 2.3. Proposed fragmentation patterns for CBD. 

 

Having identified ions that are diagnostic to the presence of CBD, the aim 

was to assess the ability to identify them within a relevant matrix:  in this case MLN 

tissue homogenate. Analysis of tissue homogenate spiked with CBD demonstrated 
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that using static SIMS no ions related to CBD could be detected in tissue (Figure 

2.4). This was likely a combination of insufficient sensitivity as well as interfering 

peaks in the tissue which could not be well resolved, even at 5 mg/g, which is 

sufficiently higher concentrations than physiologically relevant (Chapter 4. [70, 

109]). Comparison of the spectra from spiked and blank tissue homogenates did 

not suggest the presence of any other CBD fragments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 2.4. Overlaid static ToF-SIMS spectra of blank MLN tissue homogenate 

(black) and MLN tissue homogenate spiked with 5 mg/g CBD (red) in the a) 

negative spectra and b) positive spectra. 
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2.4.1.2 Dynamic SIMS for yield optimisation  

The surface of biological samples can become contaminated which can 

mask the detection of underlying species of interest. Sputtering can be used to 

remove material from the sample surface thus cleaning it of contaminants and 

improving the ionic yield of underlying material [249]. Based on this, it was 

hypothesised that the use of dynamic SIMS may improve the detection and 

sensitivity for CBD in tissue homogenates. Depth profiling showed that there was 

an enhancement in ion yield for the [M-H]- species with increased sputter time 

(Figure 2.5). Subsequently, dynamic SIMS analysis of CBD spiked tissue 

homogenates showed that sensitivity could be improved compared to static SIMS 

(Figure 2.6). Peak intensity was higher in samples spiked with higher concentrations 

of CBD (Figure 2.7). However, the analytical method was still not sufficient to detect 

the molecular ion of CBD at in vivo relevant concentrations (Figure 2.7). This was in 

part due to an interfering peak as a similar m/z to CBD in the blank tissue sample 

which could not be resolved. Poor mass resolution of CBD was also reflected in 

images of the homogenates (Figure 2.8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Dynamic SIMS negative mode depth profile data of MLN tissue 

homogenate spiked with 5 mg/g CBD. 
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Figure 2.6. ToF-SIMS spectra of MLN tissue homogenate spiked with 5 mg/g using 

static SIMS (purple) and dynamic SIMS (green). Data shown in the negative mode.  

 

 

 

Figure 2.7. Overlaid Dynamic ToF-SIMS spectra of blank MLN tissue homogenate 

(black) and MLN tissue homogenate spiked with 10 µg/g CBD (red) CBD cannot be 

deciphered against the matrix of homogenised MLN tissue at in vivo relevant 

concentrations. Data shown in the negative mode. 
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Figure 2.8. ToF-SIMS images of [M-H]- CBD C21H29O2
- in MLN tissue homogenates 

spiked at a range of concentrations. 

 

Poor sensitivity for CBD in spiked homogenate tissues using ToF-SIMS 

correlated to an inability to detect any CBD related species in sectioned samples 

from dosed animals using an LMIG primary ion source (Figure 2.9). Development of 

the tissue sectioning method is described in section 2.4.3. The lack of sensitivity at 

concentrations as high as 10 µg/g perhaps was not surprising since this 

concentration is significantly lower than previously described studies looking at 

drug distribution where high concentrations of drug were applied topically [172, 

250]. In addition, whilst samples were held in the main chamber for analysis, it was 

observed that the intensity of CBD decreased over time. The vapour pressure for 

CBD at ambient conditions is approximately 3.2x10-7 mbar [251]. Based on this, it 

was hypothesised that main chamber pressure could have exceeded the vapour 

pressure for CBD, causing sublimation. The impact of temperature on this 

phenomenon is explored in section 2.4.2.3.   
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Figure 2.9. ToF-SIMS images of sectioned lymph nodes from animals dosed with 

CBD. a) total ion counts, b) Overlay red, PO3
- a tissue fragment, blue, SiHO3

-OCT, 

green SiCH5N- glass, c) C21H29O2
- [M-H]- CBD. The outline of the node is indicated in 

each image by a dashed white line. 
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ToF-SIMS is as a semi-quantitative technique. One reason for this is the 

presence of matrix effects. This phenomenon is well described [252, 253] and refers 

to the impact that the matrix, in this case chemical components of tissue, have on 

the electron exchange process and subsequently ionisation of the species of 

interest, in this case CBD. Despite this, work with both SIMS and MALDI have shown 

a linear relationship between molecular ion intensity and concertation of drug 

within tissue homogenate samples [243, 254].  Figure 2.8. indicates a uniform 

distribution of CBD in tissue homogenate. The relationship between CBD [M-H]- 

intensity as a function of concentration is shown in Figure 2.10.  Some deviation 

from a linear relationship was observed at lower concentrations. Caution should 

also be taken when using the calibration curve in the absence of repeats, accuracy 

and precision assessments and without sufficient validation including 

determination of the lower limit of quantification (LLoQ). This assessment of 

relationship between ion abundance and concentration is therefore preliminary 

and highly exploratory.  

Utilisation of this calibration curve can therefore estimate concentrations 

of CBD in different regions of sectioned tissue from dosed animals as was previously 

performed for lactate in sections of mouse tumour [254]. Knowledge of the 

immunomodulatory threshold of CBD can then be used to estimate which cells CBD 

exerts its pharmacodynamics effects on. However, it should be noted because the 

calibration curve has been produced in homogenised tissue, where any matrix 

effects of the tissue on CBD detection would be exerted equally, investigation into 

potential matrix effects of regions of intact sectioned tissue was also necessary (see 

Chapter 3 section 3.4.5 ).   
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Figure 2.10. Calibration curve showing the intensity of the [M-H]- for CBD spiked 

at various concentrations in homogenised MLN tissue using dynamic SIMS (n=1). 

Data is presented using a log scale.  

 

2.4.1.4 Reactive vapour exposure for yield optimisation   

Initial work using ToF-SIMS instrumentation indicated an insufficient ion 

yield for CBD and in vivo relevant concentrations. It was previously shown that 

exposure of tissue to reactive TFA could improve yield of biologically relevant 

fragments [255]. It was therefore hypothesised that this may also apply to the 

molecular ion for CBD through the donation of protons, thus increasing ionisation 

efficiency. In an attempt to optimise sensitivity to CBD using ToF-SIMS, 

homogenised tissues were exposed to TFA. However, yield of the molecular ion was 

not significantly improved compared to untreated tissue homogenate systems in 

either mode (Figure 2.11).  
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Figure 2.11. Overlaid dynamic ToF-SIMS spectra of blank MLN tissue homogenate 

(black) and MLN tissue homogenate spiked with 10 µg/g CBD (red) CBD in 

following exposure to TFA in the a) negative and b) positive mode. 

 

Taken together, the data presented in section 2.4.1. indicate that that using 

the ToF-SIMS approach specifically utilising the LMIG / ToF combination ion beam 

/ analyser combination could not provide sufficient sensitivity and/or mass 

resolving power to detect CBD against the matrix of tissue at relevant 

concentrations for the delivery of CBD.  
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analysis of biological samples relative to conventional ToF-SIMS instrumentation 

have been described (See section 2.1.). Improved mass resolution and sensitivity 
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comparison between the two instruments has not yet been made for the detection 

of an active pharmaceutical ingredients (API) in tissue sections. It was first aimed 

to compare whether, relative to analysis with the ToF-SIMS instrument, the mass 

resolution and sensitivity for CBD in tissue homogenates could be improved using 

OrbiSIMS. In order to make direct comparisons with work performed using ToF-

SIMS, initial work with OrbiSIMS was performed at ambient temperatures.   

CBD [M-H]- could not be detected at 10 µg/g in tissue homogenate using 

an Ar5000
+. This is likely because the overall TIC was too low (Figure 2.11.) However 

using an Ar3000
+ the overall TIC was higher compared to when using an Ar5000

+ 

analysis beam (Figure 2.12). The enhanced ionic yield observed with Ar3000
+ was in 

agreement with previous work comparing the two analysis beams [256]. 

Subsequently using an Ar3000
+ analysis beam, Figure 2.13. demonstrates superior 

mass resolution and sensitivity for CBD of OrbiSIMS relative to dynamic SIMS using 

ToF-IV.   Subsequently, the [M-H]- species of CBD could be deciphered against the 

matrix of tissue at in vivo relevant concentrations using an Ar3000
+ analysis beam 

(Figure 2.11). 
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Figure 2.12. Comparison of Total ion counts (TIC) using Ar5000
+ and Ar3000

+ beams to 

analyse MLN tissue homogenates. Data is shown as mean ± SD n = 13 Ar3000
+ and n 

= 5 for Ar5000
+. *Statistically significant, unpaired two-tailed t-test, p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Overlaid mass spectra of MLN tissue homogenate spiked with 10 µg/g 

CBD analysed with dynamic ToF-SIMS (black) and OrbiSIMS (blue). 
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CBD [M-H]- could be detected within the matrix of tissue homogenate 

without interfering peaks in blank tissue (Figure 2.14). CBD could also be detected 

at concentrations of 7.5 µg/g and 5 µg/g although at these concentrations variation 

in peak intensity was larger. (Figure 2.15). Based on this, the goal of developing a 

method by which CBD can be detected in tissue at in vivo relevant concentrations 

without the use of labels or matrices has been achieved. To our knowledge, imaging 

of APIs in tissue has not previously been achievable without the use of labels at 

concentrations as low as described in this work. The method may be used to image 

the distribution of CBD in MLN following oral delivery. Again, it should be noted 

that use of the calibration curve in Figure 2.15 to calculate concentrations of CBD 

in tissue samples should be down with significant caution in the absence of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. OrbiSIMS spectra of blank MLN tissue homogenate (black) and MLN 

tissue homogenate spiked with 10 µg/g CBD (red). CBD can be clearly deciphered 

against the matrix of tissue homogenate. 
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Figure 2.15. Calibration curve showing the intensity of the [M-H]- for CBD 

normalised to total counts spiked at various concentrations in homogenised MLN 

tissue using OrbiSIMS. Data is presented as mean± SD, n=3.  R2 = 0.922. 

 

2.4.2.2. OrbiSIMS analysis of lymph node homogenates from dosed animals  

OrbiSIMS analysis of homogenate samples from animals dosed with CBD 

showed that the CBD [M-H]-
 fragment could be detected in all 4 animals with good 

mass resolution. In addition, the intensity was significantly higher than for 10 μg/g 

spiked homogenates, suggesting analysis of spiked homogenates represent an 

underestimate for CBD sensitivity (Figure 2.16). This may be the result of a sample 

preparation effect and correlated with CBD being clearly visible in an OrbiSIMS 

image of tissue homogenate from a treated animal (Figure 2.17).  

It is important to note that solvent used for homogenisation of tissue was 

not the same in spiked homogenates and samples from animals. Although there is 

no reason to hypothesise that either solvent should have a matrix effect on the 

fragments since theoretically both are removed through the drying process as part 
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of sample preparation and under vacuum conditions, samples should not be 

directly compared. Future work with homogenate systems should therefore be 

homogenised in water to better mimic samples acquired from dosed animals. In 

addition, the animals dosed with CBD were also dosed with a linoleic acid vehicle. 

The animals from which tissue homogenates spiked with CBD were obtained were 

not fasted, however large amounts of linoleic acid in the lymph nodes from these 

animals are unlikely. Therefore, the tissue matrices are also not completely 

comparable. Despite these variables, the data in Figure 2.16 further supports the 

evidence that CBD should be detectable in sectioned tissue from animals dosed 

orally with CBD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. Relative intensities of the CBD [M-1]- fragment in homogenates from 

dosed animals and homogenates spiked with 10 µg/g CBD. Error bars represent 

mean +/- SD. For dosed animals n represents samples from 4 separate animals 

and for spiked homogenates n represents 3 spiked systems. *Statistically 

significant, unpaired two-tailed t-test, p < 0.05. 
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Figure 2.17. OrbiSIMS Image of droplet of MLN tissue homogenate from an animal 

dosed with CBD.  The periphery of the homogenate droplet is indicated by a 

dashed white line. 

 

A number of CBD fragments identified using static ToF-SIMS analysis of CBD 

powder were also present in OrbiSIMS analysis of homogenates from treated 

animals (Table 2.2). Fragments at m/z 205, 229 and 245 were however absent in 

homogenate samples. There was a highly abundant peak at m/z 269 in tissue 

homogenates which was initially thought to be related to CBD. However, based on 

its very high abundance compared to other CBD related ions, it was hypothesised 

that this species may actually be an interfering peak. Margaric acid is a fatty acid 

with an [M-H]- fragment at C17H33O2
-, and is the likely cause, since lipids are also 

likely to be highly abundant in these samples. The low deviation also provides 

confidence in this assignment. A fragment at m/z 264 was also highly abundant and 

this should be monitored alongside the [M-H]- species in future analysis of 

sectioned lymph nodes from CBD dosed animals.  
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Table 2.2. CBD fragments and their relative abundance in tissue homogenates 

from CBD dosed animals in the negative mode analysed by OrbiSIMS. 

 

m/z Intensity (normalised 

to total counts) 

Relative abundance 

(%) 

107.0503 1.21E-04 0.68 

129.0291 6.00E-06 0.03 

137.0972 1.08E-05 0.06 

171.1027 2.70E-06 0.02 

173.0971 9.22E-06 0.05 

179.1078 4.38E-05 0.25 

183.1390 8.26E-05 0.47 

191.0575 1.40E-06 0.01 

201.1124 3.58E-04 2.02 

205.1962 4.58E-07 0.00 

229.1234 4.03E-07 0.00 

245.1171 0.00E+00 0.00 

264.7154 1.67E-03 9.39 

269.2492 1.52E-02 85.48 

277.2181 9.51E-05 0.54 

295.2279 7.17E-05 0.40 

311.2019 1.08E-04 0.61 

313.2176 1.21E-04 0.68 

 

2.4.2.3 Impact of analysis temperature 

 As mentioned, a decrease in the abundance of CBD fragments was 

observed whilst samples were held in the main chamber for analysis. Previous 

reports have described the undesired migration of semi volatile analytes such as 

cholesterol to the sample surface at room temperature that was prevented under 

cryogenic conditions [239, 257].  It was hypothesised that at ambient temperatures 

the vapour pressure for CBD had been exceeded [258] resulting in migration and 

ultimately sublimation of CBD from the sample. The abundance of CBD in samples 

was therefore analysed at room temperate and under cryo conditions. To also 
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compare what effect dehydration had on the abundance of these samples, a 

comparison with samples that were dried prior to cryo analysis was included. Figure 

2.17 demonstrates that when analysed as soon as the vacuum in the main chamber 

is achieved, CBD intensity is highest in samples at room temperature. In addition, 

intensity was lowest when analysed under cryo-hydrated conditions. One reason 

for this may be this may be that in the presence of water, the sample is essentially 

more dilute, resulting in less tissue material being collected. Interestingly, although 

higher than the cryo hydrated sample, CBD was less abundant in cryo dried samples 

compared to RT dried samples. It was  hypothesised that, as was described with 

cholesterol [239, 257] this is also a result of CBD migration towards the surface of 

the sample. Cholesterol sulphate appeared to behave similarly to CBD. However, 

interestingly, the increase in intensity at RT was not consistent for all biomolecules, 

as adenine was most abundant in samples analysed under cryo-hydrated 

conditions. In addition, Serine was more abundant under cryo dried conditions. 

Total ion count was also comparable at room temperature and cryo-conditions for 

dried samples (Figure 2.18). However, since determination of CBD distribution was 

the ultimately the main goal of this work, it was decided that imaging of sectioned 

tissue should be performed under cryo conditions following drying.  
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Figure 2.18. Average peak intensities for samples analysed under different 

conditions. Data is displayed as mean ± SD. n=4 *statistically significant p< 0.05. 

One- way ANOVA, with Tukey’s multiple comparisons test. 
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2.4.3 Optimising tissue sectioning  

Having optimised instrumental parameters, the final method development 

step was to ensure tissue integrity when sectioning. Paraffin embedding is 

commonly used in histology to support tissue to prevent tearing and damage during 

sectioning. However, as previously mentioned (Section 2.1) it was shown that it can 

result in contamination and the need to wash with hexane can affect the integrity 

of the tissue, especially to lipid species [238]. Based on this, optimal cutting 

temperature (OCT), an inert polymer based support medium was used. In addition, 

snap or flash freezing of samples using liquid nitrogen or isopentane has been 

described as a way of freezing samples at a fast rate to prevent the formation of ice 

crystals which impact tissue integrity [259]. Despite this, Figure 2.19 shows the 

integrity of tissue was worse when tissues were snap frozen compared to slow 

frozen at -20 °C. For this reason, sectioned tissues were slow frozen prior to 

analysis.  
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Figure 2.19. 5x magnification light microscope images showing a comparison of 

the integrity of sectioned MLN following different methods of freezing following 

H&E staining. Samples were frozen using a) liquid isopentane, b) freezing at -20 

°C. Some of the major cellular regions can be deciphered in b) and are indicated; 

P, paracortex; HEV, high endothelial venuole; BCF, B-cell follicle; OC, outer cortex. 

 

2.5. Conclusions  

This chapter describes the development of a MSI method that can be 

applied for the determination of CBD distribution in sectioned MLN tissue. Initial 

work using a conventional ToF-SIMS instrument and LMIG analysis beam 

demonstrated that static SIMS provided insufficient sensitivity and mass resolution 

to detect CBD against the matrix of homogenised MLN tissue. Use of a dynamic 

SIMS approach allowed for the detection of CBD in homogenates, however 

sufficient mass resolution or sensitivity at in vivo relevant concentrations was not 

a) 

b) 

b) 
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achieved. This was not improved by exposure to reactive vapour. Correspondingly, 

CBD could not be detected in sections of lymph node from animals dosed with CBD 

using LMIG analysis. Based on this, LMIG analysis using conventional ToF-SIMS was 

deemed inappropriate for the imaging of CBD in lymph node tissue. 

As predicted, both mass resolution and sensitivity were superior using a 

hybrid OrbiSIMS instrument and GCIB analysis beam, compared to ToF-SIMS and 

LMIG analysis beam. Furthermore, a major finding was that using OrbiSIMS, the 

molecular ion for CBD in the negative mode, as well as a number of fragment 

species of CBD, could be resolved at in vivo relevant concentrations. However, at 

lower concentrations reported in vivo, (5 – 10 µg/g) large variability in abundance 

of these ions was observed. As a way of confirming the sensitivity of the developed 

method, a spot of MLN homogenate from a dosed animal was also imaged and 

showed CBD was consistently detectable and at higher intensity than predicted 

using 10 µg/g CBD spiked homogenate. This work therefore represents the lowest 

concentrations of drug in tissue samples detection using a SIMS method.  

The impact of analysis temperature on the detection of CBD was also 

compared and it was demonstrated that RT analysis results in the highest intensity 

of [M-H]-. Longitudinal analysis showed reduction in CBD detection over time the 

reasons for which are sublimation under ultra-high vacuum conditions. Under cryo 

conditions, dried samples resulted in a better yield of CBD compared to hydrated 

samples, which is likely due to a dilution of molecules of interest in hydrated 

samples. For this reason, it was concluded that analysis of sectioned tissue should 

be performed under cryo conditions. In conclusion, the developed OrbiSIMS 

method can now be applied to image the distribution of CBD in sections of lymph 

nodes from orally dosed animals as part of subsequent work. This work also 
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highlights the potential of OrbiSIMS technology for the analysis of drug in tissue 

following non-topical administration.
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3. Distribution of cannabidiol and other lipophilic 

molecules within intestinal lymph nodes 

3.1. Introduction  
 

Lymph nodes contain well described, distinct cellular regions (section 

1.1.1.4.1.). A number of drugs, including Cannabidiol (CBD), can be targeted to the 

mesenteric lymph nodes (MLN) following oral delivery (section 1.3.1.). However, 

the distribution of these compounds, within the lymph node structure remains 

unclear. Subsequently, little is known about the way in which pharmaceutical 

components interact with different classes of cells within lymph nodes, knowledge 

of which could have major implications in drug design.  

There have been few attempts to image drug distribution in lymph nodes. 

In one example, a model fluorescent prodrug of the immunomodulatory 

compound, mycophenolic acid was shown to accumulate in both the cortex and 

paracortex of MLN at 5 and 10 hours after oral delivery [260]. However, one major 

drawback of this work, as with any fluorescent label, is that there can be no 

guarantee that the distribution of the fluorescently labelled prodrug is 

representative of the drug itself.  

Infrared matrix-assisted laser desorption electrospray ionization (IR-

MALDESI) imaging has been used to image the distribution of several antiretrovirals 

(ARV) within lymph nodes following oral delivery [261, 262]. In one example, two 

orally administered ARV drugs were imaged in MLN following 8 to 10 days’ 

treatment and were shown to have widespread distribution across the node, 

despite one drug being present in low abundance. In addition, complementary 

methods were successfully used to demonstrate that HIV reservoirs within the 
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lymph were poorly exposed to these ARV [261]. However, how drugs distribute in 

MLN following targeted lymphatic transport, and how distribution compares for 

different drugs remains unclear.  

ToF-SIMS imaging has previously been used to demonstrate the 

distribution of drug in tissues. However, the only examples have been following 

topical delivery or direct injection, where concentrations are high (50 – 100 mg/ml) 

[172, 176, 177].  OrbiSIMS has a number of advantages over ToF-SIMS for biological 

sample analysis [181] (section 2.4.2.1.). To date only one example of the tissue 

imaging capabilities of OrbiSIMS has been described. Different anatomical regions 

of sectioned brain tissue could be distinguished through imaging the distribution of 

various lipid species [170]. The suitability of OrbiSIMS for the determination of drug 

distribution in tissues is yet to be determined. 

In addition to the understanding of drug distribution, little is known about 

the innate chemistry of lymph node tissue. By determining the distribution of 

innate biomolecules within lymph node tissue, Pharmacodynamic changes to these 

molecules as well as the synthesis and release of additional molecules can, in 

theory, be identified. Some attempts have been made to identify 

pathophysiological changes in lymphoid tissue using SIMS imaging.  These include 

studies of cancer [263, 264] and infection [265, 266].  Lymph nodes are largely 

populated by immune cells, although few examples of immune cell analysis with 

SIMS exist. In one of the few examples of mass-spectrometry analysis of tissue-

resident immune cells, MALDI mass spectra differed among immune cells and these 

species could be localised to sections of lymph nodes in human colon tissue [267]. 

But, mass resolving power was poor, meaning no peak assignments could be made. 

Spatial resolution was also insufficient to localise different immune cell types within 

the lymph node structure.  Subsequently, a label-free method for the simultaneous 
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imaging of drug molecules, native tissue molecules and detectable markers of drug 

induced pharmacodynamic changes to tissue chemistry are needed.  

3.2. Chapter aims and objectives 
 

The primary aim of this chapter is to determine the distribution of CBD in 

sectioned lymph nodes following oral delivery using the OrbiSIMS method 

described in Chapter 2. Using this method, the suitability of OrbiSIMS for a number 

of other aims can also be assessed. Specific objectives include:  

 

• Exploratory characterisation of the innate chemical composition of lymph 

node tissue including identification of any markers of the distinct cellular 

regions. These include the T-cell rich paracortex and peripheral B-cell 

follicles. 

• Determination of the distribution of a model drug of interest, CBD, in 

sectioned MLN tissue following oral delivery. 

• Determination of the distribution of components of the lipid-based 

formulation in which CBD was administered, in sectioned MLN tissue 

following oral delivery. 

• Determination of any chemical markers of pharmacodynamic changes in 

innate tissue chemistry as a result of CBD or formulation delivery. 

 

3.3. Materials and methods 
 

3.3.1.      Sectioned MLN tissue 

3.3.1.1.              Materials 

As described in Chapter 2 (section 2.3.1), plant-derived CBD was purchased 

from THC Pharm GmbH (Frankfurt, Germany). Sesame oil was purchased from 
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Sigma Aldrich (Gillingham, UK). All other solvents and reagents were of HPLC grade 

and were purchased from Fisher Scientific (Loughborough, UK). 

 

3.3.1.2.              Animals 

Sections of MLN tissue for the determination of CBD distribution following 

oral delivery were acquired from animals dosed orally with CBD via a sesame oil 

vehicle (n=3 nodes from 3 animals). Details of the animals, husbandry and 

maintenance for the studies in this chapter are as described in Chapter 2, section 

2.3.2. and 2.3.3.  Following 5 days of acclimatisation, rats were fasted overnight 

with free access to water. CBD in sesame oil was administered via oral gavage 

(12mg/ml, 12mg/kg) as previously described [7]. Animals were euthanized by CO2 

asphyxiation two hours post dosing, one hour prior to tmax and MLN collected. One 

lymph node from an animal not dosed or fasted was also acquired as a control 

against which the samples from dosed animals could be compared. A total of 4 

nodes were therefore analysed.  

  

3.3.1.3.              Tissue collection and handling 

Tissues were collected, sectioned and stored prior to imaging using the 

method described in Chapter 2 section 2.3.3.6. For the purposes of determining 

basic tissue histology, H&E stained images were acquired using the method also 

described in section 2.3.3.6. For each node approximately 10 sections were 

acquired and the most integral sample selected for analysis. 

3.3.2. Analytical methods  
 

The OrbiSIMS method used in this chapter to image sectioned MLN was 

described in detail in section 2.3.4.2. Briefly, all data was acquired using an Ar3000
+ 

20keV analysis beam. Ion images containing 409600 pixels were acquired over an 
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area of 2500 µm x 2500 µm (pixel size 20 µm). The patch FoV was 500 µm, collected 

in a random raster mode. The Orbitrap analyser was operated in negative mode at 

the 240,000 at m/z 200 mass resolution setting as previously described [170]. Mass 

spectra was collected for a mass range of 75-1125. The main chamber was 

maintained at approximately -140 °C and 9.0E-07 mbar throughout analysis and the 

total ion image - acquisition time was approximately 2 hours and 10 minutes. 

 

3.3.2.1. Multivariate analysis  
 

In samples of sectioned tissue, the presence, abundance and distribution 

of a number of secondary ions peaks of interest were assessed. These include 

secondary ions known to be associated with CBD (Table 2.2) and ions assigned as 

elements of formulation derived chylomicrons. A typical OrbiSIMS spectra from 

biological sample analysis contains hundreds of thousands of peaks. Manual 

assessment of all these secondary ion peaks was therefore not feasible. 

Multivariate analysis (MVA) is a statistical tool can be used to find patterns and 

relationships in data containing several interdependent simultaneously measured 

variables. MVA can therefore be used to elucidate the degree of variation between 

sample types and the identity of the secondary ions which contribute most to this 

variation. Although no published examples of an OrbiSIMS dataset exist yet, MVA 

has become a commonly used tool for the assessment of ToF-SIMS data [268].  

In this instance, MVA was utilised to identify the secondary ions which 

differed between the major cellular regions of lymph nodes. These could then in 

theory be used as markers of these regions. In addition, comparisons of these 

regions in sections from animals dosed with CBD and animals not dosed were made. 

This information can subsequently be used to identify any additional markers of 

CBD distribution or potential markers of CBD induced pharmacodynamic effects.  
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Principal component analysis (PCA) is one of the most commonly used MVA 

methods for SIMS data. The principles of PCA are described in depth elsewhere 

[269]. In short, the data set, which for SIMS is the spectra, is defined as the matrix. 

Within the matrix, the rows contain different samples and the columns contain 

variables. For SIMS, the variables are measured intensities of species with varying 

m/z values. PCA is an axis rotation that aligns each set of axes, or principal 

components (PCs) with the maximal directions of variance within a data set. PCA 

then generates the scores and the loadings, which taken together can then be used 

as a summary to describe the original data set and therefore aid data 

interpretation. More specifically, the score plot is used to indicate the projection of 

the data point on the given principal component axes. The loadings highlight which 

variables, or ions, are responsible for the separation between samples as 

highlighted in the scores plot. The variables furthest away from the plot origin are 

described as the most significant contributors to the variance.  

As part of this chapter, all PCA was performed using simsMVA (version 2, 

Gustavo Trindade Ph.D., University of Surrey, UK) [270] which operates using 

MATLAB (Mathworks, Natick, USA). Regions of interest (ROI) were drawn using the 

polyline function within SurfaceLab 7, avoiding any areas of tissue damage as 

indicated by the presence of markers of OCT or glass. To account for the higher 

yield of smaller fragments, the spectra from each total image was divided into 3 

regions from m/z 75-300, 300-700 and 700-1125. An automatic secondary ion peak 

search was performed at each mass range and approximately the same number of 

secondary peaks from each region were combined to form one peak list. The 

intensities for each secondary ion peak in the list were then determined for each 

region of interest after being normalised to the total counts in the ROI respectively. 

Data were pre-processed by Poisson scaling and mean centring before PCA.  
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3.3.3. Determination of tissue matrix effects 

A comparison of the matrix effects of underlying sectioned MLN tissue 

regions on the ionisation efficiency of CBD were assessed. The absence of any 

matrix effects would imply that that any differences in distribution of CBD across 

tissue sections was not an analytical artefact but instead a true reflection of 

differences in distribution throughout the lymph node.  

 

3.3.3.1. Tissue preparation  

For the determination of matrix effects, sections of MLN were prepared 

from animals not dosed or fasted. As with samples generated for the purposes of 

imaging, lymph node tissues were dissected and sectioned as per Chapter 2 section 

2.3.3.6.   

 

3.3.3.2. Matrix application  

Theoretically, if the matrix effect of different regions of tissue is identical, 

then the ionisation and detectable abundance of a molecule, present at the same 

concentration should also be identical. To assess this, an even distribution of CBD 

was applied to the surface of the sample. This was achieved using a NexDep PVD 

coater and performed by a colleague (Wenshi He). Samples were loaded into the 

coater sample holder which was kept at a constant temperature of 10 °C. CBD 

deposition was carried out in a sequential manner using two coaters and the 

sample holder was also rotated at 30 rpm to improve the uniformity of material 

deposition. Six layers of CBD were deposited at a concentration of 0.02 mg/ml CBD 

in 60% ethanol, 20 z/mm, spray speed 800 mm/min, flow rate 10 µl/min and line 

distance 2 mm. The final deposition of CBD was 0.75 µg/mm². Deposition rates 
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were monitored via Quartz crystal microbalance (QCM) sensors inside the coating 

chamber.  

3.3.3.4. Analysis  

As previously described (section 1.1.3.2), lymph node tissues can be crudely 

divided into a central paracortex and periphery containing B-cell follicles. Analysis 

was performed at varying locations across the lymph node and the intensity of CBD 

compared at locations on the periphery and at the centre of the node respectively. 

The analysis parameters using OrbiSIMS are as described in section 2.3.4.2, with a 

200 µm x 200 µm FoV size. For the purposes of this analysis, 6 locations in the centre 

of the node and 6 locations around the periphery of the node were compared 

across 2 nodes. 

 

 

3.4. Results and Discussion  
 

3.4.1. Characterisation of innate lymph node tissue using OrbiSIMS 
imaging 
 

3.4.1.1. Tissue imaging  
 

All lymph nodes are comprised of the same functional units called lobules. 

However the number of lobules in each node can vary (section 1.1.3.2). In addition, 

the specific phenotypes of specific cellular populations within different lymph 

nodes is likely to differ based on the pathogenic environment they are exposed to 

[19, 20]. The initial aim of this chapter was to provide a preliminary understanding 

of the distribution of native biomolecules within sections of lymph node tissue. The 
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reproducibility of imaging between sections from the same node and between 

different lymph nodes could later be assessed. 

A preliminary and exploratory assessment of the capabilities of OrbiSIMS 

for imaging sectioned MLN tissue was assessed using 2 sections of tissue from a 

single lymph node taken from an animal not dosed with CBD (Figure 3.1.). An initial 

observation was that the total ion count for both sections appeared variable across 

the images (Figure 3.1). This was likely a result of differences in charge 

compensation across the tissue. However, to account for differences in total ion 

count across the image, in subsequent images of specific ions of interest, each pixel 

was normalised to total ion count. Analysis of section 1 was stopped prior to 

completion, due to a software error. Despite this the majority of the node could be 

visualised. 

H&E images of corresponding sections were also acquired (Figure 3.1.). A 

densely stained region in the centre of each section corresponding with the T-cell 

rich paracortex could be observed. In addition, several darker stained round 

structures could be observed around the periphery of the node, likely to be B-cell 

follicles.  

By assessing the mass spectrum, a highly abundant secondary ion peak 

could be observed at 885.55 in both sections. This could be assigned as the [M-H]- 

species of phosphatidylinositol 38:4 (C47H82O13P-) (deviation 1.1ppm). The 

abundance of this secondary ion is not surprising since phosphatidylinositols are 

key constituents in cell membranes and essential metabolic processes in all cells. 

The tissue perimeter could be identified by overlaying images of 

phosphatidylinositol 38:4 with makers for glass (m/z 136.94, Si2O5H-, deviation 0.7 

ppm) and OCT (m/z 105.06 C4H9O3
-, deviation 0.2 ppm) (Figure 3.1). No major tears 

or damage was evident in the tissue.  
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Interestingly, it was observed that phosphatidylinositol appeared to be 

distributed more abundantly in a localised region on the periphery on one of the 

sections (Figure 3.1). However, since this distribution of the phosphatidylinositol 

species was not mirrored in both sections, the biological significance of this is 

unclear. As demonstrated in Figure 3.2, several highly abundant secondary ion 

peaks present in the sectioned tissue appeared to have non-uniform distribution 

within sections. These included secondary ions at m/z 465.30 (assigned as 

cholesterol sulphate, C27H45SO4
-, deviation 0.3 ppm) m/z 241.01 (assigned as 

Phosphoinositide head group, C6H10PO8
-, deviation 0.8 ppm), and m/z 107.04 

(assigned as diaminomaleonitrile C4H3N4
-, deviation 0.8 ppm) (Figure 3.2.). 

Cholesterol sulphate and Phosphoinositiol are both components of cell membranes 

which previously have been shown to have non-uniform distribution following SIMS 

analysis in skin [173] and brain sections respectively [170]. It is not clear why 

diaminomaleonitrile was present in high abundance but it possibly a fragment of a 

larger molecule. Moreover, distribution of these secondary ions differ to each 

other, suggesting differing chemistries of the tissue. Although the biological 

rationale for the differences in distribution observed is not clear, differing 

underlying chemistries of regions of lymph node tissue may indicate a difference in 

matrix effects. An assessment of matrix effects of the ionisation and detection of 

CBD in different regions of lymph node tissue are described in section 3.4.4. 
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Figure 3.1. H&E stained images from a) Section 1 and b) Section 2 of MLN tissue. 

OrbiSIMS images showing total ion for c) Section 1 and d) Section 2, and overlays 

of Si2O5H-, (red), C4H9O3
- (green) and C47H82O13P- (blue) for e) Section 1 and f) 

Section 2. The 2 sections were generated from the same lymph node. The 

periphery of the tissue is indicated by a white dashed line. 
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Figure 3.2. OrbiSIMS images showing the spatial distribution of a) and b) 

Cholesterol sulphate C27H45SO4
-, c) and d) Phosphoinositide head group C6H10PO8

- 

and e) and f) Diaminomaleonitrile C4H3N4
- in 2 sections of MLN tissue respectively. 

The sections imaged are the same as that in Figure 3.1. The periphery of the tissue 

is indicated by a blue dashed line. 
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3.4.1.2. Defining cellular regions  
 

Cells of the lymph node are most commonly identified and differentiated 

by the presence, or absence, of different receptors on the cell surface, for example 

using immunohistochemistry [271]. However, receptors, including the T-cell co-

receptor, CD3 are large G-protein coupled receptors, which cannot currently be 

identified intact through SIMS. The identification of smaller immune cell markers 

poses a number of challenges. For example, cells are heterogeneous and chemically 

diverse and cellular metabolites undergo high dynamic fluctuations.  Species such 

as cytokines, which are secreted by different immune cells, are present at 

extremely low concentrations and are themselves small proteins which cannot be 

identified intact. Despite this, some markers of cytokines have been identified by 

mass spectrometry [272-275]. Imaging of cytokines in tissues is yet to be 

undertaken.  There are very few examples of tissue resident immune cell imaging 

using mass spectrometry. PCA was previously shown to differentiate different 

groups of B-cells following isolation from bone marrow [276]. However, many of 

the secondary ion peaks identified are related to a number of biomolecular 

macromolecules including phosphocholine, fatty acids and amino acids making 

them individually non-distinct.  

The aim of this highly exploratory work was to determine if OrbiSIMS 

imaging could be used to identify novel markers of different lymph node cellular 

regions. PCA was used to identify species, of which the distribution corresponds 

with the different cellular regions identified in H&E stained sections. These could 

then be used as markers of these regions in subsequent images. The distribution of 

specific species of interest, including those related to CBD, could then be compared 

to that of these markers of cellular distribution. 4 regions of interest were drawn in 
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the centre of the node, corresponding to the T-cell rich paracortex and 4 were 

drawn around the periphery of the node corresponding to the B-cell follicles. 

Although subjective, the drawing of regions of interest (ROI) to be compared by 

PCA was informed by the differing chemistries observed in Figure 3.2. and by 

corresponding H&E images, which indicated the boundaries of the cellular regions.  

ROIs drawn for the purposes of PCA are shown in Figure 3.3. The secondary 

ion peak list generated contained a total of 988 secondary peaks, with 317 

secondary peaks from m/z 75-300, 331 secondary peaks from m/z 300-700 and 338 

secondary ion peaks from m/z 700-1125. Relatively high intensity secondary ions at 

m/z 79.96 (PO3H) and 78.96 (PO3) were removed prior to PCA as it was believed 

they would dominate PCA and be responsible for the main variability thus disseising 

any other variables.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Total ion count OrbiSIMS image showing the selected ROI compared by 

PCA for a) Section 1 and b) Section 2. The sections shown are the same as that in 

Figure 3.1. and Figure 3.2. 

 

a)  b)  Section 1 Section 2 
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PC1 was responsible for 69.82% of the variance and most efficiently 

described differences in peripheral B-cell regions and central T-cell regions in the 2 

sections from the animal not dosed, as demonstrated by the scores plot shown in 

Figure 3.4. Despite this not all B- and T-cell regions were well separated using this 

component. However, other components did not separate the different ROIs of 

interest clearly.  

 

 

 

 

 

 

 

Figure 3.4. Scores plot for PC 1 generated from ROIs of sectioned lymph nodes 

tissue. The colours of the ROIs correspond with those in Figure 3.3. 

 

Variation between ROIs was largely described by the presence of secondary 

ions at m/z 279.23, 281.25 and 255.23 which can be assigned as the [M-H]- species 

for the fatty acids linoleic, oleic and palmitic acids respectively. Fatty acids are 

highly ionisable and their distribution has previously been described in a number of 

tissues using SIMS [173, 174, 277, 278]. The distribution of fatty acids is shown and 

discussed in more detail in section 3.4.3.1, however in brief, the fatty acids in PC1 

(Figure 3.5) were all highly abundant in the ROI located on the right-hand side 

periphery. The same region also showed different distribution of other secondary 

ions relative to the rest of the node (Figure 3.2). The reason for distinct chemistry 

in this peripheral region is unclear. Although efforts were made to keep tissue 
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orientation consistent, one hypothesis may be an inconsistency in orientation 

between nodes during sectioning. Subsequently this region may in fact not only 

contain B-cell follicles, as in the rest of the periphery, but a high proportion of 

medullary venules draining lipid rich lymph out of the node (see Chapter 1, Section 

1.1.1.4.1, Figure 1.1). Alternatively, a region in the periphery of the node with 

distinct chemistry could correlate with an abnormality such as a reactive 

hyperplasic lesion, which are common in rodent mesenteric nodes as a result of 

antigenic stimulation [92]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Loadings plot for PC 1 generated from PCA of ROIs from sectioned 

lymph node tissue. The loadings plot corresponds to the score plot in figure 3.4 

and ROIs in Figure 3.3. 

 

Secondary ions at m/z 124.01 and 134.05 relating to the [M-H]- species of 
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loadings plot (Figure 3.5). This means these secondary ions were less abundant in 

the B-cell rich periphery. Although not obviously demonstrated in the secondary 

ions images of taurine in Figure 3.6, high abundance of taurine in T-cell regions 

would correlate with previous reports of taurine accumulation in these cells [279]. 

A comparison between the abundance of taurine in tissue resident T- and B-cell 

regions had not previously been made however. It should be noted taurine also 

appeared to be highly abundant in the area surrounding the node and although not 

clear why, this should not affect the analysis done since ROIs were only drawn 

within the node. Adenine appeared to be less abundant in the area of the periphery 

on the right-hand side of the node (Figure 3.6). Since adenine is a nuclear marker, 

this may be indicative of a region of tissue less densely populated with immune 

cells, which would support the previous hypothesis that this region contains 

medullary venules. A matrix effect from species more abundant in this region, such 

as lipids (Figure 3.2. and Figure 3.13) is also possible.  
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Figure 3.6. OrbiSIMS images showing the spatial distribution of a) and b) taurine, 

C2H6NO3S-, deviation -0.2 ppm; and c) and d) adenine, C5H4N5
- , deviation 0.0, in 2 

sections of MLN respectively. The periphery of the tissue is indicated by a blue 

dashed line. 

 

Using OrbiSIMS, this work has demonstrated an unsupervised examination 

of healthy native lymph node sections and provided a novel understanding of the 

chemical differences defining different regions of healthy lymph node. This 

knowledge was next applied in an attempt to identify any chemical differences in 

lymph node tissue resulting from CBD administration. 
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3.4.2. Imaging the distribution of CBD in sectioned lymph nodes 
 

3.4.2.1. CBD distribution  
 

Having provided some preliminary understanding of the distribution of 

innate lymph node tissue biomolecules, the imaging capabilities of OrbiSIMS for 

determination of CBD distribution was assessed. In total, 3 lymph nodes from 

animals dosed with CBD were analysed. To maximise consistency, all lymph nodes 

were collected from the apex of the mesenteric chain. Species relating to Si2O5H-, 

C47H82O13P- and C4H9O3
- were again used to identify the periphery of the tissue 

(Figure 3.7). Some damage in one of the sections was identified which was 

considered minor (Figure 3.7). Generally, the quality of the images for one of the 

sections was worse compared to the other images acquired (Figure 3.7.c) although 

it is not clear why.  

Several of the CBD species identified in powdered CBD as part of work 

described in the previous chapter could be identified in sections from dosed 

animals (Table 3.1.). These included species at m/z 313, 311 and 245, which were 

also amongst some of those abundant in pure CBD powder (Table 2.1.). An ion at 

m/z 179 was in powdered CBD and highly abundant in samples from dosed animals. 

However this ion was largely absent in the tissue and present mainly in the 

surrounding area. The ion at m/z 179 was also present in the image of sectioned 

MLN from the animal not dosed and distributed similarly. Based on this, it was 

concluded that the fragment at m/z 179 was not related to CBD.  

The distribution of CBD in sections of MLN is shown in Figure 3.7. The 

distribution was comparable for all CBD molecular species further indicating these 

are all fragments of the same parent molecule, CBD. Critically, in one OrbiSIMS 

image (Figure 3.7a.), species related to CBD were highly abundant and clearly 
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visible. Moreover, the distribution of CBD within the tissue appeared to be non-

uniform. More specifically, CBD was highly abundant in the centre of the lymph 

node and largely absent around the periphery of the node. As discussed previously, 

the centre of the node, or paracortex, is dominated by densely packed, 

homogenously distributed T-cells, which make up more than 95% of the cellular 

mass [280]. This is in contrast to the periphery which is populated by follicles of B-

cells (see Introduction Chapter, section 1.1.3.2). This image would therefore 

suggest that the B-cell rich follicles of the lymph node are exposed to much lower 

concentrations of CBD compared to T-cells. Localisation of CBD to the paracortex 

of the node would contrast to previous work where orally administered drugs were 

shown to have widespread distribution across intestinal lymph nodes [118, 261]. It 

should be noted that from Figure 3.7. it would appear that a small signal, allocated 

to CBD, was positioned outside of the periphery of the tissue. The reason for this 

was unclear but may indicate either a contamination of CBD into the OCT during 

sectioning or more likely the presence of another molecule with a similar m/z which 

cannot be deciphered from CBD. This further highlights the need for repeat imaging 

in order to draw confident conclusions about CBD distribution.  

Small molecule drugs such as CBD are likely to enter the conduits of the 

paracortex through gaps in lymphatic endothelial cells (LECs) [37, 44, 280]. 

Fibroblastic reticular cells (FRCs) line the conduits of the paracortex and have 

intercellular junctions which contain lymph-borne solutes in the conduit system 

and thus limit access to T-cells [37]. It has also been suggested that a lack of 

interstitium with the T-cell region contributes to excluding the majority of lymph 

soluble molecules from T-cells [280]. The specific characteristics required to access 

paracortex resident T-cells is not yet clear and there have been conflicting reports 

surrounding the ability of fluorescent tracers to escape the conduit system [41, 44, 
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118, 281-283]. However, a recent study using flow cytometry analysis of mesenteric 

lymph-node resident immune resident cells, including T-cells, showed association 

with an orally administered fluorescent probe [118]. 

Both cannabinoid receptors are found on most immune cells, with the 

expression levels of CB2 10–100 times greater than CB1 [284-286]. Interestingly, both 

analysis of circulating immune cells and immunochemical staining of lymphoid 

tissues have indicated a higher expression of CB2 receptor on B-cell containing 

follicles compared to T-cells [189, 287-289].  Paradoxically, previous work has 

suggested that CBD exerts its immunomodulatory effects in vivo primarily via T-cells 

through reduction of inflammatory cytokines [70, 217, 290, 291] which may 

highlight the role of receptor independent mechanisms [292]. In addition to FRCs, 

up to 5% of conduit is lined by hematopoietic cells, such as dendritic cells (DCs), 

which are believed to be involved in sampling the contents of the conduit for 

soluble antigens and extracellular signalling molecules [44, 293]. Conduit dendritic 

cells subsequently undergo extensive cross-talk with paracortex resident T-cells 

[47, 50, 51, 294]. Lymphoid tissue resident dendritic cells have previously been 

shown to express CB2 receptors [295, 296] and it has been suggested that 

endocannabinoids modulate DC- T-cell stimulatory capacity by reducing DC surface 

expression of major histocompatibility complex class II molecules (MHC-II) [297]. 

Although significant caution should be taken with a lack of repeats, the image 

shown in figure 3.7 may support the notion that following oral administration, CBD 

is directed to the conduit system, and via activity on DCs modulates the 

immunological activity of paracortex resident T-cells.  

The distribution of species related to CBD could not be so effectively 

visualised in subsequent images of sectioned MLN from dosed animals, as 

demonstrated in Figure 3.7b &c. In order to understand the discrepancies between 
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ability to image species related to CBD in each section from dosed animals, as well 

as homogenate tissues from a dosed animal in Chapter 2 (Figure 2.1.6) the counts 

for each CBD species and total ion counts were compared. It was hypothesised that 

the relative counts for the CBD related species would be reflected in the total ion 

counts. As echoed in the OrbiSIMS images, the counts for all CBD species were 

highest in section 3 (Figure 3.7a, Table 3.1.). However, total ion count was 

comparable between sections 3 and 4 (Figure 3.7a & b) as was the intensity of the 

[M-H]- species for cholesterol sulphate. This indicates concentrations of CBD in 

section 4 were actually lower compared to section 3 and this reduced concentration 

explains the inability to image CBD in section 4. Total ion count for section 5 (Figure 

3.7c) was approximately 5 times lower compared to that of the other sections from 

dosed animals. This reduction in overall ionic yield was reflected in a reduction in 

intensity of all CBD related species at a similar degree to that of section 3. The 

intensity of cholesterol sulphate was also reduced by approximately 4 times (Table 

3.1). Based on this, it may be hypothesised that concentrations of CBD were actually 

similar in sections 3 and 5 but an overall reduction in ionic yield prevented imaging 

over CBD.    



Chapter 3 
 

129 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. OrbiSIMS images of sectioned MLN tissue from animals dosed with CBD. Total ion counts for a) section 3, b) section 4, c) 

section 5. Overlays of Si2O5H-, (red), C4H9O3
- (green) and C47H82O13P- (blue) for d) section 3, e) section 4 and d) section 5. Overlays of CBD 

species C21H29O2
-, C21H27O2

- and C16H21O2
- for g) section 3, h) section 4, i) section 5. The periphery of the tissue is indicated by a white 

dashed line.  

Total ion counts 

Overlay CBD species 

m/z 313, 311, 245 

(normalised to total ion counts) 

 

Overlay red: glass, blue: 

Phosphoinositol, green: OCT 

(normalised to total counts) 

 

Section 3 Section 4 Section 5 

a)  b)  
c)  

d)  e)  
f)  

g)  h)  i)  
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Table 3.1. Relative abundances of CBD fragments and cholesterol sulphate in MLN sections. 

 

 

 

m/z 

CBD fragment 

 

Cholesterol sulphate 

Total ion counts 

245.1549 311.2018 313.2175 

 

465.3044 

 

Animal not dosed 

Intensity in section 1 
N/A N/A N/A 

61292090 
1.89E+10 

Intensity in section 2 
N/A N/A N/A 

14130312 
8.48E+10 

 

 

Animals dosed with CBD  

Intensity in section 3 933460 566500 1592747 129170315 1.55E+11 
 

Intensity in section 4 281645 36764 225096 193426847 1.78E+11 
 

Intensity in section 5 65356 2830 45923 43374862 2.97E+10 
 

 Relative abundance in sections 

(% of fragments combined) 46.43 ± 11.70 9.19 ± 6.69 44.39 ± 5.05 

 

N/A N/A 
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3.4.2.2. Further tissue characterisation 
 

Many of the markers of CBD activity are cytokines. For example a reduction 

in IL-2 and GM-CSF expressing T-cells have been described [70]. However as 

previously discussed, cytokine analysis using SIMS is not readily achievable. This is 

because SIMS is not optimal for the analysis of intact proteins. Two approaches to 

identify molecular species that may indicate pharmacodynamic activity of CBD 

were made. Firstly, using section 3, an ROI was drawn around the centre of the 

node where CBD was clearly visible (Figure 3.7). The spectra generated from this 

ROI was compared with that of the entire lymph node. Species that were present 

in higher abundance were therefore likely to be distributed with CBD in the centre 

of the node.  

Interestingly, the distribution of CBD observed in section 3 (Figure 3.7) was 

not mirrored by many other species. However, one highly abundant species with a 

similar distribution of CBD was the [M-H]- for cholesterol (C27H45O-, m/z 385.3479, 

deviation 0.7 ppm) (Figure 3.8). The reason for this is unclear especially considering 

cholesterol was previously shown to have widespread distribution across the entire 

MLN [261].  

 

 

 

 

 

Figure 3.8. OrbiSIMS image of sectioned MLN from a dosed animal (section 3) 

showing CBD, blue and cholesterol, green. The periphery of the tissue is indicated 

by a dashed white line. 
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The second approach to identify chemical markers of CBD activity was to 

use PCA to compare spectra from cellular regions of lymph nodes from animals 

dosed with CBD and with those not dosed. As the imaging quality of section 5 was 

poor (Figure 3.7), it was excluded from this analysis. The ROI for analysis of sections 

from the animals not dosed were as in Figure 3.3. The ROI for samples from dosed 

animals is shown in Figure 3.9. The secondary ion list was generated from section 3 

as this is the section with the highest abundance of CBD and contained a total of 

988 secondary ion, with 339 secondary ions from m/z 75-300, 344 secondary ions 

from m/z 300-700 and 335 secondary ion peaks from m/z 700-1125. 

 

 

 

 

 

 

 

 

Figure 3.9.  Total ion count OrbiSIMS image showing the selected ROI which were 

compared by PCA. The sections shown are the same as that in Figure 3.7. 

 

PC1 was responsible for 75.88 % of the variance, and as demonstrated by 

the scores plot (Figure 3.10), shows good separation between regions from samples 

from CBD dosed and non-dosed animals. The loadings illustrated in Figure 3.11 

show that the species most responsible for these differences include the fatty acids 

oleic, linoleic and palmitic acid. This is likely because of the high abundance of these 

lipids in the sesame oil formulation in which CBD was administered and not a 

marker of pharmacodynamic activity. The relative abundancies of these fatty acids 

a)  b)  



Chapter 3 
 

133 
 

in dosed and not dosed samples and their distribution is shown in Table 3.3 and 

Figure 3.14.  

 

 

 

 

 

 

 

 

Figure 3.10. Scores plot for PC 1 generated from ROIs of sectioned lymph nodes 

tissue from CBD dosed and not dosed animals. The colours of the ROIs correspond 

with those in Figure 3.3 for not dosed animals and Figure 3.9 for dosed animals. 

 

Interestingly, the [M-H]- species for taurine and adenine were present in 

the negative loadings plot. In which case, this means these molecules were less 

abundant in lymph nodes from animals dosed with CBD than those not dosed. It is 

not clear why this is, but, since analysis of samples from the animals not dosed 

indicated adenine and taurine to be potential markers of T-cell regions, it could be 

hypothesised that treatment with CBD results in a reduction of these molecules in 

T-cells. Suppressive effects of CBD on T-cell functions and proliferation are well 

described; however, the exact mechanisms are not yet well understood. It should 

be noted, for the case of taurine, fluctuations of lymph node amino acid content 

have been described as part of a daily rhythm and one explanation may therefore 

be the potential different times at which animals were sacrificed [298]. 

B cell region of non dosed animal (ROI 1)  
T cell region of non dosed animal (ROI 1)  
B cell region of non dosed animal (ROI 2)  
T cell region of non dosed animal (ROI 2)  
T cell region of dosed animal (ROI 1)  
B cell region of dosed animal (ROI 1)  
T cell region of dosed animal (ROI 2) 

B cell region of dosed animal (ROI 2)  
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Figure 

3.10. 

Scores plot for PC 1 

generated from ROIs 

of sectioned lymph 

nodes tissue from animals 

dosed and not dosed with 

CBD. The colours for each group are reflected in the ROIs drawn in Figures 3.3. 

and 3.8.  

 

Figure 3.11. Loadings plot for PC 1 generated from PCA of ROIs from sectioned 

lymph nodes tissue from animals dosed and not dosed with CBD. The loadings 

plot corresponds to the score plot in Figure 3.9. 

 

The non-uniform, patchy distribution of a range of biomolecules in sections 

from an animal not dosed (Figure 3.2) was reflected in sections from dosed animals 

(Figure 3.12). However, distributions of these biomolecules appeared to be 

inconsistent between sections and without a clear pattern. The reason for this is 

unknown but the distribution of these biomolecules may simply reflect the natural 

heterogeneity between different lymph node tissues. Alternatively, as previously 

alluded to, despite attempts to control for orientation it is possible that this was 

inconsistent throughout the sample preparation process, thus resulting in different 

sectioning planes. However, the non-uniform nature of these species further 

highlights the requirement for an investigation into the matrix effects of these 

tissues (section 3.4.4.)
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Figure 3.12. OrbiSIMS images of 3 sections of MLN tissue from dosed animals. Images show the distribution of cholesterol sulphate 

C27H45SO4
- in a) section 3, b) section 4 and c) section 5; Phosphoinositide head group C6H10PO8

- in d) section 3, e) section 4 and f) section 5 

and Diaminomaleonitrile C4H3N4
- in g) section 3, h) section 4 and i) section 5. The sections imaged are the same as that in Figure 3.6. The 

periphery of the tissue is indicated by a blue dashed line.

Cholesterol sulphate 

(normalised to total counts) 

 

Diaminomaleonitrile 

(normalised to total counts) 

 

Phosphoinositide head group 

(normalised to total counts) 

 

a)  b)  c) 

Section 3 Section 4 Section 5 

d)  e)  f) 

g)  h)  i) 
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3.4.2.3. CBD quantification using SIMS  

SIMS has been described as a semi quantitative method, however SIMS has not 

previously been utilised to quantify any species of interest in ex vivo tissue samples 

without the use of a label. The potential of SIMS to quantify CBD concentrations in tissue 

was assessed using the calibration curve generated in Chapter 2 (Figure 2.14). The 

concentrations of CBD in sectioned tissue from CBD dosed animals were calculated (Table 

3.2.). The concentrations indicated by SIMS were similar to those described as part of a 

previous publication which used HPLC to quantify CBD in MLN collectively at 2 hours post 

dosing via oral gavage in a sesame oil vehicle [70, 109]. In addition, the concentrations 

calculated in sections 4 and 5 were lower than for section 3, which may explain why CBD 

could not be imaged in these sections. This work represents the first evidence that SIMS 

may be applied to quantify drug concentrations in tissues. 

 

Table 3.2. Concentrations of CBD in sectioned of MLN as estimated by SIMS data.  

 

Section  Estimated CBD concentration (µg/g) 

3 11.52 

4 0.61 

5 1.01 

 

 

3.4.3. Investigation of tissue matrix effects on CBD ionisation 
 

The ionisation of an ion will, in part, depend on the interaction of that ion with 

the surrounding material. As mentioned in section 2.4.1.2., this phenomenon, termed the 
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matrix effect, can impact both the ion formation and yield [252]. In figure 3.7, section 3 

appeared to have a higher abundance of CBD in the centre of the node. In order to confirm 

drug accumulation in the centre of the node, the absence of a matrix effect in the 

peripheral regions of the node needed to be confirmed. Subsequently, the potential 

underlying chemistries of different cellular regions in sectioned MLN having a matrix 

effect on the ionisation of CBD was investigated. As previously discussed, the major 

cellular regions within the lymph can be crudely divided into the T-cell rich paracortex in 

the centre of the node and the B-cell rich follicle around the periphery. An even 

distribution of CBD was applied to the surface of 2 nodes and the ionisation of CBD in the 

periphery and centre of the node were compared. If the peripheral region of the node 

was exerting a greater matrix effect compared to the centre of the node, the abundance 

of CBD would be less on the periphery. Figure 3.13 shows the intensities of CBD in central 

and peripheral locations in two lymph nodes. The average abundance of CBD was similar 

across the regions analysed. Based on this, there was no clear evidence of a suppressive 

or enhancive matrix effect of the underlying tissue on the intensity of CBD detected. There 

was however large variability in the ion intensities per region, as indicated by the large 

standard deviations. Based on the ion intensities in Figure 3.13, and calibration curves 

produced as part of Chapter 2, it may be assumed that the amount of CBD deposited was 

lower than analysed in samples in spiked homogenates in Chapter 2. Caution should 

therefore be taken when making definitive conclusions about the matrix effects of 

different tissue regions on CBD ionisation. However, this data may provide some 

preliminary evidence to support findings from section 3.4.2.1 that suggest the differences 
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in distribution observed in section 3 (Figure 3.6). were a true reflection of differences in 

distribution of CBD. 

 

Figure 3.13. Intensity of CBD in 2 sections of MLN tissue sprayed with CBD. 6 locations 

per region were analysed. 

 

3.4.4. Imaging the distribution of components of the orally administered lipidic 
formulation in sectioned lymph nodes  

 

3.4.4.1. Fatty acid abundance  

In the intestinal lumen, triglycerides are digested into monoglycerides and fatty 

acids prior to absorption into enterocytes. Here they are resynthesized and packaged into 

chylomicrons (see Introduction Chapter, section 1.2.2., section 1.3.1). A number of studies 

have described the composition of lymph and plasma chylomicrons [299-301]. The most 

abundant lipid classes were triglycerides, free cholesterol and phospholipids including 
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phosphatidylcholine, phosphatidylethanolamine and sphingomyelin. In addition, the 

composition of chylomicrons have been shown to be similar across a range of species 

including humans and rats [302]. The composition of triglycerides in plasma and lymph 

were generally very similar [303]. Although there have been conflicting reports on the 

extent to which the composition of lymph and plasma chylomicrons are influenced by the 

composition of dietary lipids [300, 304-308], they are generally understood to be largely 

similar. The distribution of chylomicrons and the individual chemical components of 

chylomicrons within lymph nodes have not previously been described. However, since the 

lipid compositions of both sesame oil [309] and chylomicrons following oral administered 

lipids have been described, the abundance and distribution of a range of lipids in lymph 

nodes could be investigated in this work. 

Fatty acids are components of a number of biomolecules including glycerides and 

phospholipids. The relative abundance of a range of long, medium and short and 

saturated and unsaturated fatty acids in MLN sections from animals dosed and not dosed 

with CBD in sesame oil are shown in Table 3.3. There was generally there was a trend 

towards a higher abundance of total fatty acids in the samples from dosed animals (Table 

3.3). However, fatty acids were generally present in high abundance in both samples from 

dosed and non-dosed animals. Some fatty acids present in the node of the animal that 

was not dosed are likely to be from the diet, as the animal was not fasted. Based on this, 

lipids in native tissue cannot be easily deciphered from those specific to formulation 

based chylomicrons.   

The proportions of each individual fatty acid as a percentage of the total fatty acid 

abundance in each section were generally similar across all sections, both from dosed and 
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non-dosed animals (Table 3.3). This was with the exception of linoleic acid, which was 

variable in the sections from the undosed animal, despite being from the same node. The 

most abundant fatty acids in all sections were oleic, linoleic and palmitic acids which were 

present in similar abundancies and significantly higher than all other fatty acids. 

Interestingly, proportions of linoleic acid were significantly higher than previously 

described in human and sheep intestinal lymph node tissues respectively [310, 311]. 

Linoleic, oleic and palmitic acids are also the most abundant fatty acids in sesame oil [309] 

and in lymph, independent of the dietary lipid source [308]. Taken together, this may 

indicate that the high proportions of linoleic in sectioned MLN tissue, is largely a result of 

sesame oil derived lymph. Interestingly, sesame oil contains more than double the linoleic 

acid relative to palmitic acid [309]. However in sections from dosed animals, linoleic and 

palmitic acid were present in similar profusion.  This may indicate that palmitic acid is 

preferentially absorbed into the lymphatics, although this would require further analysis 

to confirm. (Table 3.3). Data from a previous publication indicated that differences in 

abundance of ingested lipid and chylomicron lipid content were only observed for shorter 

fatty acids, such as myristic and lauric acid [307]. However, myristic acid was present in 

similar proportions to that previously described in sesame oil [309]. Interestingly, many 

of the less abundant fatty acids described such as capric and lauric acid have not 

previously been described in lymph node tissue and were not detected in Gas-cluster 

mass spectrometry analysis of chylomicrons collected from rat lymph nodes following oral 

administration of sesame oil and analysis with GC-MS (Feng et al., unpublished).  A better 

understanding of individual fatty acid uptake and chylomicron formation may be required 

as part of future work. 
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Arachidonic acid is a precursor for eicosanoids, including leukotrienes. 

Leukotrienes are synthesised by leukocytes, highly present in lymph nodes. Leukotrienes 

act as key inflammatory mediators and are therefore essential for immune  regulation. As 

with several of the fatty acids, arachidonic acid was higher in dosed animals compared to 

the non-dosed animal, despite not being present in sesame oil. This supports hypothesis 

that arachidonic acid is synthesised from other fatty acids as part of chylomicron 

assembly, as indicated in previous work showing presence of arachidonic acids in 

chylomicrons in rats dosed with sesame oil (Feng et al., unpublished).   
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Table 3.3. Relative abundances of fatty acids in MLN sections from animals dosed with CBD in sesame oil (n=3 sections from 3 animals) 

and an animal not fasted or dosed (n=2 sections from 1 animal), as determined by OrbiSIMS. The relative abundancies of fatty acids in 

sesame oil and chylomicrons from rats following oral administration of sesame oil were generated by a colleague using GC-MS analysis 

(n=4 samples from 4 animals) (Wanshan Feng, unpublished). 

Fatty acid 
[M-H]- 

formula 
[M-H]- 

m/z 

 

 

Mass 
deviation 

(ppm) 

 

 

Abundance 
in sesame 

oil (% of 
total fatty 

acids) 
(mean ± 

SD) 

 

 

Abundance in 
chylomicrons 

(% of total 
fatty acids) 

(mean ± SD)   

Intensity in 
dosed 

animals 
(normalised 

to total 
counts) 

(mean ± 
SD)  

Intensity in 
dosed 

animals (% 
of total 

fatty acids)  
(mean ± 

SD) 

Intensity in 
not dosed 

animal 
(normalise

d to total 
counts) 

(mean ± 
SD) 

Intensity 
in not 
dosed 

animal (% 
of total 

fatty 
acids)  

(mean ± 
SD) 

Linoleic (C18:2) C18H31O2
- 279.2334 1.5 30.42±0.64 38.3 ±2.26 

9.88E-02 
±6.63E-02  29.20 ±2.81 

3.61E-02 
±3.31E-02  

21.12 
±16.43 

Oleic (C18:1) C18H33O2
- 281.2483 -1.0 44.27±0.09 39.52 ±2.08 

1.04E-01 
±6.70E-02 31.37 ±1.90 

3.84E-02 
±1.50E-02 

32.60 
±3.66 

Palmitic (C16:0) C16H31O2
- 255.2332 1.1 

12.9±0.33 
13.13 ±0.29 

6.92E-02 
±3.08E-02  25.55 ±6.61 

2.81E-02 
±6.94E-02 

25.84 ± 
6.84 

Stearic (C18:0) C18H35O2
- 283.264 -0.9 

8.09±0.60 
0.3 ±0.31 

1.76E-02 
±1.13E-02 5.01 ±2.74 

7.91E-03 
±2.35E-04 

8.38 
±4.21 

Linolenic (C18:3) C18H29O2
- 277.2181 0.7 0.31±0.06 N/A 

5.14E-03 
±3.36E-03 1.47 ±0.28 

3.94E-03 
±1.60E-03 

3.31 
±0.30 
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Arachidonic 
(C20:4) 

C20H32O2
- 303.2333 1.0 N/A 2.74 ±0.68 

5.76E-03 
±6.07E-03 1.53 ±0.83 

5.43E-04 
±4.11E-05 

0.59 
±0.32 

Margaric (C17:0) C17H33O2
- 269.2491 1.8 0.17±0.02 N/A 

1.07E-03 
±3.96E-04 0.43 ±0.16 

4.85E-04 
±1.26E-04 

0.44 
±0.11 

Arachidic (C20:0) C20H39O2
- 311.2956 0.2 1.15±0.01 N/A 

3.12E-04 
±8.41E-05 0.15 ±0.08 

8.94E-05 
±1.80E-06 

0.09 
±0.04 

Behenic (C22:0) C22H43O2
- 339.3268 -0.2 0.96±0.04 N/A 

8.19E-05 
±2.88E-05 0.04 ±0.02 

2.90E-05 
±5.32E-06 

0.03 
±0.02 

Lignoceric (C24:0) C24H47O2
- 367.3582 0.0 0.92±0.18 N/A 

6.70E-05 
±4.66E-05 0.03 ±0.02 

4.27E-05 
±1.15E-05 

0.05 
±0.03 

Palmitoleic 
(C16:1) 

C16H29O2
- 253.2179 2.2 0.17±0.01 N/A 

1.15E-02 
±8.43E-03 3.36 ±0.51 

5.99E-03 
±2.48E-03 

5.01 
±0.41 

Heptadecenoic 
(C17:1) 

C17H31O2
- 267.2332 0.8 0.08±0.01 N/A 

5.69E-04 
±3.53E-04 0.20 ±0.07 

3.65E-04 
±1.63E-04 

0.30 
±0.01 

Paullinic (C20:1) C20H37O2
- 309.2802 0.9 0.36±0.02 N/A 

2.51E-03 
±1.49E-03 0.76 ±0.13 

2.19E-04 
±1.66E-04 

0.31 
±0.28 

Erucic (C22:1) C22H41O2
- 337.3113 0.3 0.19±0.02 N/A 

1.09E-04 
±4.84E-05 0.04 ±0.01 

1.03E-04 
±7.07E-05 

0.07 
±0.02 

Caprylic (C8:0) C8H15O2
- 143.1076 -0.8 N/A N/A 

8.62E-05 
±2.85E-05 0.04 ±0.02 

6.85E-05 
±1.52E-05 

0.08 
±0.05 

Capric (C10:0) C10H19O2
- 171.139 -0.4 N/A N/A 

4.69E-05 
±1.04E-05 0.02 ±0.01 

1.49E-04 
±7.14E-05 

0.12 
±0.00 

Lauric (C12:0) C12H23O2
- 199.1703 -0.4 N/A N/A 

1.03E-04 
±4.09E-05 0.04 ±0.02 

4.14E-04 
±1.95E-04 

0.33 
±0.00 

Myristic (C14:0) C14H27O2
- 227.2019 1.0 N/A N/A 

2.68E-03 
±2.34E-03 0.76 ±0.24 

1.56E-03 
±6.13E-04 

1.33 
±0.14 
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It is also of note that the sum of the abundances of all fatty acids, once 

normalised to total counts, was highest in section 3 (0.56), compared to section 4 

(0.31) and section 5 (0.085) which correlates with estimated CBD concentrations in 

these sections. In Section 5, the proportions of fatty acids to CBD were similar to 

that of Section 3. This observation supports the theory that the inability to image 

the distribution of CBD in this sample is the result of an overall reduced ionic yield 

rather than poor delivery of CBD to the node. 

It should be noted that formal statistical analysis was not performed to 

compare the lipid abundance between samples from treated and untreated 

animals since the n number was low. Any comparisons made are therefore 

speculative and would need to be supported with statistical analysis of more data 

as part of future work to confirm. 

 

3.4.4.2. Fatty acid distribution imaging 
 

In addition to CBD, the OrbiSIMS images of tissue from CBD dosed animals 

could also be utilised to determine the distribution of elements of chylomicrons 

and associated small molecules formed from the lipid-based formulation, in this 

case sesame oil, in which CBD was administered. Comparisons of the distribution 

of these molecules with CBD may then provide novel insights into the mechanisms 

by which orally administered compounds undergoing lymphatic transport, such as 

CBD, are distributed in lymph nodes.  

 Although CBD distribution could only be clearly imaged in one sample, 

fatty acids could be clearly imaged across all sections from dosed animals (Figure 

3.14). No formal analysis of distribution was performed, however all individual fatty 
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acids within individual lymph nodes appeared to be distributed in the same way. All 

individual fatty acids are shown overlaid in a single image per section. Similar 

distributions of each fatty acid within lymph node sections suggest they are 

fragments of the same larger parent molecules, such as triglycerides or 

phospholipids.  

In a recent publication investigating dietary lipid distribution, following a 

prolonged high fat diet in mouse MLN, lipid droplets were shown to be present in 

macrophages of the subcapsular sinus and interfollicular region, both on the 

periphery of the node [312]. Moreover, in this same publication, stained lipid 

droplets were absent from the paracortex, in the centre of the node. However, lipid 

distribution in the lymphatics at the time of peak absorption was not demonstrated 

as part of this publication. In images from fasted animals in this thesis (Figure 3.14 

a & b), fatty acids were also highly abundant in the periphery of the node and 

largely absent in the centre. This may explain the presence of these species in the 

positive loadings plot for B-cell regions on the periphery of the node when 

compared by PCA with central T-cell regions (Figure 3.4. and 3.5.). This would also 

correlate with previous suggestions that because of their size, lipid droplets are 

isolated to the sinuses and unable to enter the conduit system through gaps in LECs 

[280]. It was not clear why fatty acids specifically were visible on one side of he 

node (the left of Figure 3.14 a and b), or why some fatty acids could be imaged 

around the periphery of the tissue, in what was believed to be OCT. 

It is of note, in contrast to sections from fasted animals, fatty acid 

distribution in tissues from dosed animals was significantly more widespread across 

the node (Figure 3.14 c, d &e). In section 3, where CBD was shown to localise in the 

centre of the node (Figure 3.6) the fatty acid distribution did not therefore directly 

mirror the distribution of CBD, as might be expected if the fatty acids were present 
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in chylomicrons and CBD was associated with these chylomicrons in the lymph 

node. Again, from these images it cannot be determined which specific cells of the 

lymph node molecules are associated with. However, these images suggest for the 

first time that lipids distribute differently within the lymph node at peak absorption.
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Figure 3.14. OrbiSIMS images of sectioned MLN tissue from an animal not dosed (a&b) and animals dosed with CBD in sesame oil (c-e). 

Red is the sum of the [M-H]- fatty acids shown in Table 3.2 and blue is the sum of the fragments of CBD in Table 3.1. The periphery of 

each node is demonstrated using the dashed white line. Images are normalised by total ion counts. 

Animals dosed with CBD in sesame oil Animal not dosed 

a) Section 1 b) Section 2 c) Section 3 d) Section 4 e) Section 5 

Sum of fatty acids Sum of CBD fragments 
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3.4.4.3. Acylglycerides imaging and abundance  
 

In a previous study by Seyer et al., lipid droplets in duodenal enterocytes 

with size and density corresponding to that of chylomicrons were shown to contain 

a range of mono, di and triacylcerides following oral administration of sunflower oil 

[313]. The relative abundance of the glycerides described in this work are shown in 

Table 3.4. The abundance of free fatty acids was higher than that of glycerides 

(Table 3.3., Table 3.4.). This was despite reports that free fatty acids are present in 

low concentrations in chylomicrons [299]. The distribution of intact glycerides 

mirrored that of the fatty acids, which likely indicates that the fatty acids, at least 

in part, originate from fragmentation of glycerides rather than free molecules. 

Glycerol, which is also a building block for acylglycerides, was however present in 

low abundance. It should be noted that many acylglycerides identified were present 

in low and variable abundance, making reliability poor.  

 

3.4.4.4. Phospholipids and sterols imaging and abundance  
 

In addition to fatty acids and acylglycerides, a number of other lipids have 

been described in chylomicrons. These include phospholipids, cholesterol and 

cholesterol esters [299]. Of these, the [M-H]- ions of a number of phosphatidyl 

ethanolamines, several phosphatidylcholine species and lysophospatidyl cholines 

were detected in all sections.  Similar to fatty acids and acylglycerides, these were 

all also present in samples from the animal not dosed. Distribution of all these lipids 

also mirrored that of the fatty acids, shown in Figure 3.14.  
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Table 3.4. Relative abundances of acylglycerides in MLN sections from animals dosed with CBD in sesame oil (n=3 sections from 3 

animals) and an animal not dosed or fasted (n=2 sections from 1 animal), as determined by OrbiSIMS. Data is presented as mean ± SD. 

Lipid class 
[M-H]- 

formula 
[M-H]- m/z 

Mass 

deviation 

(ppm) 

Intensity in MLN from dosed 

animals (normalised to total counts)  

Intensity in MLN from an animal not 

dosed (normalised to total counts) 

Triacylglycerols 

 

 

C53H95O6
- 827.714 0.8 2.43E-06 ± 2.62E-06 6.90E-07 

C53H97O6
- 829.7300 1.2 8.80E-06 ± 5.48E-06  2.62E-06 

C53H99O6
- 831.7457 1.2 3.28E-06 ± 2.12E-06 9.50E-07 

C55H97O6
- 853.7301 1.2 3.87E-05 ± 2.35E-05 5.13E-06 

C55H99O6
- 855.7458 1.3 2.11E-05 ± 1.44E-05 5.56E-06 

C55H101O6
- 857.7613 1.1 5.92E-06 ± 3.89E-06 1.50E-06 

C55H103O6
- 859.7747 -1.5 2.73E-07 ± 1.97E-07 0.00E+00 

C57H97O6
- 877.7300 1.1 6.83E-06 ± 7.01E-06 1.91E-06 

C57H101O6
- 881.7613 1.1 1.02E-05 ± 8.37E-06 2.39E-06 

C57H99O6
-  879.7458 1.2 1.42E-05 ±1.30E-05 3.48E-06 

C57H103O6
-  883.7763 1.3 2.48E-06 ± 1.96E-06 6.49E-07 

Diacylglycerides  C37H65O5
- 589.4842 0.8 1.76E-07 ± 5.75E-08 0.00E+00 
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C37H67O5
- 591.5001 1.2 1.62E-07 ± 3.87E-08 2.28E-08 

C37H69O5
- 593.517 3.3 2.28E-08 ± 3.23E-08 2.52E-08 

C39H67O5
- 615.4998 0.7 1.16E-06 ± 7.10E-07 2.47E-07 

C39H69O5
- 617.5155 0.7 3.75E-07 ± 2.42E-07 8.42E-08 

C39H71O5
- 619.5313 0.9 4.91E-08 ± 4.07E-08 0.00E+00 

Monoacylglycides 

C19H35O4
- 327.2541 0.2 1.24E-06 ± 4.98E-07 3.75E-07 

C19H37O4
- 329.2702 1.3 7.27E-08 ± 2.41E-08 0.00E+00 

C21H37O4
- 353.2699 0.5 3.38E-06 ± 1.23E-06 1.19E-06 

C21H39O4
- 355.2855 0.3 1.35E-06 ± 6.25E-07 2.25E-07 

Glycerol C3H7O3
- 91.0399 -1.9 4.99E-08 ± 2.63E-08  3.15E-07 
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3.4.4.5. Polyphenol imaging and abundance  
 

In addition to lipids, sesame oil also contains a number of other small 

molecules. These include, but are not limited to, phytoestrogens and phytosterols 

[309]. Several phytoestrogens and phytosterols present in sesame oil have 

antioxidant properties [314].  

Understanding the distribution of these molecules within the lymph node, 

and how this compares to the distribution of CBD, may shed light on whether CBD 

is distributed via passive or active mechanisms. Firstly, the most commonly found 

phyoesterogensin vegetable oils are lignans. Sesame oil contains two major groups 

of lignans; lipid soluble lignans, and glycosylated water soluble lignans. The lipid 

soluble lignans include sesamin (C20H18O6), seamolin (C20H18O7) and sesaminol 

(C20H18O7), sesamolinol (C20H20O7) and pinoresinol (C20H22O6) [309]. Concentrations 

of sesamin specifically can reach above 10 mg/g in sesame oil [315]. Other 

abundant plant lignans include matairesinol (C20H22O6) and secoisolariciresinol 

(C20H26O6) [316]. However, the [M-H]- species of these compounds was not 

detected in any sections from dosed animals. It was hypothesised that the reason 

for this may be due to metabolism by gut bacteria into enterolignans, as in humans 

[317]. These include enterolactone (C18H18O4) and enterodiol (C18H22O4). It should 

be noted that, neither enterolactone nor enterodiol could be detected in any 

sections. One reason may be because the LogP for the molecules (3.2 and 2.6 

respectively), which is a good predictor of extent of lymphatic transport [104] was 

too low for association with chylomicrons and subsequent lymphatic transport.  
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3.4.4.6. Lipid soluble vitamins imaging and abundance  
 

A number of natural oils also contain lipid soluble vitamins including 

tocopherols. Tocopherols represent a group of low molecular weight molecules, 

with high LogP. γ-tocopherol was previously shown to be present in sesame oil at 

concentrations of up to 0.5 mg/g [318]. The absorption of α-tocopherol and γ-

tocopherol from the small intestine was shown to be similar to that of lipids [319, 

320]. Both α-tocopherol ([M-H]- C29H49O2
-, m/z 429.3740) and γ -tocopherol ([M-H]- 

C28H47O2
-, m/z 415.3585) were present in high abundance in sections from dosed 

animals (9.98E-05 ± 1.09E-04 and 4.37E-06 ± 6.77E-07 respectively). However, both 

α- and γ- tocopherol were also equally as prevalent in the lymph node from the 

animal not dosed (2.95E-05 and 1.28E-05 respectively). As a result, conclusions 

about the distribution of sesame oil derived tocopherols specifically are difficult to 

draw. Despite this, the distribution of α- and γ- tocopherol mirrored that of fatty 

acids and acylglycerides and was widespread across the node in animals dosed with 

sesame oil and CBD, but more localised to one side of the periphery in animals not 

dosed (Figure 3.14).  

  Sesame oil also contains vitamin K1 [321], which has a LogP of 9.7 and has 

also been shown to undergo lymphatic transport following duodenal infusion [322]. 

The [M-H]- (C31H45O2
-) species for vitamin K1 was not identified in any section of 

lymph node analysed. None of the phenolic compounds such as flavonoids 

described in sesame oil were identified in sections [323]. Other lipid soluble 

vitamins (A and D) are known not to be present in sesame oil and so were not the 

subject of analysis.  
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Figure 3.15. OrbiSIMS images showing the distribution of the sum of alpha tocopherol, C29H49O2
- and gamma tocopherol, C28H47O2

- in 

sectioned MLN tissue from an animals not dosed (a & b) and animals dosed with CDB in sesame oil (c- e). The periphery of the node is 

indicated by the dashed white line.

Animals dosed with CBD in sesame oil Animal not dosed 

b) Section 2 c) Section 3 d) Section 4 e) Section 5 a) Section 1 
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3.5. Conclusions  

The work in this Chapter utilises the method described in Chapter 2 and 

represents the evidence of drug distribution in intestinal lymph nodes at peak 

absorption, following oral delivery.  Images from this thesis act as the first evidence 

that at peak absorption, CBD may distribute primarily in the T-cell rich paracortex, 

thus supporting the hypothesis that CBD exerts immunomodulatory effects 

through these cells. There was no evidence of a matrix effect that would distort the 

visualisation of CBD in sectioned tissue. In addition, using the calibration curve 

generated in Chapter 2, ion abundance using OrbiSIMS correlated to 

concentrations previously reported in vivo. Based on the work in this chapter, it 

may also be hypothesised that other small molecule drugs undergoing lymphatic 

transport following oral delivery could also distribute in the T-cell paracortex. If 

further work confirms dug association with lymph node resident T-cells this could 

have considerable future clinical implications for diseases where lymph resident T-

cells are implicated.  

The work in this chapter also represents the first label and matrix free 

imaging and use of OrbiSIMS to image drug distribution in tissue samples following 

oral delivery as well as the initial evidence of SIMS to analyse lymphatic tissue. It is 

however important to acknowledge that a major limitation of this work was that 

CBD could not be clearly imaged in 2 of the 3 sections imaged. This means strong 

caution should be used when drawing conclusions without sufficient replicates. By 

comparing the abundance of other molecules between samples, it is not clear if this 

was an analytical issue, or whether concentrations in these samples were lower 

than estimated in previous publications using quantitative analysis, or a 

combination of both these factors. Although sesame oil remains the most superior 
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known formulation for lymphatic delivery, it has been associated with considerable 

inter-animal variability [109]. Based on this, it is possible that in some samples, 

concentrations were lower than estimated based on previous in vivo data. This is 

also supported by extrapolations from the calibration curves generated from 

homogenised tissue as part of Chapter 2.  

Secondary ions relating to a range of biomolecules could also be identified 

and imaged in sectioned lymph nodes. These included fatty acids known to be 

present in sesame oil formulation. Fatty acids were responsible for chemical 

differences between lymph nodes from animals dosed with CBD in sesame oil and 

those not dosed. This may indicate they were present in the formulation. However, 

critically, many lipid species were also highly evident in samples from an animal not 

dosed, which hindered conclusions about formulation derived chylomicron 

distribution specifically. Acylglycerides, phospholipids and sterols as well as lipid-

soluble vitamins known to undergo lymphatic transport were also identified and 

imaged. In samples from dosed animals, these biomolecules showed a widespread 

distribution across the node, which was in contrast to the centrally localised 

distribution of CBD. This may indicate an independent mechanism of distribution 

compared to CBD although concluding this would require further investigation.  

It was noted, when PCA was applied to identify fatty acids, taurine and 

adenine as potential chemical markers that this could be used to differentiate 

different cellular regions within tissue. This may be useful in the characterisation of 

lymphatic tissue in future work. Finally, a lower abundance of potential T-cell 

markers in tissue from animals dosed with CBD may support the role of these cells 

in CBD induced immunoregulatory effects in vivo.
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4. Determination of which individual lymph nodes can 

be targeted following oral administration of drugs using 

an animal model 

4.1. Introduction  

The superior mesenteric lymph nodes (MLN), make up a large group of 

between 100-150 nodes which can be further subcategorised into the mesenteric, 

mesocolic and ileocolic nodes (Section 1.1.3.2.). Rats have fewer lymph nodes 

compared to humans, however the basic morphologic structure and rates of lipid 

transport to the MLN are comparable [6, 7]. A number of studies in rats have shown 

that the MLN collectively can be targeted by a range of different compounds using 

orally administered lipid- based formulations [70, 114, 115, 118] (section 1.3). 

Studies have also indicated that lipid absorption varies along the small intestine 

[20] and that the intestinal lymph nodes drain distinct segments of the 

gastrointestinal tract [20]. However, potential segregation of lymphatic drainage 

from different parts of the GI tract into these nodes has been largely overlooked in 

previous studies. Based on this, the distribution of drugs into individual lymph 

nodes and how this compares to pharmacological thresholds remains unknown.  

Following collection into the superior MLN, lymph draining from the 

duodenum, small bowel and ascending and transverse colon then enters the 

superior mesenteric duct [4].  Lymph from the superior MLN is then directed 

through the pre-aortic nodes (part of retroperitoneal lymph nodes (RPLN)) which 

lie in front of the aorta before entry into the cisterna chyli and thoracic duct [4]. 

(Chapter 1, section 1.1.3.2, Figure 1.3.). It can therefore be hypothesised that the 

RPLN may also be targeted by lipophilic compounds undergoing intestinal 
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lymphatic transport, although perhaps less efficiently than MLN due to a dilution 

factor. Despite this, RPLN have to date been largely overlooked in terms of 

lymphatic delivery research and little is known about how efficiently they can be 

targeted via the oral route.  

Recently, nodes draining different regions of the gastrointestinal track 

were shown to be immunologically distinct [19] with differing immune cell 

populations and subsequently differing immunological functions [20]. Based on 

this, knowledge of which specific intestinal lymph nodes can be targeted has 

particular importance in inflammatory disorders where specific regions of the 

bowel are implicated, such as Ulcerative Colitis. In addition, as well as being 

implicated as primary tumour sites in lymphoma (section 1.2.4.1), specific groups 

of intestinal and retroperitoneal lymph nodes are also differently implicated in 

metastasis from a range of primary tumours (Chapter 1, section 1.2.4.2). Effective 

targeting of the RPLN could be particularly important, since RPLN metastasis has a 

poor prognosis [324]. With a growing interest surrounding lymphatic targeting 

using lipid based formulations in the literature [10-12], knowledge of which specific 

nodes can be targeted is therefore essential for determining the clinical potential 

of intestinal lymphatic drug targeting. 

 

4.2. Chapter aims and objectives 

 

The aim of this chapter was to use an animal model to improve the 

understanding of which specific lymph nodes receive chylomicron-associated drugs 

draining from the gastrointestinal track following oral administration. This can then 

inform which nodes can be targeted using lipid-based formulations and 
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subsequently the clinical potential of lipid-based formulations for lymphatic 

targeting. 

For this chapter, an in vivo bio-distribution model in rats was used to 

quantify the delivery of CBD as a model compound in individual lymph nodes of the 

mesentery and retroperitoneum.  

Specific objectives include:  

• Quantification of CBD distribution into individual MLN and RPLN in rats at 

various time points post oral administration.  

• A comparison of CBD concentrations in intestinal lymph nodes following 

administration in a range of lipid- based vehicles.  

 

4.3. Methods and materials  

4.3.1 Detection and quantification of CBD in rat lymphatic tissue 

The method used to quantify CBD in individual lymph nodes was a 

modification of a previously reported method [215] and is described below.  

 

4.3.1.1 Materials  

Plant-derived CBD was purchased from THC Pharm GmbH (Frankfurt, 

Germany). Sesame oil was purchased from Sigma Aldrich (Gillingham, UK). All other 

solvents and reagents were of HPLC grade and were purchased from Fisher 

Scientific (Loughborough, UK). 

4.3.1.2 Animals  

 Animal husbandry and maintenance for the studies in this chapter are as 

described in Chapter 2, section 2.3.2. and 2.3.3.   
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4.3.1.3 Bio-distribution studies 

Following 5 days of acclimatization, animals were fasted overnight with 

free access to water. CBD in lipid-based vehicle (sesame oil, coconut oil or rapeseed 

oil) was administered via oral gavage (12mg/ml, 12mg/kg) as previously described 

[7].  

Following oral administration in sesame oil, CBD reaches highest 

concentrations in MLN one hour prior to maximum concentrations being measured 

in the plasma (tmax-1) at 2 hours post dosing [70, 109, 201, 325]. In addition, the tmax 

of rapeseed oil and coconut oil is 5 hours (Feng et al, manuscript in preparation). 

Since it was hypothesised that CBD would enter RPLN after MLN, it was sensible to 

assume that CBD would reach peak concentrations in RPLN at time points at or later 

than 2 hours post administration.  Based on this, following administration of CBD, 

tissues were collected at 2, 3, 5 and 8 hours post administration. 3 animals per time 

point per vehicle were euthanized via carbon dioxide gas. Individual lymph nodes 

were dissected and separated from the surrounding tissue. The anatomical location 

of the nodes dissected and analysed are depicted in Figure 4.1. and 4.2. Four 

individual lymph nodes collected across the mesenteric chain were collected, with 

position 1 being at the top of the chain, and position 4 at the bottom. RPLN 

collected at position 5 & 6 were the iliac/caudal lymph nodes and para-aortic nodes, 

respectively. 
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Figure 4.1. Anatomical localisation of the mesenteric lymph nodes and 

retroperitoneal lymph nodes collected as part of the bio-distribution study. 

Modified from [4]. 

 

 

Figure 4.2. Schematic of the rat intestines and mesentery. The lymph nodes 

collected in this study are depicted by the coloured circles. Blue, position 1; 

Green, position 2; Red, position 3 & purple, position 4. The anterior and posterior 

of the body are also indicated. Modified from [5]. 
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4.3.1.4. Sample preparation  

 For the purpose of comparing drug concentrations, singular lymph nodes 

were analysed individually. Individual lymph node samples were added to 1.5ml 

green RINO bead lysis tubes (WebScientific, Crewe, UK) in 175 µl water and 

homogenised using Bullet Bender Gold 24 Tissue Homogeniser (Next Advance, USA) 

at 4 °C. Dichlorodiphenyltrichloroethane at a final concentration of 5 µg/ml was 

used as an internal standard. Following homogenisation, 100 μl suspension was 

prepared for protein precipitation and liquid – liquid extraction. Cold acetonitrile 

was added (600 µl) and the sample vortexed for 1 minute. Water (450 μl) was then 

added followed by 3 ml n-Hexane. Samples were vortexed for a further 5 minutes 

and centrifuged at 4000 g at 10 °C for 10 minutes. The upper organic layer was 

removed and evaporated under nitrogen at 35 °C (Techne DRI-Block type DB-3D). 

Dry residue was reconstituted in 100 μl mobile phase. The final concentrations in 

tissue samples were calculated according to the weight of the tissue and expressed 

as µg/g. 

Calibration curves were prepared by diluting MLN tissue from non-dosed 

animals in water at a ratio of 1:2 (w/v) and homogenising (POLYTRON® PT 10-35 

GT, Kinematica AG, Luzen, Switzerand) at 18000 rpm for 3 minutes on an ice bath. 

Samples were then spiked with CBD at final concentrations of 0.02, 0.05, 0.1, 0.5, 1 

and 10 μg/ml CBD and prepared in the same way as described for single lymph 

nodes.  

 

4.3.1.5 Chromatographic conditions  

A Waters Alliance 2695 separations module equipped with a Waters 996 

photodiode array ultraviolet (UV) detector was used for sample analysis. 
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Separation was achieved using an ACE C18-PFP 150 mm × 4.6 mm, 3 µm particle 

size column (Hichrom Ltd., Reading, UK), protected by an ACE C18-PFP 3 m guard 

cartridge. The mobile phase was a mixture of acetonitrile and water in a ratio of 

62:38 (v/v) at a flow rate of 1 ml/min. Samples were stored at 4 °C during analysis 

and the column was maintained at 55 °C. Injection volume was 40 μl and CBD was 

detected at a wavelength of 220 nm. Data collecting and processing was carried out 

by the EmpowerTM 2 software (Waters). 

 

4.3.1.6. HPLC data analysis 

The lower limit of quantification (LLOQ) for CBD using this method is 10 

ng/ml. All data are presented as mean ± standard error of the mean (SEM). One 

way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test 

was used to assess significance of differences between individual lymph nodes at 

different time points. A p value <0.05 was considered statistically significant. All 

figures and statistical tests were generated in GraphPad Prism (version 7). Potential 

outliers were excluded using a Grubb’s test where alpha = 0.05 was deemed 

signifcant.    

 

4.4. Results and Discussion 

4.4.1. Bio-distribution of CBD into different lymph nodes following oral 

administration in lipidic vehicles in rats 

4.4.1.1. Bio-distribution of CBD into individual MLN at different time points 

following oral administration in sesame oil vehicle 

The aim of this work was firstly to assess how distribution of CBD compares 

within the individual lymph nodes of the mesentery at various time points post oral 
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administration. For this work, sesame oil was used as a vehicle as it was shown to 

be highly efficient for delivery of CBD to MLN [70]. The concentrations of CBD in 

individual MLN and RPLN at 2, 3, 5 and 8 hours post oral administration are shown 

in Figure 4.3. At 2 hours post administration, concentrations of CBD were 

significantly higher in the lymph nodes positioned second from the apex of the 

chain (position 2), when compared to lymph nodes at the bottom of the chain 

(position 4). Based on the positioning of lymphatic vessels that drain lymph from 

the gut tissues into the MLN, it was hypothesised that the upper nodes in the chain 

drain lymph from the duodenum and upper jejunum whereas the lower nodes drain 

the ileum, caecum and partially the colon [4] (Figure 4.1 & 4.2). Data from this work 

describing the distribution of a lipophilic drug are therefore in agreement with 

previous studies that suggested the majority of dietary lipid absorption occurs in 

the duodenum and jejunum [20]. Concentrations in the MLN collectively in this 

work were comparable to concentrations previously reported in MLN post oral 

administration in sesame oil [70].  

At 3 hours post administration, concentrations in MLN at position 1, 2 and 

3 appeared to be higher compared to position 4, however this was not statically 

significant. At 5 and 8 hours post administration concentrations in MLN at all 

positions were comparable. The average concentration of CBD across all MLN from 

animals dosed with sesame oil was 8.3 ± 1.8 µg/g, 7.8 ± 2.2 µg/g, 3.6 ± 0.4 µg/g and 

2.2 ± 0.4 µg/g  for 2, 3, 5 and 8 hours post administration  respectively.   

Using the same data as presented in Figure 4.3, the concentrations in each 

lymph node over time were also compared (Figure 4.4). For all lymph nodes, 

concentrations of CBD were not statically different at 2, 3, 5 &  8 hours following 

administration. Data from this work therefore suggest that exposure to CBD is 

widespread across lymph nodes positioned throughout the mesenteric chain. In 
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addition, based on current understanding of lymph drainage, the fact that CBD is 

present at substantial levels in the lymph nodes positioned lower in the chain may 

also indicate that some absorption occurs in the lower GI tract. Confirmation of 

drug absorption from the lower GI tract would however require future work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in sesame oil.  The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 
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Figure 4.4. Distribution of CBD at various time points post oral administration in 

sesame oil in MLN and RPLN at various positions (a-f). The data in this figure is the 

same as the data in Figure 4.3, presented differently. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 
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4.4.1.2. Bio-distribution of CBD into individual RPLN at different time points 

following oral administration in sesame oil vehicle 

 

It was also aimed to assess whether the RPLN could also be targeted using 

orally administered lipid-based formulations, and how the concentrations are 

compared to that of the MLN at various time points post dosing. At 2 hours post 

administration, MLN at position 2 contained significantly higher concentrations of 

CBD compared to both the iliac and para-aortic lymph nodes at position 5 and 6 

respectively (Figure 4.3). Concentrations at position 5 and 6 were similar to those 

previously shown in plasma [70]. Relatively low concentrations in the RPLN 2 hours 

post administration are consistent with previous reports which showed no uptake 

of dye into the iliac or caudal nodes following injection into the small intestine and 

colon shortly after administration [19]. 

At 3 hours post administration, concentrations in RPLN were lower than in 

MLN however this was not significantly different. However, at both 5 and 8 hours 

post administration, concentrations of CBD were comparable in the MLN and RPLN 

at all positions (Figure 4.3). In addition to widespread drug delivery to MLN at 

multiple positions, this data demonstrates that the RPLN can therefore also be 

targeted through oral administration in lipidic vehicles. Importantly, at 5 and 8 

hours post administration, concentrations of CBD in the RPLN were more than 20 

times higher than concentrations previously reported in plasma [70]. Based on this, 

the accumulation of CBD in RPLN is not likely to be a result of redistribution from 

plasma following entry into systemic circulation. When comparing the differences 

in concentrations of CBD in the iliac / caudal nodes at position 6, at each time point, 

concentrations were not significantly different. However, at position 5 

concentrations were significantly higher 8 hours post administration compared to 
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3 hours (Figure 4.4). Increasing drug concentrations over time may also indicate a 

delayed uptake as a result of lymph being directed from the MLN into the RPLN.  

It should be noted that the concentrations observed in the RPLN at 3, 5 and 

8 hours post administration were above the immunomodulatory threshold as 

previously determined [70]. CBD is likely therefore to exert pharmacological effects 

on the cells of RPLN, in addition to the MLN. It can also be hypothesised that 

through the mechanism of association with chylomicrons and lymphatic transport, 

other highly lipophilic compounds may be distributed in a similar way. This has 

relevance for metastatic cancers, in particular testicular and colon cancers, where 

RPLN are involved and avoidance of invasive lymph node dissection would be 

beneficial.  

 

4.4.1.3. Bio-distribution of CBD into individual MLNs and RPLN at different time 

points following oral administration in different lipid-based formulations  

 

To assess the impact that formulation has on the distribution of CBD in 

individual intestinal lymph nodes, concentrations were also compared following 

administration in other natural oils. Sesame oil contains high proportions of 

unsaturated long chain fatty acids [309] (Chapter 3, section 3.1.2.1). The fatty acid 

composition of rapeseed oil is very similar to that of sesame oil [326] and so any 

differences in distribution may be attributed to other components such as small 

molecules like lignans. In contrast, coconut oil contains a more varied mixture of 

fatty acids, including shorter chain fatty acids and saturated fatty acids, such as 

lauric acid [327]. It was therefore included so the impact of fatty acid composition 

on distribution could be assessed.  
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The concentrations of CBD in individual MLN and RPLN at 2, 3, 5 & 8 hours 

post administration following oral administration in coconut oil and rapeseed oil 

are shown in Figure 4.5 & 4.6, respectively. Unlike following administration in 

sesame oil, there was no statistical differences between concentrations of CBD in 

MLN individual lymph nodes at any time point when administered in coconut or 

rapeseed oil. In addition, concentrations in RPLN were comparable to that of MLN 

at all time points in both formulations. Concentrations of CBD in all nodes were 

generally lower at 2, 3 and 5 hours when formulated in coconut and rapeseed oil 

compared to sesame oil. At 8 hours post administration concentrations across all 

lymph nodes were comparable in all formulations. The reason for this is unclear, 

however is consistent with previous work showing sesame oil to be superior for 

delivery of CBD to MLN relative at a range of other lipid-based vehicles [109, 325]. 

There are several possible explanations for this. Firstly, natural oils such as sesame, 

coconut and rapeseed oils contain triglycerides with a range of chain lengths and 

degrees of saturation. It is possible that the triglyceride composition of sesame oil 

is more favourable for the formation of chylomicrons and subsequent lymphatic 

transport. In addition, natural oils contain a number of minor constituents (section 

3.4.3.4. and 3.4.3.5) which may have bioactive properties which effect lymphatic 

transport including acting as co-factors during lipid absorption.  
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Figure 4.5. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in coconut oil.  The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05).  
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Figure 4.6. Distribution of CBD in MLN and RPLN at various time points post oral 

administration in rapeseed oil. The bar colours in this figure correspond to the 

positions of lymph nodes collected in Figures 4.1 & 4.2. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 
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Using the same data as presented in Figure 4.5 & 4.6, the concentrations in 

each lymph node over time were also compared (Figure 4.7 & 4.8). There was a 

trend towards increasing concentrations in all nodes at 8 hours post administration 

in coconut oil and rapeseed oil. Statistically significant increases in concentrations 

8 hours post administration were seen at positions 3 and 5 for coconut oil (Figure 

4.7) and positions 2, 3 and 4 for rapeseed oil (Figure 4.8). This delay in uptake into 

intestinal lymph nodes compared to sesame oil correlates with a later tmax with 

coconut and rapeseed oils (Feng et al., unpublished data).  

A one-way multiple comparisons ANOVA was also performed to compare 

exposure at different nodes at each time point across the 3 formulations. 

Concentrations of CBD were significantly higher with a sesame oil vehicle compared 

to rapeseed and coconuts oil at position 1 and 3, 2 hours post administration, 

position 2, 3 hours post administration and position 2, 5 hours post administration. 

Concentrations were also significantly higher with sesame oil compared to 

rapeseed oil at position 5, 5 hours post administration, and compared to coconut 

oil at position 5, 3 hours post administration. This supports previous work which 

showed CBD lymphatic drug delivery was superior with sesame oil compared to 

other formulations (Feng et al., unpublished data).  

Overall, the data from this section imply that using lipid-based vehicles, 

drug distribution to the individual nodes of the mesentery is widespread but 

variable with time. In addition, the RPLN can be targeted using several lipid-based 

formulations and concentrations above immunomodulatory thresholds can be 

achieved in these nodes.  
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Figure 4.7. Distribution of CBD at various time points post oral administration in 

coconut oil in MLN and RPLN at various positions (a-f). The data in this figure is 

the same as the data in Figure 4.5, presented differently. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 
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Figure 4.8. Distribution of CBD at various time points post oral administration in 

rapeseed oil in MLN and RPLN at various positions (a-f). The data in this figure is 

the same as the data in Figure 4.6, presented differently. All data are presented as 

mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA with 

Tukey’s multiple comparisons test. *P<0.05. No outliers were identified (Grubb’s 

test, alpha = 0.05). 
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4.5 Conclusions  

In this Chapter an animal model was used to provide information on which 

specific lymph nodes can be targeted using orally administered lipid- based 

formulations. Firstly, when administered orally in sesame oil, CBD was shown to be 

delivered a higher concentrations into lymph nodes positioned second from the 

apex of the chain of mesenteric nodes 2 hours after administration in animal 

models. However, at later time points, drug exposure across the MLN was 

widespread and similar concentrations were observed throughout. When 

administered in other natural lipidic vehicles, drug delivery to the MLN was less 

efficient and concentrations were similar throughout all MLN.  These findings 

indicate that drug concentrations in individual MLN vary with time and vehicle, 

however MLN throughout the mesenteric chain are exposed to orally administered 

drugs undergoing intestinal lymphatic transport.  

It was also demonstrated for the first time that the RPLN can be targeted 

as well as the MLN.  At 2 hours post administration in sesame oil concentrations of 

CBD in the RPLN were also significantly lower compared to the MLN second from 

the apex of the chain of nodes. However, at all later time points concentrations in 

the RPLN were similar to that of the MLN. When administered in rapeseed and 

coconut oil, concentrations in RPLN were consistently comparable to that of the 

MLN between 2 and 8 hours post administration. Therefore, in addition to the MLN, 

the RPLN may also be targeted by oral route of administration, which may have 

further implications for treatment of a range of diseases.
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5. Assessing lymphatic uptake of lipids in healthy human 

volunteers using Magnetic Resonance Imaging 

5.1. Introduction  

Very few attempts have been made to quantify drug delivery to the 

intestinal lymphatic system in human volunteers. In one of the only examples in the 

literature, radioactivity following oral administration of radiolabelled testosterone 

was quantified. This however required a hugely invasive thoracic duct catheter 

following neck surgery [328]. Imaging the lymphatic system has the potential to 

inform which lymph nodes can be targeted using orally delivered drugs (section 

1.4.2.).  

A label-free Magnetic Resonance Imaging (MRI) method was recently 

described for the imaging of the intestinal lymph nodes in healthy human 

volunteers [18]. In this work, several parameters were measured, including lymph 

node major and minor axis length and Apparent Diffusion Coefficient (ADC), a 

measure of the extent of water diffusion. Large lipid droplets have been observed 

in MLN as a result of a high fat diet [19].  

It has been widely observed that shortly after oral administration of lipids, 

intestinal lymph nodes swell as they receive lipid rich lymph draining from the 

intestine. Based on this, it was hypothesised that lymph nodes may increase in size 

as they receive lymph containing dietary lipids. As the composition of lymph 

draining into lymph nodes becomes more lipid rich, it was also hypothesised that 

the ADC may also change. Using these parameters as indications of lipid uptake, the 

MRI methodology previously described may thus be adapted to allow for the 
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identification of nodes involved in lymphatic uptake of dietary lipids, lipid excipients 

and co-administered drugs. 

 

5.2. Chapter aims and objectives  

Using an MRI method previously developed for the imaging of intestinal 

lymph nodes, the feasibility of MRI for imaging and quantifying the uptake of lipids 

into lymph nodes in humans was assessed.  Specific aims include:  

• Assessment of the feasibility of MRI methodology for repeated longitudinal 

imaging of the intestinal lymphatics in healthy human volunteers. 

• Application of the MRI method to image the intestinal lymphatics pre and 

post high fat meal  

• Determination of potential measurable changes in various parameters 

identified in individual lymph nodes indicating uptake of lipids. 

 

5.3. Methods and materials  

5.3.1. Magnetic resonance imaging in human volunteers 

The study protocol was approved by the University of Nottingham School 

of Medicine and Health Sciences Research Ethics Committee, Queens Medical 

Centre, Nottingham, University Hospitals, Nottingham, UK. (ref no. 358-1906). All 

subjects gave written informed consent and had no contraindications to MRI.   

 

5.3.1.1. Study participants  

All three participants were healthy male volunteers aged 25-30 years with 

no history of underlying cardiac or gastrointestinal disorders or symptoms. All 
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participants had a healthy BMI (between 18.5 and 24.9) and no food intolerances 

or allergies and were not known to be taking any medication.  

 

5.3.1.2. Study Design  

Participants were asked to fast from 10 pm the evening prior to the MRI 

study day. Water was allowed up until 2 hours prior to scanning. Participants were 

scanned in the supine position at fasted baseline and then 120, 180, 240 and 300 

minutes after the consumption of a high fat content meal. The meal was consumed 

directly after the baseline scan was performed. The meal consisted of 300 g 

creamed rice pudding uniformly mixed with 25 g seedless raspberry jam and 30 g 

double cream, and a drink of 100 ml orange juice with 240 mL of water (total energy 

content 518.8 kcal, fat content 18.5 g and approximately 25 % energy from fat, with 

a known median gastric half-emptying time of 80 minutes [329]). No additional 

food or water consumption was permitted throughout the duration of the imaging. 

5.3.1.3. MRI acquisition  

All images were acquired using a Philips 3T Ingenia (Best, the Netherlands) 

with a 32 channel dStream torso coil (Philips Healthcare). The scanning process was 

performed in my presence by Hannah Williams. Anatomical imaging planes are 

depicted in Figure 5.1.  
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Figure 5.1. Anatomical planes of the human body [6]. 

 

5.3.1.4. Lymph node imaging  

The Diffusion-weighted whole-body imaging with background suppression 

(DWIBS) sequence was used to highlight the lymph nodes within the abdomen (pre 

inversion, TI=260 ms, for background suppression). A free breathing coronal DWIBS 

was first acquired to gain a general idea of where nodes were located. Following 

this, a respiratory triggered DWIBS was performed in the sagittal plane, to reduce 

through plane motion. Eight imaging slices of the abdomen were acquired at each 

time point, with 2.5 x 2.5 x 4.68 mm3 voxels, reconstructed to 1.56 x 1.56 mm2 in-

plane resolution and a slice thickness of 4.68 mm with 0 mm gap between them 

(Time to Echo (TE)= 75 ms, Inversion time (TI)= 260 ms, Repetition time 

(TRmin)=3000 ms, Sensitivity Encoding (SENSE) factor 2.3). 

It was hypothesised that the lymph nodes that receive lipids from the meal 

would physically swell causing an increase in size. Three parameters (area, major 

axis and minor axis) were recorded in an attempt to characterise any changes in 

lymph node size following the high fat meal. The number of lymph nodes visible at 
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each time point was also compared in order to assess whether some lymph nodes 

which in the fasted state are not initially visible then become visible as they receive 

lipids.  

It was also hypothesised that ADC may change as the lymph nodes receive 

lipid rich lymph from the intestine. Two diffusion weightings (b=0,600 s/mm2) were 

used to measure ADC across the 8 slices.  

 

5.3.1.5. Gastric volume (T2)  

Gastric emptying and small bowel water were also measured to monitor 

the progression of lipids through the GI system. Gastric volumes were determined 

using a coronal Half-Fourier Acquisition Single-shot Turbo spin Echo (HASTE) 

sequence.  Twenty- eight slices were acquired at each time point with 1.4x1.7x 5 

mm3 voxels reconstructed to 1x1 mm2 in plane resolution with a slice thickness of 

5mm and slice gap of 1 mm (TE=96 ms, TR=1262, SENSE factor 2.0). 

 

5.3.1.6. Small bowel water content (SBWC) 

SBWC was determined using a single shot, fast spin echo sequence (Rapid 

Acquisition with Relaxation Enhancement, RARE) as previously described [330]. 

Briefly, 20 coronal slices (7 mm slice thickness, no gaps in-between slices, 0.78 mm 

x 0.78 mm in-plane reconstructed resolution) were acquired in a single breath hold 

(TR = 1169 ms, TE = 400 ms, acquired resolution = 1.4 mm × 1.76 mm, SENSE factor 

2).  

 

5.3.1.7. MRI data analysis  

For each lymph node a region of interest (ROI) was drawn around the 

periphery of the node on the two diffusion weighted images using Medical Image 
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Processing, Analysis and Visualization software (Version 9.0.0, National Institutes 

of Health) [331]. Area, major and minor axis were calculated. The signals from the 

two b value images were used to calculate ADC using the formula ADC = -

1/b600ln(S(b600))/S(b0)). Where a lymph node could be consistently imaged across all 

time points, the % change in each parameter relative to baseline per lymph node 

was calculated. This allowed for changes in smaller lymph nodes to be equally 

represented. The position of each lymph node in terms of vertebra level was also 

recorded in an attempt to assess which lymph nodes were being imaged [28].The 

gastric volumes were calculated by drawing a region of interest around the bright 

content of the stomach in MIPAV on the T2 weighted dataset. The total volume was 

a sum of the volumes measured from each of the image slices. SBWC measurement 

was analysed with in-house software which was previously described and validated 

[332].  

The reproducibility of data acquired from ROIs drawn in MIPAV was 

determined by drawing ROIs around the same randomly selected 15 nodes 3 times 

respectively (1 node per time point per participant). Relative Standard Error (RSD) 

and Relative Error (RE) were calculated as a measure of accuracy and precision 

respectively. All repeats were performed by the same observer. All data are 

presented at mean ± standard error of the mean (SEM). A one- way ANOVA 

followed by Tukey’s multiple comparisons test was used to compare the mean % 

change from baseline of nodes in all slices at each time point. The same nodes were 

compared at each time point. A p value <0.05 was considered statistically 

significant. All figures and statistical tests were generated in GraphPad Prism 

(version 7).  
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5.4. Results and Discussion  

5.4.1. Assessment of lymphatic uptake of lipids using MRI in healthy 

human volunteers 

In addition to the bio-distribution studies in rats described in Chapter 4, 

assessment of the feasibility of a non-invasive longitudinal imaging method to 

determine the uptake of lipids in the intestinal lymphatics following oral 

administration was performed. Specifically, the aim of this study was to establish 

whether MRI could be utilized to image the intestinal lymph nodes of healthy 

human volunteers at multiple time-points pre and post meal. Through repeat 

measurements of various parameters such as lymph node size and ADC, the 

feasibility of this method to identify changes in intestinal lymph nodes following 

the ingestion of a fatty meal was also assessed. Measurable changes in lymph nodes 

following lipid uptake could then be exploited to track the movement of lipids and 

drugs through the lymphatic system and inform which lymph nodes could be 

targeted using orally administered lipid-based formulations.  

 

5.4.1.1. Gastric volume and SBWC to inform MRI scanning intervals in human 

volunteers  

Gastric volume and SBWC were measured at several time points following 

the high fat meal in order to predict when lipids may be entering the intestinal 

lymphatics for each individual. This could then be used to inform scanning intervals. 

In one participant, gastric volume was largely unchanged across all time points, the 

reason for which is unclear. However, in the other 2 participants an increase in 

gastric volume was observed at 120 minutes post meal (Figure 5.2). Gastric volume 

appeared to then be reduced to approximately baseline equivalent volumes at 180 
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minutes post meal (Figure 5.2). Similarly, SBWC, appeared to decrease in all 

subjects as a result of nutrient-driven fluid absorption [24]. This was followed by an 

increase at 180 – 120 minutes post meal (Figure 5.2). Based on this, it was predicted 

that lipid uptake into the lymphatics would be the greatest after 120 minutes post 

meal. Postprandial human plasma triglyceride concentrations have been shown to 

increase after 1 hour, reaching a peak between 3-4 hours [333, 334]. Since lipid-rich 

lymph will ultimately collect in the thoracic duct prior to entering the systemic 

circulation, the majority of lipids were predicted to have left the intestinal 

lymphatic system by 300 minutes post meal.  Subsequently scanning intervals after 

baseline were 120, 180, 240 & 300 minutes post meal.  

 

 

 

 

 

Figure 5.2. a) Gastric volume and b) small bowel water content (SBWC) post high 

fat meal. Each line represents data from an individual participant. 

 

5.4.1.2. Number of lymph nodes  

The number of abdominal lymph nodes visible at each time point was also 

compared in order to assess whether some lymph nodes which in the fasted state 

are not visible then become visible as they receive lipids-rich lymph.  

a) b) 
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The number of nodes visible in each scan at each time point ranged from 

39 to 94 with an average of 61 nodes visible per time point per participant (mean ± 

SEM 4.27) (Figure 5.3). In two out of three participants, more lymph nodes were 

visible at 180, 240 & 300 minutes post meal relative to baseline (Figure 5.3).  

 

 

 

 

 

 

 

Figure 5.3. Number of lymph nodes visible at each time point post meal. a) Data 

represents the combined total of nodes across all slices. Each line represents data 

from an individual participant. 

 

In order to compare the same individual lymph nodes at each scanning time 

point, imaging planes needed to be consistent. To ensure comparisons of “like for 

like” slices, the vertebrae of the spine were used as an anatomical marker. Using 

this approach, the same lymph nodes could be identified across different scanning 

time points (Figure 5.4). 
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Figure 5.4. Example Diffusion Weighted Image (DWI) showing how the vertebra of 

the spine can be used as an anatomical marker to allow for the same lymph nodes 

to be consistently imaged at multiple time-points pre and post meal. The first 

lumbar vertebra is indicated (L1) and lymph nodes are indicated by coloured 

arrows. Colours represent the same individual lymph at each time point. The 

anterior side (A) of the body is to the left of each image and the posterior side (P) 

is on the right. 

 

The number of nodes consistently imaged across all time points were 11 

for participant 1, 22 for participant 2 and 33 for participant 3 respectively. Lymph 

nodes that could be consistently imaged across all scanning time points were then 

analysed and compared at each time point relative to baseline in an attempt to 

identify changes following intake of the high fat meal. 

 

 

 

L1 

A P 

Baseline 120 180 240 300 

Time post meal (minutes) 
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Table 5.1. Vertebral level of nodes imaged across all time points. Data 

represents the mean across all participants ± SEM.  

 

 
Vertebra L1-2 Vertebra L2-3 Vertebra L3-4 Vertebra 

L4 & 

below 

Number of nodes 

visible across all 

time points 

5± 1 11 ± 3 4 ±1 1 ±1 

As a percent of 

nodes visible across 

all time points 

24 % 52 % 18% 6% 

 

 

5.4.1.3. Grouping of imaged lymph nodes  

Few examples in the literature describe the intestinal lymph nodes in the 

sagittal plane. Abdominal lymph nodes are often distinguished by their location 

relative to major blood vessels (Section 1.1.3.2). However, since the blood vessels 

of the mesentery were not distinguishable in the images collected in this work, 

lymph nodes could only be grouped by their anatomical location on the 

craniocaudal and anteroposterior axis (Figure 5.1, 5.5). More specifically, because 

the vertebra of the spine were clearly visible lymph nodes were first grouped by 

their position of the craniocaudal axis in relation to the vertebra.  
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The majority of the nodes imaged were positioned slightly anterior to the 

centre of the spine between the second and third lumbar vertebra (Table 5.1). 

Based on their location, these nodes are most likely to be retroperitoneal nodes, 

more specifically the preaortic nodes. In some scans, nodes were visible closer to 

the spine (Figure 5.5) and therefore more likely to be the retroaortic nodes. In 

addition, a small number of nodes were located between the fourth and fifth 

vertebra and likely to be the iliac nodes.  

 

 

 

 

 

 

 

 

 

Figure 5.5. Example Diffusion weighted Image (DWI). Lymph nodes can be seen 

along the spine at various distances from the spine. Lymph nodes are indicated 

with white arrows. The lumbar vertebra (L1-3) are also indicated. 

 

5.4.1.4. Lymph node size  

It was hypothesised that as lymph nodes receive lipids from the meal, they 

would physically swell causing an increase in size. Three parameters (area, major 

axis and minor axis) were recorded in an attempt to characterise any changes in 

lymph node size following the high fat meal. 

L1 

L2 

L3 
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Where a lymph node could be consistently imaged across all time points, 

the percentage change in each parameter relative to baseline per lymph node was 

calculated. This allowed for changes in smaller lymph nodes to be equally 

represented. One node was excluded from the data set based on fluctuations of 

over 200% change area at adjacent scanning time points, which was deemed 

physiologically impossible and likely to be the result of a partial volume error. 

For each parameter, data are first presented as the mean of individual 

changes in individual lymph nodes for all consistently imaged lymph nodes per 

participant. Minor axis length only increased above baseline in one participant. 

However, in two out of three participants, mean node area and major axis lengths 

increased at both 120and180 minutes post meal relative to baseline (Figure 5.6). 

The largest increases relative to baseline were seen in lymph node area, which was 

higher both at 120 minutes and 180 minutes post meal in two out of three 

participants (Figure 5.6). For participant 2, % change in area was statistically 

significant at 180and300 minutes post meal relative to baseline (Figure 5.6). Area 

may therefore be a more sensitive measure for monitoring lipid uptake than axis 

length. This could be because both changes in major and minor axes lengths are 

simultaneously reflected in the area. 

In order to compare whether changes were more pronounced in some 

lymph nodes relative to others, data is then also presented with nodes 

subcategorised into changes in individual lymph nodes at each vertebra level for 

each participant. For participant 2, lymph nodes positioned between lumbar 

vertebrae 1-2 appeared to have the most pronounced increases in area, major and 

minor axis relative to baseline, however this was not statistically significant. Change 

in area was significantly higher at 180 compared to 300 minutes post meal in 

participant 3 for lymph nodes positioned between lumbar vertebrae 3-4. Generally, 
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there was no clear trend indicating a correlation between lymph node positioning 

relative to a vertebra level and change in size at each time point (Figure 5.7).  
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Figure 5.6. Change in lymph node area, major and minor axis length relative to baseline post high fat meal. Data represents mean ± SEM 

of all nodes that were consistently imaged across all time points.  n=11 for participant 1, n=22 for participant 2 and n=33 for participant 3. 

Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test. *p<0.05. 
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Figure 5.7. Change in lymph node area, major and minor axis length relative to baseline post high fat meal. Data represents the average 

difference between individual lymph nodes at each vertebra level (mean ± SEM). L = lumbar vertebra. The data in this figure is the same 

as in Figure 5.6, displayed differently. Statistical analysis comparing change in area, major and minor axis length at each time point was 

performed using one-way ANOVA with Tukey’s multiple comparisons test. *p<0.05.
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5.4.1.5. ADC   

It was also hypothesised that ADC may change as the lymph nodes receive lipid-

rich lymph from the intestine. Two diffusion weightings (b=0,600 s/mm2) were used to 

measure ADC across the 8 slices. In all three participants, there was an increase in mean 

lymph node ADC post-meal relative to baseline (Figure 5.8.). Increases in ADC appeared 

to be highest at 120 and 180 min post-meal, which encouragingly correlated with time 

scale predictions on gastric volume and SBWC. However, this was not statistically 

significant.  

 

 

 

 

 

 

 

Figure 5.8. Change in lymph node Apparent Diffusion Coefficient post high fat meal. 

Data represents the average difference between individual lymph nodes (mean ± SEM). 

b). n=11 for participant 1, n=22 for participant 2 and n=33 for participant 3. 

 

Largest increases in ADC appeared to be in nodes located between the first and 

second, and second and third lumbar vertebra (Figure 5.9). However, no increases in ADC 

were statistically significant compared to baseline. In participant 3, a peak increase in ADC 

Participant 1 Participant 2 Participant 3 

%
 C

h
an

ge
 A

D
C

 (
m

m
/s

²)
 

0 6 0 1 2 0 1 8 0 2 4 0 3 0 0

- 1 0

- 5

0

5

1 0

1 5

2 0

2 5

T im e  p o s t  m e a l (m in u te s )

0 6 0 1 2 0 1 8 0 2 4 0 3 0 0

- 1 0

- 5

0

5

1 0

1 5

2 0

2 5

T im e  p o s t  m e a l (m in u te s )

0 6 0 1 2 0 1 8 0 2 4 0 3 0 0

- 1 0

- 5

0

5

1 0

1 5

2 0

2 5

T im e  p o s t  m e a l (m in u te s )



Chapter 5 

192 
 

was observed at 180 minutes post meal and was significantly higher compared to 300 

minutes post meal, at which ADC was similar to baseline.  

 

 

 

 

Figure 5.9. Change in lymph node Apparent Diffusion Coefficient post high fat meal. 

Data represents the average difference between individual lymph nodes at each 

vertebra level (mean ± SEM). L = lumbar vertebra. The data in this figure is the same as 

in Figure 5.8. displayed differently. Statistical analysis comparing change in ADC at each 

time point was performed using one-way ANOVA with Tukey’s multiple comparisons 

test. *p<0.05. 
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5.4.1.6. Reproducibility.  

The reproducibility of ROI drawing in MIPAV for 15 randomly selected 

nodes is demonstrated in Table 5.2. In some cases, inconsistency in ROI drawing 

resulted in a large error, which may account for some of the variability in data 

observed. ADC was the parameter in which reproducibility was the most consistent.  

 

Table 5.2. Relative standard deviation (RSD) and Relative Error (RE) for 15 nodes 

(n=3). 

 

 Area Major axis Minor axis ADC 

Node RSD RE RSD RE RSD RE RSD RE 

1 20.20 11.66 15.12 8.73 16.74 9.67 17.60 10.16 

2 8.17 4.71 5.70 3.29 5.13 2.96 0.67 0.39 

3 0.00 0.00 1.29 0.75 1.30 0.75 0.67 0.38 

4 14.39 8.31 3.96 2.29 17.99 10.38 3.22 1.86 

5 29.99 17.32 18.38 10.61 17.02 9.83 3.09 1.79 

6 14.89 8.59 3.67 2.12 17.99 10.39 0.73 0.42 

7 8.41 4.85 5.07 2.93 22.43 12.95 0.98 0.56 

8 13.61 7.86 12.55 7.25 4.95 2.86 1.58 0.91 

9 6.43 3.71 3.79 2.19 2.58 1.49 1.10 0.64 

10 11.66 6.73 4.31 2.49 7.81 4.51 12.11 6.99 

11 16.23 9.37 10.03 5.79 8.68 5.01 1.18 0.68 

12 44.04 25.43 35.89 20.72 8.41 4.85 6.57 3.79 

13 9.94 5.74 10.05 5.80 3.89 2.24 5.18 2.99 

14 25.12 14.50 10.77 6.22 19.27 11.12 4.19 2.42 

15 12.86 7.42 8.61 4.97 13.90 8.02 18.96 10.94 
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5.5. Conclusions  

To compliment bio-distribution experiments in animals, the feasibility of a 

previously developed MRI method for imaging abdominal lymph nodes in healthy 

human volunteers was assessed for imaging the uptake of dietary lipids. Data 

collected as part of this chapter could then model the potential lymphatic uptake 

of orally administered lipid-based formulations.  

Individual lymph nodes could be repeatedly imaged at multiple time points. 

Postprandial increases in lymph node size and ADC could be observed. Larger 

changes relative to baseline were observed when comparing lymph node area than 

when comparing major and minor axes lengths. However, ADC was the only 

parameter to consistently change across all participants and so may show the most 

promise for tracking the movements of lipids through the intestinal lymphatic 

system and interaction with immune cells. Based on this, the MRI methodology 

described represents a safe and label-free approach which may be used to inform 

which lymph nodes can be targeted using orally delivered lipid-based formulations. 

Future work should focus on ensuring the reproducibility in a larger participant 

cohort, as well as optimisation of the methodology to reduce variability. 
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6. General Discussion and Further Work  

6.1. Key findings and implications  

Taken collectively, the work in this thesis has provided novel insights into 

distribution of small molecule drugs in the intestinal lymphatic system following 

oral administration. This has included highly exploratory feasibility assessments of 

a range of techniques for imaging the intestinal lymphatics. For much of this work, 

Cannabidiol (CBD) was used a model drug, on which assumptions about lipophilic 

small molecule distribution generally were made.  

The initial work described focussed on the adaptability of Secondary ion 

mass spectrometry (SIMS) analysis for determining drug distribution within the 

defined cellular compartments of lymph nodes. More specifically, suitability of a 

recently developed hybrid instrument, termed OrbiSIMS, was assessed. 

The superior sensitivity and mass resolution power of OrbiSIMS compared 

to conventional ToF-SIMS for detection of CBD in tissue samples was demonstrated. 

Data suggested that sensitivity was reduced under cryo conditions, however these 

temperatures were necessary to prevent CBD sublimation under high pressures. 

Although a formal investigation into the limit of detection of the method used was 

not performed, it was shown that previously determined in vivo relevant 

concentrations of CBD (5-10 µg) [70, 109, 325] could be detected in MLN tissues. 

To our knowledge, this work represents the lowest reported concentrations of 

exogenous drug detected in tissue using SIMS instrumentation. However at lower 

concentrations, large variability in ion abundance was observed, suggesting the 

limit of the sensitivity of the instrument was reached. Although the ionisation and 

subsequent ion detection of different drug molecules will ultimately differ to CBD, 
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this work may indicate that lack of sensitivity may impede the use of OrbiSIMS for 

imaging drug distribution in other ex vivo samples, where concentrations are lower. 

Application of the OrbiSIMS method allowed for an image of CBD 

distribution in a MLN to be obtained. CBD distribution appeared primarily in the 

paracortex of the node. This work represents the first entirely label and matrix free 

visual evidence of drug distribution in lymph nodes at peak lymphatic absorption 

following oral delivery. In addition, distribution primarily in the paracortex has not 

been previously reported and may therefore provide an insights into the 

mechanisms by which CBD exerts its immunomodulatory effects in vivo. However, 

generation of conclusions about CBD distribution was significantly hindered by the 

inability to reproduce images of CBD in lymph nodes, which again may be a 

limitation of the method. A calibration curve generated from homogenates spiked 

with known concentrations of CBD was used to calculate CBD concentrations in 

sections from dosed animals. Concentrations were in the physiological ranges 

previously determined in vivo, however the method was not fully validated. 

Although there was no evidence to support the presence of a matrix effect, there 

was again some variability in the data which reduces the confidence behind it, 

therefore further work should be used to confirm CBD distribution.   

In further exploratory work, multi-variate analysis (MVA) was employed to 

compare spectra from different cellular regions of interest (ROI) in lymph node 

tissue. In addition to CBD, a number of biomolecules including fatty acids, 

phosphoinistiol and cholesterol sulphate could be imaged and assigned. Fatty acids 

such as oleic acid, linoleic acid and palmitic acid were more abundant in the 

periphery of the node, however were mainly isolated to one ROI. Again the lack of 

repeated imaging limits the ability to make conclusions about the relevance of this 

finding. The simultaneous localisation of CBD with an immune cell marker, which 
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would aid conclusions about drug cell interactions, therefore remains yet to be 

achieved. A comparison of tissue sections from animals dosed with CBD and not 

dosed with CBD was hindered by the fact that non-dosed animals were not fasted. 

In terms of tissue analysis, SIMS is limited by its inability to detect intact 

polypeptides such as cytokines. The identification of specific immune cell markers 

using SIMS therefore remains a challenge which may be better addressed using 

alternative techniques. Furthermore, the interaction of CBD with the T-cells of the 

paracortex would require confirmation with different techniques as part of future 

work.  

Generalised delivery of drugs to all lymph node resident immune cells has 

been the rationale for targeting lymph nodes [10, 118, 131, 346, 347]. Confirmation 

that small molecule drugs such as CBD interact with lymph node resident T-cells 

would have large clinical indications in diseases where these cells play a central 

pathophysiological role. MLN contribute to pro-inflammatory Th17-cell generation 

during inflammation of the small intestine [348]. Delivery of immunoregulatory 

compounds such as CBD could therefore be effective treatment for Crohn’s disease. 

In addition, many T-cell lymphomas affect MLNs, either directly in the case of 

intestinal T-cell lymphomas such as enteropathy-associated T-cell lymphoma or 

metastatically such as systemic panniculitis-like T-cell lymphoma and cutaneous T-

cell lymphoma [349]. In addition, the lack of selectivity for cancer cells of many 

anticancer chemotherapeutic drugs means targeted distribution is critical to 

improving efficacy and reducing side effects. Interestingly, a prodrug of bexarotene, 

which is approved for T-cell lymphomas, was shown to deliver high concentrations 

of parent drug to the MLN following oral delivery in sesame oil [114]. By suggesting 

potential interaction of lipid based molecules with lymph node resident T-cells, this 

work may therefore further support the potential of bexarotene prodrugs for 



Chapter 6 
 

198 
 

treatment of T-cell lymphoma. Finally, CD4+ T-cells are known latent reservoirs of 

HIV even during prolonged dosing of ARV therapy [73, 350, 351]. A prodrug 

approach was also shown to deliver high concentrations of lopinavir to MLN [115] 

and may therefore have great therapeutic potential for the abolition of lymph node 

reservoirs of HIV.   

The major second part of this thesis provided evidence of which specific 

intestinal lymph nodes can be targeted following oral delivery and co-

administration with dietary lipids. This work included two complementary 

approaches. The MLN comprise a large group of nodes, which previous work has 

shown can be targeted by a range of drugs [70, 114, 115, 118]. Using a previously 

established highly sensitive HPLC method, work in this thesis showed for the first 

time that although drug was present throughout the individual nodes of the 

mesenteric chain at peak absorption, the concentrations of CBD were not uniform. 

Specifically, lymph nodes located towards the upper middle part of the mesenteric 

chain were shown to contain the highest concentrations of CBD. These nodes are 

thought to drain the duodenum and jejunum (Chapter 1, Figure 1.1.) which aligns 

with previous work suggesting these are the major locations of dietary lipid uptake 

from the small intestine [20, 353]. Although not specifically assessed in rats, a 

recent study in mice indicated that duodenum draining lymph nodes played a 

critical role in gut derived infection and overall systemic tolerance to gut antigens 

[20]. This further highlights the clinical potential of targeted drug delivery of 

immunomodulatory drugs to these nodes for diseases such as Crohn’s disease. 

Another key finding, was that in addition to the MLN, the retroperitoneal 

lymph nodes (RPLN), more specifically the para-aortic and iliac/ caudal nodes, could 

also be targeted following oral delivery. Moreover, at later time points, 

concentrations were similar to that of the MLN. The delayed increase in drug 
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concentrations in the para-aortic nodes may indicate that, as hypothesised, lymph 

flows from the MLN to the para-aortic nodes [4, 28]. Interestingly, based on current 

understanding of lymphatic flow in both rats and humans (see Chapter 1, section 

1.1.3.1) the route of drug delivery into iliac and caudal lymph nodes is less clear. 

Real-time imaging may be used to provide a better understanding of this. CBD 

concentrations in the RPLN were significantly higher than previously reported in 

plasma at the same time points [70] thus indicating CBD is not redistributed from 

systemic circulation. Based on this, work in this thesis has provided evidence for 

widespread lymphatic drug delivery following oral administration. Again, assuming 

similar distribution of other chylomicron associated drugs undergoing lymphatic 

delivery, this could have implications for diseases where retroperitoneal nodes are 

particularly affected. More specifically, a number of cancers initiate in [354] and 

metastasise to [79, 324, 355, 356] these nodes, and currently have poor prognosis, 

likely due to low exposure to chemotherapeutic drugs. 

Finally, to complement quantitative drug analysis in animal models, the 

feasibility of a non-invasive approach for imaging the lymphatic uptake of orally 

administered lipids in human volunteers was assessed. Again, as part of a highly 

exploratory piece of work, using a modification of a previously described MRI 

method, repeated imaging confirmed for the first time the feasibility of the method 

for longitudinal imaging of intestinal lymph nodes in healthy human volunteers. 

Although the drawing of ROIs around individual lymph nodes was somewhat 

subjective and likely contributed to the observed variability in the data, imaging 

performed before and after high fat meal indicated for the first time that a number 

of changes in lymph nodes could be detected using MRI, including size and area. Of 

note, apparent diffusion coefficient (ADC) was consistently higher across all 3 

participants and correlated with time scale predictions based on gastric volume and 
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SBWC. However, significant changes in ADC could only be observed when all nodes 

were considered collectively, which impeded the identification of individual nodes 

receiving lipids. There was also large variability in the number and distribution 

between volunteers, which makes identification of specific groups of nodes 

challenging with the limited images generated. However, this worked has 

confirmed MRI as a suitable, non-invasive approach by which the distribution of 

lipids and lipid-based formulations may be tracked throughout the human intestinal 

lymphatic system.  

 

6.2. Future work  

6.2.1. Confirmation of drug distribution within lymph nodes 

While the results collected as part of this thesis provide a novel insight into 

the lymphatic distribution of a clinically relevant study drug, CBD, further research 

should be undertaken to confirm the wider clinical potential of targeted drug 

delivery to the intestinal lymphatics following oral administration. Firstly, 

immediate future work should include analysis of more samples to ensure the 

reproducibility of the findings presented. One approach to maximise drug 

concentrations in samples, and therefore the probability of imaging CBD using the 

OrbiSIMS method described, may be to select samples acquired towards the upper 

middle region of the mesenteric chain, where concentrations were shown to be 

highest.  

Although the use of other mass spectrometry imaging (MSI) techniques 

was not investigated as part of this thesis, the non-destructive nature of SIMS 

analysis means that in future work, there is the potential to perform additional 

imaging in parallel using complementary techniques. This may provide information 

to further supplement evidence of drug Pharmacology in vivo. More specifically, 
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whilst several publications have described superiority of SIMS relative to other 

mass spectrometry imaging techniques for imaging small molecules, matrix assisted 

laser desorption / ionisation (MALDI) results in less ion fragmentation and therefore 

is widely understood to be superior to SIMS for the analysis of intact biomolecules 

such as proteins. Subsequently, MALDI has been utilised for imaging the spatial 

distribution different immune cell markers within tissue sections [267] including 

CD3+ T-cells. Corresponding localisation of CBD and markers of T-cells and DCs 

would therefore help to further elucidate remaining questions surrounding 

potential interaction with these cells within the paracortex and ultimately the 

mechanisms by which CBD exerts its immunomodulatory effects in vivo. A MATLAB 

based quantitative imaging analysis similar to one previously described could be 

used to quantify any correlation between specific cell types and CBD [261]. In 

addition some MALDI methods can be performed at ambient pressures, which may 

also negate the need to analyse under cryo-conditions and would likely prevent the 

sublimation of CBD. 

A number of recent publications have also indicated the potential of MALDI 

for cytokine analysis [265, 267, 357]. Cytokines are fundamental to immune cell 

signalling and subsequent systemic immune control, and changes in immune cell 

cytokine secretion are known to occur following CBD administration [70, 358-360]. 

Based on this, comparison with control sections from untreated animals has the 

potential to demonstrate localised pharmacodynamic activity of CBD within lymph 

nodes. Additionally, a number of changes in lymph node architecture and 

functioning have been described as a result of disease states. For example, in 

inflammatory bowel diseases such as Crohn’s disease, lympangioigenesis, 

lymphatic enlargement, adipose expansion, granulomatous have been described 
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[361-364]. Therefore confirmation of CBD distribution in diseased lymph nodes is 

also important as part of future work. 

In addition to tissue imaging, complementary work to confirm CBD 

association with specific subtypes of lymph node resident immune cells should also 

feature as part of future work. OrbiSIMS analysis of individual cells may be possible 

for the imaging of CBD as was previously done for amiodarone in macrophages 

[170]. Alternatively flow cytometry methods, similar to that previously described 

[118, 131] may be adapted. This, however, would require the use of a suitable 

fluorescent label for CBD [365]. 

As previously mentioned, in addition to CBD a number of other small 

molecule drugs can be delivered to MLN at similar concentrations [70, 114, 115, 

118]. In order to assess the wider indication of drug delivery to the intestinal 

lymphatics, future work may also look to use MSI to assess distribution of other 

drugs within lymph nodes. This is particularly important in diseases where specific 

cell types are implicated. A more general understanding of small molecule 

distribution in intestinal lymph nodes following oral delivery may therefore also 

inform novel drug design strategies. Although not always easy to predict, it is 

possible that unlike CBD, other compounds of interest may not sublimate under 

high pressure at room temperature. Based on this, analysis at room temperature 

using OrbiSIMS may be more feasible, which could result in improved sensitivity for 

these compounds, compared to CBD.  

 

6.2.2. Assessing which lymph nodes can be targeted by oral delivery  

A key aim in future work should be to compare how the distribution of 

other drugs known to undergo lymphatic transport compares to CBD. Similar to the 

method described in this thesis, HPLC analysis of individual lymph nodes following 
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oral drug administration may be performed. For drugs of interest including 

bexarotene and lopinavir, validated HPLC methods have been described and could 

be used in future work [114, 115]. Inferior MLNs are not hypothesised to receive 

high concentrations of drug following oral administration. However, in order, to 

gain a wider understanding of global lymphatic delivery, they may also be collected 

and analysed as part of future work. 

Having determined the feasibility of MRI for detecting lipid-induced 

changes in lymph nodes, several approaches could be implemented to improve the 

method sensitivity. Firstly, in terms of study design, the preliminary nature of this 

work means a small cohort of participants were included. More data from a larger 

number of participants would provide statistical power in future studies and thus 

aid conclusions about which lymph nodes can be targeted using lipid- based 

formulations. There is also substantial variability in the data for all parameters 

measured and although an initial appraisal of this is one of the findings of this 

feasibility study, future work with larger sample sizes will also allow for a more 

detailed assessment variability. More specifically, inter-participant differences in 

gastric emptying times were observed. Based on this, differences in the rates of 

lipid uptake into the lymphatics are also likely and so more personalised scanning 

intervals may ensure differences are not being missed. Similarly, combining 

scanning with simultaneous blood sampling to determine triglyceride content 

would also provide indications of lipids entry into systemic circulation and 

subsequent flow out of the lymphatic system. In addition, in an attempt to enhance 

lipid uptake, the lipid content of the meal or formulation could be adjusted to 

include a higher lipid content. This may include long-chain triglycerides, which have 

been shown in preclinical studies to enhance lymphatic uptake [109]. This however 
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would require additional gastric emptying time data, which would likely be delayed 

as a result and may pose problems with palatability.   

Improvements in imaging quality could also enhance the sensitivity of the 

proposed MRI imaging approach. Inevitably, as with most imaging techniques, a 

compromise between resolution and background noise is required. Although more 

invasive for participants, the use of an intravenous administration of an 

anticholinergic agent such as butylscopolamine could be utilised to prevent 

peristaltic movement which is known to decrease image quality [366]. Finally, 

although the vertebra of the spine was useful in identifying individual lymph nodes 

across each scan, the use of external markers to ensure consistent imaging planes 

would also be beneficial in future studies. A control scanning set in the fasted state, 

following water only, or alternatively following a meal with equal calories but no 

lipids, could also be useful to determine background fluctuations in lymph node 

parameters in the absence of lipids.  

Radiolabels are often used in the clinic to identify sentinel nodes. The 

development of a suitable radiolabel to image intestinal lymphatic uptake would 

complement the work performed in this thesis by providing a whole body real-time 

picture of lymphatic drug distribution following oral administration. One approach 

may be to radiolabel lipophilic compounds already known to undergo extensive 

lymphatic delivery, such as CBD. Fluorine-18 (18F) is the most clinically and 

preclinically used radioisotope in positron emission tomography (PET). This is 

because it has near ideal decay, small atomic size and ability to form stable bonds 

with carbon [367]. However, synthesis of complex PET tracers remains a challenge, 

especially in the presence of a variety of functional groups [368, 369]. In addition, 

for the labelling of drug like molecules, there are often few positions available for 

corporation of 18F without impairment of reactivity [367]. Subsequently there is no 
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general method described to radiolabel structurally complex molecules with 18F. 

For in vivo PET applications, the short half-life of 18F (110 minutes) also means 

radiolabelling must occur at late stage in the synthesis, thus making multistep 

radiochemical routes impractical.  

Synthesis of a fluorinated CBD molecule in a late stage electrophilic 

fluorination reaction has previously been demonstrated [370] and extent of 

lipophilicity and subsequent chylomicron association was not predicted to be 

affected [104]. This method may therefore be adapted to radiolabel CBD for PET 

imaging. Alternatively, other labelled equivalents of molecules known to undergo 

lymphatic transport, such as fatty acids, have been described [371, 372], as well as 

diglycerides which were used to label liposomes [373]. However it should be noted 

that the use of these radiolabelled molecules to model chylomicron associated drug 

uptake would require confirmation of stability following oral delivery as well as 

characterisation of lymphatic uptake.  

Finally, as previously mentioned delivery of CBD to the MLN has potential 

for the treatment of a range of inflammatory diseases. However, to date clinical 

efficacy of oral cannabinoids for inflammatory disease such as multiple sclerosis 

(MS) has been poor [219, 220]. Animal models of inflammatory and autoimmune 

disease can be used to assess the potential therapeutic potential of drug targeting 

to the intestinal lymphatic system, such as the EAE model of MS [374]. Whilst 

outside the scope of this thesis, future work should include assessment of to what 

extent enhanced delivery of the CBD to the intestinal lymph nodes using lipid-based 

orally delivered formulations improves efficacy for inflammatory diseases. 

Knowledge of enhanced efficacy could then be used to support in human clinical 

trials. Ultimately, in addition to the work in this thesis, further work could therefore 
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provide an undisputed rationale for perusing research into lymphatic drug delivery 

for the treatment of diseases associated with the intestinal lymphatic system. 
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