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Abstract

Synovitis is the inflammation of the synovial membrane and is present in joint diseases
like osteoarthritis (OA) and rheumatoid arthritis (RA). This affects more than half of
the population above age 65. Macrophages play an important role in the progression of
synovitis. Activation of the different types of macrophages is a factor in the severity of
OA and RA. Because of this, drugs that can target macrophages could be used to develop
therapies that slow down the progression of OA and/or stimulate regeneration. MiRNA
has been shown to have an important role in the biological processes of macrophages such
as polarization. However, miRNA needs to be protected and transported to the target,
because it is degraded fast in the body. A way to encapsulate and transport miRNA is
by using ionizable lipid nanoparticles. When these ionizable LNPs are released in the
body, they are neutral at physiological pH. If taken up by a cell in an endosome, the
low pH causes the LNPs to become cationic, after which they are broken down and can
release their content. For targeting specific types of macrophages only, the LNPs need
to be coated with biomolecules. A biomolecule gaining significant attention is the VHH,
which is an antibody fragment that has almost the same binding characteristics as nor-
mal antibodies but is way smaller. So, in this report, LNPs are made that have VHHs
conjugated to them. As a proof of concept, the LNPs contain dsDNA and tRNA instead
of miRNA. The LNPs are conjugated with TNFα-specific VHHs. Lipid nanoparticles
containing ionizable lipid DLin-MC3-DMA are made under low pH conditions, so this
ionizable lipid is positively charged to make encapsulation of the negative nucleic acids
possible. The LNPs were synthesized using a T-tubing method. The lipid phase, which
consists of the different lipids dissolved in ethanol in a certain molar ratio, is mixed
with the DNA phase, which consists of DNA dissolved in water. The phospholipid
DSPE-PEG-Maleimide that is present in the LNPs makes conjugation of the VHHs via
maleimide-thiol chemistry possible. Adding the LNPs containing DSPE-PEG-Maleimide
and the VHHs together in different ratios results in different amounts of VHHs on the
surfaces of the LNPs. DLS measurements were performed to quantify the size, polydis-
persity and surface charge of the LNPs. Size and zeta potential measurements were done
on LNPs with and without DSPE-PEG-Mal and with different amounts of VHHs per
LNP. The results show that the LNPs have a diameter of around 180nm. Zeta potential
measurements show a high variety in surface charge in conditions of VHHs with LNPs.
SEM is used to show the morphology and structure of the formed LNPs. To quantify
whether VHHs are conjugated to the LNPs containing maleimide groups on their sur-
face SDS-PAGE and western blot were performed. Furthermore, fluorescent dyes were
used in the LNP composition and attached to the VHHs. Unfortunately, no specific
VHH conjugation with LNPs containing DSPE-PEG-Mal was observed. The LNPs and
VHHs with fluorescent dyes were also used to show LNP uptake in macrophages in a
cell experiment with the RAW 264.7 cell line. This did show signs of LNP uptake by
the macrophages, but not for LNPs with VHHs specific. The conclusion is that LNPs
are formed, but that the conjugation with VHHs is not yet detected and maybe not
even present. Furthermore, it remains to be seen whether VHH-LNP conjugates make
effective targeted drug delivery possible. The TNFα-specific VHHs are used for testing
conjugation to LNPs and don’t target macrophages.
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1 Introduction

Synovitis is the inflammation of the synovial membrane and is present in joint diseases like osteoarthri-
tis (OA) and rheumatoid arthritis (RA) [1]. OA and RA are diseases associated with joint pain,
synovial fibrosis and osteophyte formation. This affects more than half of the population above age
65 and this group is expected to increase with the ageing of the population [2].

Monocytes and macrophages play an important role in the progression of synovitis in OA and RA.
Monocytes are located in the blood and turn into macrophages when they become active in tissue.
Activated macrophages can be polarized into M1 and M2 types of macrophages. M1 macrophages
are pro-inflammatory, while M2 macrophages are pro-regenerative [3]. Activation of the types of
macrophages and the ratio M1/M2 are factors in the severity of OA [4]. Because of this, drugs
that can target monocytes and macrophages could be used to develop therapies that slow down the
progression of synovitis and stimulate regeneration.

1.1 Monocytes and macrophages

Macrophages can be targeted in many different ways. In the case of slowing down the progression of
OA and RA, inflammations of the synovial membrane should be prevented. For this, the intra- and
extracellular pathways that activate M1 macrophages can be inhibited. In the case of regeneration of
tissue pathways that activate M2 macrophages should be stimulated. The cytokinetic environment in
which a monocyte or macrophage is present will determine in which phenotype the polarization occurs.
For example, polarization into M1 macrophages is induced by pro-inflammatory cytokines IL-1β, IL-6
and TNFα [5]. Specific targeting of certain monocytes or macrophages is necessary because there are
many types having different functions, for example in inflammation regulation. Because of this, the
types of monocytes or macrophages and their markers are defined.

1.1.1 Markers for types of monocytes

Three major types of monocytes can be described; classical, non-classical and intermediate monocytes.
Monocytes are produced in the bone marrow and released in the blood as classical monocytes, which
are also the most commonly found monocyte in the blood. They can differentiate to become non-
classical and intermediate monocytes. They are distinguished from each other by their expression of
specific surface receptors. The most important surface receptors in monocytes are CD14 and CD16,
and their expression levels specify their type. These levels are given in Table 1 [6, 7].

Classical monocytes are determined by a very high expression of CD14 and low expression of CD16,
defined as CD14++CD16−. They can differentiate into macrophages and play a role in forming in-
flammations by producing pro-inflammatory cytokines. [6]

Non-classical monocytes are determined by a very high expression of CD14 and high expression of
CD16, defined as CD14++CD16+. They are associated with wound healing processes and anti-viral
responses. Non-classical monocytes do produce pro-inflammatory cytokines, but not as many as clas-
sical monocytes do. [6]

Intermediate monocytes are determined by a very high expression of CD14 and low expression of
CD16, defined as CD14++CD16−. These expression levels are comparable to the expression levels
of classical monocytes. However, other highly expressed genes are different. They are specialized in
antigen presentation and play an essential role in the progression of HIV infections. The inflammatory
role of these monocytes is not clear yet and further research needs to be done. [6]

Additionally, from gene expression analysis in healthy individuals, the expression of other receptor
genes was found and was specified per type of monocyte. These genes are also shown in Table 1.
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Table 1: The expression levels of surface receptors CD14 and CD16 per type of monocyte. + is a high expression
level, ++ is a very high expression level, − is a low expression level, −− is a very low expression level. In addition,
other expressed receptor genes are shown. [7]

Type of
monocyte

Expression level
CD14 marker [7]

Expression level
CD16 marker [7]

Other receptor genes expressed [8–10]

Classical ++ − CD(54, 11B, 33, 52L, 1d, 9, 99, 91, 64, 35),
CCR(1, 2), CXCR(1, 2, 4), CLEC(4D, 5A), IL13Ra1

Non-classical ++ +
CD(115, 97, 123, 294, 31, 43, 11a, 47)
CXC3CR1, P2RX1, Siglec10

Intermediate ++ − CD(40, 80, 32, 54, 163, 74, 202B, 105),
HLA(-ABC, -DR), CCR5, CLEC10a, GFRa2

1.1.2 Markers for types of macrophages

Macrophages are divided into two major types; M1 and M2 macrophages. The M1 phenotype is
classified as pro-inflammatory, while the M2 phenotype is classified as pro-regenerative. The M1
macrophages are characterized by high expression of genes such as major histocompatibility complex
class II (MHC II), CD80, CD86, and TLR4. Expression of these CD80 and CD86 genes stimulates
the production of cytokines, enhancing the inflammatory amplification loop [11]. M2 macrophages are
associated with the expression of genes such as CD163 and CD206 [12–14].

A more elaborate list of genes that are expressed in the two types of macrophages that can be used
as markers, is given in Table 2. In addition, this Table presents the key transcription factors and
secreted chemo- and cytokines that play an important role in fulfilling their function and mostly also
in polarization.

Table 2: Elaborate list of expressed genes in the two types of macrophages.

Type of
macrophage

Expressed genes/markers
on surface [14,15]

Key transcription
factors [14,15]

Chemo- and
cytokines released [14,15]

M1
CD(80, 86), TLR(2, 4),
iNOS and MHC II

NF-kB, STAT1, STAT5,
IRF3, and IRF5

IFN-γ, IL-(1α, 1β, 6, 12, 23),
TNF-α, CXCL(9, 10) and ROS

M2
CD(206, 163, 209),
FIZZ1, and Ym1/2

STAT6, IRF4, JMJD3,
PPARδ, and PPARγ

IL-10, TGF-β and
CCL(1, 17, 18, 22, 24)

1.1.3 Subtypes of macrophages

The M1 and M2 macrophages are further divided into subtypes: M1a, M1b, M2a, M2b, M2c and
M2d. These different subtypes differ in markers, function, and secreted chemo- and cytokines. How-
ever, distinguishing them is not simple, because of their intertwined induction routes and biological
functions. [14]

M1a classical macrophages are activated by IFN-γ and Lipopolysaccharide (LPS) and release IL-
1, IL-12, IL-23, TNF-α and reactive oxygen species (ROS). They have high expression of MHC II and
IL-1R and stimulate phago- and endocytotic behaviour. It is a bactericidal macrophage active in the
early stages after injury and can also serve as an antigen-presenting cell. M1b innate macrophages
are activated by endogenous danger signals such as HMGB1, iron, histones/ATP and ligate pattern
recognition receptors. These signals can be produced in sterile injuries and stimulate an inflammatory
response. Yet, this can also limit epithelial healing and induce tissue damage and dysfunctions. M1b
macrophages can ingest apoptotic cells and release IL-1, IL-6 and ROS. [15]

M2a macrophages are activated by IL-4 or IL-13 cytokines and lead to the expression of IL-10, TGF-β,
CCL17, CCL18, and CCL22. These macrophages enhance endocytic behaviour, cell growth and tissue
repair and are also known as alternatively activated macrophages. M2b macrophages can be activated
by the immune complex, Toll-like receptors (TLRs) or IL-1β. They release TNF-α, IL-1β, IL-6, and
IL-10, which are both pro- and anti-inflammatory. M2b macrophages regulate the breath and depth of
immune and inflammatory responses to for example infections. M2c macrophages are activated by glu-
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cocorticoids, IL-10 and TGF-β and release IL-10, TGF-β, CCL16, and CCL18 chemo- and cytokines.
They are inactivated or regulatory macrophages and are important in regulating phagocytosis and
apoptosis. Together with M2d macrophages matrix synthesis is stimulated [14,15]. M2d macrophages
are activated by TLRs and secrete IL-10 and vascular endothelial growth factors (VEGF). These
macrophages stimulate angiogenesis and tumour progression [14].

1.2 miRNAs in macrophages

MicroRNAs (miRNAs) are short, non-coding RNA strands, that have an important role in some
pathophysiological processes. As a drug for macrophages, they have the advantage over mRNAs
because they can influence the behaviour by regulating gene expression [16]. MiRNAs also seem to play
a role in the biological functions of macrophages. Some studies determined the expression of miRNAs
in the different phenotypes [17]. Zhang et al. [18] determined these expression profiles by first using
murine bone marrow-derived macrophages and polarizing them under certain conditions, after which
miRNA-microarray and qRT-PCR were performed. Cobos Jimenez et al. [19] used polarized monocytes
derived from human peripheral blood mononuclear cells to determine the expression profiles with
miRNA-microarray and qRT-PCR. The results from both studies are shown in Table 3, summarizing
the miRNA expression profiles in M1 and M2 phenotypes. Other studies analysed individual miRNAs
and the phenotype which they stimulate, these are also given in Table 3.

Table 3: Summary of the expressed miRNAs in M1 and M2 macrophages determined by different studies

Type of
macrophage

Expressed miRNAs
(Zhang et al. [18])

Expressed miRNAs
(Cobos Jimenez et al. [19])

Expressed miRNAs
in other studies

M1

miR-155-5p
Let-7f-1-3p
miR-146a-5p
miR-33a-3p
miR-542-5p
miR-221-5p
miR-221-3p

miR-491-5p
miR-652-3p
miR-652-5p

miR-21 [20]
miR-9 [21]
miR-127 [22]
miR-155 [23]
miR-125b [24]

M2

Let-7f-2-3p
Let-7f-5p
miR-146a-5p
miR-301a-3p
miR-33a-5p
miR-542-5p
miR-221-5p
miR-221-3p

miR-200a-3p
miR-190a
miR-652-5p
miR-136-5p
miR-125b-5p

miR-21 [25]
miR-124 [26]
miR-223 [27]
miR-34a [28]
Let-7c [29,30]
miR-132 [31]
miR-146a [32]
miR-125a-5p [33]

These miRNAs can be used to influence the behaviour of macrophages, for example by stimulating
polarization into certain phenotypes by initiating intracellular pathways [16].

1.2.1 MiRNAs stimulating macrophage polarization

Some studies investigated the role of miRNA in the polarization of macrophages in diseases like obesity,
cancer and multiple sclerosis. In obesity, overexpression of M2-associated miR-223 [34] and inhibition
of M1-associated miR-33 [35] showed to result in positive effects. The overexpression of M1-associated
miR-155 [36] and downregulation of M2-associated miR-124 [37] appear to result in the irritation of
multiple sclerosis. These and other studies suggest that the miRNAs shown in Table 3 and other
macrophage-associated miRNAs could indeed be used to polarize activated macrophages into M1 and
M2 phenotypes [17].

1.2.2 Targeting macrophages using miRNA-loaded LNPs

Because miRNAs are degraded in the body fast, they need to be protected to be able to be used as
a drug [38]. In addition, the miRNA needs to be transported to the macrophages it has to target.
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Nanoparticles have been shown to be potentially useful for this targeted drug delivery. These are
nanosized drug-loaded vesicles that can have targeting biomolecules attached to them. Due to their
small size, they can pass biological barriers and they can be engineered to have certain characteristics
[39]. There are many types of NPs including metallic, organic, inorganic and polymeric nanostructures.
Lipid nanoparticles (LNPs) are organic NPs that are already extensively used as targeted drug-carrier
systems. They are often biodegradable and biocompatible, making them non-toxic [40].

1.3 Lipid nanoparticles (LNPs)

Lipid nanoparticles (LNPs) have been investigated for decades as drug carriers and can be used for
specific targeting of drugs. These LNPs can be utilised to carry molecules and nucleic acids like DNA
and miRNA because of their biodegradability and encapsulation efficiency. There are multiple classes
of LNPs that are distinguishable in the way they are structured and the way they carry drugs. These
classes are liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs) and lipid-
drug conjugates (LDCs) [41,42].
The LNP classes are explained below and a summary of is presented in Table 4.

1.3.1 Liposomes

Liposomes are the first discovered LNPs and are already in use for a long time. They are spherical
vesicles that consist of an amphipathic phospholipid bilayered shell and a core that is an aqueous
solution. This structure makes it possible to load hydrophilic and hydrophobic molecules; hydrophilic
molecules can be encapsulated in the aqueous core, while hydrophobic molecules can be encapsulated
in the lipid bilayer [41,43]. The first nano-drug approved by the FDA is a liposome-based drug named
Doxil. This is a doxorubicin-loaded PEGylated liposome that can be used for targeting solid tu-
mours [41, 44]. The lipid bilayered shell is usually made from phospholipids or synthetic amphiphiles
that incorporate sterols to control its permeability. The most commonly used preparation method is
thin-film hydration in which lipid components are dissolved together with the drug. Then evaporation
followed by rehydration of the film in an aqueous solvent will eventually form the liposome [43, 44].
Other preparation methods are given in Table 4. A liposome can be used for drug delivery by releasing
its content in a cell via degradation of its lipid bilayer, fusion of its membrane with the cell membrane
and by receptor-mediated endocytosis [43]. Some different subtypes of liposomes can be described.

Stealth or PEGylated liposomes are liposomes that have polymer strands attached to them to avoid
detection by the immune system. PEG is the most commonly used and it is linked by the incubation
of a reactive derivative of PEG with the target liposome. PEGylation does however affect the phys-
iochemical properties of the liposome, like making it bigger. This causes the circulation time to be
longer due to slower renal clearance [43, 44]. Therefore, PEGylated liposomes can slowly accumulate
into tumours because of their leaky character. An example of a PEGylated liposome is Doxil [43].

Non-PEGylated liposomes (NPLs) can have the benefits of a PEGylated liposome, while not hav-
ing the side-effects. For example, NPL Doxorubicin (NPLD) compared to Doxil reduces dose-limited
toxicity like the hand-foot syndrome (HFS). This difference is possible due to its special composition
which gives it its desired physiochemical properties. They do however have a shorter circulation time
than PEGylated liposomes. An example of an NPLD is Myocet. [43]

DepoFoam liposome is a patented technology by Pacira Pharmaceuticals, Inc., Parsippany, NJ, USA.
DepoFoam liposomes have extended-release drug delivery due to their multivesicular structure. The
liposome is structured with multiple internal aqueous chambers containing spheroids with drugs. This
structure causes the outer chambers to release their drugs first and the inner chamber last. This can
happen over a time period ranging from around 1 to 30 days. Examples of DepoFoam liposomes are
Depocyt, DepoDur and Exparel. [43]

Lysolipid Thermally Sensitive Liposomes (LTSLs) are, as their name suggests, temperature sensi-
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tive. Lipids used for this application typically have a transition temperature between 40 and 45 °C.
LTSLs are used to release encapsulated drugs at local tissue. This can be done by elevating this
tissue to temperatures around 42 °C with radiofrequency ablation. At this temperature, the lipids
become more permeable making it possible to release the drugs. An example is ThermoDox, which
has 25 times higher drug concentration at the targeted area than free doxorubicin (DOX) [43]. Also,
pH-sensitive and redox potential-sensitive liposomes exist [44].

1.3.2 Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are spheres made of a solid fully crystallized lipid matrix. They are
drug-incorporated with emulsifiers and typically have lipids with higher melting temperature than
body temperature such as triglycerides, fatty acids, and waxes. Due to their solid structure, SLNs
are stable, have good drug protection and have tuneable properties. The choice of lipid and surfac-
tant components can improve their quality and physiochemical properties. Their disadvantage is low
drug-carrying capacity and poor long-term drug retention. Their low drug-carrying capacity is caused
by close packing due to crystallization, especially in highly purified lipids. Different subtypes of SLNs
can be distinguished, which are different in preparation method and drug encapsulation [41]. An SLN
can be used as a drug delivery system by using cationic or ionizable lipid components. These lipid
components can encapsulate negatively charged molecules like miRNA and release it when entering a
cell via endocytosis [45].

The solid solution model describes an equal spread of drugs over the whole SLN matrix [45, 46].
This can be accomplished with cold homogenization, in which the drug and lipids are evenly spread
in solution without a surfactant. After solidification, a homogeneous matrix is formed and if put in a
surfactant, the drugs are maintained in the core [46].

The drug-enriched shell model describes a high concentration of drug molecules in the shell of the
SLN [45, 46]. This can be accomplished with thermal homogenization, in which a solid lipid core is
created at the recrystallization temperature of cooling and the drug is then concentrated in the liquid
lipid shell of the SLN due to dispersion temperature reduction [46].

The drug-enriched core model describes a high concentration of drug molecules in the shell of the
SLN [45, 46]. This can be done by dissipating drug molecules in melting liquid before cooling, which
causes supersaturation of the drug dissolved in the lipid. Then cooling leads to recrystallization of the
shell surrounding the drug-lipid solution [46].

1.3.3 Nanostructured lipid carriers (NLCs)

Nanostructured lipid carriers (NLCs) are actually the second generation of SLNs. These LNPs have a
solid lipid composition incorporated with liquid lipid components making them less crystalline. This
less-ordered structure gives NLCs a higher drug-carrying capacity than SLNs. Although their im-
proved properties with respect to SLNs, they are associated with having low stability and causing
cytotoxic effects. The NLCs can also be divided into three subtypes. [41, 46,47]

The amorphous NLC is, as its name suggests, not crystalline but homogeneous amorphous. This is
caused by the adoption of lipids like hydroxyl octacosanol, isopropyl myristate, and hydroxyl stearate,
which makes crystallization impossible. [47]

The imperfect NLC consists of disordered crystals with amorphous regions. These regions are made
by using small amounts of liquid lipids in a solid lipid matrix with varying chain lengths. The amor-
phous regions can encapsulate drugs, which increases drug-loading capacity but lowers encapsulation
efficiency. [47]

The multiple NLC has high liquid lipid content. The liquid lipids are dispersed into a solid lipid
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matrix to induce phase separation. This forms regions in the solid matrix of drug molecules sur-
rounded by liquid lipid components. The advantages are high encapsulation efficiency and controlled
drug release. [47]

1.3.4 Lipid-drug conjugates (LDCs)

Lipid-drug conjugates (LDCs) are created to increase drug-loading capacity. Generally, LDCs are
produced by first making a lipid-drug conjugate bulk by covalent or non-covalent linking via salt
formation. Then this LDC bulk is processed in an aqueous surfactant solution to form nanoparticle-
like structures [42, 48]. The LDC bulk is often made by linking the drug molecules to fatty acids,
glycerides, waxes and phospholipids via amide, ether and ester bonds. This LDC bulk can then be
used to form for example SLN- or NLC-like structures, resulting in LDC-NPs. This can reduce the
particle size because drugs don’t need to be encapsulated because they are already attached to the
lipid consituents [42,48,49]. The preparation methods shown in Table 4 for SLNs and NLCs can often
also be used to make these LDC-NPs.

Table 4: Summary of LNPs types with their structure, preparation methods, advantages, subtypes and some
examples [41–49]

LNP type Structure Preparation methods Advantages Subtypes Examples

Liposomes
[41,43,44]

Lipid bilayered
shell and a core
with aqueous
solution

Thin-film hydration
Reverse-phase evaporation
Freeze-drying
Ethanol injection

Well established
Control kinetics/dynamics
Improved bioavailability
Limited toxicity

Stealth (PEGylated)
Non-PEGylated
DepoFoam
Lysolipid Thermally
Sensitive

Doxil
Myocet,
Depocyt
ThermoDox

Solid LNPs
(SLNs)
[41,45,46]

Solid fully
crystallized
lipid matrix

Homogenization
Ultrasonication
Micro emulsification
Solvent emulsification/
evaporation

Stable
Good drug protection
Tuneable properties

Solid solution
Drug-enriched shell
Drug-enriched core

Triglycerides
Fatty acids
Waxes

Nanostructu-
red lipid
carriers
(NLCs)
[41,46,47]

Solid lipid
components
with liquid
lipid
components

Homogenization
Ultrasonication
Micro emulsification
Solvent emulsification/
evaporation

Drug-carrying capacity
Controlled drug release
Tuneable properties

Amorphous
Imperfect
Multiple

Triglycerides
Fatty acids
Waxes
with oils

Lipid-drug
conjugates
(LDCs)
[42,48,49]

Making bulk
by linking drug
to lipids, then
forming SLNs
or NLCs

Conjugation via:
Ether bonding
Ester bonding
Amide bonding

Same as SLNs and NLCs
but higher drug-carrying
capacity

LDC-SLNs
LDC-NLC

Fatty acids
Glycerides
Waxes
Phospholipids

In conclusion, a wide variety of LNPs can be used as carriers for drug molecules like miRNA by
protecting and transporting them. However, for specific targeting of for example M1 macrophages,
LNPs need biomolecules. These biomolecules can be attached to the LNPs surface to form a drug
carrier that can be put to use for targeting macrophages via their marker receptors.

1.4 Biomolecules for targeting receptors

If the binding of an LNP to a cell marker via a biomolecule takes place the particles can be taken up
by a cell, for example by endocytosis. A drug inside the nanoparticle can then be released into the
targeted cell. Possible biomolecules that can be conjugated to the surface of lipid nanoparticles or
other biomaterials are peptides, polysaccharides, aptamers, antibodies and antibody fragments [39,50].

1.4.1 Peptides

Peptides are biomolecules that can be used as targeting ligands for receptors. The advantages of
peptides are their stability, small size and straightforward conjugation to NPs, but they are degraded
fast in the body. The most commonly used peptide is arginylglycylaspartic acid (RGD). This peptide
binds to integrins on the surface of cells. These integrins are overexpressed in vascular endothelial
cells, so RGD peptides are often used to target cancerous cells. [50]
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RGD and some other examples of peptides that can be used to target receptors are given in Ta-
ble 5.

Table 5: Peptides that can be used for targeting receptors

Peptide Base sequence Target

RGD [50] Arg-Gly-Asp Integrins

NGR [51] Asn-Gly-Arg Tumor (CD13)

BBN(7-13) [52] Gly-His-Leu-Met-NH2 Tumor (BBN)

RP-182 [53]
Lys-Phe-Arg-Lys-Ala-
-Phe-Lys-Arg-Phe-Phe

M2 macrophage (CD206)

Some peptides shown in Table 5 are used for targeting cancerous cells. These peptides are recognized
by receptors on cancerous cells, to which drug delivery could then be possible [54]. Lastly, the RP-182
peptide is found to bind to receptor CD206. Some studies show that this peptide can therefore be
used to target M2 macrophages. However, RP-182 can also bind to RelB and CD47 receptors, which
means that it is not just specific to M2 macrophages [53].

1.4.2 Polysaccharides

Polysaccharides are biomolecules built up from monosaccharide units that are linked with glycosidic
bonds. They are natural polymers, are stable and have a specific affinity towards receptors. They are
structurally and chemically diverse and have functional groups that support stability, encapsulation
and specific targeting. Polysaccharides with functional groups can also be used for making NPs and
the conjugation between NPs and other ligands. [55]

1.4.3 Aptamers

Aptamers are biomolecules that consist of single-stranded DNA (ssDNA) or RNA (ssRNA). Their
nucleotide sequence and unique tertiary structure enable them to bind specifically to their target.
Aptamers are selected by the process of Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) and the aptamer structure can be produced relatively easy, fast and cheap [56]. SELEX
is the incubation of a random collection of ssDNA and ssRNA strands with a specific target. Some
ssDNAs and/or ssRNAs will bind, these sequences are detached and amplified using PCR. These
amplified strands form aptamers that have a high affinity towards the target molecule. A special type
is whole-cell SELEX, which is performing SELEX with whole cells. After multiple rounds, a set of
aptamers is obtained that can target multiple receptors. This can for example be used for targeting
cancerous cells [57]. Some examples of aptamers that can be used for targeting are shown in Table 6.

Table 6: Aptamers that can be used for targeting receptors

Aptamer Target Affected cells

Apt-αvβ3 [58] αvβ3 integrin Cancerous

VEap121 [59] VEGF Cancerous

AIR-3 [60] IL-6R Immune

Aptamer A2 [61]
Specific receptor
not found

M0- and M2-
macrophages

The study of Sylvestre et al. [61] identified aptamer A2 that binds to M0 and M2 macrophages using
whole-cell SELEX. Identifying an aptamer with affinity to M2 macrophages only failed, probably due
to high overlap in receptors with M0 macrophages. Also, attempts to identify the specific receptor to
which the aptamer binds were unsuccessful.

1.4.4 Antibodies and antibody fragments

Antibodies or immunoglobulins (Igs) are large glycoproteins and can be utilised as biological ligands
to target receptors or antigens. These biomolecules are tens of kilodaltons in size which is relatively
big. This large size limits the surface density of these targeting ligands on NPs. However, due to their



10

bigger size, they have very specific binding properties. There are four types of immunoglobulins, of
which IgG is the most dominant one in humans. IgGs consist of two identical light protein chains
and two identical heavy chains forming a ’Y’ shape, shown on the left in figure 1. The N-termini of
both the light and heavy chains form the binding sites of the IgGs, these are the variable regions. The
other termini of the heavy chains form the constant region. [62]

Antibody fragments can also be used for specific targeting of receptors. Antibody fragments are
parts of antibody domains. The fragments always include the variable domain, so specific binding is
still possible. A major advantage compared to whole antibodies is a higher possible surface density
due to their much smaller size. This makes the nanoparticles more sensitive for binding [62]. A single-
domain antibody fragment that is often used nowadays is the Variable heavy domain of the heavy
chain only antibody (VHH).

1.4.4.1 Variable heavy domain of the heavy chain only antibodies (VHHs)
Variable heavy domain of the heavy chain only antibodies (VHHs) are a single-domain antibody frag-
ment, illustrated on the right in Figure 1. A VHH is comparable to the variable part of the heavy
chain in IgGs. However, the VHHs are not derived from human IgGs because pairing of the light and
heavy chain of the variable domain is needed for binding to a target. [63]

Whereas with antibodies in camelids (for example llamas), this domain pairing is not present. These
antibodies are heavy chain antibodies, illustrated in the middle of figure 1, and have no light chains.
This makes the VHHs around 10 times smaller in size than a normal human IgG. Specific binding
is still possible with only the heavy variable domain, the fragment of this domain essentially is a
VHH. Production of specific VHHs is mostly done in microorganisms such as E. coli, which makes
it fast, easy and relatively cheap. VHHs are relatively stable in extreme pH conditions and at high
temperatures. A disadvantage is their short half-life due to their small size. [63]

Figure 1: A simplified representation of an IgG molecule, a heavy chain antibody, and a VHH. The variable
domains are shown in orange and the constant domains are shown in grey [64].

For the biomolecules to be put to use as targeting ligands on LNPs, they need to be attached to the
LNP surface. This is done with conjugation chemistry via interactions between functional groups on
biomolecules and LNPs to form NP-biomolecule conjugates. This makes the short half-life also less of
a problem, because of the increase in size.

1.5 Nanoparticle-biomolecule conjugation chemistry

There are many ways to conjugate make NP-biomolecule conjugates. These conjugates can be used
for drug-targeting specific receptors and can be formed with most LNPs described in Section 1.3 and
biomolecules presented in Section 1.4. Biomolecules can be attached to nanoparticles or other surfaces
via covalent and non-covalent interactions/binding [65, 66]. The conjugation methods are explained
below and a schematic overview is given in Figure 2.
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1.5.1 Non-covalent binding

NP-biomolecule conjugation via non-covalent typically gives weaker binding than covalent binding. On
the other hand, this weaker binding does make it possible for more fragile biomolecules to conjugate
to a nanoparticle or surface [65–68]. Some non-covalent interactions are explained below.

1.5.1.1 Electrostatic and hydrophobic interactions
Electrostatic interactions are the adsorption of a biomolecule to a nanoparticle by an opposite charge.
For example, a cationic liposome can attract anionic biomolecules such as some peptides. Hydrophobic
interactions are possible between hydrophobic nanoparticles or surfaces and hydrophobic biomolecules.
These interactions essentially coat the nanoparticle surface with the targeting ligands. An advantage is
that the strength of the interaction can be controlled by the choice of nanoparticles and biomolecules.
However, strong interactions can for example cause conformational changes in the biomolecule which
affects bioactivity, even denaturation is possible. [66–69]

1.5.1.2 Streptavidin-biotin binding
Streptavidin-biotin is a secondary link and is one of the strongest non-covalent biological interactions
known [70]. For this interaction, the biomolecule needs to be biotinylated and the nanoparticle surface
needs to be streptavidin functionalized. The functionalization with streptavidin or biotin is not always
directly possible and sometimes linker molecules are added (for example PEG) or covalent binding
methods like the ones explained below are used [67,68,71].

1.5.2 Covalent binding

Covalent binding is very strong and stable compared to non-covalent binding [65, 66]. Some covalent
binding methods are explained below. Often NPs and biomolecules are attached via bifunctional linkers
such as PEG. Linkers can give a NP surface a functional group. PEG gives the surface carboxylic
terminated groups suitable for covalent binding [66,68].

1.5.2.1 Chemisorption
Chemisorption is the chemical adsorption between a surface and an adsorbate in which covalent bonds
are formed. An example is the reaction between thiol groups of cysteine residues in biomolecules and
functional groups on nanoparticles forming a covalent bond. Most peptides and proteins have cysteine
residues with free thiol groups that are able to interact. Sometimes a linker molecule with a thiol
group is used instead of the free thiol groups on the biomolecule. The superior nanoparticle surface
for chemisorption is gold. Noble metals are highly reactive toward thiol groups. [68]

1.5.2.2 Carbodiimide (EDC/NHS) conjugation
A condensation reaction to form an amide bond is possible between a primary amine in the biomolecule
and carboxylic groups on the nanoparticle surface [66]. Generally, peptides and proteins have primary
amines in the side chain of lysine residues and the N-terminus. If carboxylic groups on the surface of
nanoparticles are not present, bifunctional linkers such as PEG can be added [66, 68]. If the reaction
needs to take place in an aqueous environment EDC/NHC crosslinking is often used. EDC is a water-
soluble carbodiimide that can form an intermediate compound with the carboxylic component. This
intermediate compound is reactive to the amines on the other component and the amide bond can be
formed. During this reaction, NHS or sulfo-NHS is often used to increase the EDC-coupling efficiency.
This makes the intermediate compound more stable and prevents crosslinking of the biomolecule. The
biomolecule can however undergo conformational changes which decreases bioactivity. The orientation
of the biomolecule with respect to the nanoparticle depends on which primary amine the carbodiimide
is bound to. This can be very non-specific if the biomolecule has multiple lysine residues [66,67,71].

1.5.2.3 Maleimide-thiol conjugation
Maleimide-thiol conjugation is possible between the thiol groups in biomolecules and the maleimides
attached to the nanoparticle surface. Peptides and proteins have free thiol groups in their cysteine
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residues that react with the maleimide attached to the nanoparticle surface, with or without a linker
molecule [66,70,71]. The reaction between a thiol and a maleimide is a Michael Addition reaction, in
which the maleimide has an unsaturated carbonyl group. Other molecules with unsaturated carbonyl
groups like acrylates can also be used, but maleimide is most commonly used because it is the most
reactive [71]. Sometimes a linker is added to the biomolecule to increase coupling efficiency and reduce
unwanted interactions to the nanoparticle surface.

1.5.2.4 Click chemistry
Click chemistry describes a group of strong linking reactions that are easy, have high yield and can
be used for the conjugation of many structures. Four major classifications are identified and ex-
plained. [66,72–74]

Cycloaddition is the most commonly used click chemistry and subtypes are copper-catalyzed cy-
cloaddition of azides and terminal alkynes (CuAAC), copper-free cycloaddition strain-promoted alkyne
and azide (SPAAC) and Diels-Alder cycloaddition. For CuAAC and SPAAC, the nanoparticle surface
needs to be functionalized with azide groups and the biomolecules need to be functionalized with
alkyne groups. In CuAAC a copper catalyst is added and triazole-conjugation can take place. In
SPAAC the alkyne group is strain-promoted (cyclic) and triazole-conjugation is possible without a
copper catalyst. [73, 75]
Nucleophilic ring-opening reactions are openings of strained heterocyclic electrophiles like epox-
ides and aziridines that are attached to the surface of the nanoparticle, after which they can conjugate
with amines on the biomolecule [72,74].
Carbonyl of non-aldol type chemistry includes the formation of ureas, oximes, hydrazones and
aromatic heterocycles [72,74].
Addition to carbon-carbon multiple bonds often includes Michael addition reactions and oxida-
tion reactions such as epoxidation and aziridination [72,74].

Figure 2: Schematic overview of methods for the conjugation of biomolecules to nanoparticles. The nanoparticles
are illustrated in blue and the biomolecules in orange

1.6 Encapsulation of miRNA in LNPs with targeting ligands

Delivering miRNA to specific cells can be done by encapsulating the miRNA in LNPs with targeting
biomolecules [41]. This is possible with most LNPs explained in Section 1.3 and biomolecules explained
in Section 1.4. If the binding of an LNP to a cell receptor via a biomolecule takes place, the particles
can be absorbed into the cell through processes like endocytosis, after which the miRNA can then be
released [76]. For encapsulation, cationic lipids could be used to complex with the negatively charged
miRNA. However, LNPs containing cationic lipids can be cytotoxic because of electrostatic disruption
of the negatively charged cell membrane. To solve this problem, ionizable lipids can be used [41,76].
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1.6.1 Ionizable lipids

Ionizable cationic lipids are lipids that have a neutral charge at physiological pH and a positive charge
at lower pH. By encapsulating miRNA with LNPs containing these ionizable lipids, the release of
miRNA into the targeted cells’ cytosol is possible without cytotoxic effects. Due to the neutral charge
at physiological pH, the LNPs can pass through the body without a cytotoxic effect to search for cells
it can target. If the LNP finds and enters the targeted cell via endocytosis, it comes in contact with
a more acidic environment of the endosome. The lower pH causes the ionizable lipid to become posi-
tively charged and interact with endogenous anionic lipids. This results in disruption of the endosome,
after which the miRNA can be released in the cytoplasm. [41,76,77]

These LNPs have more lipid components than just ionizable cationic lipids and together form an
SLN-like structure. Phospholipids serve as helper lipids, cholesterol helps with cell entry and PEGy-
lated lipids serve as a coating that improves stability and prevents aggregation [76, 77]. By choosing
part of the phospholipids to have functional groups, a targeting biomolecule could be attached by
using conjugation chemistry methods explained in Section 1.5 [77]. The making of such an ionizable
LNP as a miRNA carrier with targeting ligands is explained below.

1.6.2 Making an ionizable LNP as miRNA carrier

To make these solid ionizable LNPs that encapsulate miRNA, two mixtures need to be made. The lipid
mixture consists of the lipid components described above in a certain molar together with ethanol.
The aqueous mixture consists of miRNA together with a buffer with a low pH, to make the ionizable
lipids cationic. Then both mixtures can be mixed to form a total formulation. This can be done in
two ways; using a T-tube or microfluidic-based mixing [41, 77, 78]. Using a T-tube is a more manual
approach, while with microfluidic-based mixing the use of automated devices like a NanoAssemblr
Benchtop system is possible.

This NanoAssemblr Benchtop system uses a microfluidics chip with a staggered herringbone mixer.
With this system, the flow rate ratio between the two mixtures (mostly around 3:1) can be adjusted
and relatively monodisperse LNPs should come out [79]. By using the microfluidics chip, mixing is
also conducted better. The T-tube (or Y-tube) method can be used if a microfluidic-based mixing
system is not available. This is essentially just pumping the two mixtures through the inlets of a
T-tube with a certain flow rate ratio between the two. This ratio is different for each set-up and
should be adjusted to give good results. The outlet of the T-tube is attached to a tube to give some
more space for mixing. This less precise method can result in more polydisperse LNPs. Though, this
method does have the possibility to control flow rates using syringes that are automatically actuated.
This will in result less polydisperse LNPs than just mixing the lipid and aqueous mixture without
control over flow rate.

After mixing the lipid and aqueous mixture, the resultant with LNPs is purified by dialyzing to remove
the ethanol and unencapsulated miRNA. The formed LNPs can then be characterized by for example
doing DLS measurements to determine the hydrodynamic size, zeta potential and polydispersity index
(PDI) [79].

1.7 Aim of this study

The future aim is to target M1 macrophages using CD80-specific VHHs as targeting ligands on the
LNPs containing miRNA. VHHs are used because of their high stability and robustness, while still
having a strong binding affinity towards their target [63]. LNPs are a suitable choice because of their
low immunogenicity, biodegradability and high payload capabilities of nucleic acids [41]. In addition,
the use of ionizable lipids makes them controllable under different pH conditions [45]. MiRNAs are
used because they have been shown to regulate certain biological processes in macrophages, such as
polarization [16]. Additionally, they are efficiently encapsulated by ionizable LNPs.
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In this study, the aim is to make LNPs that could be used for specific targeting with VHHs. As
a proof of concept, TNFα-specific VHHs are used because their behaviour in terms of conjugation to
surfaces like polymeric surfaces is already well known. Additionally, the LNPs are loaded with dsDNA
and tRNA instead of miRNA. LNPs will be made using the T-tube method and contain an ionizable
lipid (DLin-MC3-DMA), phospholipids (DSPC and DSPE-PEG-Mal), cholesterol and a PEG-lipid
(PEG-DMG). Then the TNFα-specific VHHs are attached to the LNP surface by using maleimide
thiol conjugation. A simplified schematic representation of the expected structure of the LNPs that
will be formed is shown in Figure 3.

Figure 3: A simplified schematic representation of the expected structure of the LNPs that will be formed.

The ionizable lipid that is used is Dlin-MC3-DMA, which has a pKa value of 6.44. This means that
below pH 6.44 it has a positive charge and above this pH it has a neutral charge. In the process of
making the LNPs, ionizable Dlin-MC3-DMA should be positively charged to attract the negatively
charged miRNA.

The PEGylated lipid that is used is DMG-PEG, which is a synthetic lipid and is the PEGylated
form of myristoyl diglycerol. It is also used in the Moderna COVID-19 vaccine. Phospholipids that
can be used are DSPC and DSPE-PEG-Mal. DSPC is a phospholipid present in cell membranes and
is also used in Moderna and Pfizer COVID-19 vaccines. DSPE-PEG-Mal can be used as a conjugation
lipid. This phospholipid has a maleimide group that makes maleimide-thiol conjugation possible.

The TNFα-specific VHHs in this study are not conjugated via their own cysteine groups. These
VHHs are attached to a Glycerine-Serine 10 peptide linker with a free cysteine on the other end. The
Glycerine-Serine 10 peptide linker has peptide sequence (Gly-Gly-Gly-Gly-Ser)2. The free cysteine
group is able to conjugate with the maleimide groups from DSPE-PEG-Mal. Adding the linker is
done so that the binding affinity of the VHH to its target is not affected by the LNP surface. This
also has been shown to improve the coupling efficiency of VHHs to polymers in previous works, which
might be the case for coupling to lipids as well.

After LNP synthesis and conjugation of the VHHs, the LNPs and LNP-VHH conjugates are char-
acterized by Dynamic Light Scattering (DLS) and Scanning Electron Microscopy (SEM). SDS-PAGE
and western blot are performed, to quantify the binding of the VHHs to the LNPs. Furthermore,
fluorescent labelling of the LNPs and VHHs is used to confirm whether DSPE-PEG-Mal is present
and reactive on the LNP surface and whether VHHs are conjugated to the LNPs. Lastly, LNPs are
incubated with RAW 264.7 macrophages to determine whether the macrophages take up the LNPs.
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2 Materials and methods

2.1 Materials

Cholesterol, DSPE-PEG(2000)-Mal, DSPE-PEG(2000)-N-Cy5.5 and DMG-PEG(2000) were purchased
from Sigma Aldrich. Dlin-MC3-DMA was purchased from BLDpharm and DSPC from Avanti Po-
lar Lipids. All lipids were prepared in a 10mM ethanol stock and stored at -20 °C until use. The
dsDNA that was used is Lambda DNA Standard from a QuantiFluor dsDNA Sample Kit bought at
Sigma Aldrich. The tRNA that is used is Invitrogen Yeast tRNA from ThermoFischer. The TNFα-
specific VHH used containing a polypeptide linker is biomolecule Q65E5-GS10 (17.8 kDa). The dye
that was attached to the targeting biomolecule is a Fluorescein isothiocyanate-N-Hydroxysuccinimide
(FITC-NHS) dye. The Cys-dye that is conjugated to the maleimide groups on the LNP surface is a
Cys-PEG3-FITC dye. The macrophages used in the cell experiment are from the 264.7 cell line in
passage P16.

2.2 T-tube LNP synthesis

First, the lipid mixture was made by mixing specific volumes of ionizable lipid (Dlin-MC3-DMA),
phospholipids (DSPC and DSPE-PEG-Mal), cholesterol and a PEG-lipid (PEG-DMG) in a molar
ratio of 50/38.5/10/1.5 (mol%), respectively. This mixture had a final lipid concentration of 10 mM.
For making LNPs without functionality, only DSPC and no DSPE-PEG-Mal were added. For making
LNPs with functional maleimides, the molar ratio between DSPC and DSPE-PEG-Mal was set to 9:1
(mol/mol), respectively. For locating LNPs with a fluorescent Cy5.5 dye in further experiments, 0.2
mol% of DSPE-PEG-N-Cy5.5 was added to the lipid mixture. Secondly, an aqueous mixture is made
by diluting the dsDNA or tRNA stock solution in acetate buffer (pH 4), so that the final formulation
has an ionizable lipid 10:1 dsDNA/tRNA (wt/wt) ratio. Then both mixtures are mixed using the
T-tube (or Y-tube) method. For this method, two syringes were connected to the inlets of a Y-joint
using 1mm diameter tubing and some connectors. Tubing was also connected to the outlet to allow
some mixing eventually ending up in an Eppendorf tube. This tube was kinked several times creating
a turbulent flow that helps with mixing. The two syringes were used to combine both mixtures in a
3:1 aqueous:lipid flow rate ratio (v/v) at a total constant 4 mL/min flow rate. The resultant in the
Eppendorf tube is then purified by dialysis with a 3 kDa MWCO filtration membrane in excess MilliQ
water. This removed ethanol, resulting in a solution of the LNPs in MilliQ water.

2.3 Labelling VHHs with a FITC-NHS dye

Before the conjugation of VHHs to the LNPs, part of the VHHs was labelled with a FITC-NHS dye
by adding a 5 times molar excess of the dye in a 100 mM bicarbonate buffer (pH 8.2) to the VHHs
in PBS. After 2 hours of incubation at 4 °C, the free dye was removed by washing the sample 5 times
using spin filtration at 14000 rpm for 20 minutes, until the filtrate was colourless. For recovery of the
FITC-labelled VHHs, the spin filters were spun upside down for 2 minutes at 1000 rpm.

2.4 Conjugation of VHHs and Cys-PEG3-FITC to LNPs

First, the VHHs and labelled VHHs were reduced to break disulfide bridges in VHH dimers. This was
done by adding an excess of TCEP to the VHHs and labelled VHHs in PBS and then incubating them
for 1 hour at 37 °C. For conjugation, the VHHs and FITC-labelled VHHs were added to the LNPs
with and without DSPE-PEG-Mal in different amounts per LNP, to produce LNP-VHH conjugates in
solution. These proportions are calculated from the hydrodynamic size obtained from DLS. Accord-
ing to these calculations, a VHH stock:LNP solution (v/v) ratio of around 1:2*106 should result in
1 VHH per LNP. After adding the VHHs to the LNPs, the mixtures were then stirred overnight at 4 °C.

To be able to show whether DSPE-PEG-Mal is reactive on the LNP surface by using fluorescence, a
Cys-PEG3-FITC dye that binds to maleimide was conjugated in some conditions. This is performed
in the same way as the conjugation of VHHs.
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Excess VHH, FITC-labelled VHH and Cys-PEG3-FITC dye that was not conjugated was removed
from the LNP solutions by spin filtration. This is done 4 times with Amicon Ultra-0.5 spin filters at
14000 rpm for 10 minutes. For recovery of the LNPs, the spin filters were spun upside down for 2
minutes at 1000 rpm.

2.5 Dynamic Light Scattering (DLS)

DLS is performed with a ZetaSizer Nano S (Malvern) to determine the hydrodynamic size and the
polydispersity index (PDI). DLS samples were made by diluting the LNP solutions 50x in PBS (pH
7.4) and pipetting them in Greiner bio one 613101 semi-microcuvets. The samples for zeta potential
measurements were prepared the same way but were loaded into DTS1070 Zeta cells. All measurements
were performed at 25 °C and a measurement angle of 173°. For every condition, three measurements
of multiple runs were done with an equilibration time of 60s.

2.6 Scanning Electron Microscopy (SEM)

To observe the morphology of the formed LNPs, SEM was done. SEM samples were prepared by
pipetting 20 µL of the solution of LNPs in MilliQ water on an SEM stub with carbon tape. After
letting it dry overnight at room temperature, the samples were sputter-coated with gold using a
Cressington Sputter Coater 108. The samples were then imaged using a JEOL JSM-IT100 Scanning
Electron Microscope.

2.7 SDS-PAGE with Coomassie Blue staining

SDS-PAGE with Coomassie Blue staining is used to try to quantify whether the VHHs are conju-
gated to maleimide groups of the DSPE-PEG-Mal phospholipids on the LNP surface. SDS-PAGE
samples were prepared by adding all sample conditions described above to a 4x loading buffer (β-
mercaptoethanol 1:9 Laemmli sample buffer). The samples were then heated to 95 °C for 5 min and
spinned down. The gel tank is filled with a 1x solution of the 1x SDS running buffer diluted with demi
water. After loading the 4-15% Bio-Rad pre-cast gel in the tank, 20µL of all samples were loaded
into the gel. Gel electrophoresis was performed at 100V for 20 min and 160V for 40 min. After elec-
trophoresis, the gel was rinsed with MilliQ and placed in a tray with fixation buffer (50% methanol,
10% acetic acid, 40% demi water) overnight. Then the gel was stained by loading it in a tray with
Coomassie stain (fixation buffer + 0,25% w/v Coomassie Blue R-250) and incubating the tray on a
shaker for 2 hours at room temperature. Destaining was performed with a destaining solution (5%
methanol, 7.5% acetic acid, 87.5% demi water) for 5 hours and refreshing the solution 4 times. After
washing with MilliQ, the gel was imaged with a FluorChem M system from ProteinSimple.

2.7.1 Western blot with antibody probing

The Western blot is performed the same way as SDS-PAGE up until the electrophoresis. After
electrophoresis, the gel was placed on a Trans-Blot transfer membrane and in the cassette of a Trans-
Blot Turbo system from Bio-Rad. Then the Trans-Blot Turbo was run on the Turbo protocol. After
running, the membranes were washed in 20 mL washing buffer (PBS-T) and transferred to a 50
mL tube containing 5 mL of blocking buffer (PBS-T, 5% BSA). In this tube were incubated for 45
minutes under constant mixing. Then antibody probing was done with an anti-VHH rabbit antibody.
For antibody probing, the membrane is transferred to a new 50 mL tube containing 5 mL blocking
buffer and an excess of anti-VHH rabbit antibody. This is then incubated overnight at 4 °C under
constant stirring. The next day the membrane was washed 6x for 10 minutes in 20 mL washing buffer
on a shaker. After washing, a second antibody probing was done transferring the membrane to a 50
mL tube containing 2.5 µL anti-rabbit-HRP (1:2.000 diluted), 0.5 µL StrepTactin-HRP-conjugate and
5 mL of washing buffer. This tube was incubated at room temperature for 1 hour and then washed 6x
for 5 minutes. Imaging of the membrane was done with a FluorChem M system from ProteinSimple.
HRP substrate Working Solution (50% Stable Peroxide solution, 50% Luminol/Enhancer Solution) is
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used for anti by pipetting it on the membrane covering the whole surface. Fluorescent Cy5.5 images
were also taken with the FluorChem M system on this membrane.

2.7.2 Measuring Cy5.5 and FITC fluorescence

Samples for measuring fluorescence were prepared in a 96-well plate by pipetting 50µL LNP solution
and 50µL MilliQ in each well. Fluorescence on the plate was measured with a Varioskan LUX plate
reader from ThermoFischer. The emission and excitation wavelengths in the software are set to that
of Cy5.5 (492/517nm) and FITC (675/695nm).

2.7.3 LNP uptake by RAW 264.7 macrophages

LNP uptake by RAW 264.7 macrophages is analysed in two different ways; by an EVOS Fluorescence
microscope and a Zeiss LSM880 Confocal microscope. For these different methods of imaging, the
RAW macrophages were also seeded on different surfaces. Before preparing the samples, the RAW
264.7 macrophages were passaged to P16 in a T75 cell culture flask.

The RAW macrophages having a 90% confluence are harvested from the T75 flask using trypsin.
The harvested cells were then seeded at 20.000 cells/cm2 in both a 96-well plate and two Lab-Tek
8-well Chamber Slides. This was done in a culture medium (DMEM, 10% FBS and 1% Pen/Strep)
and incubated overnight at 37 °C. After overnight incubation of the cells in the medium, the cells were
incubated for 3 hours with 100 µL of LNP solution in MilliQ and 200 µL of cell culture medium per well.

After 3 hours of incubation of the macrophages with LNPs, the samples in the 96-well plate were
washed 3 times with PBS and imaged with the EVOS Fluorescence microscope. The samples in the
two Lab-Tek 8-well Chamber Slides were fixed by removing the medium from the cells. Then 1 mL of
4% (w/v) formaldehyde solution in PBS was added to the cells and this was incubated for 15 minutes.
In addition, a DAPI staining was performed on all samples in the two Lab-Tek 8-well Chamber Slides.
First, all conditions were washed 3 times with PBS. DAPI was added in a 100x dilution in PBS and
added to the cells. After 10 minutes of incubation at room temperature, the DAPI dilution was re-
moved and the cells were again washed 3 times with PBS. These samples were then imaged with the
Zeiss LSM880 Confocal microscope.
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3 Results

Many different LNPs and LNP-VHH conjugates were made; LNPs with and without DSPE-PEG-Mal
are conjugated with different estimated amounts of VHHs per LNP. The LNPs are characterized,
conjugation of VHH is quantified and LNP uptake by macrophages is observed.

3.1 LNP characterization

3.1.1 Dynamic Light Scattering (DLS)

DLS measurements were performed to determine the hydrodynamic size. The DLS results show the
hydrodynamic size expressed in the diameter of LNPs. This is done on LNPs with or without DSPE-
PEG-Mal and different estimated amounts of VHHs per LNP. The results are shown in Figure 4. The
first measurement was performed on a batch that had 1, 10, and 102 VHHs per LNP and was not
filtered. The second measurement was performed on a batch that had 103 and 105 VHHs per LNP.
From both batches LNPs without VHHs were also measured.

Figure 4: DLS results of hydrodynamic size expressed in the diameter of LNPs with or without DSPE-PEG-Mal
and different estimated amounts of VHHs conjugated per LNP.

The DLS measurements show that the hydrodynamic size is around 180 nm. The results of the first
batch of LNPs show that the LNPs with DSPE-PEG-Mal seem to be bigger in general. However,
this is the other way around in the second batch. So, not much can be said about the influence of
DSPE-PEG-Mal in the LNP composition or the amount of VHHs per LNP on the hydrodynamic
size. Furthermore, the polydispersity is relatively high, indicating that the LNPs do vary in size. The
polydispersity is shown in Table 7 as the PDI.

Table 7: DLS results of the PDI, in which in each condition the first column is without DSPE-PEG-Mal and the
second column is with DSPE-PEG-Mal in the LNP composition.

Batch 1 Batch 2

LNP 1 VHH/LNP 10 VHH/LNP 102 VHH/LNP LNP 103 VHH/LNP 105 VHH/LNP

0,320 0,378 0,155 0,248 0,172 0,293 0,170 0,251 0,251 0,337 0,287 0,310 0,236 0,221

Zeta potential measurements were performed on the same conditions as the DLS measurements. In
addition, VHH and dsDNA only were measured. DLS results of zeta potential are shown in Figure 5.
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Figure 5: Zeta potential results of the LNPs with or without DSPE-PEG-Mal and different estimated amounts
of VHHs conjugated per LNP. Also, the zeta potential of VHHs and dsDNA only is shown.

The LNPs without VHHs and with low amounts of VHHs per LNPs of the first batch have a surface
charge of around -19 mV. In these results, one thing is really interesting because, at 102 VHHs per
LNP, a significant difference is visible in surface charge between the LNPs with and without DSPE-
PEG-Mal. This also seems to be the case in the second batch, however in this batch there also is a
big difference in LNPs with and without DSPE-PEG-Mal, that don’t have VHHs conjugated to them.
Therefore, not much can be said about the influence of DSPE-PEG-Mal in the LNP composition and
the conjugation of VHHs on the surface charge.

3.1.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is used to observe the morphology and structure of the formed
LNPs. Two samples were made; LNPs without DSPE-PEG-Mal and LNPs with DSPE-PEG-Mal,
they are shown in Figure 6.

Figure 6: SEM images of LNP samples 6000x magnified, with a crop of the visible LNPs below. (A) LNPs
without DSPE-PEG-Mal. (B) LNPs with DSPE-PEG-Mal.

In the SEM images groups of LNPs are visible, with in the cropped images below also individual
LNPs visible. In the LNPs with DSPE-PEG-Mal, these individual LNPs are not as clearly visible as
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compared to the LNPs without DSPE-PEG-Mal. This might be due to interactions with the carbon
tape because the structures seem to be more attached to the surface. In addition, the quality of this
image is somewhat lower. The overall morphology of LNPs is round but in these SEM images, they do
sometimes interact with each other and form small clusters. The average LNP diameters are analyzed
from these SEM images using ImageJ and are shown in Table 8.

Table 8: Average LNP diameters determined from Figure 6 using ImageJ.

Average d. (nm) Std. dev.

LNPs without DSPE-PEG-Mal 291,2 58,3

LNPs with DSPE-PEG-Mal 438,8 80,3

These diameters differ a lot from the hydrodynamic diameters determined by the DLS measurements
in Figure 4. This can be explained by the fact that the hydrodynamic size with DLS is measured in
a different way. Also, the SEM images are made of a different batch of LNPs than where DLS was
performed on. Nevertheless, both LNP characterization experiments indicate that LNPs are formed,
although there is a large variety in size.

3.2 Conjugation quantification

3.2.1 SDS-PAGE with Coomassie Blue staining

SDS-PAGE is used to quantify whether VHHs were conjugated to the LNPs containing maleimide
groups on their surface. The SDS solution used in this method breaks the LNPs apart, after which
only VHHs and VHH-lipid conjugates should run through the gel. This means that LNPs without
VHHs should give no band on the gel. LNP samples without maleimide and with VHH would provide
a band at the same height as VHH only, around 17.8 kDa. LNP samples with maleimide and with
VHH would give a band at the height of DSPE-PEG-Mal-VHH conjugates, around 20.7 kDa.

Figure 7: Results of SDS-PAGE on samples of LNPs, VHHs and LNPs with and without DSPE-PEG-Mal that
have different amounts of VHHs added to them.

The results in Figure 7 show only clear bands at VHHs only (lane 10) and at 105 VHHs per LNP
(lane 8-9). These bands appear around 17.8 kDa, which is the molecular weight of the VHHs. No
bands are visible around 20.9 kDa at all LNP conditions with DSPE-PEG-Mal. This could mean that
DSPE-PEG-Mal-VHH conjugates are absent or that SDS-PAGE is not sensitive enough to measure a
low concentration of conjugates. Furthermore, light bands are visible around 70 kDa for 103 VHHs per
LNP, 105 VHHs per LNP and VHHs only. A possible explanation could be that multiple VHHs cluster
together forming a band at this molecular weight. This band is the lightest at 105 VHHs per LNP
with DSPE-PEG-Mal, which could suggest that some of those VHHs actually did form conjugates
with DSPE-PEG-Mal. Furthermore, the lipids in the running front of the gel are also stained and
show clearly visible bands.
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3.2.2 Western blot

Western Blotting is performed, because SDS-PAGE may not be sensitive enough to detect the VHH-
lipid conjugates. This is conducted on a batch with 104 VHHs per LNP, because 105 VHHs per
LNP shows large amounts of unconjugated VHHs in the SDS-PAGE, while 103 VHHs per LNP shows
no VHHs at all. Furthermore, LNPs containing DSPE-PEG-N-Cy5.5, LNPs and having 104 FITC-
labelled VHHs conjugated and LNPs having Cys-PEG3-FITC dye conjugated to them were also loaded
into the gel for western blotting. Before loading into the gel the samples were all filtrated with spin
filtration, except for the sample of LNPs containing DSPE-PEG-Mal and DSPE-PEG-N-Cy5.5 (lane
10). This sample is not filtered, because no VHHs or dye had to be removed. The western blot with
antibody detection for VHHs is shown in Figure 8.

Figure 8: Western blot on samples of LNPs with and without DSPE-PEG-Mal and DSPE-PEG-N-Cy5.5 having
VHHs, FITC-labelled VHHs and Cys-PEG3-FITC dye conjugated to them

In the western blot with antibody detection, the band around 17.8 kDa of VHHs (lane 14) is visible.
Apart from some diffusion of the DNA ladder in the upper right corner, not much is visible on the
rest of this membrane from the western blot. This may be caused by the loss of LNP-VHH conjugates
due to spin filtration. In addition, the membrane for western blotting was used for measuring the
fluorescence of Cy5.5 that is coming from DSPE-PEG-N-Cy5.5. This way the presence of this lipid in
the LNP composition can be quantified because excess DSPE-PEG-N-Cy5.5 was removed by dialysis
after LNP synthesis. The fluorescence of Cy5.5 on the membrane is shown in Figure 9.

Figure 9: Fluorescence of Cy5.5 on the membrane used for western blotting that has samples of LNPs with and
without DSPE-PEG-Mal and DSPE-PEG-N-Cy5.5 having VHHs, FITC-labelled VHHs and Cys-PEG3-FITC dye
conjugated to them.
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This Figure shows that Cy5.5 is strongly present in the unfiltered sample of LNPs containing DSPE-
PEG-Mal and DSPE-PEG-N-Cy5.5 (lane 10). In most other samples with LNPs that have DSPE-
PEG-N-Cy5.5 (lanes 7-13) fluorescence of Cy5.5 is also visible. Again, due to spin filtration, this
signal is less intense than the unfiltered sample. Unfortunately, the molecular weight at which this
fluorescence is located is unknown because the DNA ladder is not visible. However, this shows that
DSPE-PEG-N-Cy5.5 is indeed present in the LNP composition. This suggests a high possibility of
DSPE-PEG-Mal also being present in the LNP composition.

3.2.3 Measuring Cy5.5 and FITC fluorescence

To further quantify whether the DSPE-PEG-N-Cy5.5 is present in the LNPs and whether the FITC-
labelled VHHs and Cys-PEG3-FITC dye are conjugated to DSPE-PEG-Mal on the LNP surface,
fluorescence intensity was measured. This is done on a batch of LNPs that has 104 VHHs, FITC-
labelled VHHs and Cys-PEG3-FITC dye per LNP conjugated. Also, fluorescence was measured on
the filtrate of each LNP solution from spin filtration after the conjugation. The LNPs that didn’t
undergo conjugation were not filtered, so no fluorescence was measured on their filtrate.

Table 9: Fluorescence intensity at the emission wavelength of Cy5.5 (695nm) of the LNP solutions and the filtrate
obtained from spin filtration. Cells were coloured green for intensity above 1,0.

In Table 9 of the fluorescence intensity at the emission wavelength of Cy5.5 (695nm), it is clearly visible
that the unfiltered LNPs with DSPE-PEG-N-Cy5.5 show a way higher fluorescence intensity than the
filtered LNPs with DSPE-PEG-N-Cy5.5 that have VHHs and dye conjugated to them. That is again
because of the loss of LNPs during spin filtration. However, from this Table, it seems that some LNP
samples that had DSPE-PEG-N-Cy5.5 added to their lipid mixture do indeed contain DSPE-PEG-N-
Cy5.5, which correlates to the Cy5.5 fluorescence on the western blot membrane. Because the filtrate
from spin filtration doesn’t show fluorescence intensity, no free DSPE-PEG-N-Cy5.5 lipids are present
in the LNP solutions.

Table 10: Fluorescence intensity at the emission wavelength of FITC (517nm) of the LNP solutions and the
filtrate obtained from spin filtration. Cells were coloured green for intensity above 1,0.

In Table 10 of the fluorescence intensity at the emission wavelength of FITC (517nm) most fluorescence
intensity is found in the filtrate of the LNPs conjugated with the FITC-labelled VHHs and Cys-PEG3-
FITC dye. This shows that a large part of FITC-labelled VHHs and Cys-PEG3-FITC dye are not
conjugated to the LNPs and are removed during spin filtration. The column of LNPs with Cys-PEG3-
FITC dye shows high fluorescence intensity, either in LNPs with or without DSPE-PEG-Mal. This
suggests that this dye attaches to all LNP types and not much can be said about specific conjugation
with maleimide on the LNP surface. Unfortunately, the column of LNPs with FITC-labelled VHHs
shows very little FITC fluorescence, suggesting not much is conjugated to the LNPs. This can be
explained by the non-fouling nature of the PEG coating on the LNPs surface, which can make the
conjugation of VHHs to the maleimide groups more difficult. The difference between FITC-labelled
VHHs and the Cys-PEG3-FITC can be caused by the smaller size of the Cys-PEG3-FITC compared
to the FITC-labelled VHHs, allowing for more space for conjugation.
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3.3 LNP uptake by RAW macrophages

To see the uptake of the LNPs by macrophages, a cell experiment with the RAW 264.7 macrophage
cell line is performed. This is done on a batch of LNPs containing DSPE-PEG-N-Cy5.5. These LNPs
have nothing conjugated or have 104 VHHs, FITC-labelled VHHs or Cys-PEG3-FITC dye per LNP
conjugated. The uptake of LNPs is imaged with two microscopes: an EVOS Fluorescence microscope
and a Zeiss LSM880 Confocal microscope.

3.3.1 EVOS Fluorescence microscope

As controls, a blank condition with only macrophages and a condition of free VHH-FITC added to
the macrophages were taken into account, shown in Figure 10.

Figure 10: EVOS microscopic images of controls with macrophages. (A) Blank condition containing macrophages
only. (B) Condition containing macrophages with free VHH-FITC added.

The blank condition shows the macrophages without fluorescence because no dyes were present. The
other control containing free VHH-FITC shows that the macrophages take up these FITC-labelled
VHHs. Figure 11 shows the other conditions revealing some fluorescence.

Figure 11: EVOS microscopic images of the conditions showing the most fluorescence that contain LNP added
to the macrophages. Unfiltered LNPs containing DSPE-PEG-N-Cy5.5 (A) without DSPE-PEG-Mal and (B) with
DSPE-PEG-Mal. Filtered LNPs containing DSPE-PEG-N-Cy5.5 and VHHs (C) without DSPE-PEG-Mal and
(D) with DSPE-PEG-Mal.
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In these images only the fluorescence of Cy5.5 is visible, especially in the unfiltered LNPs with DSPE-
PEG-N-Cy5.5 without anything conjugated. Another condition showing some fluorescence of Cy5.5
is LNPs with DSPE-PEG-N-Cy5.5, without DSPE-PEG-Mal and having VHHs conjugated to them.
The same as in the western blot and measuring fluorescence, the spin filtration caused a lot of LNPs to
be removed. This is probably why no fluorescence is visible in the other filtered conditions. Without
this loss of fluorescent LNPs, something could have been said about the difference in the number of
LNPs taken up by the macrophages. However, this was not possible due to the significant difference
in the number of LNPs that was present between all LNP solutions after spin filtration.

3.3.2 Zeiss LSM880 Confocal microscope

Again as controls, a blank condition with only macrophages and a condition of free VHH-FITC added
to the macrophages were taken into account, shown in Figure 12.

Figure 12: Zeiss LSM880 Confocal microscopic images of controls with macrophages. (A) Blank condition
containing macrophages only. (B) Condition containing macrophages with free VHH-FITC added.

These control conditions analysed with the confocal microscope show the same as the control of
the fluorescence microscope in Figure 10. Only DAPI is present in the blank condition showing
the macrophage nuclei. The VHH-FITC control shows that free VHH-FITC is taken up by the
macrophages. The other conditions displaying some fluorescence are shown in Figure 13.

Figure 13: Zeiss LSM880 Confocal microscopic images of the conditions showing the most fluorescence that
contain LNP added to the macrophages. Unfiltered LNPs containing DSPE-PEG-N-Cy5.5 (A) without DSPE-
PEG-Mal and (B) with DSPE-PEG-Mal.

The same as in the images of the EVOS fluorescence microscope of Figure 11, the unfiltered LNPs with
DSPE-PEG-N-Cy5.5 without anything conjugated showed most fluorescence of Cy5.5. All filtered LNP
conditions showed no Cy5.5 or FITC fluorescence, probably again due to spin filtration. Although this
loss of LNPs, unfiltered LNP conditions do show that LNPs are taken up by RAW 264.7 macrophages.
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4 Discussion

In the synthesis of the LNPs, the T-tube method was used. This method is a less accurate way of
making the LNPs because this process is not well automated and doesn’t make use of a microfluidic
mixing chip. This causes the LNPs in this study to be more polydisperse with a PDI of around
0,3. Studies using an automated device like the NanoAssemblr reported PDIs of around 0,1 or even
lower [79,80]. This relatively high polydispersity should not have a big effect on the VHH conjugation
but can have an effect on LNP uptake by macrophages. Also, this could have been an explanation for
the difference in zeta potential between LNP batches and solutions.

Furthermore, the use of dsDNA and tRNA caused the LNP batches to have different properties.
While there was tried to minimize the differences in LNP synthesis between these two nucleic acids,
this was unavoidable. DLS measurements and the SDS-PAGE were performed with batches of LNPs
containing dsDNA, while the rest of the experiments were performed with LNPs containing tRNA.
Experiments on LNPs containing different nucleic acids were therefore not compared. Also eventually,
miRNA should be used for targeting macrophages with LNPs and the synthesis would need to be
optimised for this.

After conjugation of the VHHs, most of the batch with tRNA-loaded LNPs was filtered using spin
filtration. This was done to remove unconjugated VHHs and Cys-PEG3-FITC dye. During this spin
filtration, most LNPs got stuck to the filter and weren’t recovered in the LNP solutions. This caused
that unfiltered and filtered conditions couldn’t be compared. But most importantly it caused that
the results of the western blot, fluorescence measurements and LNP uptake experiment could not be
interpreted as they should. Because of the low concentration of LNPs left, the western blot did not
show any VHHs in LNP solutions, fluorescence measurements showed significantly lower intensity than
in unfiltered conditions and almost no LNP uptake is observed in the uptake experiment. Therefore
from these experiments, not many conclusions can be drawn about maleimide reactivity on the LNP
surface, VHH conjugation to LNPs and LNP uptake of different LNP conditions. An alternative for
spin filtration to remove unconjugated VHHs and dyes would be dialysis. This should be done with
a filtration membrane with a pore size of around 40 kDa MWCO or bigger so that any VHH dimers
are also filtered out.

Alternatively, the conjugation of VHHs to LNPs could have been done with other methods. In these
methods VHHs are first conjugated to free DSPE-PEG-Mal lipids, to form lipid-VHH conjugates. By
first forming these lipid-VHH conjugates, the binding characteristics can be tested. LNP synthesis
with the lipid-VHH conjugates can be done by adding them to the lipid mixture, after which the
LNPs can be formed with the T-tube method. Another way is by first forming LNPs without the
lipid-VHH conjugates and adding them to the LNP solution after which post-insertion takes place [81].

The optimal VHH concentration that needs to be added to an LNP solution is unknown. In ad-
dition, the DSPE-PEG-Mal concentration in the lipid mixture optimal for this conjugation is also
unknown. The efficiency of VHH conjugation to a lipid surface containing DSPE-PEG-Mal is some-
thing that needs to be optimized, before trying to target macrophages with such a LNP system. If the
system of LNPs containing DSPE-PEG-Mal for conjugation of VHH doesn’t work, alternatives from
Section 1.5 can be used. An example is conjugation with click chemistry, by using DSPE-PEG-DBCO
in the lipid mixture that conjugates to azides attached to the VHHs via a linker [81].

Lastly, this report should be considered as a proof of concept to show whether DSPE-PEG-Mal is
reactive for conjugation on the surface of LNPs loaded with nucleic acids. The TNFα-specific VHHs
don’t target macrophages, so this system is not able to show uptake of LNPs with macrophage-
specific VHHs. Also, the nucleic acids used are not able to influence the behaviour of macrophages,
while miRNA is able to do that.
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5 Conclusion

In this report, the formation of LNPs having VHHs conjugation was studied. As expected, ionizable
LNPs containing dsDNA or tRNA were formed using the T-tube method. Conjugation of VHHs
via maleimide-thiol chemistry should be possible by using phospholipid DSPE-PEG-Mal in the lipid
mixture. However, this conjugation is not observed in experiments which may be caused by DSPE-
PEG-Mal not being reactive or available on the LNP surface for VHH conjugation. This can be
changed by optimizing the concentration of DSPE-PEG-Mal in the lipid mixture and the concentra-
tion of VHHs during conjugation. While conjugation is not yet established, LNPs are taken up by
macrophages.

In conclusion, the proof of concept used in this study doesn’t yet deliver a promising outcome to
start testing with macrophage-specific VHHs and doing extensive testing with macrophages.
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