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Hitchhiking probiotic vectors to deliver ultra-small hafnia
nanoparticles for ‘Color’ gastrointestinal tract photon
counting X-ray imaging

We report an approach to deliver ultra-small hafnia nanodots
to gastrointestinal tract. The nanodots were packaged inside
orally ingestible probiotic vectors to achieve enhanced
nano-bio-interfacing capacity while offering an alternative
to conventional barium meal. Photon counting spectral
computed tomographic imaging was performed to see
through the Gl tract in ‘color’ as being differentiated by the
favorable specific K-edge binding energy of Hf. In these
never-before-seen images, Hf is clearly delineated in the
lining of the esophagus and differentiated from lipids, soft
tissue, and the other metals (from food intake).
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Gastrointestinal (Gl) tract is one of the hard-to-reach target tissues for
the delivery of contrast agents and drugs mediated by nanoparticles due
to its harsh environment. Herein, we overcame this barrier by designing
orally ingestible probiotic vectors for ‘hitchhiking’ ultrasmall hafnia
(HfO,) (~1-2 nm) nanoparticles. The minute-made synthesis of these
nanoparticles is accomplished through a simple reduction reaction.
These nanoparticles were incubated with probiotic bacteria with
potential health benefits and were non-specifically taken up due to
their small size. Subsequently, the bacteria were lyophilized and packed
into a capsule to be administered orally as the radiopaque contrast
agents for delineating the Gl features. These nano-bio-hybrid entities
could successfully be utilized as contrast agents in vivo in the conven-
tional and multispectral computed tomography (CT). We demonstrated
in ‘color’ the accumulated nanoparticles using advanced detectors of
the photon counting CT. The enhanced nano-bio-interfacing capability
achieved here can circumvent traditional nanoparticle solubility and
delivery problems while offering a patient friendly approach for GI
imaging to replace the currently practiced barium meal.

Introduction

For diagnostic probing of the stomach, traditionally, high-
attenuation X-ray-based contrast agents have been used to
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The gastrointestinal tract (GI) is one of the hard-to-reach areas for
imaging and the clinical method for the interrogation of information is
limited to Barium meal using CT imaging. However, this method has low
patient compliance due to the unpleasant taste of the contrast agent
taken orally. Herein, we introduced a biomimetic capsule-packed contrast
agent material based on patient friendly probiotic bacteria for the color
delineation of GI tract. The ultrasmall (1-2 nm) HfO, nanoparticles (NPs)
were taken up by bacteria via a passive route and subsequently the
bacteria were freeze-dried. The NPs were fabricated on Gram-scale in a
minute-made synthesis. We utilized these entities in photon counting
spectral CT in vivo to see through the GI tract in color as being
differentiated by the favorable specific K-edge binding energy of Hf.
Since a photon-counting CT system employs a photon-counting
detector (PCD) which registers the interactions of individual photons,
the abundance of the contrast material, i.e., Hf is clearly delineated in the
lining of the esophagus and differentiated from lipids, soft tissue, and the
presence of other metals evidently present from the food intake. Overall,
we demonstrated for the first time that tiny nanometric scale hafnium
can be microencapsulated within a probiotic system and delivered
successfully for K-edge weighted imaging.

enhance and distend the gastrointestinal (GI) tract."* Intrave-
nously administered positive contrast agents have an X-ray
attenuation greater than that of water.® Although these agents
are generally well-tolerated and effective in producing good
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gastric distention, the delineation of the GI tract and stomach
is not optimal. Contrast agents administered by the oral route is the
most convenient due to high patient compliance, less sterility
limitations and the ease of scale up.*” Contrast agents that are
oil-dispersible produce satisfactory image contrast of the stomach
wall but are not very pleasant when given orally. On the other hand,
the poor bioavailability of drug administered through an oral route
is a major drawback of the process.*™

Engineered nanoparticles (NPs) delivered via biological enti-
ties can combine the benefit of precise control over synthetic
procedures while leveraging the natural cell functions."™*> This
approach can lay the foundation of ‘nano-bio-hybrid materials’
which can mimic the biological processes and enhance the bio-
interfacing ability of the NPs."®™® A number of diseases are
known to be originated from the dysregulation of innate
immune system consisting of physical barriers (mucus
layers and epithelia covering gastrointestinal and respiratory
tracts) and molecules released by phagocytic cells, e.g
chemokines and cytokines.'® Numerous studies have already
been conducted to demonstrate the interaction of nano-
particles on the immune system influenced by the physico-
chemical properties of the nanoparticles such as solubility,
size, shape and surface charge.”*”>® It was shown that neutro-
phils induced ROS production followed by the activation of
NADPH oxidase after the exposure with different nanoparticles,
especially inorganic nanoparticles (e.g. SiO,, TiO,, AgNPs,
AuNPs, ZnO NPs etc.).*® Several studies also demonstrated that
small and cationic nanoparticles induced more inflammatory
response than larger and anionic/neutral ones due to the
formation of protein-corona on the nanoparticle surface
mediated by the electrostatic interaction of the nanoparticles
with negatively charged proteins.”” This introduced release of
various cytokines followed by different kinds of immune reac-
tions under in vivo conditions. In some of the cases, the uptake
of inorganic nanoparticles triggered a calcium flux inside cells
and ROS production that induced NLRP3 inflammasome acti-
vation followed by stimulation of IL-1B maturation and liver
inflammation.?® Multiple studies further showed the ability of
inorganic nanoparticles to induce DNA damage, increase oxi-
dative stress, and initiate apoptosis under in vitro conditions.*
The in vivo toxicity of the nanoparticles was also investigated on
rodent models.*® With this background, we believed that the as-
prepared Hf nanoparticles might face difficulties in meeting
in vivo biocompatibility criteria if gavage by its own. Hence, we
conceived of introducing these hafnia nanoparticles hitchhik-
ing probiotics which may be a reasonable alternative.

Nano-bio-hybrid carriers can therefore potentially be
exploited in the GI tract imaging to circumvent the problems
associated with the bare NPs exposure. Current GI tract ima-
ging approaches relying on either the invasive endoscopic
methods or the non-invasive imaging methods are not patient
friendly.>" For instance, in the omnipresent clinical method
known as barium meal, the patient must ingest 100 ml of
barium sulphate after 6-8 h of fasting while there are reports
about unknown median lethal dose for this compound and
potential false positive results.>>
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Fig. 1 (A) Schematic depiction of conventional 2D X-ray image formation;
(B) schematic depiction of photon counting CT image formation where
transmitted spectrum is divided by medipix detector into four energy bins
(30-118 keV). The datasets are processed to provide ‘color' images contain-
ing specific material decomposition images, e.g., bone (calcium) and other
k-edge metals, e.g., Hf; (C) Schematic illustration for synthesizing and using
ultra-small Hf NPs loaded in probiotics for the in vivo imaging of Gl tract.

Spectral CT is an emerging technique where information is
derived from photon-counting detectors that distinguish
photon energies of individual photons.**>> The detected
X-rays are divided into several energy windows to discriminate
multiple materials based on their unique k-edge energies
(Fig. 1A and B).*® Photon counting CT (PCCT) imaging-based
techniques are expected to offer lower radiation doses than
conventional X-ray based techniques.’’° Researchers have
used iodinated polymer nanoparticles for ‘blood pool’ contrast
agent,*” anti-plasma membrane Heat shock protein 70 (Hsp70)
antibody functionalized gold nanoparticles for tumor-specific
multimodal imaging,”’ multimodal nanocarrier probes for
optical and nuclear imaging of macrophage cells,*> hafnia
nanodots for multi-color delineation of bone microdamage,*’
rhenium sulfide nanoparticles for gastrointestinal tract ima-
ging in vivo,** gold nanoparticles to observe their biodistribu-
tion in vivo™ and bi-diethylene triamine pentaacetate acid
(Bi-DTPA) complex for in vivo high-performance CT and spec-
tral CT imaging.*®

Contrast agents for conventional CT employ elements that
have much higher Z values than those found in the body, such
as iodine, barium, gold, bismuth and so on. An intrinsic
limitation of CT is its low sensitivity to contrast (limit of
detection 107° M) compared with MRI (gadolinium chelate,
10> M) or nuclear based (107° M) techniques.*”*®* Photon
counting CT has been proposed to encounter these issues
and bring much needed improvement in sensitivity for CT
imaging.*®>> Elements with K-shell electron energies within
the bandwidth of the incident X-ray spectrum can serve as
K-edge contrast agents, and this range is generally considered
to extend between iodine and bismuth on the periodic table of

This journal is © The Royal Society of Chemistry 2022
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elements. Hafnium has K-edge discontinuity well inside the
energy regime and may become most relevant for medical X-ray
imaging. Iodine (33.2 keV) and barium (37.4 keV), which are on
the lower edge of the X-ray bandwidth, will be effective in
rodents, but the effects of photon starvation and scattering
occurring in patients may severely limit the utility of current
clinically approved contrast agents for K-edge imaging applica-
tions. Only recently, dextran-coated cerium oxide nanoparticles
has been used for noninvasive gastrointestinal tract imaging
for inflammatory bowel disease.>® These nanoparticles pro-
duced strong CT contrast in the colitis area of large intestine
and gets cleared from the body within 24 h of administration.

Fig. S1 (ESIt) shows cross sectional CT images of serially
diluted iodine-based contrast agents, suspended BaSO,, and
HfO, nanoparticles under similar experimental conditions and
concentration (0.01 mmol ml™"). As evident from the results,
hafnium-based agents exhibited stronger contrast than iodine
and barium. However, the benefit of using Hf will not be clear
from conventional CT scanning as the test was performed at
80 keV. At this energy K-edge of iodine and barium would
strongly influence their attenuation and the greater attenuation
advantage of hafnium from its higher Z-value will be somewhat
erased, with approximately equal attenuation from the two
elements observed in practice.>**® The advantage of hafnium
is truly translation in nature, where the contrast agents based
on this metal will not be compromised by the photon starvation
and scattering as is the case for contrast agents with low K-edge
energy, ie., iodine and barium.

Herein, we report the rapid synthesis of ultra-small hafnia
(HfO, NPs) whose delivery has been mediated by nonvirulent
probiotic strains. The engineering of this nano-bio-hybrid was
inspired by the gut-friendly probiotics.’®”” This provided a
biological basis for our attempt to deliver metallic contrast
probes by shuttling or ‘hitchhiking’ the particles on probiotics.
This reasoning led us to develop a prototype version of nano-
bio-hybrid comprising probiotic-hitchhiking and metallic NPs.
The hypothesized mechanism is that when probiotics are
compressed through the GI tract, they transfer the NPs to the
lining of the GI tract. We anticipate that this strategy will
remarkably improve, generalize and may extend this early
concept into producing a highly effective nanomedicine plat-
form technology for GI diseases.

The synthesis of ultra-small hafnia (HfO, NPs) is based on
nitrate reduction of Hf containing precursor (Hf nitrate) at
room temperature which resulted in large scale minute-made
fabrication of ~2 nm HfO, nanodots stabilized by polyvinyl-
pyrrolidone (PVP) (P-HfO, NPs) without utilizing any toxic
organic solvents. The internalization of these NPs in probiotics
ensued by simple incubation to offer a nano-bio-hybrid entity
(bio-HfO,) which was subsequently employed for the GI tract
imaging using conventional and multispectral photon counting
X-ray based imaging.***?%

Probiotics have the ability to colonize in the human GI tract
and have been shown to confer therapeutic effects in several
diseases such as the inflammatory bowel conditions and
enteric infection.’**° In this context, we utilized two probiotic

This journal is © The Royal Society of Chemistry 2022
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strains namely Escherichia coli (E. coli) Nissle 1917 and Lacto-
coccus lactis (L. lactis) which can internalize and concentrate the
HfO, NPs while they can withstand the rough GI condition to
protect the cargo from leaching and degradation (Fig. 1C).

Hf has a strong X-ray attenuation coefficient and a well-
positioned K-edge which makes it favorable as contrast agent in
computed tomography (CT) and, in particular, in more
advanced spectral CT technology.®® Its high biocompatibility
and X-ray sensitizing are exploited in 50 nm NBTXR3 HfO, NPs
which is under clinical trials in Europe as radiosensitizer for
the treatment of cancer.®® Previously, we have accomplished
the synthesis of sub 5 nm HfO, NPs via the sol-gel chemistry in
nanoemulsion method to utilize for the specific differentiation
and imaging of carious bacteria in complex dental biofilm.*'
while we exploited a modified version of these NPs for the
sensitive detection of bone microdamages.®® Others have con-
currently reported the sol-gel chemistry followed by annealing,
direct precipitation and microwave assisted hafnia NPs with
sizes bigger than 15 nm.%*°® All these methods entail the
utilization of toxic reagents while they are tedious and time
consuming. In this work, we present a large-scale, rapid synth-
esis of ultra-small, well-dispersed HfO, NPs.

The HfO, NPs were obtained based on reduction and
stabilization method. In a typical synthesis, 3 g of polyvinyl
pyrrolidine (PVP) and 1 g of Hf(NO;), were dissolved in 100 ml
of glycerol and 50 ml of anhydrous ethanol (EtOH) with a
magnetic stir bar at ambient temperature. Subsequently,
500 mg of NaBH, was added quickly to this solution and was
allowed 2 min to form the P-HfO, NPs. Finally, the NPs were
centrifuged and were washed several times with ethanol and
water in turn and were dried under vacuum. The NPs were
easily dispersed in water by brief tip sonication.

Transmission electron microscopy (TEM) indicated the for-
mation of well-dispersed spherical NPs with the size distribu-
tion shown in Fig. 2Ai and ii. the average anhydrous diameter
was calculated to be 2.13 £ 0.52 nm (Fig. 2B). The selected area
diffraction pattern (SAED) is also shown in Fig. 2Aiii, where
several diffraction spots and diffraction rings were identified
implying the semi-crystalline nature of these ultra-small NPs.
On the other hand, the height of P-HfO, NPs was measured
with atomic force microscopy (AFM) and the average height was
determined to be 0.9 £ 0.1 nm (Fig. 2C).

The crystal structure of the material was further investigated
with powder X-ray diffraction and the peak pattern can be assigned
to (ICDD Card No. 00-034-0104) associated with HfO, in monoclinic
phase (Fig. 2F). Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) revealed that Hf percentage was 50.4 wt%
while CHN analysis determined the C, H, N to be 4.05, 2.2, and
0.34 wt%, respectively. We characterized the amount of PVP coating
with the aid of thermal gravimetric analysis (TGA) (Fig. 2E) where we
observed a thermal event associated with the bound water in the
sample. A second thermal event was starting from 200 °C attributed
to PVP decomposition and the weight percentage was calculated to
be 18.01% and afterwards the graph reached a plateau.

The UV-Vis absorbance spectrum is shown in Fig. 3A where a
strong broad absorbance ranging from UV to NIR range can be

Nanoscale Horiz., 2022, 7, 533-542 | 535
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Fig. 2 (A) (i), (i) HRTEM images of the NPs, (iii) SAED pattern of the NPs;

(B) anhydrous size distribution of NPs from TEM; (C) AFM height distribu-
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(D) TGA of NPs with two thermal events identified; (E) XRD pattern.
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Fig. 3 (A) UV-Vis absorbance spectra of NPs at various concentrations,
(B) FTIR spectra; (C) XPS spectra in (i) survey mode, (i) Ols region and
(iii) Hf 4f region.

noticed (Fig. 3A). In addition, the absorbance vs. concentration
plot was constructed, and it could be seen that there is a linear
relationship suggesting that the absorbance is not originating
from scattering but rather from the innate absorbance from the
NPs. To elucidate the chemical composition, we carried out
Fourier transform infrared spectroscopy (FTIR) spectroscopy
(Fig. 3B). For PVP, the peaks observed at 1019 em™ ' and
1281 cm ™! were attributed to C-N vibration, peak observed at
1435, 1655, 2953 cm ™' were related to CH, bending vibration,
C=0O0 stretching vibration in carbonyl, and asymmetric stretch-
ing vibration in CH,, respectively. Moreover, the peak at
3420 cm ' was attributed to OH stretching vibration while
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899 cm ™' was related to breathing vibration of the pyrrolidone
ring. In the spectrum of P-HfO, NPs, these peaks were pre-
served while the peak at 1655 cm ™ * was shifted to 1637 cm™*
possibly due to the coordination of Hf ion and carbonyl oxygen.

We further analyzed the samples using X-ray photoelectron
spectroscopy (XPS) which provides information on the surface
functional groups. At first, the peak assignment for PVP was
made (Fig. S2-S6, ESIt) where the peaks observed at 284.8,
285.80, and 287.49 eV in C1s (Fig. S5, ESIT) region could be
correlated to C-C, C-N and C=O0, respectively. On the other
hand, the deconvolution of the peaks in the N1s region revealed
the peak at 339.5 eV related to tertiary N (Fig. S4, ESIT) and
finally the peaks of O1s at 531.0 eV was attributed to C=0 in
carboxyl (Fig. S3, ESIt). For P-HfO, NPs, we inspected Hf 4f
region to identify Hf 4f,, and Hf 4f;, observed at 17.3 and
18.9 eV related to Hf in valence number of 4+ observed in HfO,
(Fig. 3Ciii). The O1s peak at 530.2 eV can be correlated to Oy in
(Fig. 3Cii) and peak at 531.9 eV could be related to organic
C—o0.

Having successfully synthesized and characterized these
small NPs, we first investigated the dispersibility and stability
of nanoparticles over time. It was observed that the time
dependent increase in hydrodynamic diameter was quite insig-
nificant at least up to six days and there was only minimal
increase in size on the seventh day (Fig. S7, ESIt). It may be
noted that the hydrodynamic diameter for the hafnia nano-
particles might be indicative of average size of the agglomer-
ated particles which is found to be quite stable over time. Next,
we examined their feasibility for the bio-interfacing applica-
tion. We initially tested the cell compatibility of P-HfO, NPs
with the bacteria which can act as the vectors for their trans-
port. We, therefore, incubated E. coli Nissle with NPs to con-
centrations as high as 10 mg ml~". We subsequently carried out
live/dead assay using BacLight™ bacterial viability kit which
consists of two dyes; namely, SYTO9 and propidium iodide (PI)
which determine the live and dead cells, respectively. The kit
works based on the displacement of SYTO9 by PI when the
bacterial cell membrane is damaged. The confocal images (Fig. 4A)
revealed the comparable level of live bacteria identified by green
compared to water treatment group without the damage to cell
components. As shown in Fig. 4B, upon quantification, the ratio of
live: dead cells are unchanged when increasing the concentration
and there is no statistically significant difference among the groups.
Interestingly, this ratio is maintained up to 10 mg ml™" which is
extremely high for conducting cell viability studies. This experiment
has implication for CT imaging where the sensitivity of CT entails
the application of contrast agents in mM range.

We further exposed the intestinal cells of human origin
(Hs 1.Int cells (ATCC® CRL-7820™)) to determine the biocom-
patibility of HfO, NPs using metabolic MTT assay. Intestinal
cells were adopted for this experiment due to the oral route of
administration for GI tract imaging. It was observed that the
ultrasmall hafnia nanoparticles are biocompatible in
nature, even at very high concentration of 1 mg ml™" of the
particles (Fig. 4C). This indicated optimum biosafety of the
synthesized NPs.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 In vitro application of probiotics incubated with P-HfO, NPs (A) live- dead fluorescent assay of E. coli Nissle incubated with NPs with
concentration ranging from 0-10 mg ml™%; (B) quantitative live dead results by plate reader; (C) MTT assay results on the intestinal cells; (D) the blood
compatibility assay based on smearing showing no observable difference between control and the treated samples; (E) CYP3A4 metabolic assay at
different concentration with a control of ketoconazole at 5 uM concentration.

In addition, the direct exposure of these NPs to blood is
unlikely due to our administration method, it still presents a
possible scenario in the case of GI bleeding, including hemor-
rhoids, peptic ulcers, and tearing or inflammation in the
esophagus. With this mind, we further expanded our studies
for the evaluation of hemocompatibility of P-HfO, NPs. Briefly,
we incubated the NPs with freshly acquired rabbit blood and
then carried out ‘blood smear’ assay to account for their
morphological deformation. No obvious clumping or morpho-
logical abnormalities in blood cells were perceived in fresh
rabbit blood treated with various concentrations of ultrasmall
HfO, nanoparticles as compared with the control (untreated
blood) as shown in Fig. 4D.

Ultimately, we evaluated the biosafety of the synthesized NPs
by CYP3A4 assay. It is known that CYP3A4 are the most
prevalent family of cytochrome P450 enzymes present in the
liver and small intestine. The reduced activity of CYP3A4
enzyme is known to indicate slower metabolism of CYP3A4
substrates leading to an increase in substrate’s in vivo

This journal is © The Royal Society of Chemistry 2022

concentration and thereby increased toxicity.®” On the contrary,
we observed insignificant change in CYP3A4 activity with the
increase in P-HfO, NPs concentration. Moreover, there is a little
positive cooperativity of the ultrasmall NPs with CYP substrates
(Fig. 4E). This indicated that the ultrasmall HfO, NPs will
introduce insignificant metabolic toxicity and thus will be safe
under in vivo conditions.

Having established their cytocompatibility, we reasoned that
P-HfO, NPs encapsulated in the probiotics (bio-HfO,) can
provide a safer and patient-friendly means for GI tract imaging.
To this end, we incubated P-HfO, NPs with two probiotic types
namely L. lactis and E. coli Nissle. As shown in the TEM images
(Fig. 5C and D), the NPs are internalized by both strains of
bacteria possibly due to their small size. No significant aggre-
gation was noticed upon internalization by the bacteria (Fig. 5C
inset). L. lactis is a Gram-positive bacterium while E. coli Nissle
is a Gram-negative strain. Importantly, we noticed that after the
incubation of NPs with these bacteria, the cell wall structure is
well-preserved as shown in TEM images.

Nanoscale Horiz., 2022, 7, 533-542 | 537
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Fig. 5 (A) Packing of freeze-dried bacteria in a gelatin capsule (B) SEM of
freeze-dried bacteria where the selected area (shown in rectangle)
indicates the EDS map of Hf distribution, the top inset is the EDS spectrum
while the bottom inset is a magnified region; the TEM images of bacteria
incubated with NPs (C) E. coli Nissle and (D) L. lactis. The inset in (C) is well-
dispersed TEM image of the shown region, arrows: P-HfO, NPs.

Furthermore, to make this method feasible for potential human
application, we devised a strategy for their storage. We incubated
E. coli Nissle with 10 mg ml~" P-HfO, NPs as mentioned previously
and then washed multiple times to remove the excess of NPs.
Subsequently, the samples were freeze dried for further application
using 10 wt% sucrose as lyoprotective media. As could be inferred
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from the EDS of the lyophilized bacteria, the binding energy of Hf is
evident, hence confirming the internalization of P-HfO, NPs in the
bacterial cells. Moreover, we revived the stored cells in the following
days in the media and the cells indicated normal growth rate and
ODg reached to 2.09 after 24 h growth (Fig. S8, ESIt). This strategy
can be useful for actual clinical setup, where the freeze-dried
probiotic can be packed in a capsule for the facile oral administra-
tion by the patient. As a proof of concept, we packed the lyophilized
bacteria in the gelatin capsule as shown in Fig. 5A which shows the
potential means for the application of these NPs in the clinical
settings.

Hf is a high atomic number material with a well-placed
K-edge (65.5 keV) within the diagnostic X-ray energy range.
Using Hf with spectral photon-counting CT generates high CT
contrast due to a reasonable number of photons below and
above its K-edge. Such spectrally effective imaging properties of
Hf show its potential as a suitable element as contrast agents.
MARS scanners use spectral photon counting detectors to
divide conventional broad X-ray spectrum into multiple sepa-
rate bins. The spectral information enables the identification
and quantification of multiple materials simultaneously.®®

A MARS scanner was used to assess the Hf spectral response.
The scanner provides spectral and material images at high
spatial resolution (~90 um cubic voxel size). We used four
energy counters in the charge summing mode which provides
high energy resolution (between 3 to 5 keV FWHM).*>”° A
multi-material calibration phantom containing P-HfO, NPs,
bone-like hydroxyapatite (HA), and lipid were scanned. The
calibration data was used to produce the material images for
both the phantom and the upcoming in vivo studies.”"”>

The calibration phantom is shown in Fig. S9 (ESIt) and the
corresponding material channels are shown in Fig. 6B; all four

x10° v
12004 (A) . 1200 5 =
Conventional CT
10004 R —— 1000 o] —— Hafnium
=y | = & & —— Calcium —
3 J 3 se =
3 w0 | 3 *® 53, —— Hydrogen \9 il
> - 1 Oxvae!
% 600 ‘ ‘E 600 § g Oxygen [
8 8 £3 :
£ 4004 £ 400 /3,!’%’5 g
‘ s 8 =
2004 200 T3 E
04 ! 0
0
0.001 0.01 0.1 0.001 0.01 0.1 1 10 100
Photon energy (MeV) Photon energy (MeV) Photon energy (keV) o
700
~ 3500 ~~HAB97mM | _ goo Hf70.5mM . E1 35004 °© E1
5 ——HA797mM | 5 Hf 141 mM () =600 *+ E2 s . E2
Z 3000 —~—HA1194mM| T o0 5 H282mM 2 E3 - 3000{ ° E3
§ s ¥ | T5009 o E4 s | 2 © E4
2 2500 2 5 g 2500 )
5} T 400 T 400+ c
g 2000 g 2 . s | S 2000
= £ 300 & 300 ¥ d .
® 1500 3 = 3 1500+ =
£ 1000 2 200 %2007 : % 1000 : B
< x % 100 e
500{(C) . 100 ! (E) 500{ «— (F)
0
E1 E2 E3 E4 E1 E2 E3 E4 50 100 150 200 250 300 600 700 800 900 1000 1100 1200
Energy bin Energy bin Hf Concentration (mM) HA Concentration (mM)
Fig. 6 (A) Comparison of conventional CT and spectral CT and the delineation of energy bins for 4 elements. The data are extracted from NIST database,

X-ray attenuation properties of P-HfO, NPs; (B) material decomposed image of the phantom with water-equivalent material (blue), lipid (purple), Hf
(green/yellow/red), HA (grey/white); spectral response of the detector for calibration vials for (C) HA rods and (D) P-HfO, NPs. E1, E2, E3, and E4 are
30-45, 45-65, 65-80, and 80-118 keV, respectively. Attenuation enhancement observed in energy bin 3 (65-80 keV) indicates the K-edge of Hf;

65.4 keV; Linearity of attenuation of (E) P-HfO, NPs and (F) HA.
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materials are identified correctly in their calibration vials using
the energy information. Examples of one CT slice from each
energy bin are shown in Fig. S10 (ESIt). The spectral response
for Hf and HA was graphically evaluated (Fig. 6C and D) and the
linear correlation between attenuation and concentration
across all four energy bins (Fig. 6E and F) was assessed.
Fig. 6C shows the rise in attenuation in the third energy bin
(65-80 keV) which corresponds to Hf's K-edge energy range,
whereas no such response is observed for HA in Fig. 6B. Linear
regression generated R> values very close to 1 for all lines
suggesting a good fit. The accuracy of material identification
and quantification is influenced by the linearity established for
each energy bin, using the calibration vials.

Having established the CT attenuation properties of P-HfO,
as well as their potential for application in spectral CT, we
sought the application of bio-HfO, NPs as a contrast agent in
conventional CT in vivo. For this experiment, the ODgyo for
E. coli Nissle was adjusted to 0.6 and then it was incubated with
54 mg of NPs for 4 h. The amount of Hf internalized by the
probiotics was measured by Inductively coupled plasma -
optical emission spectrometry (ICP-OES), calculated from the
ICP standard curve generated for Hf (Fig. S11, ESIt) and
tabulated in the Table S1 (ESIf). It was observed that inter-
nalized Hf concentration in the probiotics was 4.582 ppm.
Separately, the incubated probiotic sample was lyophilized as
detailed above. The formulation was resuspended in 1 ml of
PBS and was then administered via oral gavage to Sprague
Dawley rats using a flexible feeding tube. The rats were then
imaged after 30 min GI tract are lighting up in the presence of
the bio-HfO, (Fig. 7A). The internal organs namely intestine,
caecum and small bowel diverticula were also observed. Inter-
estingly, the contrast materials were detected in the rectum and
anus (lower section) of the GI tract suggesting their fast
clearance within 30 min. This experiment also indicated that
the contrast agent can favorably withstand the various pH
changes and harsh condition of the GI tract while avoiding
the systemic absorption.

Fig. 7B and C show the one charge summing mode (CSM)
energy bin of the rat without and with Hf material channel
overlay, respectively. Fig. 7D shows the material images in 3D
view and gives a clear indication of where P-HfO, NPs has
accumulated i.e., in the stomach/gut. Material decomposition
showed Hf could be distinguished from bone (Fig. 7C) whereas,
in the greyscale image, the bio-HfO, NPs appear like calcium
(Fig. 7B).

In addition, we quantified the concentration of bio-HfO,
(with reference to P-HfO, NPs) within the region of interest
circled in Fig. 7D. These concentration values provide informa-
tion to assess the NPs delivery. This dense region of Hf material
within the GI tract was selected for quantification. By selecting
the region of interest within several slides, Hf was quantified
(Fig. S14, ESIf). The quantification of Hf in the stomach
revealed that the concentration ranged between 2.79 and
447.0 mg ml~". The region was split into low, mid, and high
concentrations. Several slices were selected and contoured
according to min and max concentration (Fig. 7F). The resulting
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Fig. 7 (A) Representative 3D reconstruction of conventional CT image for
rat gavage with bio-HfO,; (B) coronal view from one energy bin of the rat
which shows a bright area within the stomach region. (C) Coronal view
with Hf material channel overlay with the energy bin channel. The bright
area is associated with the presence of Hf solution while materials
decomposition enables differentiation between Hf and bone; (D) 3D
volumetric visualization of the material decomposition from the energy
data. The region within the stomach that suggests a high presence of Hf is
magnified (insert) and circled; (E) and (F) axial view of the region circled in
(D). Measurements of Hf within this region were recorded. The 3D volume
was split into three regions; R1, R2, and R3 which corresponds with low,
mid, and high regions of concentration, respectively.

measurements are displayed in Table 1. The overall measurement
(N = 6683) of Hf concentration was thus found to be a multi-modal
distribution. Fig. S14a (ESIt) shows the distribution from one of
these regions, which measured min, max, median, and mean. This
experiment revealed the potential of bio-HfO, for quantitative
assessments using spectral CT.

Thus, we have developed a novel microencapsulation tech-
nique where probiotics were proposed as an effective ‘hitchhi-
ker’ to improve the survival, resistance, and targeted release of
nanoparticle contrast materials in the GI tract. The inherent
sensitivity of CT is low and therefore, high concentration of
contrast materials must be used for in vivo bioimaging. The
microencapsulation technique developed here would allow us

Nanoscale Horiz., 2022, 7, 533-542 | 539
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Table 1 Measurements of hafnium concentration from the dense region
in the stomach, shown in Fig. 7E and F is the number of voxels selected
from the biological sample. R1 measured a 3D volume excluding R2 and R3
and R2 excludes R3

N Min (mg mlI™") Max (mg ml™') Mean (mg ml™%)

R1 (low) 3670 15 7 7
R2 (mid) 2479 78 30 30
R3 (high) 535 447 221 232
Overall 6683 3 11 35

Fig. 8 Material-weighted photon counting CT images of the Gl tract
where the rats were fed before the gavage of probiotic-Hf capsule.
(a) soft tissue (orange) and lipid (yellow); (b) lipid (yellow) and HfO, NPs
(cyan); (c) HfO, NPs (cyan) and HA (gray) and (d) HfO, NPs (cyan).

for effective entrapment of high quantities of metallic nano-
particles within a biocompatible microenvironment that pro-
tects the particles from exposure to exterior factors (such as low
gastric pH) during digestion, and subsequently to reduce cell
injury or cell death before their release at the target site.
Proof-of-concept k-edge imaging study was also performed
in an elaborate manner to compare conventional CT and
spectral CT and the delineation of energy bins for 4 elements
in phantoms. For in vivo study, material-weighted photon
counting CT images of the GI tract was imaged and demon-
strated to show unprecedented delineation of soft tissue, lipid,
HA (calcium), which was absent in the conventional CT of the
GI tract of a rat administered with iodine contrast agent (Fig. 7a
and 8a). To demonstrate the transfer of the particles in the GI
tract, we have also acquired multiple CT images to confirm the
presence of hafnia nanoparticles. We have dissected the rat and
excised its GI tract for imaging purposes. To demonstrate the
clinical applicability of this technology, images without fasting
before taking the probiotic-Hf capsule were acquired for the
rats. Accordingly, the rats were fed before the gavage which
means that there was food in the digestive organs, including
the GI tract. It is known that most lab food provided to rats are
calcium-rich,”® then we can expect to detect food (calcium) in
the HA channel. In this scenario, we used 4 basis vectors to run
the Materials Decomposition (MD) algorithms in the spectral
CT: Hf, HA (to represent Ca), lipid, and water. It was under-
stood that from the calibration vials, there is a chance that low
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HfO, nanoparticle concentration can be misidentified as HA.
But we have used quite a high amount of Hf during the
experiment, ie., 54 mg of hafnia nanoparticle in 1 ml of PBS
which was then administered via oral gavage to Sprague Dawley
rats using a flexible feeding tube. Therefore, the majority of the
voxels contain a high concentration of Hf, which means the
chance of misidentification is significantly low. It also indi-
cated the high transfer of nanoparticles to the lining of GI tract
when probiotics were compressed through the GI tract. Thus,
where conventional CT cannot make the distinction between Hf
and calcium/mineral material in food, the spectral CT images
can efficiently discriminate Hf signal from food signal. The data
related to this study has been provided in (Fig. 8). We further
evaluated in vivo toxicity of the synthesized nanoparticle on different
clearance organs. As the nanoparticles were gavaged, the toxicity of
the nanoparticles was evaluated on small intestine, colon, rectum,
liver and kidney. However, no change on hematoxylin and eosin
profile was found for all the tested organs indicating insignificant
in vivo toxicity of the nanoparticles (Fig. S15, ESIt).

In conclusion, we designed ultra-small (~2 nm) P-HfO, NPs
which were obtained via an ultrafast facile synthetic procedure.
Subsequently, in a proof-of-concept study, we utilized the inter-
face of nanomaterials and biological entities (probiotics) to
pack and deliver GI contrast agents for the patient-friendly oral
delivery. The NPs showed immense cytocompatibility in con-
centrations as high as 10 mg ml~". The CT imaging of the
animal administered with these NPs promisingly indicated the
details of GI tract. Interestingly, we could observe distinct
contrast for P-HfO, NPs under in vivo conditions even in the
fed state post 30 min of administration. Hence, we will take this
opportunity to investigate the effect on contrast post P-HfO, NP
administration in vivo at different time points through a
separate full-blown study. In that future study, we will also
monitor the time-dependent contrast and clearance of P-HfO,
NPs under in vivo setting. The strategy indicated here can
potentially be applied for a gamut of diseases such as cancer
and cardiovascular diseases in the future. The scope of this
present work is, however, to propose for the first time hitchhik-
ing a probiotic vector to deliver high density hafnium nanodots
for multicolor delineation of intestinal wall using photon
counting CT. The translation of nanoparticle-based contrast
probes consists of several stages from idea conceptualization,
in vitro testing, preclinical testing in a small cohort of animals
to final large-scale clinical trials. This current study majorly
emphasizes the idea conceptualization more than any other
stage and is a proof-of-concept study and for the full translation
of this technology more preclinical evaluation will be warranted
in the future. The complete translation of this technology does
indeed require more in-depth studies which will be warranted
in the follow up future studies.
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