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The transport of mRNA plays an indispensable role in vaccine drug delivery and emerging therapies. The
attachment of lipid nanoparticle encapsulating mRNA (mRNA-LNP) to biological and engineering surfaces is
determined by their intermolecular and surface interactions. In this work, the interactions between mRNA-LNP
and surfaces with various functional groups were investigated using atomic force microscopy. The results show
that mRNA chains are coiled in LNPs, and the surface charges of mRNA are screened by the surrounding lipid
molecules. Approach force curves demonstrate that the steric repulsion varies with functional groups. Force
mapping reveals that the intermolecular interactions, i.e., hydrogen bonding and electrostatic interaction,
contribute to the adhesion. The ~OH group is suggested as the most probable binding site for mRNA-LNP
attachment. This work provides new insights into mRNA transport mechanisms at biological and engineering
surfaces, with useful implications for designing novel nanocarriers and developing functional surfaces for bio-

logical applications.

1. Introduction

The transport of mRNA into cells as a therapeutic drug has been
under development since 1989 (Malone et al., 1989). Once the mRNA
molecules are delivered to the cytosol of target cells, the translation of
messages on mRNA molecules begins at the ribosomes for protein syn-
thesis. Such translation of genetic information and production of enco-
ded proteins could train the immune system to react to the attack of like
proteins. This functional principle of mRNA vaccines has been widely
applied to defend against the recent COVID-19 (Hou et al., 2021;
Schoenmaker et al., 2021; Zhang et al., 2020; Kisby et al., 2021). The
mRNA molecules are encapsulated in carriers or vectors, such as lipo-
somes or lipid nanoparticles (LNP), for improving delivery efficiency,
where the mRNA stability, targeting ability, and penetrating ability
through the cell membrane are enhanced (Yin et al., 2014; Buschmann
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et al., 2021; Yan et al., 2017; Peng and Wagner, 2019). In order to
transport mRNA, the LNP-encapsulated mRNA (mRNA-LNP) needs to
interact with the target cell surface for endocytosis; the uptake efficiency
is governed by the intermolecular and surface interactions. It has been
reported that the cationic lipid vectors interact with the cell membrane
through electrostatic interactions (del Pozo-Rodriguez et al., 2008;
Zhang et al., 2017; Nakamura et al., 2020). The charges on the lipid
vector and cell membrane were characterized by zeta potential mea-
surement as positive and negative, respectively. Such interactions could
also occur through specific ligand-receptor binding (Nakamura et al.,
2020; Gan et al., 2013; Apaolaza et al., 2016), a much stronger inter-
action than the hydrophobic interaction, as indicated by surface force
apparatus (SFA) measurement (Helm et al., 1991; Wong et al., 1997;
Jeppesen et al., 2001). Such strong interaction is the summation of the
interactions of multiple binding sites between the ligand and receptor,
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and probably includes chemical bonding, hydrogen bonding, van der
Waals force, hydrophobic force, etc. (Zhang et al., 2003; van Oss, 2000).
The transport process of mRNA-LNP may also include the adsorption on
the surfaces of medical devices (Li, 2017), filtration membranes
(Messerian et al., 2023), inorganic materials (Mager, 2009), and bio-
logical molecules (Zhang et al., 2021). Those surfaces have different
physiochemical properties and contain diverse functional groups, which
influence the interactions between mRNA-LNP and surfaces and ulti-
mately control the adsorption process. However, the role of functional
groups on the biological and non-biological surfaces in determining
their interactions with mRNA-LNP is still unclear. Consequently, eluci-
dating the ambiguous underlying interaction mechanisms of mRNA-LNP
with the surfaces of diverse functional groups is crucial for under-
standing the transport process and the design of efficient nanocarriers
for mRNA delivery.

Atomic force microscopy (AFM) is a powerful tool for quantitatively
measuring the interaction forces and nanomechanical properties
(Garcia-Manyes and Sanz, 2010, 1798,; Wang et al., 2016; Park et al.,
2020; Kulkarni et al., 2022; Wang et al., 2024; Hu et al., 2022). Because
of the small area on the AFM tip apex and the capability of manipulating
molecules on the AFM tip for functionalization, AFM is ideal for
measuring interaction forces between biomolecules (Kumar and Li,
2010; Turasan and Kokini, 2017; Inkinen et al., 2011). The retracting
force curves that are measured after the contact of two surfaces/mole-
cules could provide the adhesion or unbinding force, which is useful for
analyzing the specific interactions between biomolecules. There has
been limited research to demonstrate the application of AFM in
measuring the interaction forces involving RNA or LNP (Wang et al.,
2023; Szebeni et al., 2023; de Chateauneuf-Randon et al., 2024). A few
key findings from siRNA and lipid compositional studies using AFM are
described here, illustrating the significance of AFM in understanding
molecular-level interactions (Szebeni et al., 2023; Dumitru et al., 2015;
Dumitru et al., 2018). Dumitru et al. (Dumitru et al., 2015), for example,
studied the interactions between siRNA and polyamidoamine (PAMAM)
dendrimers using AFM to understand the efficiency of the PAMAM
carriers for siRNA delivery. The retracting force curves between siRNA
modified AFM tip and PAMAM dendrimers showed three types of un-
binding events with the unbinding forces of 28 pN, 38 pN and 50 pN,
respectively, corresponding to different electrostatic interactions be-
tween positively charged dendrimers and negatively charged phosphate
groups on siRNA. The study finding suggested that the siRNA interacted
with two amino branches of one dendrimer or with one amino branch of
each of the two adjacent dendrimers. Similarly, Dumitru et al. demon-
strated that the functionalized AFM tips could be applied to differentiate
the lipid compositions by measuring the adhesion force (Dumitru et al.,
2018). Due to the specific interactions between the functionalized AFM
tip and sphingomyelin- or cholesterol-enriched lipid domains within
1,2-dioleoyl-sn-glycero-3-phosphocholine, the adhesion forces on the
sphingomyelin domains and cholesterol domains were different, and the
two domains were distinguishable on the adhesion maps. In addition to
the retracting forces curves that could obtain adhesion forces, the
approaching force curves could quantify the surface forces during
attachment. Szebeni et al. (Szebeni et al., 2023) applied sharp silicone
AFM tips to measure the mechanical properties of mRNA-loaded Com-
irnaty LNPs. The results revealed that the AFM tip can penetrate the LNP
structure and the encapsulated mRNA can be pulled out from the LNP as
characterized by the sawtooth-like force profile during tip retraction. To
our knowledge, there is no publication on the study of interactions be-
tween mRNA-LNP and the surface with varying functional groups. In
this work, AFM tips were modified with different functional groups. The
force-separation curves and the adhesion histograms were analyzed and
compared to investigate the different roles of these functional groups.
The interaction mechanisms of mRNA-LNP with the surfaces of func-
tional groups are proposed and the most possible binding sites for
mRNA-LNP attachment are suggested. This work will have implications
for the interaction of mRNA-LNP with various surfaces, such as cell
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membrane, medical device and filtration membrane, which exist during
the storage, transport and therapeutic processes. The role of possible
functional groups on those surfaces for mRNA-LNP attachment will be
comprehensively discussed.

2. Experimental section
2.1. Materials

mRNA and mRNA-LNP samples were provided by Ultragenyx Phar-
maceutical (Brisbane,CA, US). PBS buffer, 11-mercaptoundecanoic acid
(HS(CH3)19COOH, 98 %), 11-mercapto-1-undecanol (HS
(CH2)10CH20H, 99 %), 11-amino-1-undecanethiol hydrochloride (HS
(CH2)10CH2NH3, 99 %), 11-mercaptoundecylphosphonic acid (HS
(CH3)19CH2PO3H», 95 %), and 1-undecanethiol (HS(CH3)1oCHs, 98 %)
were purchased from Sigma-Aldrich. Mica sheets were purchased from S
& J Trading Inc. (Glen Oaks, NY, USA). Milli-Q water was used in pre-
paring aqueous solutions and rinsing process (Millipore deionized, 18.2
MQ-cm resistivity).

2.2. Characterization of mRNA and mRNA-LNP

The morphology of mRNA-LNP was characterized using cryogenic
transmission electron microscopy (cryo-TEM). Cryo-TEM specimens of
mRNA-LNP were prepared using rapid freezing method (Qian, 2021;
Qian et al., 2021). Briefly, one 4 pL droplet of 1 pg/mL mRNA-LNP so-
lution (diluted from 1 mg/mL mRNA-LNP solution with Milli-Q water)
was placed on a lacey carbon TEM grid pretreated with glow discharge.
Excess solution was blotted using filter paper from the back side of the
TEM grid, and then the TEM grid was rapidly plunged into liquid ethane
at —180 °C. The frozen mRNA-LNP specimen was kept in liquid nitrogen
and transferred for cryo-TEM imaging. In this way, the image of mRNA-
LNPs embedded in vitreous ice was achieved.

The morphologies and surface structures of mRNA-LNP and mRNA
were also characterized by AFM imaging. The mRNA-LNP solution
(~20 pL) was dropped on a freshly cleaved mica surface for 10 min
incubation. Then the mica surface was blow-dried with nitrogen gas.
The obtained mRNA-LNP-coated mica was further dipped in Milli-Q
water to wash away the loosely attached mRNA-LNPs. The sample of
mRNA on mica was prepared by pre-treating the mica surface with 20
mM MgSOy4 solution for 3 min, dropping the mRNA solution (1 pg/mL,
~10 pL) onto the mica surface for 10 min incubation, washing with
Milli-Q water, and then blowing dry the surface with nitrogen gas.
Because mRNA carries more negative charges than mRNA-LNP, the
introduction of Mg?* could help fix mRNA on negatively charged mica,
possibly through electrostatic interaction or complexation (Neaves
et al., 2009; Kretov et al., 2015). The high-resolution AFM images were
acquired in air under tapping mode on a Dimension Icon AFM (Bruker,
Santa Barbara, CA, USA). The AFM tips used for imaging were RTESP-
150 (Bruker).

The size distribution (using dynamic light scattering (DLS) tech-
nique) and zeta potential measurements of mRNA-LNP and mRNA were
conducted on a Zetasizer Nano ZSP (Malvern Instrument Ltd.). The
concentration of mRNA-LNP and mRNA solutions was 10 pg/mL. The
measurement under the same condition was repeated three times and an
average value was reported.

2.3. Force measurements using AFM

The force measurements were conducted between mRNA-LNP and
various functional groups in PBS solution on an MFP-3D AFM (Asylum
Research, Santa Barbara, CA, USA). The PBS solution has a pH of 7.4 and
is commonly used in biological research as it is isotonic and non-toxic to
most cells. The mRNA-LNP surface was prepared using the same pro-
cedure as that for preparing the AFM imaging sample. The AFM gold
coated tips (NPG-10, Bruker) were treated with UV/Ozone for 30 min.
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The cleaned tips were then immersed in 10 mM 11-mercaptoundecanoic
acid, 11-mercapto-1-undecanol, 11-amino-1-undecanethiol hydrochlo-
ride, 11-mercaptoundecylphosphonic acid, and 1-undecanethiol in
ethanol solutions overnight for obtaining -COOH, —-OH, —-NHj, —POsH,,
and -CHj groups functionalized AFM tips, respectively. This tip func-
tionalization process was well established in the literature and in our
previous studies (Frisbie et al., 1994; Xie et al., 2017; Xie et al., 2020). In
this study, the successful tip functionalization was confirmed by
measuring the water contact angle and X-ray photoelectron spectros-
copy (XPS) of functionalized gold surface, and the results were shown in
Figs. S1-56. Before use, the functionalized AFM tips were rinsed with
ethanol and Milli-Q water and dried with nitrogen gas. The functional-
ized tip was advanced toward and then retracted from the mRNA-LNP
surface to record the approaching and retracting force-separation
curves, respectively. A schematic of the AFM setup for force measure-
ment between a functionalized AFM tip and an mRNA-LNP is shown in
Fig. 1.

The conical AFM tip with a pyramidal geometry and a spherical cap
at the apex (Fig. 1) was considered for solving the interacting forces of
conical tip-flat surface system. Then the van der Waals force Fygy is
given by (Xie et al., 2020; Drelich et al., 2007; Wang et al., 2017):

A|R+D-2L R—D} A {l
Fyaw = -

6 L2 D2 | 3tana |L
N Rsinatana — D — R(1 — cosa)}

22 )

where A is the Hamaker constant, R is the radius of the spherical cap at
the tip apex, D is the separation distance between tip and flat surface,
and a and j3 are the geometrical angles shown in Fig. 1 witha +f = 90,
and L = D + R(1 —cosa). The steric force Feric can be described by an
exponential expression (Butt et al., 1999):

F/R = Cexp(—D/Dy) (2)

here C is the pre-exponential parameter, and Dy is the decay length.
Thus, the total surface force is:

Fiotal = Fydw + Fisteric 3

The interaction forces on mica surface include hydration force,
which also has an exponential expression (Israelachvili and Wenner-
stroem, 1992) as shown in Equation (2). However, the steric force de-
cays faster than the hydration force, as the steric barrier for steric force

Substrate

Chemical Engineering Science 301 (2025) 120693

(lipid molecules) has larger dimension than that for hydration force
(water molecules).

3. Results and discussion
3.1. Surface morphology and nanostructure

Fig. 2a—d represent the morphologies and structures of mRNA-LNP
and mRNA characterized using cryo-TEM and AFM. Fig. 2a is the
cryo-TEM image showing the morphology of mRNA-LNP embedded in
vitreous ice. The low temperature kept the mRNA-LNPs from being
damaged by the electron beam. The diameters of the spherical mRNA-
LNPs are tens of nanometers with a Gaussian fitting peak at 30.14 nm
with a wide span of 10-60 nm (Fig. 2d). The morphology of mRNA-LNP
was also characterized using AFM imaging. In the tapping mode AFM
imaging, an AFM tip scanned over the surface and recorded the surface
contour without damaging the mRNA-LNPs. The AFM image in Fig. 2b
presents a particle morphology similar to that shown in Fig. 2a. The
corresponding size (diameter) distribution has a peak at 33.33 nm
(Fig. 2e), which is similar to that derived from cryo-TEM image.

The mRNA molecules have a distinguishable morphology from
mRNA-LNP. As demonstrated in Fig. 2c, the mRNA chains are extended,
and some of them stack together forming RNA secondary/tertiary
structures. The size distribution of mRNA (Fig. 2f) is plotted by calcu-
lating the surface area and diameter of a particle by considering a cir-
cular area that the particle occupied. Thus, the high aspect ratio of
mRNA and the formation of secondary/tertiary structures result in a
larger statistical size of mRNA than that of mRNA-LNP.

The high-resolution AFM topographic and phase images of mRNA-
LNP (Fig. 3) provide the details of a single mRNA-LNP. The cross-
section line profiles 1 and 2 illustrate the dimensions of the ellipsoid
as ~35 nm and ~40 nm, respectively, while the height of the mRNA-
LNP is only several nanometers, indicating a flat ellipsoid morphology
of the mRNA-LNP on the mica surface. The spikes on the line profiles
imply the presence of nanostructures in the mRNA-LNP. The phase
image clearly demonstrates that the ring-shaped molecules are encap-
sulated in the lipid particle. The oscillation of AFM tip in tapping mode
can be modulated by the mechanical properties of sample surface, which
results in the phase shift of oscillation. Regions with different mechan-
ical properties can be distinguished using the contrast of the phase
image. The phase angle of the encapsulated molecules is comparable to
the surrounding mica surface, which suggests similar rigidities of the

Functionalized tip

mRNA-LNP

Fig. 1. Schematic illustrations of AFM force measurement setup and conical AFM tip geometry.
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Fig. 2. (a) Cryo-TEM image of mRNA-LNP embedded in vitreous ice. (b) Topographic AFM image of mRNA-LNP. (c) Topographic AFM image of mRNA. (d), (e) and
(f) The corresponding particle size distributions for (a), (b) and (c), respectively. The red lines are the Gaussian fitting curves of the size distributions.
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Fig. 3. AFM topographic and phase images of mRNA-LNP, which clearly show the configuration of the encapsulated mRNA.

molecules and mica. A comparison of the phase image of mRNA (Fig. 4b
and e) with the molecules of rigidity similar to mica in the phase image
of Fig. 3 leads to the conclusion that the molecules must be the mRNA
molecules encapsulated in the LNP. The phase angle of the LNP is much
smaller than that of mRNA or mica, characterizing the lower rigidity of
the LNP compared to the rigidity of mRNA or mica. The high-resolution

AFM topographic images of mRNA (Fig. 4a and d) illustrate that the
mRNA chains have extended configurations with a length greater than
100 nm, and the height of the mRNA chains is ~912 pm. Once encap-
sulated in the LNPs, the mRNA molecules are coiled and surrounded by
the lipid molecules to construct the spherical/ellipsoidal mRNA-LNPs.
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Fig. 4. (a) (d) AFM topographic and (b) (e) phase images of mRNA on mica substrates. (c) and (f) show the height profiles of mRNA chains.

3.2. Particle size and zeta potential in solution

The sizes of mRNA-LNP and mRNA in solution were measured by
DLS technique using Zetasizer Nano ZSP. The average size of mRNA-
LNP, based on three measurements, is ~137.1 nm, as shown in
Fig. 5a, which is larger than the size determined by Cryo-TEM and AFM
(Fig. 2d and e). This is probably because of the aggregation of particles
in solution or difference in the experimental techniques, as DLS tech-
nique characterizes hydrodynamic radius, which is usually larger than
that observed using imaging techniques. The average zeta potential of
mRNA-LNP is ~—8.3 mV (Fig. 5b), suggesting a low charge density on
the lipid particle surface and the subsequently weak electrical double
layer repulsion between particles. Thus, the particles can aggregate
through van der Waals attraction. The size of mRNA is 40-300 nm, and
the average size, based on three measurements, is ~106.0 nm (Fig. 5a).
The length of mRNA measured in the AFM images (Fig. 4) falls in this
range. The zeta potential of mRNA is ~—57.0 mV (Fig. 5b), which leads
to a strong electrical double layer repulsion between mRNA molecules
and consequently the reduced probability of mRNA entanglement and
aggregation. After the mRNAs are encapsulated in lipid particles, the
surface charge of mRNA is screened by the lipid layers, resulting in a
lowered absolute value of zeta potential.

3.3. Surface forces between mRNA-LNP and functionalized AFM tip

The interaction forces between mRNA-LNP and functionalized AFM
tips in PBS pH 7.4 were measured. The self-assembly of thiols on the gold
tip provides various functional groups, i.e., -COOH, -OH, -NH,,
—PO3H,, and —CHg, which are typical functional groups on the surfaces
and are found in biomolecules, e.g., -COOH, —~OH, -NH; and —CHj3 in
protein, -OH and —CHj3 in cholesterol, -OH in carbohydrate, and —POy -
and —CHj3 in phospholipid. The —POsH;, group is akin to —POj4-, as
—PO3H; can represent the surface ionization status of —POj- at various
pH (Zhang et al., 2000). After thiol modification, the gold surface
exhibited increased water contact angle (Fig. S1). The -CHjg surface had
a contact angle ~92° showing the hydrophobic nature of the surface.
The other thiol modified surfaces maintained the hydrophilic property
due to the exposure of polar groups. All the XPS spectra of thiol func-
tionalized surfaces presented the S2p peak indicating the adsorption of
thiol molecules on the surface (Figs. S2-S6). The pronounced O1s peaks
were found in the -COOH, —-OH and —PO3Hj; samples. The -NH; and
—PO3Hj; surfaces showed N1s and P1s peaks, respectively. Force maps in
a 2 x 2 pm? area with 400 force measurements were obtained, and the
force curves were recorded. Three force maps were acquired for each
experimental condition. The good distribution of mRNA-LNP on the

(a) (b)  rRNA
mRNA-LNP
mRNA mRNA-LNP
] &
[ [
=] >
2 o
o o
10 100 1000 420 80  -40 0 40 80
Size (nm) Zeta potential (mV)

Fig. 5. (a) Size distributions of mRNA-LNP and mRNA measured by DLS technique. The average size, based on three measurements, is ~137.1 nm for mRNA-LNP
and ~106.0 nm for mRNA. (b) Zeta potential distributions of mRNA-LNP and mRNA. The average zeta potential of the three measurements is ~—8.3 mV for mRNA-

LNP and ~—57.0 mV for mRNA.
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surface and the relatively big tip radius of ~30 nm facilitated the
measurements of force curves on the mRNA-LNPs. To further exclude
the influence of the mica surface, the interaction forces were also
recorded on freshly cleaved mica surface, and the true interaction forces
on mRNA-LNP can be recognized by comparing the forces measured on
the mRNA-LNP sample and on the mica surface. The major differences in
the interactions of functionalized tip with the mRNA-LNP sample and
with mica are the surface and adhesion forces, which will be discussed in
the following sections.

The approaching force-separation curves are shown in Fig. 6. In PBS
pH 7.4, the ion concentration is 0.15 M, the Debye length of electrical
double layer near the charged surface decreases, resulting in a screening
effect of the electrical double layer force. The strength of van der Waals
force is dependent on the Hamaker constant A;3;, which is calculated as
2.7x10720J by using the combination correlation (Israelachvili, 2011):

A1323(\/A_11*\/A_33)(\/A_22*\/A_33) :\/A131(\/A—22*\/A_33) (©)]

here the subscripts 1, 2 and 3 represent mRNA-LNP, gold and water,
respectively. Aj3; = 3 x 1072! J for the interactions of lipids
(Israelachvili, 1994); Agy = 45.5 x 1072° J and A3z = 3.7 x 10720 J
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(Wang et al., 2016). In this calculation, the van der Waals force is pre-
dominantly determined by the Hamaker constant of the gold-water-LNP
instead of the thiol-water-LNP at the separations larger than the thiol
layer thickness (Israelachvili, 2011) on the gold tip ~1.7 nm (length of
eleven C—C bonds). The van der Waals attraction does not dominate the
interactions at small separations. A repulsive force arising at a separa-
tion of less than ~10 nm is observed as the dominant force. A similar
repulsive force has been recognized as the steric force when measuring
interaction forces on lipid bilayers and mRNA-LNPs (Szebeni et al.,
2023; de Chateauneuf-Randon et al., 2024; Pera et al., 2004). In this
case, the steric force originates from the compression of the protruded
polyethylene glycol (PEG) lipid and possibly the further compression of
other lipid components on the surface of mRNA-LNP. The steric repul-
sive force on mRNA-LNP is obviously different from the hydration
repulsive force measured on the pure mica surface as shown in Fig. 7 in
terms of both force range and force intensity, although the same expo-
nential correlation is used for the theoretical calculation. The hydration
force on mica originates from the ordering of water molecules adjacent
to the super hydrophilic mica surface. The decay length of hydration
force between functionalized AFM tips and mica varies with the affinity
of the functional groups to water molecules as -COOH>-OH ~ -NH;, >

30 30
OH vs mRNA-LNP COOH vs mRNA-LNP
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Fig. 6. Typical force-separation curves of interactions between mRNA-LNP surface and functionalized AFM tips in PBS pH 7.4. The circles are the experimental data,
and the lines are the theoretical calculation curves. In the theoretical calculation, van der Waals force and steric force contribute to the total force. The Hamaker
constant A=2.7 x 1072° J. For the steric force, the pre-exponential parameter C is 6.0 x 10~>N/m for -OH, 1.4 x 10~2N/m for -COOH, 1.7 x 10~2N/m for -NHj, 1.9
x 1072N/m for —PO3H,, and 1.9 x 10~2N/m for —CHs, and the decay length Dy is 2.1 + 0.1 nm. Each panel shows ten force curves.
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Fig. 7. Typical force-separation curves of interactions between mica surface and functionalized AFM tips in PBS pH 7.4. The circles are the experimental data, and
the lines are the theoretical calculation curves. In the theoretical calculation, van der Waals force and hydration force contribute to the total force. The Hamaker
constant A=5.5 x 10~2° J (Eastman and Zhu, 1996). For the hydration force, the decay length Dy is 1.2 nm for -OH, 1.5 nm for -COOH, 1.2 nm for -NHj, 1.0 nm for
—PO3H,, and 0.8 nm for —-CH3, and the pre-exponential parameter C is 2.0 x 1072N/m. Each panel shows five force curves.

-PO3sH; > —CHgs. The steric force on mRNA-LNP has a longer range than
the hydration force on mica. However, in our work, there is no
“breakthrough” force caused by the penetration of the AFM tip into the
lipid bilayer, as was observed in the reported works (Szebeni et al.,
2023; de Chateauneuf-Randon et al., 2024). This discrepancy could be
caused by the larger tip radius of ~30 nm in this study compared to 2-8
nm in the literature. It can be inferred that during the approach of
mRNA-LNP to the surface, the steric force impedes the mRNA-LNP
attachment, and the strength of this hindrance varies with the func-
tional groups following the trend of -OH<-COOH<-NH; < -POsHy =
—CHs. This variation suggests that the intermolecular interactions be-
tween the functional groups on the tips and lipid nanoparticle surface
play a role in determining the apparent steric force. The overall inter-
molecular interactions between the functionalized AFM tips and lipid
nanoparticles are influenced by various factors, including electrostatic
interaction and hydrogen bonding, which affect the conformation of the
interacting molecules. The steric force is sensitive to molecular confor-
mations, and thus can be modulated by the functional groups. The role
of intermolecular interactions is further elaborated by analyzing

adhesion force.

3.4. Adhesion force between mRNA-LNP and functionalized AFM tip

The adhesion force is obtained on the retracting force-separation
curve and is useful for the analysis of intermolecular interactions be-
tween the mRNA-LNP and functionalized AFM tip. The histograms of
normalized adhesion force F,4/R are shown in Fig. 8. Among all the
functional groups, -OH has the strongest adhesion with mRNA-LNP
ranging from 10 to 45 mN/m having a maximum frequency at ~21.6
mN/m, followed by -COOH having a maximum frequency at ~11.6
mN/m. In the case of the -NH; functionalized tip, the adhesion is even
weaker (maximum frequency at ~5.3 mN/m), while the —POsH, and
—-CH3 have the weakest adhesion with mRNA-LNP. The adhesion
sequence is then written as -OH>-COOH>-NH; > -PO3Hy ~ -CHg3. The
variation in adhesion is attributed to the diversity of intermolecular
interactions, such as hydrogen bonding and electrostatic interactions,
between the functional groups on the AFM tips and mRNA-LNP. The
abundant functional groups on the surface of mRNA-LNP, such as the
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quaternary ammonium cation in the distearoylphosphatidylcholine
(DSPQ) lipid, -OH in the cholesterol, and —O— in the PEG lipid, could
form hydrogen bonds with the functionalized AFM tips. The bond
strength of O—H=O is greater than those of N—H=O (David et al.,
2017), and therefore the adhesion with the ~-OH functionalized tip is
stronger than that with the -NH; functionalized tip. It is noted that, at
pH 7.4, the -OH group is negatively charged (Xie et al., 2020; Schollbach
et al., 2014), thus the electrostatic repulsion between the ~OH func-
tionalized tip and the slightly negatively charged mRNA-LNP (zeta po-
tential ~—8.3 mV in Milli-Q water) could reduce the adhesion. While
the -NHj group (pKa ~7.3-7.7) (Xie et al., 2020) is nearly neutral or
slightly positively charged at pH 7.4, the electrostatic interaction should
have negligible influence on the adhesion between the -NH; function-
alized tip and mRNA-LNP. Although the electrostatic interaction is
involved, the adhesion of —~OH is still stronger than that of -NH,, which
indicates that the hydrogen bonding dominates the adhesion forces
measured by the -OH and -NH> functionalized tips. However, this is not
the case for the interactions between the functionalized tips and the pure
mica surface. As illustrated in Fig. 9, -NH; has stronger adhesion with
mica (surface potential > -100 mV in water (Pashley and Quirk, 1984)
than —~OH. Although hydrogen bonding has also been reported to exist on
mica surfaces due to the presence of —Si—O— (Urashima et al., 2020;
Wu et al., 2017), the results in this work suggest that the electrostatic

interaction dominates the adhesion force on the mica surface.

The adhesion force of the —-CHj functionalized tip with the mRNA-
LNP is small, as the hydrogen bond of ~-CH3 with the group -NHy or
—OH in lipid is weak (MacLeod et al., 2011; Brela et al., 2017; Melandri,
2011). While both -COOH and —-OH have O—H=N and O—H=0 with
mRNA-LNP, the higher negative charge density of -COOH than —OH (Xie
et al.,, 2020) at pH 7.4 induces a larger electrostatic repulsion with
mRNA-LNP. Consequently, the adhesion of -COOH is weaker than that
of -OH. The —PO3H> has even greater negative charge density as the
pKay is ~7.7 (Zhang et al., 2000) and each —PO3H; carries 1 to 2
negative charges, so the electrostatic repulsion becomes significant,
resulting in an even weaker adhesion than -COOH. By examining the
adhesion force on a pure mica surface, -CHs has stronger adhesion than
—OH, -COOH and —POsH, as attributed to the weaker electrostatic
repulsion between the less negatively charged -CHs and mRNA-LNP.
The sequence for the adhesion on pure mica surface is then written as
-NH; > —-CHs > —-OH>-COOH>-POsH,, which follows the negative
charge density on those functional groups. Therefore, the electrostatic
interaction dominates the adhesion force on mica surface. The adhesion
force analysis suggests that hydrogen bonding and electrostatic inter-
action are in control of the binding of mRNA-LNP on the surfaces, as
summarized in Fig. 10. By considering both surface and adhesion forces,
the most likely binding site for mRNA-LNP attachment is the -OH group
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in biomolecules such as protein, cholesterol, and carbohydrate, because
it exhibits the weakest steric repulsion and the strongest adhesion. The
mRNA-LNP could come into contact with other biomolecules and
functional surfaces during particle preparation and application, where
the interactions between mRNA-LNP and the functional groups would
exist. Hence, the proposed mechanism is valid for interactions of mRNA-
LNP with a wide range of surfaces possessing the functional groups
studied in this work.

4. Conclusions

The morphology and surface structure of mRNA and mRNA-LNP
samples have been characterized by cryo-TEM and high-resolution
AFM imaging. The mRNA chains are extended with several stacking to
form RNA secondary/tertiary structures. After encapsulation in lipid
particles, the mRNA molecules adjust their structure to adapt to the
spherical/ellipsoidal shape of mRNA-LNP. The surface charge property
of mRNA and mRNA-LNP has been determined by the zeta potential
measurement, which suggests the screening of negative surface charges

of mRNA by, for example, the cationic lipid in LNP. The forces of the
interactions between the mRNA-LNP and functional groups in PBS pH
7.4 have been measured using AFM force spectroscopy. The AFM tips
were modified with various functional groups, i.e., -COOH, —-OH, -NHo,
—POsH,, and —CHs. The approaching force-separation curves suggest
that since the van der Waals force is weak and the electrical double layer
force is screened in PBS, the steric repulsive force dominates the surface
interaction. The theoretical calculation of the steric force reveals the
varied strengths for different functional groups on the AFM tip with the
trend of -OH<-COOH<-NH3 < -PO3Hz = —-CH3, which implies that the
intermolecular forces could play a role in determining the attachment of
mRNA-LNP. The subsequent adhesion force mapping and adhesion force
distribution analysis show that the adhesion strength follows the trend:
-OH>-COOH>-NHj; > -PO3H; ~ —CHjs. The strong hydrogen bonding of
—-OH and —~COOH with mRNA-LNP results in the strongest adhesion. In
addition to the hydrogen bonding, the electrostatic interaction, which is
repulsive for -OH, -COOH, and —PO3Hj, and attractive for -NHj, also
contributes to the measured adhesion with mRNA-LNP. The analysis of
both the surface and adhesion forces leads to conclusion that the most
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possible binding site for mRNA-LNP attachment is the -OH group. The
adhesion trend of functional groups with mRNA-LNPs help understand
the interaction mechanisms of mRNA-LNPs with various surfaces, such
as cell membrane, medical device, filtration membrane, etc. It is sug-
gested that the —OH group favors the attachment of mRNA-LNPs, for
example, on the carbohydrate at the cell membrane surface. However,
the surface of medical device with ~-OH groups could be fouled by the
mRNA-LNPs. The study of interaction mechanisms between mRNA-LNPs
and the surfaces with varying functional groups is practical for designing
efficient nanocarriers for drug delivery and gene therapy, and has po-
tential applications in the development of functional surfaces to elimi-
nate or enhance the attachment of mRNA-LNPs. The method proposed in
this work can be readily extended to investigations of interactions be-
tween other biomolecules that occur widely in biological processes.
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