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Live chicken egg embryos offer new opportunities for evaluation
and continuous monitoring of tumour growth for in vivo studies
compared to traditional rodent models. Here, we report the first
use of surface enhanced Raman scattering (SERS) mapping and
surface enhanced spatially offset Raman scattering (SESORS) for
the detection and localisation of targeted gold nanoparticles in
live chicken egg embryos bearing a glioblastoma tumour.

The chicken egg embryo is an alternative in vivo platform
which can be used for studying tumour biology,' drug distri-
bution,” angiogensis® and toxicology. The chorioallantoic
membrane (CAM) is a highly vascularised membrane that
attaches to the eggshell and forms around the chicken
embryo.” The CAM develops from day 3 until day 14 with
embryonic development. The first use of the CAM model for
assessment of tumour growth was demonstrated in 1911,° and
since then there has been a plethora of research which has
advanced the wuse of the model for multidisciplinary
purposes.” ® The main advantage of using a chicken egg
embryo in cancer research is that tumours in vivo are highly
vascularised and heterogeneous, which is well reflected in the
CAM model, allowing for research into angiogenesis, tumour
formation and metastasis. Furthermore, the in vivo CAM
model contributes towards a reduction and/or replacement
model for rodents. The use of rodents for in vivo cancer
research is expensive, requires an animal license and is time
consuming as well as having ethical considerations. The
chicken egg embryo model is considerably less expensive, has
lower sentience than rodents, potentially higher throughput,
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does not require a home office license for use before day 14,
and allows for easy visualisation of the tumour and tumour
vasculature.

Glioblastoma (GBM) is a stage IV, lethal form of brain
cancer, with survival rates at 25% for more than 1 year, and
5% for more than 5 years.'® Patients who are usually treated
with radio-chemotherapy suffer side effects caused by the
inability to specifically identify tumour cells or margins due to
the difficulty in distinguishing between cancerous and non-
cancerous tissues. Techniques such as surface enhanced
Raman scattering (SERS) and surface enhanced spatially offset
Raman scattering (SESORS) have previously been used for
in vitro cancer detection and imaging.'""> SERS for imaging
applications generally uses metallic nanoparticles, most
notably gold nanoparticles (AuNPs), with a Raman reporter
adsorbed onto the surface, to achieve an enhancement in the
Raman signal. Spatially offset Raman scattering (SORS) uses a
spatial offset between the excitation and collection optics to
detect Raman scattered photons at depth, through a barrier."?
SESORS couples the two techniques to create the non-invasive
detection of Raman scattered photons at depth through turbid
media, such as bone and tissue.'*'® AuNPs can be functiona-
lised with targeting antibodies specific towards a tumour of
interest. Tenascin-C is a glycoprotein that is expressed in the
extracellular matrix of U87-MG glioblastoma cancer cells."”
Therefore, attaching a tenascin-C antibody to the surface of
AuNPs could exploit tumour specific targeting opportunities.

We have previously applied shell isolated AuNPs functiona-
lised with a tenascin-C antibody to in vitro 3D tumour mimics,
multicellular tumour spheroids (MTS)."® Although MTS
provide a bridge between 2-dimensional cell culture and
in vivo models for understanding NP uptake, they still do not
fully represent a vascularised tumour. In this regard, an in vivo
animal model is the next progression in evaluating the poten-
tial of these NPs, for both uptake and tumour targeting.
Whilst rodent models are most commonly used for exploring
in vivo detection of AuNPs,'®"'® there are many requirements
and ethical considerations for their use in laboratory experi-
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ments. Therefore, we applied antibody functionalised AuNPs
to the chicken embryo tumour model as it is a suitable alterna-
tive in vivo cancer model to rodent tumour models providing
promising opportunities for assessing the use of AuNP detec-
tion in cancer nanomedicine. This model also has the poten-
tial to allow for monitoring tumour/NP interactions over
longer time periods than would be possible with rodent
models which are subject to time limitations or culled before
measurements. In this work, shell isolated AuNPs
(AuNP-SHINs) were for the first-time detected by SESORS and
SERS in U87-MG glioblastomas grown on the CAM of live
chicken egg embryos.

Shell isolated AuNPs (AuNP-SHINs) were formed using a
50 nm AuNP seed, synthesised using a modified Turkevich
citrate reducing method.”® A non-resonant Raman reporter,
(1H-pyrazol-4-yl) pyridine (PPY) (Fig. S1f) was added to the
surface of the gold. The shell was formed around the AuNPs
using (3-aminopropyl)trimethoxysilane (APTMS) and sodium
silicate,* which stabilises the AuNPs for the addition of
AuNP-SHINs into cells and cell media.*?* Additionally, con-
trolled aggregation of the AuNPs prior to shell formation
allowed for the AuNP-SHIN to have an increased SERS signal,
desirable for SERS and SESORS. A tenascin-C antibody was
immobilised onto the AuNP-SHIN nanotags to create Ab nano-
tags, synthesised using the same procedure as reported in our
previous work.'® U87-MG cells are glioblastoma (GBM) brain
cancer cells that overexpress the protein tenascin-C.>***
Tenascin-C was chosen as a biomarker of interest because it is
only overexpressed in adult tissues that are diseased or
injured,"” making it a potentially strong candidate for target-
ing. The PPY-AuNP-SHIN nanotags and antibody functiona-
lised PPY-AuNP-SHIN nanotags (Ab nanotags) had an average
diameter of 66 nm and 82 nm respectively. The synthesis and
characterisation of these can be found in the ESI (Fig. S1-S3
and Table S17).

Fertilised white leghorn chicken eggs were placed into a 45°
rotating incubator set to 37.5 °C with 65% humidity. This was
determined as being day 0 of the incubation period. On day 3,
the rotation was stopped, and the eggs were removed. A small
puncture was created in the bottom of the egg to allow the
CAM to be released from the eggshell, ~3 mL of albumin was
then removed and electrical tape was applied to the puncture.
A small window was created in the eggshell to check viability
(Fig. 1A). If viable, magic tape was placed over the window to
keep it closed to prevent infection or drying out, and the eggs
were placed back into the incubator. On day 7, the viable
embryos had 2 x 10° U87-MG glioblastoma cells added to the
surface of the CAM (Fig. 1B). Cell preparation involved resus-
pending the cells in a mixture of phosphate buffered saline
(PBS) and Matrigel (50:50 v/v). Trauma was induced to the
main blood vessel using sterile tissue paper and 0.05% of
trypsin-EDTA was added to aid in cell invasion immediately
before cell implantation. The U87-MG glioblastoma cells were
then added to the CAM and incubated for 6 days. On day 13,
the embryos were checked for viability and tumour growth.
Where tumours had grown, the Ab nanotags (0.67 pM) were
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Fig.1 Timeline of the chicken embryo from incubation at day O
through to dissection on day 14. (A) Windowing on day 3, (B) cell implan-
tation on day 7, (C) Ab nanotag addition on day 13 and (D) imaging and
dissection on day 14.

added to the surface of the tumour and CAM area (Fig. 1C).
The nanotags were left for 24 hours to allow for internalisation
into the tumour and CAM and were found to be non-toxic to
the embryos as they were still viable after 24-hour incubation.
On day 14, after 24 hours of nanotag incubation, SESORS
measurements were taken, followed by dissection of the
tumour (Fig. 1D). All embryos were culled by decapitation on
day 14 as this was the quickest and most humane method.

To propose the chicken embryo tumour model as a poten-
tial in vivo model for investigation of AuNP localisation and
uptake, SESORS and SERS measurements were performed.
Previously,'® we reported the use of SERS mapping in MTS to
demonstrate the successful uptake and localisation of the
same type of Ab nanotags. Although MTS models provide a
more accurate insight into how the nanotags may distribute in
a tumour due to their 3D microenvironment compared to 2D
cell cultures, they still lack the overall complexity of an in vivo
tumour.

Therefore, we wanted to progress from the 3D in vitro inves-
tigation to an in vivo model to observe whether the uptake and
distribution of the Ab nanotags remained similar. This was
carried out using the chicken embryo tumour model due to
the various advantages over traditional rodent models. For
example, the simplicity, lower cost, minimal ethical restric-
tions, and the potential ability to monitor the tumour and
tumour vasculature continuously and easily over time.

For SESORS depth prediction, the top of the eggshell was
removed to allow the full tumour and embryo to be accessible,
with care not to puncture or damage the CAM, and to allow
alignment of the spectrometer to the tumour. Once aligned,
subsequent layers of porcine tissue with a thickness of ~3 mm
were added to the top of the open eggshell (Fig. 2A). This was
carried out to better reflect an in vivo tumour located under-
neath mammalian tissue that would be present in an animal
model, such as rodents. A handheld SORS instrument with an
830 nm excitation wavelength and 8 mm spatial offset was
used with a total exposure time of 10 seconds (2 s integration
time with 5 accumulations).

All SORS measurements were carried out with the nose
cone on to allow contact with the porcine tissue and ensure no
air gap was located between the spectrometer and the sample.
Porcine tissue layers were successively added until the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) SESORS set up with chicken egg embryo and porcine tissue.
(B) Normalised stacked SESORS plot of the Ab nanotags with increasing
depth. All measurements were carried out using an 8 mm offset and a
total exposure time of 10 seconds (2 s integration time, 5 accumulations)
at a laser excitation wavelength of 830 nm, with a maximum laser power
at the source of 475 mW.

928 cm™' PPY peak of the nanotags was no longer observed
and the 1440 cm™ tissue spectrum completely dominated the
overall spectrum (Fig. 2B).

Fig. 2B is the resulting stacked plot from the depth study
and shows the PPY signal from the Raman reporter on the Ab
nanotags, that can be observed through up to 12 mm of tissue.
With increasing tissue layer additions, the tissue peak at
1440 cm™ " becomes visible and increases with thickness as the
main PPY peak at 928 cm ™', from the nanotags decreases. At
15 mm, the tissue spectrum dominates and the nanotags can
no longer be observed. The tissue spectrum arises from the
CH, lipid stretch present in mammalian tissue.>® Importantly,
in tumours that did not have any nanotags added, and used as
controls, the characteristic peaks of the PPY were not present
(Fig. S57), indicating that the peaks from the SESORS measure-
ments were in fact those from the PPY, and hence nanotags.
Live chicken egg embryos with nanotag incubated tumours
were investigated in triplicate and showed consistent results
(Fig. S67). It is also important to note that the embryos were
still alive after the experiment and therefore the experimental
conditions used did not cause embryonic death. Therefore,
live chicken egg embryos harbouring a human tumour impreg-
nated with the Ab nanotags, were for the first time, detected
using a handheld SORS instrument. The fact that the embryos
were still alive after measurements clearly demonstrates that
this approach could be used to monitor tumours/NP inter-
actions over time as repeat measurements could be carried out
on the same embryo.

Although 12 mm is not as deep as observed previously for
in vivo depth studies using SESORS," it is important to note
that the 12 mm relates to the thickness of the porcine tissue
on top of the egg. In the previous study, the authors also used
a transmission geometry, which would not be optimal for this
model due to the tumour being on the surface of the CAM,
and the incoming photons would have to penetrate through
the albumin and the embryo within the shell before reaching
the tumour. In addition, here we used a handheld SORS
instrument which is easier to use and better translates into a
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clinical setting. Not only is the chicken embryo model easy to
control, inexpensive and shows rapid tumour growth, but it
also allows for continuous monitoring and imaging through
the window formed in the eggshell. The embryos can be
removed from the incubators, analysed, and placed back
without causing any detrimental effects to the embryo or
experiment. Additionally, there is no need for anaesthetic and
subsequent culling during experiments, which would be
required for rodent studies for ethical reasons. Therefore, in
terms of longitudinal monitoring, the chicken embryo tumour
model is a promising potential alternative to in vivo rodent
models allowing for monitoring of NP uptake into the same
tumour over time and to investigate the effects of NP uptake
on viable continuously growing tumours using SORS.

While SESORS imaging provides non-invasive insight into
the detection of the nanotags through a barrier at depth, cur-
rently, it does not provide sufficient resolution to understand
how NPs are distributed throughout the tumour. Therefore, as
was previously done with the MTS models,'® SERS mapping
was carried out to understand more fully the results from the
SESORS maps and the location of the nanotags in the
tumours.

For SERS mapping, the tumours were dissected, sub-
sequently fixed using paraformaldehyde and then placed onto
a microscope slide. The white light image of the tumour
(Fig. 3A) is provided to illustrate the margins of the tumour
and where the CAM starts, since part of the CAM is also
removed during dissection of the tumour. To determine the
localisation of the nanotags throughout the tumour, a series of
2D XY maps covering the entire lateral dimensions of the
tumour (3 mm x 3 mm) were acquired at numerous depths
separated by 100 um. Fig. 3 shows a selection of the resulting
SERS intensity maps of the 956 cm™" peak of PPY at various Z
depths.
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Fig. 3 SERS maps of U87-MG glioblastoma tumour incubated with Ab
nanotags for 24 hours. (A) White light image of the tumour (B) 2D XY
SERS intensity maps at 956 cm™ corresponding to the main intensity
peak of the Raman reporter PPY on the Ab nanotags including PPY
spectrum taken from the Z = 0 intensity map. All maps were obtained
using 785 nm laser excitation taken at various Z planes of the tumour,
using a 1 s integration time and 100% laser power at the sample of
20 mW. Scale bar is 1000 pm.
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It is evident from the SERS intensity maps that the nano-
tags have accumulated within the CAM surrounding the
tumour. This is not surprising because the CAM is a very thin
membrane, therefore it is easy for the Ab nanotags to enter.
Additionally, there are no Ab nanotags present within the
main bulk of the tumour, demonstrated by the lack of nanotag
signal. Nevertheless, there is still evidence that there are Ab
nanotags within the outer rim of the tumour. Since it was not
possible to determine whether these nanotags had not fully
penetrated the tumour because of tumour biology or due to
the penetration limitations of Raman through the tumour
volume, further investigation was required. Therefore, the
tumours were sectioned into 10 pm thick sections to ascertain
the location of the Ab nanotags within the tumour (Fig. 4).

Sectioning of the tumour clearly identified that there were
nanotags present throughout the tumour. Fig. 4 illustrates that
the nanotags seem to be accumulating mostly around the
outer edge of the tumour, where the highest intensity point
chosen shows a strong PPY spectrum (Fig. 4E). This was
carried out on n = 3 different sections and they all showed
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Fig. 4 Section of the U87-MG tumour with SERS spectra shown at
random locations to illustrate the nanotag localisation. (A) White light
image of the tumour section. (B) SERS intensity map of the PPY
956 cm™! peak of the tumour section, (C) PPY spectrum of a point in the
inside of the section, (D) PPY spectrum of a point on the edge of the
section, (E) highest intensity PPY spectrum, (F) lack of PPY spectrum due
to being off the section. Each coloured spectrum corresponds to the
location of the same-coloured star indicated on the white light and
SERS intensity image. All sections were 10 pm thick. The step size used
was 30 pm in both x and y axes. All spectra were taken using a 785 nm
laser excitation, 1 s integration time and a 50% laser power at the sample
equating to 10 mW.
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similar trends (Fig. S8%). Given that the sections correspond to
different vertical positions of the tumour, through the various
SERS maps of the section, it can be ascertained that the nano-
tags do distribute throughout the tumour.

Similarly to what we reported previously in an MTS model
using the same cell type,'® there was successful uptake of the
Ab nanotags and likewise they were localised only to a small
area of the tumour, with very minimal uptake throughout the
main bulk of the tumours. It is important to note that in both
cases, the MTS were simply incubated with nanotags or the
nanotags were merely dropped on top of the tumour. Further
understanding and investigation into the introduction of the
nanotags to the tumours is required, as this could provide a
means of increasing their uptake into the bulk tumour, and
hence advance the potential depth detection through SESORS.

Conclusions

The chicken egg embryo model is easy to control, inexpensive,
supports rapid tumour growth, allows for continuous monitor-
ing of the tumour, and has limited ethical restrictions and
requirements compared to rodent models. This preliminary,
proof of concept work demonstrates the potential chicken
embryo tumour models could provide in the future for in vivo
investigation of AuNPs. In this work, SESORS and SERS
mapping were performed on chicken egg embryo models har-
bouring a tumour formed from U87-MG cells, impregnated
with Ab nanotags. Using a clinically relevant handheld SORS
instrument, SESORS was used to detect the Ab nanotags
through a tissue barrier in ovo, without the need to remove the
tumour from the embryo, or the embryo from the eggshell.
Subsequent SERS mapping of the dissected whole and sec-
tioned tumours provided crucial insight into how the nanotags
were distributed throughout the tumour and surrounding
CAM. Specifically, it was found that the nanotags were prefer-
entially found around the margins of the tumour and in the
immediate surrounding CAM.

Since this work is, to the best of our knowledge, the first
use of the chicken egg embryo model for investigation, ana-
lysis and detection using Raman spectroscopies, there is a
plethora of potential avenues that need to be explored before
the model can be widely adopted. The means of introducing
the nanotags into the tumour and the concentration of the
nanotags used, are of immediate interest. In this work, the
nanotags were simply added on top of the tumour. Future
work should investigate the injection of the nanotags into the
main blood vessels of the CAM, which could better reflect
injection into the vasculature of other animal models.
Improved targeting is consistently an area of interest as maxi-
mising nanotag uptake and having a more controlled localis-
ation of the nanotags both remain important steps towards
clinical relevance. This model offers excellent potential to
understand more about NP targeting, uptake, and localisation
within a vascularised live tumour model to allow optimisation
of targeted nanotag design before moving to live rodent

This journal is © The Royal Society of Chemistry 2024
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models. Given the number of conclusions that need to be fully
optimised, and therefore the necessary number of models
needed, then it is evident that having an effective, low-cost
steppingstone towards in vivo settings is required which could
be fulfilled by using the chicken egg embryo models.
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