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Physiological stimulus-specific cargo release from nanoparticle carriers is a holy grail of drug delivery
research. While the majority of such work is carried out in vitro with cell lines, widespread use of
common mammalian model systems — mice and rats — is difficult due to the associated cost and
regulatory restrictions. Here we use the inexpensive, easily reared, excellent genetic model system
Drosophila melanogaster to test pH responsive cargo release from widely used mesoporous silica
nanoparticles (MSNs) coated with pH sensitive polydopamine (PDA) and polyethylene glycol (PEG)
polymers. We synthesized 650 £+ 75 nm diameter PDA or PEG coated mesoporous silica nanoparticles
loaded with a fluorescent dye and fed to individual adult flies. Subsequently, the passage of the particles
were monitored through the fly gut. As in mammals, the fly intestine has multiple pH specific zones that
are easily accessible for imaging and also genetic, biochemical or physiological manipulations. We
observed that both the species of MSNs ruptured around the acidic (pH < 4.0) middle midgut of the flies.
PEG coated particles showed sharper specificity of release in the acidic middle midgut of flies than the
PDA coated ones and had less tendency to clump together. Our results clearly show that the Drosophila
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eceve ecember gut can be used as a model to test pH responsive biocompatible materials in vivo. Our work paves the
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way for greater use of Drosophila as an in vivo complete systemic model in drug delivery and smart
DOI: 10.1035/c9ra11019d materials research. It also suggests that such specific delivery of chemical/biological cargo can be

rsc.li/rsc-advances exploited to study basic biology of the gut cells and their communication with other organs.

1 Introduction molecules. These biocompatible materials have large surface
area (>900 m> g '), large pore volume (>0.9 cm® g~') and
Maintaining tight control over the amount of drug released as- tunable pore size (2-10 nm).'* Despite the established
and-when needed by the human body is a long-standing chal- ~biocompatibility,"® non-functionalized MSNs lack the ability to
lenge for drug delivery research.! Functional materials such as  specifically and efficiently react to external physiological stimuli
zeolites,>* metal-organic frameworks,*” zeolitic imidazole and could disintegrate leading to premature cargo-release.'>°
frameworks®® etc., are some of the most popular class of Temporal or location specific cargo-release can be enhanced by
materials used in drug delivery research.' These materials, due (i) introducing additional molecular gates'* into the silica
to their biocompatibility and high porosity can be used as matrix that open on receiving stimuli such as changes in pH,*
effective drug carriers. Among the various nano-sized carrier —redox,” temperature' etc., or (ii) by coating the silica nano-
materials studied for drug delivery, mesoporous silica is particles with a stimulus responsive polymer.'>**** Ag an
perhaps the most popular due to its easy synthesis, high example, change in pH during cellular endocytosis can cause
porosity and stability.""** Mesoporous silica nanoparticles disintegration of responsive polymers surrounding carrier
(MSNs) are porous solids with a large number of honeycomb- nanoparticles to release their cargo in a controlled
like pores that can accommodate a wide variety of cargo manner.'®*****® Among the various polymers used, polyethylene
glycol (PEG)***”=° is popular due to its biocompatibility and
biodegradability.**** One other polymer used frequently in
“Symbiosis Centre for Nanoscience and Nanotechnology, Symbiosis International —pnanomaterial coating is polydopamine (PD A);23’32'37 a polymeric
(Deemed University) (SIV), Pune, India. E-mail: sneha.bajpe@scnn.edu.in oxidation product of the catecholaminergic neurotransmitter
’National 'Centre for C"ell Science, Pune, India. l?—mail: gauravdas@nccs.res.in dopamine. It has a molecular structure similar to that of the
‘CSIR-National Chemical Laboratory, Pune, India . . . .
T Electronic  supplementary information (ESI) available. See DOI: naturally occurf'l.ng pigment _melanln (eumelaliun) and
possesses the ability to be deposited on all types of inorganic,
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1 Equal contribution first author. organic and superhydrophobic surfaces.***® In vivo testing of
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functional drug-delivering materials in a biological system is
critical to ascertain its suitability for biological applications.
Usually, such testing of new materials and drugs are carried out
in animal or human derived cell lines.***> While this approach
has been helpful, the effect of these molecules in context of
a complete organism with distinct organs and a holistic,
systemic milieu cannot be modeled with cell lines.

The fruit fly or vinegar fly Drosophila melanogaster, is
a versatile genetic model that can be grown easily and inex-
pensively and offer a well-developed genetic tool kit to manip-
ulate all its genes, cell types, tissues and organs.***
Importantly, flies and humans have homologous genes and
organs, making it possible to model human diseases and study
their underlying genetic, cellular and physiological mecha-
nisms.**° For the same reasons flies also lend themselves for
rapid testing of materials, including nanomaterials or nano-
particles, for their toxicity, biocompatibility and mode of
action.”**® However, there has almost been no effort to use flies
for in vivo screening of smart carrier materials and stimulus
responsive drug release.’®® The fly gut bear remarkable simi-
larity with the human gut.®* Both have similar developmental
origin, harbour stem cells in its luminal epithelial lining, have
neuronal innervations and secrete digestive enzymes in distinct
zones that break down nutrients and facilitate their absorption
through the gut epithelium. Importantly, like the mammalian
gut, the fly gut has distinct pH zones that range from highly
acidic in the middle midgut (pH < 4) to neutral in the foregut,
crop & anterior midgut (pH ~ 7.4) and to alkaline (pH ~ 9-11) in
the posterior midgut & hindgut.®*** Here, we hypothesized that
we can utilize the fly gut pH microenvironments to test zone-
specific cargo release from smart carrier materials. We report
a comparative study of cargo release from fluorescent dye
loaded MSNss coated with two pH responsive polymers, PDA and
PEG in the Drosophila gut. Our results indicate that both these
particles readily release their cargo in the middle midgut
(MMG) acidic zone and are not toxic to flies. Our studies poise
the Drosophila melanogaster gut as an accessible model to screen
pH stimulus specific cargo release in a well characterised
genetic model organism.

2 Experimental section
2.1 Chemicals

Tetraethyl orthosilicate (TEOS) (cat. no. 8.00658), hexadecyl
trimethyl ammonium bromide (CTAB) (cat. no. 8.14119),
PEG400 (cat. 8.07485), hydrochloric acid (cat.
1.93401.0521) were purchased from Merck, India. Ammonia
solution (cat. no. 78719) was purchased from SRL Chemicals,
India. Potassium hydroxide (cat. no. Q26705) was purchased
from Qualigens, India. Dopamine hydrochloride (cat. no.
H8502) and bromothymol blue (cat. no. 114413) was purchased
from Sigma Aldrich, India. Rhodamine B (cat. no. GRM980) was
purchased from Hi-Media, India. Ethanol (cat. no. 32221) was
purchased from Honeywell, India. Amaranth FCF food grade
dye was purchased from Vidhi, Pune, India (batch no.
PAM13568). Agarose (cat. no. 180720), low melting agarose (cat.
no. AGAL0050) and PBS tablets (cat. no. 2810301) were

no. no.
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purchased from MP Biomedicals, India. All chemicals were
used without further purification. Milli-Q® and RO water were
used for all experiments.

2.2 Synthesis

2.2.1 Synthesis of mesoporous silica nanoparticles (as-
synthesized MSN). MSNs were synthesized by standard sol-gel
process.”>® 1.6 g of CTAB was dissolved in 35% [w/v] etha-
nol : water solution containing 10 mL of ammonia (10 mL,
25 wt%). This reaction mixture was heated at 35 °C, and 10 mL
TEOS was added rapidly under vigorous stirring. The reaction
mixture was stirred for 24 h. The reaction product was collected
by vacuum filtration and washed thrice with 35% ethanol : -
water and dried at 60 °C under vacuum, overnight. The white
powder was then dispersed in acidified ethanol (400 pL of
concentrated HCL in 200 mL of ethanol) and stirred at 30 °C for
2 h. This step was repeated thrice for removal of template and
then the sample was washed three to four times with water and
dried at 60 °C under vacuum, overnight.

2.2.2 Loading MSNs with rhodamine B (RhB) - uncoated
RhB@MSN. A solution of 5 mg of RhB in 100 mL of water was
used for loading the MSNs. The synthesized MSNs were
dispersed in the RhB solution by sonication for 5-10 minutes
and kept in a rotating mixer for 24 h. The sample was then
washed three times with water and centrifuged after every wash
for 10 minutes at 4000 rpm at 25 °C. The pink colored product
was dried at 40 °C under vacuum, overnight.

2.2.3 Surface coating of rhodamine B (RhB)-loaded MSNs

2.2.3.1 PEG coated RhB@MSN. 1 g of RhB@MSNs were
added to 100 mL of water and sonicated for 5-10 minutes. After
sonication, 10% of PEG-400 was added to this solution and the
whole mixture was stirred for six hours. The mixture was then
washed several times with water, followed by centrifugation at
4000 rpm at 25 °C for 10 minutes. The final product was
collected and dried in a desiccator.

2.2.3.2 PDA coated RhB@MSN. 1 g of RhB@MSNs were
added to Tris-HCL buffer (10 mM, pH 8.5) containing dopa-
mine hydrochloride (500 mg of dopamine in 500 mL) and
sonicated for 5-10 minutes. The mixture was then stirred for six
hours. The mixture was then washed several times with water,
followed by centrifugation at 4000 rpm at 25 °C for 10 minutes.
The final greyish black product was collected and dried at 40 °C
under vacuum, overnight.

2.3 Physicochemical characterization

Dynamic light scattering (DLS) & zeta potential measurements
were performed on Anton Paar Litesizer 500, Anton Paar,
GmbH. The samples were measured for 1 min and auto fitting
of the correlation function was performed using the Anton Paar
DLS software Kalliope. Zeta potential measurements were per-
formed using an Omega cuvette. Scanning electron microscopy
(SEM) was performed on Carl Zeiss EVO 18, Zeiss, USA. The
powder samples were gold sputtered before measurement.
Transmission Electron Microscopy (TEM) was performed on
Philips CM200; operating voltage: 20-200 kV, resolution: 2.4 A.
The samples were suspended in water and loaded on a Cu grid
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and air dried before measurement. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using K-Alpha +
XPS instrument, Thermo Fisher, UK, with Al Ko (mono-
chromatic) using 6 mA beam current at 12 kV. The instrument
was calibrated with Ag 3d 352 eV. The samples were drop casted
on a silicon wafer and mounted on a standard SS plate with
conductive carbon tape and loaded into the sample chamber
with a vacuum pressure of 1.2 x 10~® mbar. Sample spot size
was 400 um and the reference binding energy was C 1s (284.8
eV). Brunauer-Emmett-Teller (BET) surface area analysis by
Nitrogen adsorption and desorption were carried out using
Quadrasorb SI, Quantachrome Instruments, Anton Paar,
GmbH. Pore size distributions were calculated from adsorption
isotherm using the BJH method. Fourier transform infrared
(FTIR) measurements were performed on a PerkinElmer
Spectrum-GX, PerkinElmer, USA, at resolution 4 (nm A™*), scan
range from 4000-600 cm ™, the total number of scans 16 and
samples were scanned directly in ATR mode. All graphs were
plotted using Igor Pro software, Wavemetrics, USA. Confocal
microscopy images for the synthesised nanoparticles were ob-
tained on a Zeiss LSM 880 confocal microscope, Zeiss, USA.
1:10 dilutions of 1 mg mL™' PEG/PDA coated RhB@MSN
samples were prepared in 1% low melting (LM) agarose (MP
Biomedicals, cat. no. AGAL0050) and 20 pL of each solution was
added on a clean glass slide. The added droplets were imme-
diately covered with a coverslip and allowed to spread. Cover-
slips were sealed with transparent nail polish and imaged with
Airyscan 2.0 scanner using 40x (plan-apochromat/1.4 oil DIC
M27) and 100x (o plan-apochromat/1.46 oil DIC M27 Elyra)
objectives. pH of various solutions were checked using Hanna
(HI-5521-02) pH meter, Hanna Instruments, USA.

2.4 In vitro RhB release studies

Three different pH solutions were prepared: starting with 1 mM
HCI (pH 3.0) and then adjusting pH by the addition of 1 mM
KOH to obtain solutions of pH - 7.4 and 9.0. 5 mg of samples
were weighed separately in different vials to which 2 mL of
different pH solutions were added and the vials were rotated
using a rotating mixer for different time periods (between 0 to 5
h). All samples were then centrifuged at 4000 rpm for 10
minutes at 25 °C and absorbance measurements were per-
formed on the supernatants at 553 nm wavelength. The blank
was subtracted from each measurement. The measurements
were repeated thrice per sample and the samples were
measured in duplicates.

2.5 Fly experiments

2.5.1 pH profile of Drosophila gut. To visualize the pH
zones of an adult fly gut generally, a pH indicator dye is fed
along with the food and dissected guts are then imaged under
a microscope.®>** We followed a similar procedure using 0.1%
of the pH indicator dye bromothymol blue with standard fly
cornmeal food medium and poured into fresh vials. After the
food media solidified and cooled down, 0 to 4 days old adult
females that were food starved for the previous 24 hours were
transferred into the vials and allowed to feed for 2 hours at 25 °C
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and ~60% humidity. Flies were subsequently anesthetized in
70% ethanol for 30 seconds and dissected using a pair of fine
forceps (#5 cat. no. 11295-10 and #55 cat. no. 11295-51,
Dumostar, FST). Guts were washed 2-3 times using ice cold PBS
(1x). A drop of mounting media was placed on a clean micro-
scope glass slide (75 mm x 25 mm x 1.35 mm, Bluestar) and
evenly spread using a 20 pL pipette tip. After dissection, the fly
gut was placed in the mounting media and arranged carefully
for clear identification of each part of the gut during imaging.
Image of the whole gut was captured using a mobile phone
camera through a stereo microscope (Nikon SMZ445) with 3.5x
Zoom.

2.5.2 In vivo release studies on Drosophila

2.5.2.1 Feeding. To deprive flies of food and water, 25-30
females were transferred to an empty vial with dry filter paper
and kept in an incubator at 25 °C and ~60% humidity for 12-14
hours. Resultant hungry and thirsty flies were then transferred
to a fresh empty vial. The flies were ice anesthetized and 10-15
healthy flies were immobilized on a glass slide using nail polish
with their wings stuck on the surface of the glass slide with their
abdomens facing up (see ESI Fig. SI-81). Flies were allowed to
recover for 30 minutes at 25 °C. A 1 pL droplet of 0.1 mg mL ™" of
PEG coated and 0.02 mg mL "' of PDA coated RhB@MSN
solution in RO water (adjusted to pH 7.0) were fed to individual
flies using a 0.1-3 uL micro pipette for 10 seconds. Only flies
that fed continuously for ~10 seconds were used for further
experimentation. Subsequent to feeding, flies on the glass slide
were placed in a petri dish with a wet filter paper at the bottom
to avoid dehydration and kept at 25 °C for 30 min.

2.5.2.2 Dissection and mounting. Nanoparticle fed flies were
transferred to a vial containing 70% ethanol for 30 seconds and
anesthetized. After anesthetization, their guts were dissected
and washed 2-3 times with 1x PBS before mounting as
described above. No more than 2 guts were mounted between
two glass cover-slip (18 mm x 18 mm x 1 mm, Bluestar)
spacers were glued with nail polish ~10 mm apart onto the slide
and a third cover-slip was carefully placed over the sample.
Mounting media was added gently from one of the open edges
and allowed to wick completely to just submerge the sample.
Finally, excess mounting media was removed with a tissue and
the cover-slip was sealed on the edges using a transparent nail
polish and allowed to dry before imaging.

2.5.2.3 Confocal imaging. The samples above were imaged
using Zeiss LSM 880 confocal microscope using 10x (plan-
apochromat/0.45 M27) and 20x (plan-apochromat/0.8 M27)
objectives. Z-stacks of individual samples were acquired with
tile-scanning for each optical section. Images were processed
with Fiji®® to derive maximum intensity projection of Z-stacks
and to adjust contrast and brightness. Figures were put
together at the highest possible resolution using Keynote (Apple
Inc. Cupertino, California) and level functions were used on the
digital images to make them consistent with visual observation.
No quantitative image analysis was carried out on such a level
adjusted image.

2.5.2.4 Survival analysis. 5 mL of 1% agarose solution was
poured in fly vials and allowed to solidify. Vials were wiped
thoroughly to remove excess water from the walls and a piece of

This journal is © The Royal Society of Chemistry 2020
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nonabsorbent cotton was placed inside each vial (ESI Fig. SI-9t)
to avoid fly contact with agarose medium. In small feeding caps
250 pL of 1% PDA coated MSN, 1% PEG coated MSN, as-
synthesized MSN, 100 mM glucose and only water samples in
1% low melting (LM) agarose were added with 0.8% amaranth
FCF dye as an ingestion indicator. One cap each was fixed on the
inside wall of a vial with double sided tape. 25 healthy female
flies were mildly CO, anesthetized and added to each vial. All
conditions were set in triplicates. The flies were allowed to
revive and vials were kept at 25 °C. Number of surviving flies
were counted and transferred to fresh vials with freshly
prepared nanoparticles in 1 % LM agarose every 24 hours.

2.6 Statistical analysis

Data is represented as mean + SD (Fig. 3). Statistical analysis
was performed using GraphPad Prism 5 (GraphPad Software,
USA). Non-parametric Kruskal-Wallis test was performed for in
vitro release studies for estimating difference of RhB dye release
from a dye loaded nanoparticle at different pH at a given time
point. A p-value of <0.05 was assumed to indicate statistically
significant dye release at different pH environments. Survival
assay data was plotted using the Kaplan-Meier method and
curves were compared using log-rank (Mantel-Cox) test (Fig. 6).
See ESI Table SI-171 for detailed results of statistical analysis.

3 Results and discussion
3.1 Characterization of MSNs

A series of mesoporous silica nanoparticles (MSNs) were
synthesized by changing the solvent mixture ratio to obtain
particles of various sizes ranging from 200 nm to 900 nm. We
chose particles with an average size of 650 = 75 nm for ease of
confocal microscopy imaging in vivo after feeding adult flies. As-
synthesized MSN samples were then loaded with 0.005% RhB,
and coated with PDA or PEG for 6 hours. All samples were
characterized by DLS, SEM, TEM, FTIR and XPS. BET surface
area analysis of as-synthesized MSNs show a surface area of
~482 m® ¢! and estimated pore diameter of 5.7 nm (see ESI
Fig. SI-1A and B).T Since the MSNs were not calcined at higher
temperatures after synthesis, a reduction in surface area could
be attributed to incomplete evacuation of the template.
However, since our primary goal was to observe delivery in
Drosophila gut, partial presence of template and reduced
loading capacity were not deterrents to our purpose. Surface
coating by PDA or PEG was monitored by zeta ({) potential
measurements which clearly show a shift in the net surface
charge from around —26 mV for as-synthesized MSN particles
(typical for MSNs)'**” to around —32 mV and —37 mV for PDA
and PEG coated RhB@MSN particles respectively, confirming
the alteration in surface properties of the synthesized MSNs by
coating. Higher dispersibility of the coated samples also suggest
a shift to higher negative charge of the particles. The average
particle size of all the samples along with the { potential values
are listed in Table 1.

In order to confirm the particle shape and size, scanning
electron microscope (SEM) and transmission electron

This journal is © The Royal Society of Chemistry 2020
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Table 1 Particle diameter and ¢{ potential values obtained from DLS
measurements (also see Fig. SI-2). All samples were prepared in Milli-
Q® water (pH ~ 8.0) and measured in duplicates

As-synthesized ~ PDA coated  PEG coated
Measured parameters MSNs RhB@MSN  RhB@MSN
Particle diameter (nm)  819.5 945.48 962
Zeta potential (mV) —26.63 —32.14 —37.02

microscope (TEM) measurements were performed. SEM and
TEM images clearly revealed spherical particles with a size of
635 + 75 nm for the as-synthesized MSNs, 642 4+ 60 nm for the
PDA coated RhB@MSNSs and 655 + 55 nm for the PEG coated
RhB@MSN samples (see Fig. 1, SI-3 and SI-4f). The difference
between the coated and uncoated samples can be clearly seen
from the TEM images (Fig. 1). The significant difference in
particle diameter obtained by DLS when compared to TEM is
attributed to agglomeration of the samples in water during DLS
measurements. Although TEM images clearly show the differ-
ence in surface morphology for PDA or PEG coated samples
when compared to the as-synthesized MSN particles, we per-
formed XPS measurements in order to precisely establish the
presence of PDA or PEG coating. Fig. 2 shows the XPS spectra for
(i) as-synthesized MSN, (ii) PDA coated MSN and (iii) PEG coated
MSN samples. As can be seen in Fig. 24, all samples exhibit
distinct peak at 103.5 eV,* characteristic of Si-O bonds. In case
of the PDA coated MSN sample, the N 1s spectrum clearly shows

500 nm

Fig. 1 TEM images of (A) as-synthesized MSN,
RhB@MSN and (C) PEG coated RhB@MSN.

(B) PDA coated

RSC Adv, 2020, 10, 11716-11726 | 1719
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Fig. 2

(A) Intensity normalized Si 2p spectra of all three samples showing the distinct Si—O binding energy (BE) peak at 103.5 eV, (B) N 1s spectra

of the same samples showing the distinct N—H peak at 399.7 eV for the PDA coated MSN sample and (C) intensity normalized C 1s spectra
showing the formation of C-O bonds due to the presence of PEG on MSN surface.

the presence of N-H bond with a distinct peak at 399.7 eV
confirming the presence of an amine group**>”® on the MSN
surface which is clearly absent for both PEG coated and as-
synthesized MSN sample (Fig. 2B). Finally, in the case of PEG
coated samples, C-O bonds in PEG results in a shift of the
characteristic C-C peak from 284.6 eV to 286.8 eV (Fig. 2C)
establishing the surface coupling of MSN by PEG.”"”*

3.2 Invitro tests of the nanoparticles

In order to investigate the in vitro release of PDA and PEG coated
RhB@MSNS, the synthesis optimized samples were suspended
in three different pH (3.0, 7.4 and 9.0) solutions and RhB release
was monitored hourly for 5 hours. We performed control
measurements on uncoated RhB@MSN samples (Fig. 3A) as
well. Clearly, both PDA and PEG coated samples show higher
release at pH 3.0 as compared to pH 7.4 or 9.0 (Fig. 3B and C)
and most RhB is released within two hours in both cases. To
confirm the pH-triggered cargo release of both PDA and PEG in
acidic pH, we performed { potential measurements of the
samples under the same pH conditions. Control measurements
on uncoated RhB@MSN and as-synthesized MSN samples were
also performed. Table 2 summarizes the { potential for both

PDA and PEG coated samples along with the uncoated MSN and
as-synthesized MSNs at different pH.

As expected, all samples show positive potential at pH 3.0,
suggesting protonation in acidic medium. Also, the particles are
in an electrostatically stable configuration at pH 3.0 (=+30 mV)
and pH 9.0 (=—30 mV) suggesting particle stability and less
agglomeration in solution. The release profile in combination
with { potential values for the uncoated RhB@MSN sample in
pH 3.0 (Fig. 3A) reveals that there is decreased electrostatic
interaction between the positively charged RhB and negatively
charged silica surface in acidic medium™ resulting in burst
release of the dye within an hour. At neutral pH, the surface of
uncoated RhB@MSN has a negative surface charge density
resulting in further entrapment of RhB molecules in the MSN
matrix and hence inhibiting its release. In the case of PDA
coated RhnB@MSN sample at pH 3.0 (Fig. 3B), the electrostatic
interaction between the positively charged dye molecules and
the protons in the acidic medium is reduced due to the presence
of a polymeric barrier. As previously reported by DeMuth et al.,"
and Casasus et al,” the presence of a multilayer polyamine
group on the surface of MSN would certainly inhibit the release
of RhB molecules due to higher charge density. The

A Uncoated RnB@MSN B PDA coated RhB@MSN C PEG coated RhB@MSN
0691 o pH30 -m pH74 - pHI.0 069 - pH30 -m pH74 - pHOO 064 - pH30 - pH74 -A pHO.O
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Fig. 3

In vitro release profile of dye cargo from (A) uncoated RhB@MSN, (B) PDA coated RhB@MSN and (C) PEG coated RhB@MSN showing

release of RhB in acidic pH 3.0, neutral pH 7.4 and basic pH 9.0, hourly over a 5 hour period. Data is plotted as mean + SD; n = 4; two replicates
each from two different samples of each of the above nanoparticle species. For each time point, a non-parametric Kruskal-Wallis test was
performed to determine if statistically significant differences exist in dye release at different pH. * indicates p < 0.05 and ** indicates p < 0.01.
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Table 2 Zeta ({) potential measured for coated and uncoated MSN
particles in different pH solutions. The values are a mean of two
samples measured in duplicates

Samples pH - 3.0 pH-7.4 pH -9.0
As-synthesized MSN 33.73 —25.2 —34.86
Uncoated RhnB@MSN 34.45 —20.02 —36.19
PDA coated 31.15 —26.31 —33.12
RhB@MSN

PEG coated 29.42 —29.83 —39.33
RhB@MSN

polydopamine layer will expand due to the coulombic repulsion
between the protonated amine groups causing it to expand in
such a way that it reduces the effective pore diameter of the
MSN and hence hinder the release of RhB from the pores.*"”*
Also, the PDA coated RhB@MSN sample has higher negative
potential at neutral pH resulting in higher release of the dye
when compared to uncoated RhB@MSN. However, when
compared to the { potential value of the PEG coated RhnB@MSN
at pH 7.4, lower negative potential (—26 mV) suggests agglom-
eration of the particles in solution. In the case of PEG coated
RhB@MSN at pH 3.0 (Fig. 3C) the total release of RhB is similar
to that of the uncoated RhB@MSN (Fig. 3A). The increased total
release of the dye molecules when compared to that of PDA
coated RhB@MSN sample could be due to the hydrophilic
nature of PEG. It is also possible that the use of low molecular

UC-RhB@MSN

PDA-RhB@MSN
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weight PEG (PEG-400) would result in the formation of a thin
layer of coating when compared to the PDA coated sample,
resulting in more RhB release.” Finally at pH 9.0, all samples
show negative potential =—30 mV suggesting that the particles
are electrostatically stable in solution and hence less or no RhB
release is observed. A schematic representation of the proposed
mechanism of RhB release from the uncoated and coated
RhB@MSN samples is shown in Fig. 4.

3.3 Invivo tests of the nanoparticles

To determine the pH responsive release and safety of synthe-
sized MSNs coated with PDA and PEG in a whole organism
model we chose adult Drosophila melanogaster. Almost all organ
systems and cell types in the fly have been extensively studied in
the context of development, cellular function and physi-
ology.””” Recently, flies are being increasingly used to study
toxic impact of different classes of nanoparticles on cells,
organs, physiology and ultimately survival and reproductive
capacity of flies.’**>%4°%788¢ However, not many studies have
focused on testing smart, stimulus responsive materials in flies
to understand conserved mechanisms of nanocarrier based
cargo/drug delivery. Only two recent studies have utilized the
larval or adult fly gut for testing drug carrier materials.*®* The
Drosophila gut is divided into three main regions: the foregut,
midgut and the hindgut (Fig. 5A) with distinct acidic, neutral
and alkaline zones like in mammals.®>** Ferguson et al.,*®
demonstrated recently in adult Drosophila suzukii, a pest
species, that acidic pH-responsive poly(2-vinylpyridine)

PEG-RhB@MSN

@ MSN
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’ RhB
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Fig. 4 Schematic representation of proposed in vitro RhB release mechanism for the uncoated and coated MSNs. Note: UC = uncoated.
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Fig. 5

(A) pH profile of a 4-5 days old CS-Q female fly gut fed with standard cornmeal medium with bromothymol blue for two hours after 24 h

of starvation period, (B) in vivo particle distribution of 0.1 mg mL~ PEG coated RhB@MSN and (C) 0.02 mg mL~! PDA coated RhB@MSN fed CS-Q
adult female. (B1) Middle midgut pH responsive release of PEG coated RhB@MSN and (C1) PDA coated RnB@MSN. Small white arrows in (B1 and
C1) indicate paracellular transport of RhB in between the middle midgut (MMQG) epithelial cells. Note: PV = proventriculus, AMG = anterior
midgut, MMG = middle midgut, PMG = posterior midgut, MT = malpighian tubules and HG = hindgut.

microcapsules release their cargo in the fly midgut. To further
test the feasibility of the fly gut as a model system for testing
smart cargo release from biocompatible nanoparticles, we
tested the pH-triggered release of our PDA and PEG coated
MSNs and performed in vivo comparative study of the release, in
the better characterized and genetically tractable Drosophila
melanogaster species. As mentioned in the experimental section,
0.02 mg mL ' of PDA and 0.1 mg mL ' of PEG coated

1722 | RSC Adv, 2020, 10, N716-11726

RhB@MSNs were fed to female flies and then they were kept for
30 minutes in a humid petri dish before dissection. The passage
of these nanoparticles in the fly gut were visualized by confocal
imaging of dissected guts. We observed that intact and discrete
PEG coated RhB@MSN particles were present in the insect crop,
where recently ingested food is stored before passing down
through the midgut. Very low background fluorescence indi-
cated that hardly any RhB@MSN particle rupture and RhB

This journal is © The Royal Society of Chemistry 2020
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release in the neutral pH of the crop (Fig. 5B). Discrete fluo-
rescent signals from PEG coated RhB@MSN particles were also
observed in the neutral pH of anterior midgut (AMG), in spite of
saturated fluorescent signals due to particle accumulation,
indicating that they were still intact at that zone (Fig. 5B).
Remarkably, in the acidic middle midgut (MMG), with a pH <
4.0, discrete red fluorescent signal was lost and replaced by
diffused red signal (area marked by white dotted box and inset
in Fig. 5B and B1). This strongly suggests that, as in vitro, RhB
release in vivo was in the MMG due to the highly acidic pH
environment. Interestingly, the MMG also shows distinct red
filamentous staining pattern, perpendicular to the gut lumen
and spanning the gut walls. Based on previous studies of gut
morphology,**®* we think these filamentous staining patterns
are caused by paracellular (i.e., in between the cells) transport of
water soluble RhB dye, across the MMG epithelial cell layer
(Fig. 5B1 and C1). Midguts of mammals and insects including
flies, exhibit both transcellular transport (through the cells) and
paracellular (in between cells) transport of small molecules,
nutrients, drugs and insecticides.****” Stressors like injury and
cold temperature shock has been observed to induce such
paracellular leakage of dyes in flies.*** In our case, it is possible
that the stress of food and water deprivation before nano-
particle feeding may result in the observed paracellular dye
seepage from the MMG lumen. The preferred mode of transport
across gut epithelium is likely influenced by the size, charge and
orientation of the cargo molecule. A study in the lepidopteran
larvae midgut epithelium with two insecticidal peptides re-
ported preferential transcellular transport for a fluorescein
isothiocyanate conjugated Aedes aegypti peptide trypsin modu-
lating oostatic factor (FITC-Aea-TMOF) and paracellular trans-
port of a Rhodamine labeled neuropeptide proctolin (Rh-
proctolin).®® We intend to conduct future studies to elucidate
the role of nutrient deprivation states and the physicochemical
properties of specific cargoes on transport across the fly gut
epithelium.

The release of PDA coated RhB@MSN along the gut is similar
to the PEG coated RhB@MSN in many respects and follows the
same general pattern from crop to MMG (Fig. 5C and C1). The
notable differences are (i) PDA coated RhB@MSN showed
clumping all the way upto the MMG and (ii) higher background
fluorescence in the crop and AMG. The more discrete nature of
the PEG coated RhB@MSN compared to PDA coated RhB@MSN
might be attributed to the higher electrostatic repulsion
between individual particles due to higher negative surface
charge at neutral pH of the former than the latter (Table 2). The
higher background fluorescence of the PDA coated RhB@MSNs
could be due to relatively higher levels (than the PEG coated
RhB@MSNs preparation) of leftover un-encapsulated RhB in
our preparation.

We also fed flies uncoated RhB@MSNs and looked at the
release profile of RhB. In accordance with the in vitro release
data (Fig. 3A), some RhB release and paracellular dye leakage in
the epithelium was also observed in the acidic MMG (ESI Fig. SI-
7B¥). As explained in the previous section, this could be due to
the fact that RhB is positively charged and could fit in an elec-
trostatically stable configuration inside the negatively charged

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

interior of the MSNs at neutral and alkaline pH. At acidic pH the
decreased electrostatic interaction between the positively
charged RhB and the silica surface results in a burst release of
the dye molecule. However, a lot of discrete and also aggregated
dye signals (very likely the particles themselves) are observed in
the MMG and in the crop (ESI Fig. SI-7Bf). The aggregation
could due to the lower negative potential of the uncoated
RhB@MSN (Table 2). The overall brighter signal seen in the
image is in line with our observation that more dye is retained
in uncoated RhB@MSN and that some RhB cargo is lost during
the coating process of RhB@MSNs with PEG/PDA. Finally,
feeding flies with free RhB as a control convincingly shows that
RhB dye as possibly other cargo (the various dye loaded &
coated/uncoated MSNs), is retained preferentially in the crop
and then in the MMG (ESI Fig. SI-7A, A1, SI-7B and B17}) and also
shows paracellular leak in between the MMG epithelial cells.
Overall, our results suggest that coating with polymers could
improve desirable properties of the cargo loaded MSNs. It
reduces aggregation and potentially regulates cargo release
from the MSNs. In other such applications, polymer coating
increases longevity of systemically circulating nanoparticles
and functionalize particles to be stimuli responsive.****

3.4 Survival analysis upon nanoparticle feeding

The quantification of survival was performed by placing the flies
in vials with 1% agarose bed and small plastic feeding caps (see
ESI Fig. SI-9t) loaded with different MSN species along with
control samples. Flies were exposed to PDA/PEG coated and as-
synthesized MSN particles in low melting (LM) agarose. Only
1% LM agarose (water) and 100 mM glucose in 1% LM agarose
served as controls. A food grade indicator dye, Amaranth, was
included in all samples to check for ingestion. Number of

100 o
9
; 80 4 -©- 100 mM Glucose
2 -® 1% Agarose (water)
E & 1% As-synthesized MSN
s 809 1% PDA coated MSN
g -~ 1% PEG coated MSN
$ 40
3
a

20 1
0 v v
0 1 2 3

Time [days]

Fig. 6 Kaplan—Meier survival plots of young (0—-4 days post eclosion)
CS-Q female flies on 1% low melting (LM) agarose with 10 mg mL ™ as-
synthesized MSN, PDA coated MSN and PEG coated MSN. Total 75 flies
split in groups of 25 each were kept solely on the above nanoparticle
species. Also shown are survival plots from similar number of flies kept
on 100 mM glucose and water in 1% LM agarose. Log-rank (Mantel—
Cox) test revealed no statistically significant difference between the
group curves. 100 mM glucose control group is not included in the
analysis as no flies died during the duration of the experiment.
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surviving flies was recorded every 24 hours. All flies on the
agarose (water) control failed to survive beyond 3 days due to
lack of nutrition (Fig. 6). The nanoparticle fed flies followed the
same trend for survival as that of the water control, suggesting
that as-synthesized MSNs as well as PDA and PEG coated MSNs
do not provide nutrition but were also likely non-toxic at 1%
(10 mg mL ™) concentration as they did not kill flies earlier than
the water control.

4 Conclusions

In this work, we have compared pH-responsive release of RhB
from mesoporous silica nanoparticles coated with two poly-
mers: polydopamine (PDA) and polyethylene glycol (PEG) in the
Drosophila melanogaster gut. We observe that both these types of
carrier particles show specific release of RhB cargo in the highly
acidic (pH < 4.0) middle midgut of flies. PEG coated particles
show better release profile and clump less compared to the PDA
coated species. Interestingly, uncoated RhB@MSNs also exhibit
acid responsive cargo release like the coated MSNs. Our survival
tests show that the various nanoparticles (coated and uncoated)
are nontoxic at the conditions tested and are not a source of
nutrition to flies. The use of Drosophila melanogaster to verify
enteric pH responsive release provides an inexpensive and
importantly, a genetic whole organism model to monitor drug
release from a large range of functionalized materials. Most
work on testing the long-term tissue or organ specific effects of
the drug delivering nanoparticles are carried out on common
laboratory rodents like mice and rats. Such studies require
extensive animal experimentation clearance. In contrast we
believe flies offer a rapid mode of carrying out similar studies, at
a far lower cost and the ability to further explore the effect of
nanoparticle exposure on specific molecular pathways, gene
expression, physiology and behaviour. In addition to assessing
the effect of the carrier material, it is not a long stretch to see
that flies can easily be co-opted to study the biology of the cargo
molecule interacting with their target cells/organs and also to
monitor the systemic non-specific effect on cells and organs
away from their delivery site as they circulate inside the
organism over time.*” The expeditious nature of such studies in
flies will also allow faster fine tuning of the already-existing
materials to function optimally. We also anticipate that clev-
erly designed functional materials can be used to uncover
fundamental physiological, cellular, molecular mechanisms
underlying proper gut function and its communication with
other organs in flies.
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