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Abstract

The effective treatment of esophageal disease represents a significant unmet clinical
need, as existing treatments often lead to unnecessary systemic drug exposure and
suboptimal concentrations at the disease site. Here, surface-modified bioadhesive
poly(lactic acid)-hyperbranched polyglycerol nanoparticles (BNPs), with an average
100 - 200 nm diameter, were developed for local and sustained esophageal drug delivery.
BNPs showed significantly higher adhesion and permeation into ex vivo human and rat
esophageal tissue than non-adhesive nanoparticles (NNPs) and had longer residence
times within the rat esophagus in vivo. Incubation with human esophagus (Het-1A) cells
confirmed BNPs’ biocompatibility at clinically relevant concentrations. In a rat model
of achalasia, nifedipine-loaded BNPs significantly enhanced esophageal drug exposure,
increased therapeutic efficacy, and reduced systemic drug exposure compared to NNPs
and free drug. The safety of BNPs was demonstrated by an absence of intestinal, hepatic,
and splenic toxicity following administration. This study is the first to demonstrate the
efficacy of BNPs for esophageal drug delivery and highlight their potential for

improving the lives of patients suffering with esophageal conditions.

Keywords
Local drug delivery; co-polymer synthesis; surface-modified nanoparticles;

oesophageal disease; chronic disease treatment; formulation optimization.
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1. Introduction

Esophageal diseases affect millions of patients worldwide. In 2021 there were an
estimated 19,260 new cases of esophageal cancer in the United States (U.S.) alone [1].
Based on previous data, these patients have just a 19.9% relative survival rate over the
following 5 years, with the disease regarded as one of the world’s most lethal cancers
[2]. Like esophageal cancer, many local diseases of the esophagus carry debilitating
symptoms, poor cure rates, and substantial economic burden. For example, achalasia,
an esophageal motor disorder involving insufficient relaxation of the lower esophageal
sphincter (LES), is currently regarded as incurable and accounts for over $400 million
direct medical costs in the U.S. annually [3]. Moreover, chronic diseases such as
eosinophilic esophagitis and gastroesophageal reflux disease (GERD) are increasing in
prevalence and collectively affect millions of people worldwide each year [4, 5].
Though the esophagus is a reasonably accessible body site, medications intended to
manage and treat esophageal conditions are typically not designed to exert their
therapeutic action locally; instead drugs are delivered systemically for eventual
permeation of esophageal tissues via the circulation. These untargeted formulations do
not optimise esophageal drug concentrations and frequently result in adverse effects
due to systemic exposure. For instance, there has been no profound clinical benefit
gained from developments in esophageal cancer treatment for 30 years, with existing
chemotherapeutics commonly injected causing significant toxicity to the immune and

gastrointestinal systems [2].

Patients suffering from esophageal diseases are in great need of new treatments with
enhanced efficacy and lower incidence of adverse events. To achieve this, delivering
drugs directly to esophageal tissue is a promising strategy as local drug concentrations
will be optimised whilst systemic drug exposure is limited [6]. Though conceptually
simple, this strategy does comprise several challenges that are innate to the esophageal
environment and its associated pathologies. Firstly, the typical transit time of the
esophagus is just 10 seconds, therefore targeted formulations will likely require
increased local residence times in order to deliver drugs to surrounding tissues [7].

3
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Secondly, the esophagus has an unstirred water layer of around 30 um which
therapeutics will need to cross to reach underlying mucosal cells [8]. To avoid
solubilized drugs being washed into the stomach before they can reach the esophageal
epithelium, formulations may need reliable bioadhesive properties to deliver drug
molecules directly to the mucosa [6]. Finally, esophageal blockage is a key concern for
patients with esophageal disease. Many esophageal diseases can cause strictures, a
condition in which the esophageal lumen is narrowed, for example due to tumor
invasion, inflammation, or tissue damage [9]. Accordingly, treatments targeted to the
esophagus should be mindful of the underlying pathology and avoid increasing the risk
of esophageal blockage at all costs. For this reason, large solid dosage forms may be
less suitable for patients at risk of esophageal strictures [10, 11]. Whilst stents are often
offered to patients with strictures, whereby the esophageal lumen is opened using a tube
or scaffold [12-14], these interventions are invasive and commonly cause complications,
such as recurrent dysphagia, pain, and infection [15, 16]. Consequently, non-invasive

treatments for esophageal disease are highly sought.

Formulations incorporating increased esophageal residence time, mucosal adhesion,
and minimal risk of luminal blockage could come in a variety of forms. Liquid dosage
forms have been especially researched for esophageal drug delivery [17-19]. For
example, alginate solutions have demonstrated moderate adhesion to ex vivo
esophageal mucosa, with 20% of doses associated with tissue after 30 minutes of
washing [20]. Elsewhere, a chitosan-based hydrogel loaded with hexylaminolevulinate
demonstrated a residence time of 10 min, sufficient for the diagnosis of Barrett's
esophagus in patients [21]. In comparison, a solid oral dosage form based on chitosan
granules dispensed in gelatin capsules achieved > 66% retention in the human
esophagus for 1.75 h [22]. Despite these positive steps, there still remains an
opportunity for formulations that can prolong drug residence time in the esophagus. In
this study, we produced bioadhesive nanoparticles (BNPs) by oxidizing vicinal diols on
the surface of nonadhesive nanoparticles (NNPs) into aldehydes (Figure 1a). Exposed
aldehyde moieties on the surface of BNPs allow them to adhere to protein-rich

4
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substances by forming covalent Schiff-base bonds with amine groups in amino acids.
The starting NNPs were formulated from polylactic acid block—hyperbranched
polyglycerol (PLA-HPG) co-polymers due to their low immunogenicity, stability
against aggregation, and diffusive properties [23]. Also, these biodegradable synthetic
polymers, such as PLA, have tailorable porosity and degradation time which are
advantageous drug carriers [24, 25]. In previous studies, these BNPs have been
formulated into sunscreen to achieve enhanced skin adhesion [26] and have
successfully reduced systemic toxicity whilst improving retention of chemotherapeutics
after intraperitoneal and intratumoral administration [27, 28]. In this work, we
translated the BNP technology for treatment of esophageal disease by utilising a rat
model of achalasia. Nifedipine was selected as a model drug to be delivered by BNPs,
as it has demonstrated clinical efficacy in achalasia however is not currently
recommended due to its significant systemic side effects [29]. We aimed to prove that
BNPs could better adhere to the esophageal mucosa, prolong esophageal drug retention,

and limit systemic drug exposure compared to NNPs (Figure 1b).
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Figure 1. Schematic illustration of the preparation of nifedipine-loaded



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

nanoparticles (NPs). a) Nifedipine (NFDP)/NNPs were prepared through NFDP and
PLA-HPG self-assembly. NFDP/NNPs could be further converted into NFDP/BNPs
after NalO4 treatment of vicinal diols on the surface of NNPs. b) NFDP/BNPs would

retain on the esophageal mucosa over 10 h and controlled release NFDP.

2. Results and discussion

2.1 Characterization and in vitro evaluation of NPs

Dynamic light scattering demonstrated that BNPs (with and without NFDP loading)
could be synthesised from NNPs without significant changes to hydrodynamic size
(Figure 2a). 100 - 200 nm was considered as an optimum diameter for diffusion into
esophageal tissue [30]. Further, the uniformity and spherical structure of NPs was
confirmed using TEM (Figure 2b). The results demonstrate that NFDP encapsulation
and the oxidative conversion of NNPs to BNPs did not significantly alter their particle
sizes or morphologies (Figures 2a and b). PLA-Cy5/NNPs and PLA-Cy5/BNPs showed
comparable diameters to NFDP/NNPs and NFDP/BNPs (Supplementary Figure 2a).

Though intended for esophageal action only, NPs may transit through the whole
digestive tract if they do not fully adhere to the esophageal wall. Therefore, the in vitro
toxicity of NPs was measured using Het-1A and Caco-2 cells at a range of
concentrations (Figure 2¢). All NPs (NNPs, BNPs, NFDP/NNPs and NFDP/BNPs) at
concentrations of 0.001 mg/mL to 5 mg/mL showed no significant impact on cell
viability of both cell lines compared with untreated controls. These results

demonstrated that the NPs were safe to progress to subsequent in vivo studies.

When examining NPs’ adhesion to poly-L-lysine (a model peptide), NFDP/BNPs were
recovered at a rate of approximate 15%, while NFDP/NNPs showed an extremely low
recovery rate (Figure 2d), demonstrating the enhanced bioadhesion of BNPs. The data

highlights that NFDP encapsulation into BNPs did not prevent adhesion of the NP
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surface aldehyde groups to amino acids. Whilst peptide adhesion of NFDP/BNPs was

significantly (p <0.001) higher than achieved by NFDP/NNPs, the in vitro drug release

assessment showed that NFDP/NNPs and NFDP/BNPs exhibited similar release

profiles (Figure 2e).
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Figure 2. Characterization and in vitro evaluation of NPs. a) Hydrodynamic

diameter distribution of blank NNPs, BNPs, NFDP/NNPs and NFDP/BNPs by dynamic
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light scattering. b) Transmission electron microscopy (TEM) images of NFDP/NNPs
and NFDP/BNPs. Scale bar on images represents 200 nm. c) Cell viability of cultured
human esophagus (Het-1A) and human colorectal adenocarcinoma cell (Caco-2)
treated with blank NNPs, BNPs, NFDP/NNPs and NFDP/BNPs at various
concentrations (n = 5). d) The recovery rate of drug-loaded NPs after rinsing on a poly-
L-lysine-coated 96-well-plate. Results were normalized to the average absorbance
intensity of drug-loaded NPs before rinsing (n = 5). €) In vitro release profile of NFDP
from NFDP/NNPs or NFDP/BNPs in PBS (n = 5).

2.2 BNPs improve ex vivo bioadhesion and tissue permeation

The ex vivo adhesion and permeation of BNPs and NNPs was assessed by applying Cy5
dye conjugated NPs onto the surface of human and rat esophageal tissues (Figure 3a
and Supplementary Figure 4a). Almost no Cy5-PLA released from NNPs or BNPs over
24 h, with ~ 99% of dye remaining in both NNPs and BNPs even after 48 h
(Supplementary Figure 2b), indicating the accuracy of quantification of NPs based on
Cys5 fluorescence levels. After 15 s incubation on the mucus surface of rat esophageal
tissue, followed by continuous saline irrigation for 30 s, the retention of BNPs was
significantly higher than that of NNPs (Figures 3b-c). More interestingly, the
bioadhesion of BNPs to esophageal tissue was not affected by simulated gastric fluid
(Supplementary Figure 3), which supported the bioadhesiveness of BNPs in acid
microenvironment caused by related diseases, such as acid reflux. Further inspection of
the tissue found that BNPs diffused across the mucus into the esophageal tissue, whilst
NNPs did not (Figures 3d-e). These results suggest that BNPs could adhere to tissue in

< 15 s, withstanding saline rinsing designed to mimic saliva flow and fluid intake.

Using esophageal tissues from human volunteers, it was again observed that BNPs
adhered to the epithelial surface better than NNPs (Supplementary Figure 4).
Specifically, 50% of BNPs were retained on the human esophageal epithelium
compared to < 5% of the NNPs (Supplementary Figures 4b-c). Further, BNPs were

observed to diffuse deeper into human esophageal tissues than NNPs (Supplementary



177 Figures 4d-e). Ideal formulations for esophageal delivery should quickly attach to the
178  esophagus and improve drug permeation into esophageal tissue. These results confirm
179 the bioadhesion of BNPs and their permeation into human esophageal tissue for the first
180  time, highlighting their potential as targeted drug delivery agents for treatment of local
181  disease. A liquid formulation was selected as an alternative to a solid dosage form due
182  to patients’ higher risk of developing esophageal strictures and dysphagia [31]. These
183  results demonstrate that the liquid formulation adequately delivered BNPs, allowing

184  their adhesion and permeation into ex vivo esophageal tissue.

a b Sample1 Sample2 Sample 3 c -
/‘ 2\‘1 %k
2 —
/ \ a 3 100+
() = :
} : 4 3]
\ v‘ ¥ w
N § 2
o
> E 504
LmoOR 2 :
=z s
) 8 :
T (]
7 X 9 . r
d e NNPs BNPs
transmission fluorescence merge
2 1501
~ %k %k k
n 8 | — |
2 5
z © 100+ AR
2
o
3
w -
" s 20
g 2
2 o
(1] [}
g ol

NNPs BNPs
185

186  Figure 3. Ex vivo evaluation of NPs adhesion and diffusion on rat esophagus tissues.
187  a) A diagram of esophageal tissues used and imaged in this study. b) NNPs and BNPs
188  encapsulating PLA-Cy5 dye were added on the surface of esophageal tissues from rats
189  for 15 s. Ex vivo tissue images were taken with Xenogen after 30s saline rinsing. ¢) The
190  remaining fluorescence intensity of NNPs and BNPs on esophagus tissues was
191  quantified and normalized to the average fluorescence of NPs before saline rinsing.

192 Data are shown as mean * s.d. (n = 3). d) NNPs and BNPs encapsulating PLA-Cy5 dye
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were added on the surface of esophageal tissues from rats for 15 s following by 1 h
incubation at 37 °C. Frozen sections were collected and imaged with fluorescence
microscope. Left column, transmission channel; middle column, Cy5 fluorescence
channel, Cy5 signal in red; right column, merge images of left and middle columns. (L)
indicated as lumen side of the esophagus tissues. Scale bars, 100 um (applies to all
images). ) The fluorescence of images from d was quantified and normalized to the

average fluorescence of BNPs treated samples. Data are shown as mean + s.d. (n = 6).

Asterisks indicate: p<0.01 (**) and p <0.001 (**%*).

2.3 BNPs enhance the in vivo esophageal retention of NPs

After intra-esophageal administration NPs were mostly retained at rats’ lower
esophagus, especially around the LES (Figure 4a). BNPs showed statistically faster and
enhanced adhesion to the esophagus compared to NNPs. The esophageal retention
efficiency of NNPs was 75% lower than that achieved by the BNPs at 6 min after
administration (Figure 4b). Almost no NNPs were found on esophageal tissue at 2 h
post treatment while BNPs showed over 73% retention: 15-fold higher than that of
NNPs. After 10 h, BNPs exhibited over 30% retention and were present up to 24 h post
treatment (Figure 4¢). In comparison, no NNPs were found in the esophagus after 10 h.
This residence time is far better than that achieved by the best-performing dosage form
found in the literature (capsules with retentions of 1.75 h) [22]. Figure 3d shows that at
10 h post treatment the samples treated with BNPs showed widespread NP distribution

and diffusion.
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Figure 4. In vivo evaluation of esophageal retention and diffusion of NPs. a) NNPs

and BNPs encapsulating PLA-Cy5 dye were intra-esophageally administrated to the
rats. Ex vivo images of esophagus retention were taken with Xenogen at different time
points after administration. b) The fluorescence intensity of esophageal tissue after
treatment with NNPs or BNPs was quantified and normalized to the average
fluorescence of BNPs treatment at 6 min post-administration (n = 5). c¢) The
fluorescence intensity of esophageal tissue at different timepoints following exposure

to NNPs or BNPs was quantified and normalized to the initial fluorescence intensity of
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tissue before administration (n = 4). ¢) Representative frozen sections of esophageal
tissue from NNPs or BNPs treated groups at 10 h post treatment. Left column,
transmission channel; middle column, Cy5 fluorescence channel, CyS5 signal in red,
right column, merge images of left and middle columns. (L) indicated as lumen side of

the esophagus tissues. Scale bars, 100 um (applies to all images).

2.4 BNPs enhance the in vivo esophageal retention of nifedipine (NFDP)

At 6 minutes after administration, NFDP/BNPs delivered 32% of their drug dose to the
rat esophagus compared to < 8% and 1% for the NFDP/NNPs and free NFDP,
respectively (Figure 5a). BNPs’ esophageal adhesion was significantly enhanced over
that of free NFDP and NFDP/NNPs. NFDP delivered with NNPs or as a free drug
solution was hardly found on esophageal tissue after 1 h, compared to 27% of the initial
NFDP dose achieved by NFDP/BNPs. At 10 h approximately 10% of the initial NFDP
dose was still present in the esophagus following BNP administration, the same
concentration remaining at 6 min following administration of NFDP/NNPs. Thus,
BNPs encapsulation substantially prolonged NFDP retention in the esophagus
compared with encapsulation in NNPs or as free drug, suggesting that BNPs could
enable site-specific drug delivery to esophageal tissue. This could reduce systemic drug
exposure and improve therapeutic efficacy due to increased drug concentrations at the
disease site. As 70% NFDP was released from BNPs over 10 h during in vitro studies
(Figure 2e), it is likely that NFDP could be released from BNPs and exert its therapeutic

action in vivo during the time BNPs remain resident in the esophagus.

Results regarding systemic bioavailability of NFDP supported the potential of BNPs.
Much lower NFDP bioavailability was observed when delivering NFDP/BNPs
compared with free NFDP and NFDP/NNPs (p < 0.05), demonstrating NFDP released
from BNPs mainly localized on the esophageal tissue instead of being absorbed and
distributed throughout the whole body (Figure 5b). Previous work based on local action
of nitrites within the esophagus showed that fewer side effects occur with local drug

delivery compared to systemic administration [32]. These findings support the

12



251  conclusion that BNPs are likely to reduce systemic drug side effects by targeting drugs

252 directly to their site of action in the esophagus.
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255  Figure 5. Accumulation of NFDP in the esophagus and plasma of achalasia rats
256  following administration of free NFDP (nifedipine), NFDP/NNPs, and
257  NFDP/BNPs. a) The concentration of NFDP remaining in rats’ esophageal tissues for
258 24 hours after administration of free NFDP, NFDP/NNPs, and NFDP/BNPs. b) The
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concentration of NFDP in rats’ plasma for 24 hours after administration of free NFDP,

NFDP/NNPs, and NFDP/BNPs. n = 5 rats were studied at each timepoint.

2.5 BNPs enhance the therapeutic efficacy of NFDP in rat models of achalasia

The rat model of achalasia was successfully produced by injecting 0.2% BAC into the
abdominal portion of the esophagus for ablation of the ganglion cells of the myenteric
plexus [33]. Pathological changes were observed mainly in the middle and lower thirds
of the esophagus, resulting in reductions in body weight and food intake, malnutrition
and immune impairment. The animal model set up and treatment plan are summarized
in Figure 6a. The body weights of diseased rats decreased continuously during the 21-
day pre-treatment period (Figure 6b), and megaesophagus was confirmed in the
radiographic study after the disease models were successfully set-up (Figure 6c¢).
Treatments were subsequently administered once daily for 7 days (Figure 6a), and
within 3 days the body weights of achalasia rats treated with NFDP/BNPs increased in
the same trend as healthy untreated rats and the sham-operated group, whilst treatment
with free NFDP and NFDP/NNPs showed no significant influences on body weight
compared to the saline treated rats (Figure 6d and Supplementary Figure 5a). Between
treatment days 4 to 7 diseased rats administered NFDP/BNPs showed a significantly
larger increase in body weight compared with that of free NFDP and NFDP/NNPs. The
food intake for each rat was also recorded, and a similar trend was observed (Figure 6e
and Supplementary Figure 5b). In this regard, achalasia rats ingested significantly more
food during treatment with NFDP/BNPs compared to those treated with free NFDP,
NFDP/NNPs or the saline-administered diseased controls. Favorably, rats treated with
NFDP/BNPs had comparable food intake to the healthy and sham-operated rats. As
demonstrated in Figure 4a BNPs provided a sustained release of NFDP within the rat
esophagus, which is likely to continuously relax the LES, improve esophageal
emptying, and thus enhance therapeutic efficacy. The safety profile of NFDP/BNPs was
also positive, as no in vivo toxicity was found in the stomachs, intestines, livers or

spleens of rats after any treatments (Supplementary Figure 6). These findings are

14



287  supported by that presented in Figure 6b, in which systemic drug exposure from
288  NFDP/BNPs was much lower than that observed from free NFDP or NFDP/NNPs.
289  Overall, the results shown here highlight NFDP/BNPs as a safe and effective therapy
290  for achalasia with significant benefits over untargeted free drug and NPs lacking

291  bioadhesive properties.
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Figure 6. Achalasia model rats treated with free NFDP (nifedipine), saline, NNPs,
BNPs, NFDP/NNPs, and NFDP/BNPs with comparison to healthy and sham-
operated rats. a) Schematic detailing the 21-day development of the rat achalasia
model following once daily treatment and monitoring over 7 days. b) Changes in the
body weights of rats during the 21-day disease modeling period. ¢) X-ray images of
esophageal tissues obtained from healthy rats and BAC-induced achalasia rats. d)
Changes in the body weights of rats during the 7-day treatment period (n = 5 per group).

e) Food intake of rats during the 7-day treatment period.

3. Conclusions

In this study we developed drug loaded BNPs for targeted treatment of esophageal
disorders. BNPs were produced through oxidation of vicinal diols on the surface of
PLA-HPG NPs, leading to exposure of aldehyde moieties on the NP surface that could
bind to amine groups in amino acids. The bioadhesive properties of BNPs were
confirmed using in vitro, ex vivo, and in vivo experiments, whereby the BNPs were
demonstrated to adhere to poly-L-lysine plates, ex vivo human and rat esophageal tissue,
and in vivo rat esophageal tissue significantly better than NNPs. Converting NNPs to
BNPs, and subsequently loading BNPs with a model drug (NFDP) was found to have
no effect on NP size or morphology. Moreover, drug-free and NFDP loaded BNPs were
shown to have no cytotoxicity when applied to esophageal and intestinal cell lines at
concentrations of < 5 mg/mL. When administered to rats with simulated achalasia,
BNPs were demonstrated to significantly enhance NFDP delivery to esophageal tissues
whilst greatly limiting systemic drug exposure, compared to free NFDP and
NFDP/NNPs. The safety of this site-specific drug delivery was demonstrated by a lack
of gastric, intestinal, hepatic or splenic toxicity in rats administered the NFDP/BNPs.
Finally, achalasia rats treated with NFDP/BNPs were observed to have significantly
higher food intake and weight gain compared to those administered free NFDP,
unloaded NPs, and NFDP/NNPs, demonstrating the novel formulation’s superior
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therapeutic efficacy. These results present BNPs as a promising formulation strategy
for targeted drug delivery to the esophagus, providing opportunities for the
development of new treatments aimed at improving the lives of patients suffering from

esophageal conditions.

4. Materials and methods

Materials. Polylactic acid (Mw = 17.0 kDa) and NalOs; were from Shunna
Biotechnology and Alalddin, respectively. Cy5 was obtained from Lumiprobe
Corporation. Anhydrous dimethylformamide and dichloromethane were purchased
from Innochem. Potassium methoxide, nifedipine (NFDP) and 1,1, 1-trihydroxymethyl
propan were supplied by Sigma-Aldrich. Anhydrous dry ether and Na>SO3 were
obtained from Guangzhou Chemical Reagent Factory. All other chemicals are noted

individually in the following methods.

Synthesis of HPG. 4.67 mmol 1,1,1-trihydroxypropane (THP) was added into an argon
protected flask in a 95°C oil bath. When it was completely dissolved, 1.4 mmol KOCH3
was added. The flask was connected to a vacuum pump for 10 min and then argon was
filled in the flask all the time. 25 mL glycidol was added by a syringe pump 12.5 h. The
HPG was dissolved in methanol and was precipitated with acetone. The HPG was
purified by repeating this process three times. The HPG was dialyzed against DI water
to get rid of small molecular weights of HPG. The water was replaced two times every
5 h. Acetone was added to precipitate the HPG and then the HPG was dried under
vacuum at 85°C for 8 — 10 h.

Synthesis of PLA-HPG and PLA-Cy5 copolymers. 5 g PLA dissolved in DCM, and
2.3 g HPG dissolved in DMF was then added. They formulations were dried by
molecular sieving for as long as possible. 0.08 mL diisopropylcarboimide (DIC) and
13.5 mg 4-(N,N-dimethylamino)pyridine (DMAP) was added and the reaction worked

for 5 days at room temperature under stirring. Cold ether was added into the reaction
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and the product was precipitated. The precipitate was collected by centrifugation. The
product was re-dissolved in DCM and the subsequent product was precipitated with
cold ether. The product was then dried under vacuum for 2 days. To synthesize PLA-
CyS5, 1.95 g PLA dissolved in DCM, before the addition of 15 mg Cy5 and 0.02 mL
diisopropylcarboimide (DIC). The reaction was subjected to stirring for one day at room
temperature. Cold ether was added into the reaction and the product precipitated. which

was collected by centrifugation. The product was dried under vacuum for 2 days.

Preparation of nanoparticles. The preparation of NNPs was conducted with 22.5 mg
PLA-HPG copolymer dissolved in a mixture of 0.5 mL ethyl acetate and 0.35 mL
DMSO. For the dye loaded and drug loaded nanoparticles preparation, 2.5 mg CyS5-
PLA or NFDP was added into the PLA-HPG solution, respectively. The above mixture
was added to 2 mL DI water under vortexing and subjected to probe sonication for three
cycles at 10 s each. Subsequently, this emulsion was diluted with 10 mL DI water under
stirring, and then transferred to a rotary evaporator to evaporate the ethyl acetate. The
NNPs loaded with/without Cy5 or NFDP were obtained by centrifugation with Amico
ultra-centrifuge filtration unit (100 k molecular weight cut-off (MWCO)) at a low
temperature once and washed twice with DI water.

BNPs were obtained by NalO4 treatment of related NNPs. Briefly, one volume of NNPs
was incubated with the same volume of NalO4 at 0.1 M for 2 min, and the reaction was
subsequently quenched with one volume of Na>SOs at 0.2 M. If the volume of NNPs
was larger, three volume of NalO4 or Na>SO3, and longer reaction time would be needed.
The BNPs loaded with/without Cy5 or NFDP were centrifuged at a low temperature
once and washed twice with DI water. The nanoparticles were kept by being

resuspended in DI water.

Characterization of nanoparticles. The diameter and polydispersity index (PDI) of
nanoparticles were determined using a Zetasizer Nano ZS (Malvern Instruments).
Particle morphologies were measured by transmission electron microscopy (TEM,
Tecnai G2 Spirit, FEI). In a particular, a drop of NPs suspension was applied onto the

carbon-supported copper grid, and another droplet of uranyl acetate was added
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following. Most of the liquid drops were removed by a filter paper and wait for 5-10
min until it dries. The grid was transferred in a TEM holder and inserted into the
microscope.

The in vitro concentration of Cy5 and NFDP was quantified with a plate reader by
fluorescence (excitation wavelength: 650 nm; emission wavelength: 680 nm) and an

absorption wavelength at 340 nm, respectively.

Cytotoxicity of nanoparticles. The cytotoxicity of NNPs, BNPs NFDP/NNPs and
NFDP/BNPs was conducted in both epithelial cells from the human esophagus (Het-
1A) and human colorectal adenocarcinoma cell (Caco-2). Het-1A (ATCC CRL-2692)
and Caco-2 (ATCC HTB-37) were cultured in Bronchial Epithelial Cell Growth (BEG)
medium (LONZA) and Dulbecco's modified eagle (DME) medium (GIBCO)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin,
respectively.

Het-1A and Caco-2 in 100 pL of culture medium were plated in each well of a 96-well
plate at a density of 5,000 and 10,000 cells per well, respectively. Cells in medium were
maintained at 37°C to incubate overnight. The following day, 10 pL of either blank
culture medium, NNPs, BNPs, NFDP/NNPs, NFDP/BNPs, was added to cells. Cells
were incubated at 37°C for 24 h, and then cell viability was quantified with a Cell

Counting Kit-8 (Dojindo).

Evaluation of NNPs and BNPs adhesion and permeation ex vivo. Fresh esophagus
from human was obtained from who underwent surgery for esophageal cancer at the
Third Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). The
experimental protocol (No. [2021]5-20) was approved by The Research Ethics
Committee of the Third Affiliated Hospital of Sun Yat-sen University. All patients
signed an informed consent form. The animal procedures were approved by The Animal
Research Ethics Committee of Sun Yat-sen University. The esophagus of rats was

collected immediately after sacrifice.

Esophageal tissues were placed on the petri dish as a sheet and washed with PBS. PLA-
Cy5-loaded BNPs and NNPs in PBS were applied to the mucosal surface of esophagus,
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and subsequently rinsed with PBS or simulated gastric fluid (pH 2.1). The nanoparticles
remaining on the surface of esophageal tissues were imaged by Xenogen. These tissues
were incubated for 1 h in a chamber at 37 °C with a humidity of 75%. Each esophagus
was frozen in OCT, and sectioned into 10 um slices, mounted on glass slides. The slices

were imaged using an EVOS fluorescence microscope (Thermo Fisher).

Determination of NNPs and BNPs initial adhesion in vive. All animal procedures
were performed in accordance with Ruiye Model Animal (Guangzhou) Biotechnology
protocols. Animals were kept in Ruiye Model Animal (Guangzhou) Biotechnology Co.
Ltd. The Sprague-Dawley (SD) rats were housed at room temperature (25°C) and in a
light-dark cycle of 12 h. To determine the NNPs and BNPs initial adhesion on
esophagus, 2 mg/mL Cy5-NNPs or Cy5-BNPs in PBS was intraesophageally
administrated to the rats. The rats were sacrificed immediately after the treatment, their
esophagus was rapidly removed and frozen in OCT. The frozen tissue was sectioned

into 10 pm slices and imaged using an EVOS fluorescence microscope.

Retention of NNPs and BNPs on esophagus in vivo. For evaluation of nanoparticles
retention and distribution, 2 mg/mL Cy5-NNPs or Cy5-BNPs in PBS was
intraesophageally administrated to the rats. After a series of time points, the rats were
sacrificed with a CO; euthanasia chamber and the esophagus was rapidly removed. The
nanoparticles remaining on the esophagus were imaged by Xenogen. All the rats were
caged in groups of two, allowed to move freely and provided with food and water

during the experiment.

Preparation of esophageal achalasia animal model. Male SD rats weighing around
300 g were anaesthetized with 4% chloral hydrate. An abdominal mid-line incision was
made to expose the distal esophagus and proximal  stomach.
Benzyldimethyltetradecylammonium chloride (BAC) at 4 mM concentration was
circumferentially injected with 100 pL of solution into the outer wall of 4 — 5 cm of the
distal esophagus and 1 cm of the gastric cardia. The abdominal incision was closed in
three layers with 3-0 chromic gut and 3-0 silk. The rats in the sham group underwent a
similar surgery where 100 pL saline was injected into the lower esophagus and proximal
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stomach.

21 days following surgery, BAC-treated animals and sham rats were anesthetized and
underwent barium esophagrams. 1.0 mL barium contrast (50%) was orally
administrated to each rat under fluoroscopy, and representative radiographs were
obtained on each animal. The body weight of each rat was recorded every seven days

during this period.

Retention profile of NFDP in esophageal tissue and plasma. 1 mL NFDP,
NFDP/NNPs and NFDP/BNPs at the concentration of 2 mg/mL was delivered intra-
esophageally. Subsequently, the achalasia rats were sacrificed after 0.1 h, 1 h, 2 h, 4 h,
6 h, 10 h and 24 h. Their esophageal tissues and blood were immediately excised and
taken by cardiac puncture, respectively. Esophageal tissues were cut into small pieces
and homogenized in 1 mL of PBS at 30 Hz for 180 s with TissueLyser II (QIAGEN).
The blood samples were centrifuged at 10,000 rpm for 10 min, and 100 pL plasma
(supernatant) was subsequently collected.

To quantify the NFDP in the biologic samples, 10 pL 1 mol/L NaOH and 0.6 mL ether-
chloroform (5:1) were added into the tissue homogenized mixture and blood plasma,
and centrifuged at 10,000 rpm for 10 min. The organic phase (supernatant) was
subsequently collected and evaporated with a Speedvac (Yatai, Jilin, China). The dried
residue was then dissolved in 0.2 mL of acetonitrile. An aliquot of 20 pL of each filtered
sample was then processed on the LC-MS apparatus. The above operations were

conducted in the condition of darkness.

Chromatographic analysis of NFDP in biologic samples. Chromatographic analysis
was performed with a LC-MS system (Shimadzu LCMS-8060) equipped with pump
(Shimadzu LC-30AD), autosampler (Shimadzu SIL-30AC) and a mass detector
(Shimadzu LCMS-8060). The triple quadrupole mass spectrometer equipped with the
positive electrospray ionization using multiple reaction monitoring (MRM) mode.
Further instrumental conditions were 300°C source temperature, 250°C DL temperature,
10 L/min sheath gas flow, 10L/min drying gas flow, cone voltage 4.0 KV and 35

collision energy.
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NFDP in the biological samples was determined by LC-MS with a C18 (2.1 mm x 100
mm, [.D./1.7 pm) analytical column (Waters). The mobile phases were 0.1 % formic
acid in water and acetonitrile with a flow rate of 0.4 mL/min. The gradient elution
procedure started with 30% acetonitrile, increasing to 80% over 10 min and then
decreasing back to 30%. On the basis of the full-scan mass spectra, the most abundant

ions and the product ions were selected: m/z 347.20 — 253.15.

Therapeutic efficacy of NFDP/BNPs in vivo. 1 mL of either PBS, NNPs, BNPs, NFDP,
NFDP/NNPs or NFDP/BNPs at the dose of 2 mg/mL were intra-esophageally
administrated to the esophageal achalasia rats (n = 6) daily. During the seven-days

period, the body weight and up-take food volume of each rat were recorded.

Long-term toxicity of NFDP/BNPs in vivo. 1 mL of either PBS, NNPs, BNPs, NFDP,
NFDP/NNPs or NFDP/BNPs at 2 mg/mL were administrated intraesophageally to
achalasia rats daily. Seven days later, rats (n = 6) were sacrificed with a CO; euthanasia
chamber, and their upper esophagus, stomach, intestine, liver and spleen were harvested
for histological examination. Samples were fixed overnight in 10% formalin at room
temperature and cut into sections. The tissue sections were dewaxed and debenzylated,
followed by counterstaining with haematoxylin. Images for representative hematoxylin
and eosin (H&E) staining tissue sections were collected using an Olympus BX61

microscope with a SPOT Flex 64 MP digital color camera.

Statistical analysis. The data are presented as the mean + S.D. and statistical
comparison of mean values were analyzed with Prism software (GraphPad) using
ANOVA with multiple t-tests. Error bars represent standard deviation and have been
indicated appropriately in each figure caption. All the experiments were carried out at
least in triplicate. Significance is represented on plots as ns > 0.05, *< 0.05, ** <0.01,

*x4<0.001.
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