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ABSTRACT: Zwitterionic polymers have emerged as promising
trans-mucus nanocarriers due to their superior antifouling
properties. However, for pH-sensitive zwitterionic polymers, the
effect of the pH microenvironment on their trans-mucus fate
remains unclear. In this work, we prepared a library of zwitterionic
polydopamine-modified silica nanoparticles (SiNPs-PDA) with an
isoelectric point of 5.6. Multiple-particle tracking showed that
diftusion of SiNPs-PDA in mucus with a pH value of 5.6 was 3
times faster than that in mucus with pH value 3.0 or 7.0.
Biophysical analysis found that the trans-mucus behavior of SiNPs-
PDA was mediated by hydrophobic and electrostatic interactions
and hydrogen bonding between mucin and the particles.
Furthermore, the particle distribution in the stomach, intestine,
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and lung demonstrated the pH-mediated mucus penetration behavior of the SiNPs-PDA. This study reveals the pH-mediated mucus
penetration behavior of zwitterionic nanomaterials, which provides rational design strategies for zwitterionic polymers as

nanocarriers in various mucus microenvironments.
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he mucus lining on the mucosal surface works as a natural

barrier against the invasion of pathogens." However, the
existence of mucus hinders the trans-mucus delivery of
medications, resulting in a low administration efficiency and
poor bioavailability.”” To facilitate efficient diffusion of payload
molecules through mucus, various strategies have been
designed.”* Among the numerous mucus-penetrating materials,
zwitterionic polymers have been attracting attention in recent
years. Their superior antifouling property to resist mucin, which
is the major protein component of the mucus blanket,’ is
considered as a critical factor for zwitterionic nanoparticles
(NPs) to penetrate readily through the mucus barrier.® As the
representative zwitterions, betaine-based’~'’ and phosphor-
ylcholine-based' "> polymers have been applied in mucosal
drug delivery, enabling particles to penetrate across both mucus
and epithelial barriers.

The conventional zwitterionic unit contains a permanent
positively charged quaternary amine and a negatively charged
group to maintain an overall zwitterionic state under most
physiological conditions. However, the weak zwitterionic
behaviors caused by various pH environments have been
observed in certain zwitterionic polymers, e.g., the poly-
(carboxybetaine)-based polymer,">'* polydopamine,'>'® and
amino acid-derived polymers.'” The pH condition significantly
affects their characteristics, e.g.,, surface charge,ls’18 surface
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hydrophobicity,'”*° and antifouling performance.'”'® When

they are delivered to various mucosal tissues, the pH-sensitive
behaviors of zwitterionic polymers were noted due to a wide-pH
range microenvironment of mucus.””*” The mucus layer is
approximately neutral in the airways (pH ~7.1)* and eyes (pH
~7.3)*>** of humans. Along the gastrointestinal tract, the mucus
pH increases from harsh acidic in the stomach™ to slightly acidic
or neutral in the small intestine (pH 5.0—7.5).>° Additionally,
the mucus pH of the cervix ranges from slightly acidic to basic
(pH 5.4—8.2) with the menstrual cycle.”* Thus, the pH-sensitive
zwitterionic materials could exhibit the desired mucus
penetrability in a targeted mucus microenvironment, which
further determines their applicability as trans-mucus delivery
vehicles. However, there has been no systematic study of the
effect of pH on the mucus penetrability of zwitterionic NPs and
the underlying mechanism.

In this work, using PDA as a representative pH-sensitive
zwitterionic material, we investigated the effect of pH on the
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Figure 1. Schematic illustration and characterization of NPs. (A) Schematic representation of the synthesis routes of pristine SiNPs and SiNPs-PDA
with different ratios of SiNPs and DA. (B) Representative TEM images of SiNPs and SiNPs-PDA. The scale bar is 200 nm. (C) Hydrodynamic sizes
and polydispersity indices (PDI) of the particles in water. (D) FTIR spectra of SiNPs, SiNPs-PDA, and PDA. The N—H symmetrical bending vibration
(6 N—H, 1510 cm™"), C=C stretching vibrations of conjugated aromatic rings (vc—c, 1620 cm™"), Si—O—Si asymmetric stretching vibration
(Vsi—o—sy 1100 cm™"), and Si—OH stretching vibration (vg;_op, 955 cm™) were identified. (E) Quantification of PDA on the surface of SiNPs-PDA by
measuring the density of amine groups using an acid orange analysis. (F) { potentials of particles in 10 mM of PB with different pH values. (G)
Schematic illustration of the pH-dependent structure of PDA and surface charge of PDA-modified SiNPs. ***p < 0.001 and *p < 0.001 compared to
SiNPs.

mucus penetration behavior of PDA-modified silica NPs. A Due to the size exclusion effect of mucus, NPs with a diameter
of 200—500 nm more easily penetrate the mucus layer.””**
Therefore, 300 nm FITC-labeled pristine SiNPs were
synthesized by using the Stober method. Polymerized dopamine
(DA) was grafted onto SiNPs to form a layer of zwitterionic
polydopamine. With an increase in the mass of PDA grafted on
SiNPs, a library of SiNPs-PDA with different Si:DA ratios were
prepared, and they were noted as SiNPs-PDA-11, SiNPs-PDA-
12, and SiNPs-PDA-1S5 (Figure 1A). Transmission electron

library of NPs were prepared to determine the differential mucus
penetration behavior when pH was less than, equal to, and
greater than their IEP at 5.6, mimicking the different local mucus
microenvironments of the body. Furthermore, the surface
properties of NPs, the microstructure of the mucin polymer, and
the interaction between them were investigated in different pH

environments. The in vivo distribution model further demon-

strated the pH-mediated trans-mucus fate of zwitterionic
particles. This study provides a better understanding of the
application of zwitterion-based carriers in mucosal drug delivery.
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microscopy (TEM) images showed that pristine SiNPs were
spherically shaped with diameters of ~300 nm, and the coating
became complete and smoother with the DA:Si ratio increasing
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Figure 2. Determination of the mucus penetration ability of SiNPs-PDA by MPT. (A) Representative trajectories, (B) ensemble mean squared
displacement ({(MSD)), (C) distribution of the logarithms of effective diffusivities (D.g), and (D) anomalous exponents (@) of SiNPs-PDA in
reconstituted mucus with pH values of 3.0, 5.6, and 7.0. Data represent means =+ the standard error of the mean. ***p < 0.001. The time scale is 1 s.

from 1:1 to S:1 (Figure 1B and Figure S1). The dynamic light
scattering (DLS) analysis showed that the hydrodynamic size of
SiNPs was 303 + 6 nm with a good monodisperse distribution
(PDI=0.09) in water (Figure 1C). With the increase in the PDA
on SiNPs, the hydrodynamic sizes were gradually increased to
326 + 2, 339 + 8, and 344 + 4 nm, respectively. Fourier
transform infrared spectroscopy (FTIR) was used to determine
the surface functional groups (Figure 1D). The increased
intensity of N—H and C=C vibration bands indicated the
presence of the amine group and benzene ring of PDA on SiNPs-
PDA. With an increase in the DA:Si ratio, the mass of surface
PDA increased, which was further confirmed by the
thermogravimetric analysis (TGA) (Figure S2). The density
of amine was quantified using acid orange analysis, confirming
the number of functional groups on the surface increased with an
increase in the DA:Siratio (Figure 1E).**?° The trace amount of
-NH, on pristine SiNPs was possibly caused by the addition of
APTEs during the synthesis of SiNPs.

The { potentials of SiNPs at pH values of 3.0, 5.6, and 7.0 were
51, =2, and —26 mV, respectively. Due to the presence of small
amounts of amine groups, the IEP of FITC-labeled SiNPs was
higher than that of silica without labeling, which was ~2.5%
(Tables S1 and S2). After PDA modification, the ¢ potentials of
particles were approximately 20, 0, and —15 mV at pH values of
3.0, 5.6, and 7.0, respectively (Figure 1F), and there was no
significant difference in { potentials among SiNPs-PDA with

different PDA densities. The isoelectric point (IEP) measure-
ment showed that SiNPs-PDA-15 exhibited IEPs of 5.6 (Figure
S$3). It has been generally accepted that the monomer contains a
great amount of amino and phenolic hydroxyl groups.*”*” Thus,
a proposed structure was used to describe the pH sensitivity of
PDA (Figure 1G). When the pH was below their IEP, the
protonation of amino groups predominated over the deproto-
nation of phenolic groups, leading to the cationic state of SiNPs-
PDA.** In comparison, SiNPs-PDA showed charge balance
when the pH was equal to their IEP and possessed anionic
character when the pH was above their IEP. It was noted that the
balanced (under pH 5.6) or unbalanced (under pH 3.0 and 7.0)
surface charge in different pH environments was amplified with
an increase in PDA density (Figure 1G).

The diffusion behavior of PDA-modified NPs in mucus was
further investigated. The pH of reconstituted mucus was
adjusted from acidic to neutral to mimic the pH microenviron-
ment in different mucosal tissues, and multiple-particle tracking
(MPT) was used to determine the motility behavior of
particles.”®*> The elucidation of mucus-penetrating behavior
of the nanocarrier by using the artificial mucus model based on
commercial mucin has been accepted.”>™** The movement of
SiNPs-PDA was displayed visually by representative trajectories
and movies (Figure 2A and Movie S1). It was shown that the
SiNPs-PDA diffused freely at pH 5.6 and were restricted
significantly as the mucus became acidic (pH 3.0) or neutral
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Figure 3. Hydrophobicity of SiNPs-PDA-15 and mucin at different pH values. (A) I,/I; ratio of pyrene as a function of NP concentration under
different pH conditions. (B) Hydrophilicity of SiNPs-PDA-15 determined by calculating the slope of the linear fit of the I,/I; ratio vs the NP
concentration. (C) CD spectra of mucin in 10 mM of PB at different pH values. (D) Schematic representation of the pH-dependent hydrophobicity of
both SiNPs-PDA-15 and mucin and the proposed NP—mucin hydrophobic interaction.

(pH 7.0). The ensemble mean squared displacement ({(MSD))
was calculated to evaluate the diffusion ability of NPs (Figure
2B). The SiNPs-PDA-11, SiNPs-PDA-12, and SiNPs-PDA-15
all exhibited maximum (MSD) values (11.80, 11.95, and 12.8
um?, respectively) in mucus at pH S5.6. This indicated that the
balanced charges on SiNPs-PDA, even in a small amount,
provided particles with good penetration ability. When the
mucus pH was changed to 3.0 or 7.0, the (MSD) values were
reduced. This reduction was augmented by the increase in PDA
density, reaching 3.1 and 2.5 times for SiNPs-PDA-15 at pH
values of 3.0 and 7.0, respectively. This suggested that the pH-
mediated mucus penetrability of SiNPs-PDA became more
significant with an increase in unbalanced positive and negative
charges on the particle surface. The logarithms of the effective
diffusion coefficient (D) were further calculated, which
demonstrated higher transport rates of SiNPs-PDA at pH 5.6
than at 3.0 and 7.0 (Figure 2C). The anomalous exponent (@)
represents the extent of being restricted for NPs in mucus, and a
higher a value means less trapping of NPs in mucus. The value of
0.5 was chosen as the cutoff to further identify whether the NPs
were trapped (a < 0.5) or diffusive (a > 0.5).”” For SiNPs-PDA-
15, 31%, 12%, and 18% were trapped in mucus with pH values of
3.0, 5.6, and 7.0, respectively (Figure 2D). In comparison,
pristine SiNPs exhibited a lower (MSD) of 0.56 ym* in mucus
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with a pH value of 5.6 compared with values of 4.92 and 6.34
um? in mucus at pH 3.0 and 7.0, respectively (Figure S4). This
can be explained by the fact that SiNPs barely carry charge at
IEP, whereas SiNPs-PDA show a zwitterionic surface. The
uncharged surfaces may form more hydrogen bonds with
mucin,” limiting their trans-mucus capability. Altogether, the
SiNPs-PDA showed the optimized diffusion behavior in mucus
with a pH value of 5.6, and this diffusion behavior was weakened
when pH values were greater or less than their IEPs.

The viscosity of reconstituted mucus with different pH values
was characterized, which showed a typical shear-thinning
behavior as the viscosity decreased with an increase in shear
rate (Figure SS). The enhanced adhesion caused by the
increasing viscosity of mucus in an acidic environment has
been well-documented,”** which may provide us with a
potential explanation for SiNPs-PDA’s poor transportation
performance at pH 3.0. However, the pH-dependent mucus
viscosity alone cannot provide a convincing explanation for the
complex process of mucus penetration of NPs at higher pH
values. Thus, a series of biophysical characterizations were used
to further analyze this process. As the major protein in mucus,
the mucin is entangled and forms a dense fiber mesh that
protects against the diffusion of foreign particles.*” The
particle—mucin interaction has been demonstrated as a key

https://doi.org/10.1021/acs.nanolett.3c02128
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Figure 4. ITC analysis of the titration of mucin to SiNPs-PDA-15 in 10 mM of PB at pH values of (A) 3.0, (B) 5.6, and (C) 7.0. The top panel shows
the corrected heat flow vs time during the injection of mucin over SiNPs-PDA-15; the bottom panel shows the heat generated from each injection vs
the ratio of mucin and SiNPs-PDA-1S5, and the binding curve is fitted by an independent model. (D) Thermodynamic parameters were calculated by an
independent model from the titration of mucin to SiNPs-PDA-15 in 10 mM of PB at 25 °C and pH 3.0, 5.6, and 7.0.

parameter in determining the mucus penetrability of par-
ticles.”"*' Therefore, the affinity between particles and mucin
was characterized by their co-incubation at different pH
values.*>*” The SiNPs-PDA-15 with the most significant pH-
mediated penetrability were used for the following analysis.
After the SiNPs-PDA-15 and mucin had been mixed at various
ratios (S:M) in buffer at different pH values, the sizes and ¢
potentials of particle—mucin complexes were determined
(Figure $6).**** Under slightly acidic conditions (pH S5.6),
the maximum value of the complex size was 807 + 55 nm,
showing a smaller complex compared to those at pH values of
3.0 (1637 & 27 nm) and 7.0 (1524 = 26 nm). This suggested
that the adsorption of mucin on the particle surface was weak at
pH 5.6 and stronger at pH 3.0 and 7.0. Additionally, the {
potential of the complex changed according to the ratio of
SiNPs-PDA-15 to mucin, demonstrating the adsorption of more
mucin to SINPs-PDA-15 with an increase in the level of mucin in
the complex. The larger { potential difference between positively
charged NP and slightly negatively charged mucin at pH 3.0 may
result in stronger electrostatic interaction.

Furthermore, the interaction between SiNPs-PDA and mucin
was systematically analyzed in terms of the surface properties of
NPs to determine the underlying mechanisms that lead to the
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different NP—mucin affinity and trans-mucus fate of NPs.
Among the surface properties, the hydrophobicity of particles is
akey factor.”” For NPs in mucus, the highly hydrophobic surface
could typically lead to a trapped state by mucin due to
hydrophobic interaction.** Thus, the hydrophobicity of SiNPs-
PDA-1S at different pH values was determined. Due to the
different surface charges of SiNPs-PDA-15 under various pH
conditions, pyrene, a non-ionic dye, was used for the
hydrophobicity measurement. The fluorescence intensities at
370 nm (I;) and 381 nm (I;) were recorded using the
fluorescence spectrophotometer, and the I;/I; ratios at various
NP concentrations and different pH values were calculated
(Figure 3A). In the pyrene assay, a lower I, /I; ratio indicates that
the NPs are more hydrophobic.”*” Under all of the tested
concentrations, the smaller I,/I; values at pH 3.0 indicated the
higher hydrophobicity of NPs. With an increase in the NP
concentration, the I,/I; ratios decreased, suggesting that SiNPs-
PDA-15 changed the hydrophobic microenvironment in which
pyrene was located. There was no significant difference in the I,/
I, ratio in buffers with different pH values, confirming the change
in I, /I, was induced by the particles rather than the pH of the
buffer. The slope of the linear fit of the I,/I; ratio against NP
concentration was further calculated to quantify the hydro-
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Figure S. Distribution of SiNPs-PDA-15 and SiNPs in the stomach, intestine, and lungs of mice. One hundred micrograms of FITC-labeled SiNPs-
PDA-15 or SiNPs was administrated to the stomach, intestine, and lung of mice via gavage, intestinal loop injection, and intratracheal instillation,
respectively. NPs that accumulated around different mucosal surfaces were examined using a fluorescent inverted microscope. The SiNPs-PDA-15 and
SiNPs were labeled with FITC (green). Cell nuclei were labeled with Hoechst 33342 (blue). The scale bar is 100 ym.

phobicity of SINPs-PDA-1S (Figure 3B). The slope value at pH
of 3.0 was ~2.3-fold higher than those at pH 5.6 and 7.0. It has
been reported that the ordering of water molecules around
cations is much weaker than that around anions; thus, the pH-
induced unbalanced charge of the zwitterionic polymer could
weaken the hydrogen bond of the interfacial water.'**® The
higher hydrophobicity of SiNPs-PDA-15 at a pH value of 3.0 was
possibly attributed to weak water binding of the positively
charged surface in a low-pH environment. The pH-dependent
hydrophobicity of NPs was further confirmed by using the Nile
blue (NB) dye adsorption method (Figure S7). Additionally,
The environmental pH values could influence the stability of salt
bridges between -COOH and -NH, in mucin, leading to the
different extent of conformational unfolding.*” It was shown that
the peak representing the a-helix in the circular dichroism (CD)
spectrum was weakened and widened with a decrease in pH
(Figure 3D). The conformation of mucin was changed from a
random coil to a rod shape,*”** which corresponded to the size
change of 195 + 3 nm (pH 7.0) to 405 + 21 nm (pH 3.0),
respectively (Figure S6A). With the unfolding of the glycosyl
side chain, the hydrophobic regions were gradually exposed**>°
and the hydrophobicity of mucin was increased.”"* Altogether,
the higher hydrophobicity of both mucin and SiNPs-PDA-15
might lead to the strong hydrophobic interaction at pH 3.0.* In
contrast, the hydrophobic interaction was weakened when the
hydrophobicity of the mucin or NPs decreased at pH values of
5.6 and 7.0 (Figure 3D).

Additionally, the neutral surface charge is another favorable
property for NPs to penetrate through mucus by weakening the
electrostatic interaction with the negatively charged mucin.”>*
Herein, the type and strength of particle—mucin interaction at
the molecular level were investigated using isothermal titration
calorimetry (ITC) analysis (Figure 4).°°° Generally, the
particle—protein binding was a complex process involving two
simultaneous processes, i.e., the exothermic formation of a
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noncovalent bond and endothermic solvent reorganization.

The interactions were exothermic and entropy loss processes,
indicating that the interaction was an enthalpy-driven process
(Figure 4D). The intense exothermic process was considered to
be caused by the strong polymer—mucin interactions and the
formation of noncovalent bonds, e.g., electrostatic interactions
and hydrogen bonds.”**” The entropy loss during the
adsorption process was possibly induced by conformational
constraints and the loss of rotational freedom of the mucin.*®
Notably, the association constant (K,) 0f2.93 X 10’ M " ata pH
value of 5.6 was ~7.7 and ~1.3 times lower than that at pH
values of 3.0 and 7.0, respectively, and the number of adsorption
sites (n) for SiNPs-PDA-15 at pH 5.6 was smaller than that at
pH 3.0 and 7.0. This suggested that the mucin—SiNPs-PDA-15
interaction was weaker at pH 5.6 than at pH 3.0 and 7.0, which
was consistent with MPT analysis (Figure 2). The lower
particle—mucin affinity at pH 5.6 might be associated with
weaker electrostatic interaction between neutral SiNPs-PDA-15
and negatively charged mucin (Figure S6B). Interestingly, for
NPs at a pH value of 5.6, with a decrease in adsorptive strength,
the heat release (AH) and entropy loss (AS) were significantly
decreased. This might be due to the low degree of desolvation of
SiNPs-PDA-15 caused by weak NP—mucin interaction. Fewer
water molecules and ions on the surface of NPs were released at
pH 5.6, leading to a smaller compensation for the loss of
conformational entropy and the heat release during mucin
binding.>

Additionally, the formation of hydrogen bonds between
SiNPs-PDA-15 and mucin was confirmed by the blue shift of the
mucin peak in the amide I region after adsorption on particles
using FTIR analysis (Figure S8).”® The peak shift was more
significant with an increase in pH, which suggested that the
stronger hydrogen bonding between -NH- in SiNPs-PDA-15
and -COOH or -OH in mucin might dominate over electrostatic
interaction.>’ Altogether, this suggested that the interaction
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between SiNPs-PDA-15 and mucin involves hydrophobic,
electrostatic, and hydrogen bond interactions, which were
responsible for the mucus filtration effects. Thus, during the
design of the trans-mucus materials, the surface properties of
NPs in the targeted mucus microenvironment should be
considered to ensure optimized delivery. Admittedly, polydop-
amine could not represent the behavior of all zwitterions; it bears
a large number of groups that can be protonated and/or
deprotonated, which is consistent with the properties of
numerous zwitterionic polymers."*'”'? Additionally, the
mechanism of NP—mucin interaction also correlates well with
the pH-sensitive antifouling ability of zwitterionic polymers."®

On the basis of the in vitro results and mechanistic analysis
presented above, the pH-mediated mucus penetration behavior
of SiNPs-PDA-15 was further evaluated in vivo. The stomach
and airway were covered by acidic and neutral mucus,
respectively. The intestinal mucus of mice is slightly acidic
(524 + 0.2 in the ileum), lower than that of neutral pH in
humans.””®" These mucosal tissues with different pH micro-
environments were selected to study the particle distribution
(Figure S and Figure §9).376%%3 The suspension of FITC-
labeled NPs was administrated to the stomach, intestine, and
lungs of mice by gavage, intestinal loop injection, and
intratracheal delivery, respectively. For intestinal distribution,
the intestinal loop model was used instead of gavage to avoid the
influence of the trans-gastric process on the distribution of NPs
in intestinal mucus. SiNPs-PDA-15 were diffused deeper into
the intestinal villi and evenly distributed along the mucus layer.
In contrast, SiNPs-PDA-15 sparsely and discontinuously
accumulated on the surface of the stomach and airway,
respectively. Together with the in vitro results, this further
demonstrated that the SINPs-PDA-1S tended to diffuse better in
slightly acidic mucus but were trapped or removed in acidic and
neutral mucus (Figure 2). Additionally, the distributions of
SiNPs in the mucus of different tissues were examined as a
control. The poor distribution of SiNPs in slightly acidic
intestinal mucus compared to that of those in the mucus of the
stomach and airway was consistent with the MPT analysis
(Figure S4).

In this paper, we demonstrated the pH-mediated mucus
penetration capability of zwitterionic polydopamine-coated
silica nanoparticles. When the IEP of NPs was equal to the
pH value of the mucus microenvironment, the NPs exhibited
superior diffusional transportation in both in vitro and in vivo
models. Further biophysical analysis revealed that when the IEP
of SiNPs-PDA matched the pH of the microenvironment, it
resulted in lower particle—mucus affinity, thus the unhindered
behavior of SiNPs-PDA in mucus. This study reveals the
significance of matching the charge balance state with the mucus
pH microenvironment for efficient trans-mucus delivery of pH-
sensitive zwitterionic NPs. This provides a rational design
strategy for zwitterionic materials as biomedicine and vaccines
for targeted mucosal microenvironments.
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